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Abstract 

The study of the proteome provides fundamental insights into the molecular world 

as a discovery directed means of identifying potentially critical components of underlying 

molecular mechanism and (patho)physiology. Most current comparative proteomic 

analyses utilize the robust and reliable methods of two-dimensional gel electrophoresis 

(2DE) coupled with automated image analysis and mass spectrometry to resolve, detect, 

quantify, compare and identify proteomes. Yet it is recognized that there are limitations 

to these gel-based proteomic analyses; there remain concerns that the technique may not 

provide the optimal method of analysis of the native biological complexity of the sample. 

Here some of the known and suspected limitations of 2DE are systematically 

investigated. Routine and reliable methods of preparing and resolving membrane 

proteomes are described. In this vein it is demonstrated that sample preparation is 

critically important for 2DE and novel methods of automated frozen disruption of bio

medically relevant tissues are described. Simultaneously optimal methods for coupled 

proteomic and expression analyses by concomitant 2DE / RNA microarray analysis were 

developed. Novel ‘post-fractionation’ strategies were developed for improving the 

resolution of specific proteins that are inherently poorly resolved, or even occluded by 

hyperabundant components of the analyte, in traditional 2DE. Additionally, the first 

detailed characterization of infrared fluorescence detection of Coomassie Blue stained 

gels is provided, demonstrating that this dye can perform at the cutting edge of in-gel 

protein detection, and beyond, at a fraction of the cost of other fluorescent methods. 

Finally, although technical developments are the focus of this thesis, the overall objective 

of this work is to provide analyses of (patho)physiology. Thus, optimal methods of 

analysis developed herein are applied in an initial investigation of human preterm labour, 

one of the last major obstacles in obstetrics and gynaecology, accounting for the majority 

of perinatal morbidity and mortality, and an already large and growing health care 

concern. This thesis includes the first reported gel-based proteomic analysis of preterm 

labour, identifying 11 potentially critical molecules that may contribute to this condition, 

and laying the groundwork for substantial further investigation of labour 

(patho)physiology using this gel-based proteomics approach.  
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Epigraph 

To invent, you need a good imagination and a pile of junk 
-Thomas A. Edison 

. . . and most ferociously and terribly does the wild harry and crush into submission  
man – man who is the most restless of life, in revolt against the dictum that all  

movement must in the end come to the cessation of movement 
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must have faith. I wait for a time when we can soar together again, both aware  

of each other. Until then, live your life to its fullest. And when you need me,  
just whisper my name in your heart and I will be there.  

-Colleen Hitchcock 
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Chapter One: General Introduction 

1.1 Foreword 

Although all the classes of organic molecules have their specific roles, proteins 

are the basic components of the molecular machines fundamental to most cellular 

functions. Undoubtedly the genome, the full genetic complement of a given organism, is 

the master code or plan for what is to be. However it is the proteome that is the 

fundamental effector of function. The proteome is thus the phenotype, the outcome and 

active reflection of the genomic plan, within a given biological / environmental context. 

Extending from this, the proteome also maintains and modifies itself as well as being 

responsible for the production and turnover of other critical molecules. Thus, perhaps 

even more so than aberrations in the genome, alterations to the proteome underlie many 

dysfunctions. Expression analyses are therefore an important part of understanding the 

molecular machinery of the cell, and failures of these complex systems, such as disease.1 

This is not to suggest that there is no longer a place for genomics. Genomics has taught 

us much, providing invaluable information that has shaped our perception of the cell. Yet 

a staggering number of molecular mechanisms of healthy and unhealthy cells remain 

poorly understood. For example, after ~50 years of molecular biology, our understanding 

of the molecular events triggering human labour is surprisingly incomplete, and the 

problem of spontaneous human preterm labour is a profound and growing health care 

concern.2-6 There is a multitude of other conditions, such as epilepsy, Alzheimer’s 

disease, multiple sclerosis, to name a few, that continue to defy our understanding at a 

molecular level to this day.7,8 Surely there are many factors that have complicated and 

delayed detailed molecular explanation of these (patho)physiological phenomena. 

However, is it possible that the genome is not directly responsible for every unexplained 

pathophysiology or variation thereof? Might some pathophysiology be so distantly 

related to the genome as to be effectively impossible to explain by analysis of genes 

alone? At the very least, proteomics offers an additional tool with which to attack the 

many remaining mysteries of physiology and cell biology. At best, proteomics offers 

insights into the molecular world that are impossible by analyses of the genome alone.  
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The study of the proteome offers exciting possibilities. Among these, the 

potential for biomarker discovery is perhaps the most outwardly attractive and 

aggressively sought.9-12 However beyond screening for obvious biomarkers, more 

detailed analyses of the proteome may be directed toward providing a greater 

understanding of mechanism.1,13 That is, if our understanding of (patho)physiology on a 

more fundamental molecular level can be enhanced, the chances for rational intervention 

and management may be enhanced. Though philosophically distinct, both of these 

approaches share much common methodology, and proteomics is inherently well suited 

to either. 

Although there is a long and diverse history of protein biochemistry in the 

scientific community, proteomics is a relatively young field.14 This is, in part, a 

consequence of the relatively recent development of the core proteomics technologies 

and overcoming some of the technical obstacles of resolving, detecting, quantifying and 

identifying proteins on a large scale. However, there still remains substantial room for 

growth in proteomic technologies. Analyses of proteomes are a tremendous challenge. 

The proteome is large and diverse, and by design proteomics is presented with the 

challenge of accounting for as much of this native biological complexity as possible. 

Thus although several methods of proteomic analyses are established, the evolutionary 

refinement of these methods is continuous, in attempts at ever greater coverage of the 

proteome and improvements in data quality.  

Among the established proteomic practices, gel-based proteomics, relying now 

primarily on two-dimensional gel electrophoresis (2DE), is both the most well 

characterized, and the most commonly employed proteomic method in the field.15-17 

Although alternatives to gel-based proteomics technologies have been developed, 

providing a number of unique advantages over this more mature practice, gel-based 

proteomics technology has yet to be fully and effectively supplanted.15,18-20 Rather, gel-

based proteomics technology has a number of attributes that have contributed to its 

continuing success in the field. Despite the suggestion that gel-based separations would 

be rendered obsolete within the decade, it now appears that 2DE will have a place in the 

proteomics community for at least a few more years to come.  
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Yet gel-based proteomics methods, including 2DE, remain criticised for 

particular limitations.20-23 In this thesis these criticisms are systematically addressed by 

both characterizing these effects in detail, and developing innovative working solutions to 

these limitations where possible. The objectives in this regard are three-fold. First, 

developing a detailed understanding of the limitations of available methods, and our 

ability to practically address these limitations will be a major determining factor in 

deciding if the methods can suitably serve our needs and provide comparative analyses. 

Second, regardless of the potential future obsolescence of gel-based proteomics, the fact 

is, 2DE remains a technique of choice today to provide proteomic analyses of issues of 

biological interest, such as disease. Optimal methods of analyses must be explored to 

ensure that current investigations of biology are of the highest possible quality, given all 

available means. Importantly, refinements to existing methodology are demonstrated that 

provide a substantial benefit under conditions likely to be encountered in a variety of gel-

based proteomic analyses, and thus have broad, rather than specific applicability. 

However, application, rather than methods development, is the third and ultimate goal of 

this work. At this stage, the currently optimal methods of analysis are applied to provide 

the first reported gel-based proteomic investigation of human preterm labour physiology. 

In the following sections the different facets of proteomics are reviewed in greater 

detail. The nature and thus the role of proteomics in the current scientific climate are 

discussed, and the critical components of modern proteomic analyses are explored. The 

primary proteomic technologies are reviewed in the context of exploring alternative 

means of fulfilling the critical components of proteomic analyses. Finally, gel-based 

proteomics technology will be discussed in greater detail, with the goal of developing a 

familiarity with practical and theoretical issues addressed in the body of this thesis.  

1.2 What are Proteomes? 

1.2.1 The Proteome and Proteomics Defined 

Strictly speaking, the proteome describes all of the proteins in a biological 

material, be it an organelle, a cell, a group of cells, a tissue, a biological fluid, a whole 
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organism, and so forth. Proteomics is then loosely defined as the study of the proteome. 

While the term ‘proteomics’ is relatively new,14 by this definition, proteomics is not a 

new discipline. Rather, by this definition proteomics has been ongoing for 50 or more 

years, encompassing many sub-disciplines of what has until recently been known as 

‘protein (bio)chemistry.’  

However, henceforth the term proteomics will be used much more specifically, 

referring to the comparison of proteomes as a means of identifying key differences 

between one physiological condition and another. The terms comparative proteomics, 

differential proteomics, functional proteomics and quantitative proteomics have been 

used (and overused to varying degrees) in this regard, but henceforth these modifiers will 

be abandoned in favour of simply the term “proteomics.”  

1.2.2 Proteomics as a Sub-discipline of Protein Biochemistry 

To dispense with semantics, proteomics is really a sub-discipline of protein 

biochemistry. The distinguishing feature of this sub-discipline is a so-called ‘large-scale 

top-down’ methodology. Traditional methods of protein biochemistry are akin to taking a 

leaning wall apart brick by brick looking for the cracked bricks, rebuilding the wall 

occasionally to determine if the bricks at fault have been discovered and the fatal lean 

repaired. A proteomics approach would call for completely tearing down the entire wall 

at once and only then looking for the broken bricks. That is, through a plethora of sub

disciplines, traditional protein biochemistry operates by dissecting proteinaceous 

molecular mechanisms step by step. Once a specific protein is suspected of being a part 

of the machine its sequence is characterized. Its abundance with respect to the 

(patho)physiology of interest is quantified. Its putative functional (e.g. enzymatic) 

activities are explored. Its possible roles in the machine as a whole are considered. Its 

binding partners are identified. And the cycle continues. There is nothing wrong with this 

approach, but there are two critical disadvantages. First, the traditional protein 

biochemistry approach is slow and the complexity of the cell is large; enormous in fact, 

compared to the rate of forward research progress.24 Traditional protein biochemistry can 

thus in some ways be likened to navigating a maze with many dead ends. Second, most 
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protein biochemistry is derived at some point from genomics. Comparative genomics 

provides the starting point, identifies a component of the machine, and it is the job of 

protein biochemistry to characterize that component, and its fellow components in the 

machine. However, in previous sections it has already been suggested that the genome 

may not be sufficient to completely explain the inner workings of the cell, and that there 

may be specific cellular machines whose operation cannot be accounted for by genomics. 

For these reasons, discovery is difficult in traditional protein biochemistry. Since the foci 

of protein biochemistry are pinpoints identified by genomics, this traditional approach is 

poorly suited to discovery of molecular mechanisms not strictly identifiable by genomics, 

and the slow pace of forward progress exacerbates this problem.1,19,25,26 

Proteomics as it is strictly defined addresses these issues. Proteomics is an 

approach to expression analysis independent of the limitations of genomics. A discovery 

oriented discipline, proteomics attempts to break the reliance on previous knowledge or 

assumptions regarding the biology, (patho)physiology and protein biochemistry of 

interest. Rather than limiting the search to those parts of the mechanism most closely 

related to a previously identified component, proteomics attempts a complete teardown of 

the entire machine. It is anticipated that parts of the mechanism of interest may be 

completely unexpected and unknown. Thus, as much of the proteome as possible must be 

simultaneously analyzed to improve the chances of discovering these unexpected 

components.19,26,27 

This is not to say that proteomics is a new and better way of doing protein 

biochemistry. Far from it, proteomics is limited in its depth of analysis. Proteomics is a 

means of identifying previously unknown or unexpected components that may contribute 

to molecular mechanism. But it is little else. Although proteomics may provide for a 

more direct and quantitative assessment of the molecular world at the level of proteins 

than genomics, at best, proteomics still only offers a correlation between proteome and 

function. Although these data may be creatively and convincingly presented, they remain 

correlations. Careful coupling of functional and molecular analyses, so-called functional 

proteomics, provides a more informative correlation, but remains unable to independently 

delineate mechanism.28,29 Rather, through the use of highly efficient scanning 
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technologies, proteomics provides data to initiate more detailed and focussed analyses. 

Rather than providing a conclusive endpoint, proteomic analyses are perhaps a more 

appropriate starting point for investigations into molecular mechanisms.13,26,30,31 

All proteomic ‘discoveries’ must eventually rely on traditional protein 

biochemistry for verification. Only then can these discoveries be explored in depth to 

determine the precise structure and function of the identified proteins and their place, if 

any, in the mechanism of interest. In reality, proteomics is a sub-discipline of protein 

biochemistry and a front-line technique in molecular physiology: a highly specialized 

tool designed to rapidly screen for the most likely and critical components of a given 

molecular machine, thus providing unique insights into mechanism but without the 

capacity to delineate mechanism itself. In this regard proteomics can be likened to 

photographic spy satellites having the unique capacity to rapidly discriminate specific 

areas of interest from far vaster areas of no interest, but without the ability to project 

power or take action on the ground. 

1.3 The Ingredients for the Proteomic Revolution 

A culmination of many factors led to the development of the sub-discipline 

ultimately to be known as proteomics, and its widespread acceptance. The adoption of 

this specialized sub-discipline has been made possible by changes in technology, in 

addition to changes in thinking.14,32-37 

In practice, the principles and techniques of proteomic analysis have been 

ongoing for some time, by other names. For many, the adoption of a name for this sub

discipline gave substance to what was previously somewhat nebulous. There remains a 

belief that coining the name gelled the emerging ethos, forming a cohesive environment 

of collaboration in support of its new outlook and goals.14,38 Founded or unfounded, such 

psychological factors are undoubtedly real. Nonetheless, merely attaching a name to the 

emerging ethos changed little of its real substance. The discipline was evolving before it 

was named, and it continues this evolution today.17,18 

The widespread acceptance of proteomics was dependent on the performance and 

integration of several key technologies, and advancements in these technologies to the 
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point that the goals of a proteomic analysis could be achieved in practice. It should be 

remembered, however, that although the term ‘proteomics’ is relatively new, the 

fundamental analytical techniques are far older. Fifty-plus years of protein biochemistry 

have contributed a literature rich with experience in handling, resolving, detecting, 

quantifying, comparing and identifying proteins: techniques that are critical to the 

objectives of proteomics. 

1.3.1 Protein Preparation and Handling 

Protein handling, including the methods of homogenizing tissues, extracting, 

solubilising and purifying proteins for different purposes, removing or limiting 

contaminating substances, denaturing native proteins and refolding denatured proteins, 

derivatising specific functional groups of proteins, and so forth, have all advanced 

steadily out of necessity and systematic testing.39-46 All protein biochemistry relies on this 

extensive knowledge base, and the objectives of proteomics would be unattainable if it 

were not for this rich and documented experience. 

Of particular importance is the accountability of the sample to the native 

biological complexity. That is, the proteomic analysis should be a fair and accurate 

descriptor of biology.45,47-49 It is imperative that the sample is handled in a manner that 

enables this as fully as possible. It must be ensured that the sample is representative of 

the native whole. Care must be taken to minimize the introduction of artefact and bias 

and ensure that the extent of experimental error is minimized. Otherwise what is to be 

learned from an analysis? Without such accountability, any analysis is artificial and 

meaningless, merely a theoretical pursuit with limited relevance in the physical world. 

Of course, such idealistic preachings apply to aspects of proteomics other than 

merely sample preparation, and equally to scientific disciplines other than just 

proteomics. However, sample preparation is among the most critical and most sensitive 

aspects of proteomic analyses. The manner in which the sample is prepared has 

potentially profound implications on all subsequent components of the proteomic 

analysis. Yet sample preparation often seems hardly a footnote to the other aspects of the 

analysis, in part because sample preparation remains a primitive wet bench undertaking, 
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in an increasingly automated, highly technology-driven field. However, it should be 

considered that nothing is perfect; and we should endeavour to be fully aware of these 

imperfections and limitations. We should at least be prepared to work within these 

limitations, accounting for them if possible, and further addressing these limitations, 

adjusting and improving our methods accordingly.  

1.3.2 Resolution 

The ability to resolve and detect proteins is an important part of protein 

biochemistry and dissecting molecular mechanisms, and this capacity is absolutely 

essential for proteomics. We have all heard a statement like this before, but what does it 

really mean? 

Here it is important to more clearly define these terms and draw a fine distinction 

between resolution and resolving power. The term resolution in particular is often 

misused. Strictly speaking, resolution is defined as the ability to distinguish two narrowly 

separated, but independent points. That is, two points have been resolved if they are 

sufficiently separated to be detected as two points, and thus distinguished from a single 

point. 

In biochemical terms this practically equates to the ability to separate the 

molecular components of a mixture. A gross mixture of molecules can be detected as 

such, although this will likely not be helpful in generating information about molecular 

mechanism. Information about individual components of the mechanism, independent of 

one another, will be required. Resolution of the proteome components is critical for 

proteomics because the mixtures of interest, usually biological materials, are exceedingly 

complex. It is generally agreed that most cells contain thousands of different protein 

species at any given time, and it has been argued that tissues or similarly complicated 

mixtures of cells could contain tens to hundreds of thousands of different proteins.25,50,51 

This may be a rather small number in the molecular world. For instance, merely 12 grams 

of graphite, hardly a tablespoon, contains over half a million billion billion carbon atoms. 

Yet the magnitude and complexity of the proteome is still impossibly large for current 
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technologies to de-convolute. If mechanism is to be gleaned from such large 

populations, the proteome must somehow be deconstructed to study its individual 

components.  

Therefore henceforth the term resolution is used strictly to define the effective 

separation of different molecules in the course of the analysis. However, the term is often 

misused in a blanket manner, and sometimes in place of ‘resolving power.’ While 

resolution is the degree of physical or temporal separation between two components of a 

mixture, resolving power is defined as the ability to physically or temporally separate 

components of a mixture based on their physical-chemical properties. The resolving 

power of a separation technique is one of the determinants of its ultimate resolution of 

individual components. This is a fine distinction, but it behooves us to explore this point. 

Resolving power is an important consideration when choosing a separation technology 

for an analyte. Yet it is resolution that we are more familiar with in general.  

Perhaps the distinction between the two terms can be best understood with some 

general examples. If there is insufficient resolution of two different components of an 

analyte, there are several ways of improving this physical or temporal separation. 

Increasing the physical or temporal length of the separation is the most intuitive option, 

although this will have different degrees of effect depending on the separation method 

chosen. For example, increasing the physical length of the column, while maintaining all 

other parameters constant in column chromatography, effectively ‘stretches’ the entire 

separation. The temporal distance between resolved components of the analyte will be 

increased and thus higher resolution has been achieved. If the detection system is of 

limited resolution (and all are) this improvement in resolution may help us distinguish 

these two components from each other. However, only changing the physical length of 

the separation does not necessarily affect the resolving power of the technique in toto. If 

we can imagine two different molecules that happen to behave identically in some 

physical-chemical property, we can expect that their behaviour during separation, 

according to that physical-chemical property, will be identical. The retention times of 

these two species will be identical (i.e. the difference between their retention times will 

be zero), and these molecules will not be resolved. In this case, no amount of increase in 
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the length of the column will ever be sufficient to resolve these two components. No 

amount of magnification of this particular region of the separation will ever help us 

distinguish the two species. Moreover, no amount of improvement in the resolution of the 

detection method will aid in this situation. Regardless of the length of the column, the 

two molecules of interest will behave identically, and consistently co-resolve. Only by 

fundamentally changing the physical-chemical separation criteria, and capitalizing on 

physical-chemical properties that differ between these species, can we hope to 

discriminate them. In this case we require a separation of higher resolving power, not 

higher resolution. 

Surely these are very theoretical concepts. In practice, it will be exceedingly rare 

if not impossible for two molecules to behave truly identically in any physical-chemical 

property. Rather it will be more likely in practice to encounter many examples of 

different molecules that behave nearly identically. That is, under a given set of separation 

conditions, with limited resolving power, the resolution of certain molecules approaches 

zero. What then is the impact of increasing the physical or temporal length of the 

separation for these nearly-unresolved components of the analyte? In theory the potential 

gains are limited. The closer the physical-chemical properties of two molecules, the more 

narrowly they are resolved, the less the potential benefit of increasing the physical length 

of the separaton. For example, in gel electrophoresis if two proteins are physically 

separated by only five µm, it will theoretically require at least 10- to 20-fold increase in 

the length of the separation to effect resolution to an extent that can minimally be 

detected with current detection instruments (discussed in greater detail in the following 

section, section 1.3.3.). This is at best a conservative estimate. For a given detection 

system with a 50 µm pixel resolution a 10-fold increase in the spatial resolution of two 

proteins originally separated by only 5 µm would provide only a single pixel between 

these two signals. This may still be insufficient to resolve these two molecules, and 2- to 

3-fold or greater further improvement in the spatial resolution of these two molecules 

may be required to distinguish them as such. In practice, the theoretical limitations take 

greater substance. The prospect of a 20-fold increase in the physical length of the 

separation is not to be taken lightly. In many separation technologies, and in gel 
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electrophoresis in particular, the separation is not so easily scaled beyond a certain 

point; dramatically increasing scale introduces a substantial number of other problems 

(discussed in Section 1.6.1) 

Another possible means of increasing the resolution of nearly-unresolved species 

would be to narrow the range of overall physical-chemical focus, without changing the 

actual physical-chemical basis of the separation.52,53 In practice, this is just another way 

of increasing the physical or temporal length of the separation. The effect is one of 

magnification of the area of interest, the region of the separation occupied by the nearly-

unresolved species. This strategy can improve the resolution of the separation, without 

the practical difficulties of increasing the length of the separation. However, the cost is 

the exclusion of components of the analyte that are outside the area of focus. For many 

applications, this solution will be entirely acceptable if, for instance, the goal is very 

circumspect and limited to the study of a few specific components of the analyte, or if we 

are categorically uninterested in any other components of the mixture. Yet typically for 

proteomics applications the goal is the resolution of as much of the proteome as possible. 

For proteomic analyses, we are generally unwilling to accept the preferential exclusion of 

one component of the analyte as a cost of higher resolution of another. 

Overall, the suggestion is that in many situations increasing the resolution of the 

separation will be insufficient to discriminate nearly-unresolved molecules. Considering 

the size and complexity of the proteome, and thus the likelihood of many nearly-

unresolved proteins in any single separation, matters of resolution are particularly critical 

for proteomics. There are profound practical considerations to the practice of increasing 

the length of the separation, and the potential gain in resolution remains rather limited. 

The more effective route to discriminating nearly-unresolved molecules is to adopt a 

separation technology with greater resolving power. That is, instead of attempting to 

expand the physical limits for the separation of components of the analyte, adopting 

methods that will better capitalize on physical-chemical differences between nearly-

unresolved components will more likely yield an effective result and thus provide the 

required resolution. 
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1.3.3 Detection 

Detection is critical for several reasons that amount essentially to the fact that 

proteins are effectively invisible for purposes of scientific study.54 Human beings are 

poorly designed for visual detection of the molecular world; it is far too small, and 

proteins in particular are difficult to see. Methods of detecting proteins, making the 

invisibly small molecular world visible to our eyes is critical. Without the ability to detect 

proteins, resolving a complex mixture into its individual components is little more than a 

theoretical exercise.  

Of course, detection is often confused with resolution, and vice versa. In part this 

is borne out of the human preference for a specific (high) visual contrast. Here, the 

effects of peak width (band spread) on resolution, and the visual interpretation of broadly 

spread vs. narrowly spread peaks is not discussed in any detail. However, it will suffice to 

make the statement that, in ceteris paribus, two points that contrast highly with the 

background appear to be more highly resolved than do two points that contrast weakly 

with the background, regardless of the actual resolution of the points. Thus highly 

abundant molecules appear more highly resolved than do molecules of lower abundance, 

and clearly detected molecules appear more highly resolved than molecules that are 

barely detectable with a given detection method, assuming consistent peak width. The 

effect is purely visual, a type of optical illusion.  

Finally, resolution and detection become additionally confused when we consider 

that all detection methods have their own limited resolution capabilities, independent of 

the resolution of the separation strategy, as hinted at in the previous section. Does the 

resolution of the detection instrument matter? On a very basic level the resolution of a 

detection method is critical. A detection method should minimally be consistent with the 

level of physical or temporal resolution provided by the molecular separation. For 

example, consider a column chromatography experiment. If the parameters of the column 

chromatographic separation and the complexity of the sample being analyzed, are such 

that components of the analyte are expected to be separated by differences in retention 

times of 1 minute, collecting fractions with a resolution of 5 minutes will yield mixtures 

within the fractions. The level of resolution of the detection method in this example is 
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insufficient given the resolution of the separation technology. Thus the resolution of 

the detection technology must typically meet or exceed the expected resolution of the 

separation technique for a given sample. Beyond this point, does increasing the resolution 

of the detection method serve a purpose? The issue remains contested. As the resolution 

of the detection method increases, and renders individual measurements smaller than the 

signal bandwidth, the true 2- or 3- dimensional shape of that signal can more accurately 

be determined. From this purely mathematical perspective, the greater the resolution of 

the detection method, the greater the accuracy of the measurement. However, does this 

justify the endless pursuit of higher resolution of the detection method? From another 

perspective, if all of the components of a separation are detected in parallel, and the level 

of resolution is consistent throughout, the error resulting from finite resolution of the 

detection method should be similarly consistent. In this regard, beyond a certain point, 

the resolution of the detection instrumentation must suit the eye of the beholder.  

1.3.4 Quantification and Comparison 

Detection is critical for more than simply the ability to visualize proteins with the 

human eye. It would be impossible to develop an understanding of mechanism, based 

merely on resolved and detected proteins. Quantitative data and comparisons thereof are 

critical. Purely qualitative science still has a role in the world, in areas where 

quantification is exceedingly complex, or technically challenging. However, it is quite 

another matter to rely on qualitative assessments for proteomic analyses. The sheer size 

of proteomes, and thus the size of the datasets in proteomic analyses, greatly limit the 

possible scope of qualitative comparisons of these data. There are simply too many such 

judgments to be made for any meaningful analysis of the proteome. Moreover, the nature 

of the data do not lend themselves well to consistent qualitative analyses. For example, 

the degree of ‘roundness’ of a shape is a readily apparent to the human eye, but the 

quantity of detected protein in a given spot, band or peak is far less intuitive to evaluate, 

and thus less reliably qualified. Lastly, many differences in proteomic analyses may be 

too small to be qualitatively compared. Very large changes in the abundance of a protein 

may be readily apparent and can to some extent be qualitatively reported, but small 
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differences (e.g. less than 2-fold changes in abundance) may not be discernable by the 

human eye, yet the corresponding change in abundance of protein could be sufficient to 

drastically alter biological functions. Such small differences cannot be ignored. Overall, 

proteomic data are much more suited to quantitative, rather than qualitative comparison. 

Quantitative analyses of proteomic data yield a level of confidence (with appropriate 

statistical analyses) more suited to providing some insights regarding underlying 

mechanism. 

Quantitative proteomic analyses have largely been made possible by advances in 

computer software. The calculations required to quantify and then compare quantities of 

detected protein are straightforward, but the size and complexity of proteomic datasets 

necessitates these simple calculations be carried out on a large scale. The streamlined 

ability to make thousands of comparisons between these data sets is required for true 

proteomic analyses, as opposed to analyses of small, select populations of proteins. 

Secondly, advances in pattern recognition software have greatly accelerated the adoption 

and evolution of proteomics as a discipline. Consider a data set where the goal is the 

detection and quantification of every protein in a population of cells, and ultimately 

comparison with that of a second population of cells to determine which proteins 

characterize the difference between these populations. Advances in computer software 

have allowed us to rapidly quantify every detectable protein in both populations, 

assuming of course that these populations have been well resolved. Asking which 

proteins differ between these populations requires knowledge of which proteins are the 

same or consistent between the samples. But how do we know which proteins are present 

in both groups? How can we be certain that the same protein is present in both samples 

without explicit identification of every protein in both samples? To carry out proteomics 

on a piecemeal basis in this manner would nullify much of the supposed time-saving 

advantages of the approach. How then does proteomics operate in spite of this confound? 

Effective comparative analyses are built on the backs of several important 

assumptions. Proteins are resolved from complex mixtures by specific physical / 

chemical properties, producing characteristic separation patterns, depending on the 

overall composition of the proteome and the separation method chosen. If proteins are 
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truly resolved they exist as distinct entities in the pattern and thus the dataset. If two 

mixtures being compared are reasonably similar, there should be pronounced overlap 

between the two patterns of resolved proteins, and certain proteins will be present in both 

groups. So-called ‘housekeeping’ proteins will be highly conserved, and behave 

similarly, creating similar characteristic patterns, hopefully despite other differences in 

the proteome. These regions of pattern homology then form the basis for comparison of 

the two proteomes. In the absence of the ability to identify every protein in both 

proteomes, it is often assumed that pattern homology indicates homology between the 

proteomes.  

Nonetheless, the software for quantifying the abundance of detected protein is 

straightforward and the software for handling millions of such calculations routinely, 

together with their manipulation and comparison, and the carrying out of further 

calculations, has been developed and streamlined.55-57 However, until recently, a human 

operator was required to constantly guide this computing power, determine pattern 

homology and thus prescribe comparisons between individual proteins in the pattern. 

Issues of error and bias notwithstanding, this was a considerable bottleneck to analytical 

throughput.58 The human eye and brain can quite skillfully and rapidly overlay small 

regions of pattern homology, but resolved proteomes are exceedingly large and complex. 

Pattern recognition software has thus greatly relieved this bottleneck and the associated 

drain on human resources. While one dimensional patterns are relatively simply 

recognized, they greatly limit the resolution of the proteome as will be discussed later in 

section 1.6.1. Multi-dimensional separations offer greater proteomic resolution, but the 

resulting patterns are necessarily more complex necessitating a greater workload. While 

small patterns can be recognized relatively simply, larger patterns requiring more 

computing power are the norm in proteomics. Larger patterns and low pattern homology 

between conditions increases the likelihood of errors; thus, although powerful and 

continuously evolving, current pattern recognition software remains far from perfect. 

Beyond this, greater precision will require a level of artificial intelligence that has not yet 

been entirely mastered. Finally, the available computing power must be sufficient to 

manage these tasks. Arguably, the required computing power has long been available, 
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and software design has been the limiting factor. Likewise excessive computing power 

does not necessarily compensate for poor or inefficient software design. While these may 

be valid points it should be noted that quite simply software will not be designed for 

hardware that is not widely available. 

1.3.5 Identification 

The ability to identify unknown protein species from resolved and detected 

proteomes is critical for proteomic analyses.59 What was described here in a few 

paragraphs belies the time and effort required to carry out a proteomic analysis from 

biological starting material through the stages of sample handling, resolving, detecting, 

quantifying and comparing proteomes. Yet all of this time and effort would be purely a 

theoretical exercise if there were no provision for identifying proteins of interest, i.e. 

those that differ quantitatively between proteomes. Without the ability to identify these 

key molecules, proteomic analyses and the discovery of quantitative differences between 

proteomes would be little more than an observation: phenomenology of potential 

academic interest, but with little meaning or application in the physical world. Without 

the ability to effectively identify proteins, the proteomic technologies provide little more 

than high resolution catalogues. In order to glean information about mechanism, more 

than a catalogue, even a quantitative one, will be required.   

As discussed briefly above, by its definition proteomics does not necessarily 

require the identification of every protein in every proteome. The sheer size and 

complexity of proteomes effectively preclude such a brute force approach at present; 

even by optimistic estimates, it is likely a practical impossibility given current 

technology. Even if only the 2000 most abundant proteins are resolved and detected in a 

sample, effectively identifying every one (and all its variants) would be a considerably 

difficult task. As previously discussed, currently it is often assumed that pattern 

homology between samples indicates areas of overlap between their proteomes. Based on 

this pattern homology proteomes are quantitatively compared, and quantitative 

differences between proteomes are prioritized as targets for identification. Thus, rather 

than explicitly identifying every protein detected in the sample, and thus making 
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quantitative comparisons between ‘matching’ proteins, typically pattern recognition is 

relied upon to help ‘match’ proteins to be compared between conditions, effectively 

reducing the number of proteins to be identified to those of most immediate interest (i.e. 

proteins that differ quantitatively between the conditions being assessed). It will be 

argued that this is a less than ideal compromise and reduces our confidence in the 

proteomic data. However, at present it seems to be the only workable solution available.  

1.3.6 Co-Evolution of the Elements of Proteomics 

The aforementioned advances in technology that have provided the proper climate 

for the adoption of proteomics as a sub-discipline of protein biochemistry are not 

necessarily independent of each other, but rather co-evolved in many cases. There are 

several examples of this. For instance, it cannot be determined if a protein handling 

method is sufficient for proteomics until a sufficient level of resolution and detection of 

the proteome is attained, allowing such a statement to be made. Thus handling methods 

evolve as the ability to resolve and detect proteins improves, and vice versa. Similarly, 

the computer software required for quantitative analyses of proteomes evolves in step 

with the ability to resolve and detect proteins. Perhaps the best example of co-evolution 

of proteomic technologies is the intimate relationship between resolution and detection. 

How can we know if proteins have been resolved unless we are able to detect them? 

Without a detection method, there is no way to distinguish one protein from another, or 

from a group of proteins. In fact, resolution is even more intimately related to detection 

than this. The apparent resolution depends entirely on detection sensitivity. Although this 

may seem somewhat counterintuitive, an example will help to convey the major issues. 

Imagine a simple protein mixture containing two proteins, one of high abundance and one 

of low abundance. If the sensitivity of a detection method is too low, neither of these 

proteins is detectable. As far as our proteomic analysis is concerned, neither protein 

exists. At a medium level of detection sensitivity, the high abundance protein is 

detectable, but the low abundance protein is not. In this situation, the sample appears to 

contain only one protein. Only with a high-sensitivity detection method are both proteins 

detectable. Unless the third, high-sensitivity detection method is used, it will not matter if 
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the two proteins are resolved. Using the medium-sensitivity detection method, the low 

abundance protein is undetectable, so the high abundance protein appears well resolved, 

whether the two proteins are actually physically resolved or not. Only by using the high-

sensitivity detection method can a statement about resolution of these two proteins be 

made. Thus resolution and detection are intimately related.  

Consider a situation much more complex than a mixture of only two proteins; 

consider a biological sample containing thousands of proteins ranging in abundance from 

highly abundant (e.g. serum albumin) to very scarcely abundant (e.g. signaling peptides). 

In this situation the most abundant proteins will be readily detected, but many low 

abundance proteins will remain undetectable. Although this may sound like an 

exaggeration, in reality this example is likely a conservative estimate of the problem 

faced in proteomic analyses of complex biological materials. In reality, it is estimated 

that cells contain several thousands to tens of thousands or more different proteins, only 

up to several thousand of which are detectable in a single separation with current 

technology. Thus many thousands must be below routine detection sensitivity. But as far 

as a given analysis is concerned, those proteins below the threshold of detection do not 

exist. Their presence below detection is strongly suspected,60,61 but we can only make 

definite statements about the degree of resolution of those proteins that are detectable. As 

a result of this intimate relationship between resolution and detection, it has historically 

been the case that improvements in resolving power naturally must follow advances in 

detection sensitivity. At a given level of sensitivity there is an optimal level of resolving 

power. Beyond this, more resolving power can improve the distance of separation of 

specific proteins, but does not result in improved data. That is, at the point where all of 

the detectable proteins are optimally resolved, detection sensitivity becomes the limiting 

factor. Only once a higher detection sensitivity is achieved can it be determined if the 

apparent resolution is sufficient. 

1.4 The Specific Proteomics Technologies 

We prefer to avoid the attitude that proteomics is ‘technology driven.’ The rapid 

and explosive growth of new technology, particularly in the late 1990s and early 2000s, 
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but still ongoing today has resulted in a mentality wherein experimental design is 

sometimes deemed secondary in priority (or even suggested to be ignored altogether). It 

must be remembered that the proteomics technology itself will not accomplish the goals 

or objectives of a study, and advanced technologies cannot support poor (or nonexistent) 

experimental design. For instance, the ability to resolve and detect 105 different proteins 

from a biological tissue sample, say a clinically relevant tissue sample such as a cancer 

biopsy, sounds like a wonderful achievement by current standards: a true technological 

advance. However, in and of itself the ability to resolve proteins in this way is of dubious 

value to our understanding of cancer.     

Instead, consider the viewpoint that proteomics merely provides large scale 

analytical chemistry of complex mixtures of proteins. As such, technology provides the 

required tools, but experimental design must be a primary concern. Otherwise our 

objectives will continue to go unfulfilled and our questions unanswered. While large 

datasets may be dazzling, what can actually be learned from them beyond the 

accumulation of catalogues? 

As much as the author prefers to avoid becoming involved in the techno-centric 

religion of some proteomic approaches, it must of course be acknowledged that 

technology has provided the tools required to make theoretical proteomics a reality. The 

discipline as it is now known would not be possible if it were not for the availability of 

the current plethora of tools at our disposal. Remembering that the tools themselves 

cannot accomplish the job, here an overview of the technologies that make proteomics 

possible is provided. 

As discussed earlier, there are many techniques that fall under the umbrella of 

protein biochemistry and that have subsequently been associated with proteomics to 

varying degrees. Advances in immunohistochemistry and imaging technologies such as 

(two-photon) confocal microscopy and fluorescence resonance energy transfer yield ever 

greater information about the localization and association of proteins in tissue and even 

the whole animal.62,63 For many years, electron microscopic techniques have contributed 

to our understanding of the localization, association and structure of proteins at an 

ultrastructural level.64 Nuclear magnetic resonance spectroscopy and X-ray 
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crystallography applied to proteins provide tools of still higher resolution, allowing 

even greater detail in characterizing the 3-dimensional structure of proteins and the 

interactions between proteins.65 Yeast-2-hybrid technology has provided years of service 

as an assay of inter-protein interactions.66 All of these techniques provide analyses of 

protein biochemistry, and each contributes to our understanding of the proteome. From 

this standpoint, all of the aforementioned techniques can be considered ‘proteomics.’ 

However, none of these techniques specifically provide proteomic analysis as it is strictly 

defined. 

By definition, proteomics is concerned with the resolution and detection of the 

proteome, and subsequently the quantitative comparison of proteomes to identify 

differences characteristic of the fundamental and underlying molecular world. To achieve 

this goal, proteomic analyses traditionally involve either gel electrophoresis (gel-based 

proteomics, Section 1.6) or liquid chromatography (LC, liquid-based proteomics, Section 

1.7) to separate complex mixtures of proteins such as biological material. Strictly 

speaking, neither of these techniques alone is capable of positive identification of 

proteins on a large scale, and must be coupled with specialized techniques for identifying 

specific proteins. Mass spectrometry has become the predominant identification tool for 

both liquid-based and gel-based separations and as such has become the cornerstone of 

the field. Recognizing this, and the shortcomings of both LC and gel electrophoresis, the 

proponents of so-called shotgun proteomics technology have developed methods of 

proteomic analysis relying on comparisons of mass spectra, in part foregoing the 

traditional separation technologies (MS-based proteomics, Section 1.8.1). Finally, in a 

move towards further automation and higher throughput alternatives to these approaches, 

the development of chip-based proteomics technology is steadily advancing (Section 

1.8.2). 

In the following sections each of the available proteomic technologies are 

discussed, including their potential implications on experimental design and resulting 

data quality. The overall goal of this review is to provide a detailed background of gel-

based proteomics, its place in the field, and its potential future amidst a growing number 

of alternative technologies.  
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1.5 Mass Spectrometry 

This overview of the core technologies used in proteomics begins by first 

discussing mass spectrometry (MS), although this will typically be among the final stages 

of the most common proteomic analyses. For example, in gel-based proteomics, still the 

most widely used form of proteomic analysis, MS is logically the final major step in the 

analytical process. It cannot realistically be expected that the critical components of a 

molecular machine can be identified unless they  are resolved from one another. 

Moreover, how can it be determined which components are critical, unless they have 

been detected, quantified and compared? All of these actions naturally precede 

identification in gel-based proteomic analyses. Why then begin with MS? As will be 

discussed in this section, without MS identification of proteins, all of the other methods 

of resolving, detecting, quantifying and comparing would be essentially without meaning 

in terms of actually learning something about biology. It will of course be counter-argued 

that mass spectrometric identification of proteins is generally ineffective unless 

individual proteins are first resolved from complex mixtures. However, MS remains the 

most effective means of protein identification currently available to us. While there are 

fundamentally different methods of resolving and detecting proteomes, these methods 

ultimately rely on MS for downstream identification. From this perspective, MS is really 

the cornerstone of current proteomic analyses.   

Generally speaking, proteins cannot be identified by the co-resolution of protein 

standards as was the historical practice, and as continues to be practiced for techniques 

such as thin layer chromatographic separation of lipids. Co-resolution only provides a 

very limited circumstantial identification at best. For example, it cannot be assumed that 

every protein with an apparent molecular weight of 67 kDa is bovine serum albumin. 

Unless there is already some evidence for the identity of a particular protein, its co

resolution with a known standard is rather unconvincing evidence of identity. Certainly 

this is no solution for proteomics purposes, given the complexity of biological protein 

samples and the sheer number of identifications that is required.   
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Individual proteins can be identified by way of immunodetection, although 

there are limitations to this approach.67-69 The major theoretical limitation of 

immunodetection as a proteomic method is its inability to provide direct identification of 

an unknown protein, unless its identity is already suspected. In fashionable terms, 

immunodetection is not a “discovery oriented approach.” If a protein has been resolved 

that is suspected to be important, but there is no evidence of its identity, we are left 

guessing at its identity if immunodetection is the only identification method available. 

The search can be narrowed if the approximate molecular weight of the protein is known, 

but several dozens or even hundreds of different antibodies may still need to be tested to 

achieve a positive identification. Even if a positive result was achieved, the identification 

would still be rather circumstantial, and unconvincing. Moreover, there are a number of 

practical considerations in using immunoblotting as a general identification strategy for 

proteomics. Proteomic analyses are far too large, for one. Additionally, immunodetection 

is complicated by technical issues. The quality of immunodetection is so completely 

dependent on the quality of the antibody; issues such as non-specific binding of the 

antibody to other proteins and poor quality control of antibody purity can easily result in 

false positives and thus greatly complicate analyses.67 Overall, immunodetection is 

somewhat ineffective as an identification technology for proteomic analyses, except in 

very select cases.67,69 

Analysis of the amino acid sequence provides a more certain identification as, 

overall, amino acid sequence is unique for any given protein. If a sufficient amount of the 

amino acid sequence of a protein can be determined, the protein can be identified with 

high certainty if matching sequences are found in available protein databases or are 

predicted in the genomic databases. This approach thus gains predominance as such 

databases continue to expand. Overall, sequence information provides higher confidence 

in the identification than does amino acid composition analysis. However, sequence is 

also more difficult to determine de novo. If a given protein can be isolated in quantity, it 

is possible to determine its sequence by Edman degradation.70,71 Of course, it is not 

always possible to isolate individual proteins in quantity. While many proteins tend to be 

very abundant in biological samples, others are far less so. It simply may not be possible 
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to generate enough starting material in order to isolate a workable amount of protein of 

interest in order to produce meaningful sequencing data by Edman degradation (although 

in principle this is true of any identification technique). Nonetheless microscale 

adaptations of the technique have been applied as a method of identifying proteins 

resolved by gel-electrophoresis.36,72,73 However, understandably the scope of this 

approach for the timely identification of large numbers of proteins is rather limited. Still 

only relatively highly abundant proteins can be identified which is an unacceptable 

compromise, given the goals of strictly defined proteomic analyses.14,38 

All of the traditional identification methods are limited by throughput, certainty of 

the identification, and the amount of protein required to carry out the analysis. Where 

these traditional techniques have failed, mass spectrometry has succeeded, and become 

the predominant method of identifying proteins in current proteomic analyses.74 With a 

mass spectrometer, small molecules are ionized and in a gas phase motivated through a 

vacuum by a field potential. Their velocity through the field is proportional to their 

charge, and inversely proportional to their mass, and thus different components of the 

analyte can be temporally resolved. This simplistic description vastly belies the true 

intricacy of the approach, but it will suffice for the purposes of this thesis. The technique 

is robust, sensitive and can be quantitative in carefully designed experiments.75,76 

Moreover, the technique has been used extensively in analytical chemistry, thus the 

collective experience and expertise of the field is substantial.  

However, mass spectrometric characterization of proteins is a comparatively 

difficult undertaking, in part due to the difficulty of providing reliable ionization for these 

large molecules. The evolutionary development of so-called “soft” ionization techniques 

in the 1980s overcame this technical barrier. Both electrospray ionization (ESI) and 

matrix assisted laser desorption / ionization (MALDI) provided uniform and reliable 

ionization sources, suited to the character of the proteinaceous analyte.77-79 However, 

mass spectra of intact proteins, even highly purified isolates, remain complex and 

challenging.80,81 While intact proteins are generally difficult to handle under the 

conditions required for MS, peptides are much more conveniently handled for this 

purpose and produce results that can be much more readily and routinely interpreted. 
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Moreover, proteins are quite readily digested to yield peptides; sequence specific 

proteolytic enzymes reproducibly cleave proteins at specific amino acid residues. Thus a 

specific protein, a consistent amino acid sequence, digested with a given proteolytic 

enzyme will yield a characteristic set of peptides. Complex peptide mixtures, resulting in 

complex and convoluted mass spectra, can be conveniently separated by liquid 

chromatography (LC) prior to ESI, deconvoluting the resulting spectra to some extent. 

Thus the majority of proteomic analyses rely on proteolytically-digested rather than intact 

proteins. MS typically serves as a means of characterizing the digest, and these data are 

employed to retroactively identify the intact protein.  

Given that protein amino acid sequence is unique, the peptides generated from 

proteolytic digestion of a particular protein are also unique. Coupling this with 

knowledge that peptide masses can be empirically determined with suitable accuracy so 

as to be independently predictable from available protein and genomic data, the result 

was an emerging ability to identify proteins.82 In a technique that has become known as 

peptide mass fingerprinting (PMF), empirically derived peptide masses from digests of 

unknown but isolated proteins are searched in a database of predicted peptide masses 

possible according to the protein and genomic databases. Agreement between empirical 

and theoretical data are considered sufficient evidence for positive identification.82,83 

Thus proteins are not ‘identified’ by this method in the strictest sense of the term, but 

rather the term ‘identification’ is colloquially accepted to mean the inference of protein 

identity based on the most significant agreement between empirical data and a protein 

database. The confidence in this sort of identification is dependent on how many of the 

empirically determined peptides match the theoretical masses and how closely they 

match. Without high mass accuracy measurements, and the rapid expansion of protein 

and genomic libraries, and thus the ability to account for as much of the proteome as 

possible, PMF would not be a viable identification strategy.84 

However, it has become increasingly apparent that PMF is not an ideal solution to 

the problem of identifying unknown proteins in proteomic analyses. First, theoretically, 

PMF is really a type of identification by surrogate co-resolution, as was discussed earlier 

in this section, albeit one of very high resolution. The confidence in this kind of 
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identification is necessarily somewhat limited. The fact that multiple peptides can be 

resolved and queried for a single identification (a single protein) does dramatically 

improve this situation.83,85-87 One closely matching peptide is relatively weak evidence 

for a positive identification, two closely matching peptides are slightly better evidence, 

three closely matching peptides are even better evidence, and so forth. However, in 

practice the mass spectra are quite often not so easily described as this. The expected 

peptides may be largely absent, save one peptide that strongly suggests a particular 

identification.83 An identification may be strongly suggested by the matching of several 

peptides, but the appearance of several extraneous peptides that cannot be explained or 

accounted for by this identification cloud the issue. Often these complications are the 

result of attempts to analyze more complex mixtures of proteins than were expected, but 

the limitations of the MALDI source most commonly used in these experiments cannot 

be excluded.83,88 It has been increasingly suggested that MALDI provides somewhat 

selective ionization of peptides; certain peptides are quite reliably ionized, while other 

peptides in a mixture are less completely ionized, and are underrepresented in the 

resulting spectrum. Some peptides are not ionized at all. This clearly limits PMF as a 

proteomic technology; depending on their amino acid sequence and physical-chemical 

makeup, some proteins are readily identified, while others may be impossible to identify. 

Thus, although PMF works very well for some proteins, other proteins prove difficult to 

identify with confidence, or cannot be identified by this method at all. Even worse, the 

method has a growing reputation for returning high rates of false positive identifications 

in these difficult situations, and mixtures of proteins naturally exacerbate this situation. 

As the genomic databases grow, so does the frequency of false positive hits, and the 

confidence in this type of analysis wanes.89 

The growing movement away from PMF identification for proteomic analyses is 

in part encouraged by the fact that suitable alternatives exist. In a large and growing trend 

towards higher confidence in identification of unknown proteins for proteomic analysis, 

MS can be applied to analytically determine the sequence of an unknown protein. A 

variety of different instruments have been developed for this purpose and the technology 

involved is quite complex; details are beyond the scope of this review. To vastly 
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oversimplify, a peptide mass spectrum is generated and the most abundant peptides are 

sequestered in flight, and fragmented, often by collision with a dense gas.90 The 

fragments are then discriminated by mass spectrometry. Thus these techniques are often 

colloquially known as tandem mass spectrometry, or MS/MS.89 Under controlled 

conditions, peptides fragment in predictable ways at the peptide bond yielding ionized 

amino acid fragments. The high mass accuracy afforded by MS is highly suited to the 

identification of such small molecules based on their mass, and only a relatively limited 

number of possibilities exist. There are 20 amino acids commonplace in biological 

materials. These can be discriminated by mass spectrometry, with the exceptions being 

leucine and isoleucine, which have identical molecular mass and lysine and glutamine 

which have very similar molecular masses. However, this is a manageable problem, 

because the scope of the uncertainty at these particular masses is limited. In these 

instances it is known that the unknown amino acid must either be leucine or isoleucine, 

and thus there is a manageable number of possibilities to deal with.  

If a sufficient number of partial fragments can be discriminated, it is possible to 

reconstruct the sequence of much of the intact peptide. If this can be accomplished for 

several peptides from an isolated protein, it is possible to identify that protein with very 

high confidence. In these experiments, the empirically derived sequence information is 

searched in a genomic or protein database for matching sequences. Thus as with PMF, a 

sequence identification is based not on the strictest sense of the word, but rather on the 

inference of identity based on the most significant match between empirical and 

theoretical (database) information. However comparing sequence data to a database 

necessarily implies a much greater level of detail and thus greater confidence on the 

inferred identity than can be achieved by PMF alone. Confidence in the identification is 

thus a function of the degree of similarity between the empirical and the theoretical 

sequences, and the coverage of the intact protein that the empirically derived information 

represents. 

Of course this is all easier said than done. Developing sequence information from 

mass spectra is a time consuming process of deduction. Computer software alleviates 

some of this burden, but the method remains complex compared to the relatively rapid 
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PMF. Moreover, the instrumentation required is complex and expensive. However, in 

terms of the confidence in the accuracy of the data, sequence derived identifications are 

superior to those provided by PMF. Increasingly, fragmentation data yielding sequence 

information is becoming the standard for proteomic analyses.89,91,92 The method achieves 

a level of confidence suitable to answer the kinds of questions being asked with 

proteomics. The method is additionally capable of helping us determine the 

posttranslational modifications (PTM) present on a protein, another benefit of high mass 

accuracy measurement.93 Overall then, MS is an undeniably potent tool for protein 

characterization, and a major driving-force of ongoing proteomic research.74 

Thus far, protein MS has been discussed in the context of a method of 

characterizing and ‘identifying’ isolated proteins. By far most proteomic analyses today 

operate via first resolving intact proteins from the native sample using technology 

specifically designed and optimized for that purpose, and rely on MS for downstream 

characterization and identification.14 As will be discussed in the coming sections, gel 

electrophoresis and liquid chromatography serve as the most prevalent protein separation 

technologies, and both can be effectively coupled with MS. In these analyses, proteomes 

are relatively highly resolved by the separation technology of choice, and thus the 

analyte, a specific protein of interest, is both highly concentrated and relatively pure 

compared to its native state. This greatly simplifies both the coupling of the separation 

stages to the MS characterization stages, and simplifies the MS characterization itself, 

facilitating higher confidence in the identification, whether PMF or sequence data are 

analyzed.74 Of course, we will undoubtedly continue to encounter mixtures of proteins. 

Although if MS is to be used purely for identification purposes in proteomic analysis, and 

other technologies are to be used to resolve proteins, it is not expressly the fault of the 

mass spectrometer that a mixture of proteins is introduced for analysis. However, all 

proteomic separation methods have finite resolving power, and mixtures of proteins are a 

reality that must be dealt with, despite our best efforts to achieve the highest resolution of 

protein separation. Work towards the goal of providing higher resolution of complex 

protein mixtures at the separation stage is increasingly prevalent, and simultaneously the 

methods and technology to help us deal with mixtures at the MS characterization stage 
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are evolving. The result is a working solution that has served and continues to serve the 

majority of proteomics purposes today. 

1.6 Gel-Based Proteomics 

1.6.1 SDS-PAGE 

Gel electrophoresis has long been a staple of protein biochemistry. Originally 

used to separate proteins almost 100 years ago, gel electrophoresis is among the most 

mature of protein separation techniques available. In general, this technique effects the 

separation of proteins by their relative mobility in a gel matrix, motivated by an electric 

field. A wide variety of different gel matrices has been successfully used for this purpose, 

though polyacrylamide has been by far the most commonly and successfully 

implemented. Polyacrylamide gel electrophoresis (PAGE) provides high resolution, and 

is a robust and reliable technology. 

Several variations of the chemistry of PAGE have been developed for different 

purposes.52,94-96 However, methods of denaturing PAGE are more ubiquitously known, 

and denaturing conditions utilizing the detergent sodium dodecyl sulfate (SDS-PAGE) 

are the most widely applied of these.97 In its 36 years, SDS-PAGE has become a staple of 

biochemistry and, along with Western blotting, is among the most widespread of 

laboratory techniques today. The primacy of SDS-PAGE over other PAGE methods can 

be attributed to several practical characteristics. Arguably, SDS is the ideal detergent for 

denaturing PAGE. The detergent is very stable, inexpensive, and soluble at high 

concentrations. Moreover, SDS is an ionic detergent and proves quite potent in 

solubilizing protein; at sufficient concentration, SDS will solubilize even highly 

hydrophobic proteins (e.g. membrane proteins) in the presence of lipids. At high 

concentrations, SDS is highly denaturing and with mild heating is capable of completely 

disrupting most inter- and intra-protein interactions, essentially resulting in linearized 

primary amino-acid sequences. The most common exception would be inter- and intra-

protein disulfide crosslinkages, which can routinely be cleaved in the presence of SDS 

with disulfide reducing agents (discussed in Section 1.6.4.5). Thus, using completely 
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straightforward chemistry, proteins in a complex biological sample - in varying states 

of folding and unfolding, globular and linear molecules, members of protein complexes 

and monomers, integral membrane proteins and free-floating cytosolic proteins - can be 

uniformly denatured at the bench within about five minutes. Moreover, SDS binds 

uniformly to the primary amino acid structure. In a neutral or slightly alkaline buffer 

environment, many ionisable amino acids are deprotonated, and most proteins carry a 

slightly net negative charge. The anionic head group of SDS interacts strongly with the 

remaining cationic amino acid groups, and the hydrophobic tail of the detergent with 

hydrophobic domains. Overall, solubilisation in SDS provides a strong negative surface 

charge to all proteins in a complex mixture. Thus solubilized and denatured, proteins are 

motivated to migrate through the gel matrix by the application of an electric field, and the 

uniform negative charge distribution imparted on all proteins in the mixture ensures their 

unidirectional migration through the matrix. Proteins are then resolved by their relative 

mobility through the matrix. The mobility of proteins through the pores of the gel matrix, 

themselves determined by the chemical make-up of the gel, depends predominantly on 

the size of the protein. Large proteins face a relatively large impediment to forward 

movement through the matrix, while small proteins pass through the pores more readily: 

small proteins pass rapidly through the matrix, while the passage of large proteins is 

retarded. The surface charge imparted by the detergent and buffer environment generally 

ensures that the impediment to forward mobility is proportional to the length of the 

polypeptide chain. Thus proteins are resolved (approximately) according to their 

molecular weight, and are detected as a series of horizontal bands in the gel.97,98 

While many variations on PAGE separations of protein have been described, the 

sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) described by 

Laemmli is the most generally applicable at present.97,98 The technique readily resolves 

proteins in the range of 10 – 250 kDa, which sufficiently meets the current needs of the 

majority of protein biochemistry. With minor modifications to the gel matrix / pore size, 

and / or specific modifications to the buffer environment, resolution of larger (greater 

than 400 kDa with mixed agarose acrylamide gels) and smaller (as low as 1 kDa with 

tris-tricine gels) proteins can been achieved.52,99-102 SDS-PAGE can be carried out 
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relatively rapidly, providing results in as little as a few hours. The technique is thus 

straightforward, robust, adaptable, and relatively inexpensive.  

Among the various modifications that have been made over the years to the 

chemistry of the gel matrix itself, for a variety of reasons and applications, one that has 

achieved a modicum of utility is the so-called Tris-tricine chemistry developed by 

Schagger and von Jagow.52 In actuality, this was less a modification and more a complete 

teardown and rebuild of the traditional Laemmli chemistry. The developers set out 

specifically to improve the low molecular weight resolution of the SDS-PAGE, which is 

traditionally poor for proteins below 10 kDa in mass (refer to Chapter Four). Proteins and 

peptides less massive than 10 kDa are typically unresolved by SDS-PAGE and migrate 

together at the leading edge of the separation, among other leading ions. Merely 

increasing the acrylamide concentration of the gel matrix, and thus reducing the average 

pore size, only slightly improves the resolution of such low molecular weight species. 

However, a greater amount of energy is required to electrically motivate ions through the 

less porous matrix, and since only a limited voltage can be applied separations in low 

pore size matrices are dramatically slower than the default matrix, resulting in increased 

band spreading. Moreover, gel matrices tend to exclude medium to high molecular 

weight proteins as pore sizes are reduced to the levels required to resolve proteins below 

10 kDa. Thus, tris-tricine SDS-PAGE was developed as a means of resolving low 

molecular weight proteins without resorting to low pore size gels. This was achieved with 

a combination of very conductive, extremely high ionic strength tris-based gel buffer and 

a tricine-based electrode buffer, replacing the glycine-based electrode buffer prescribed 

by Laemmli.97 Collectively, this alternate gel chemistry permitted the resolution of 

proteins as large as 100 kDa and simultaneously as small as 6 kDa.52 Further refinements 

to the tris-tricine chemistry eventually pushed this limit further, and peptides as small as 

1 kDa can be resolved by a combination of careful control of the gel chemistry and 

adjustment of the pore size.99 However, the popularity of tris-tricine chemistry is 

relatively limited, in part by its relative obscurity compared to the traditional Laemmli

chemistry, and in part by its tendency to exclude high molecular weight proteins that are 

deemed important for the bulk of proteomic analyses.  
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Once separated by SDS-PAGE, proteins can be detected in-gel by a variety of 

total protein staining methods that involve labelling every protein in the mixture; 

generally the attempt is to detect as many proteins as possible (discussed in Chapter 

Five). Alternatively, SDS-PAGE is routinely coupled with immunoblotting, enabling 

specific proteins to be identified and quantified.67 As an alternative to identification by 

immunoblot analysis, proteins resolved by SDS-PAGE can subsequently be identified by 

mass spectrometry. Substantial effort must be made to exclude non-protein contaminants 

from the gel containing the protein of interest, and often the protein is then proteolytically 

digested in-gel, and the resulting peptides are extracted from the gel matrix for MS 

analysis.103-108 While in principle this sounds straightforward, and in fact is routinely 

carried out in many labs, in practice the process is relatively inefficient and subject to 

analyte losses. Thus, while MS is (in theory) highly sensitive, and there may be vast 

excess of protein available, in fact the inefficiency of current digestion and extraction 

protocols that are required to couple gel electrophoresis and mass spectrometry can 

hamper protein identifications. In practice, the situation can often be improved by 

generating more of the analyte: resolving more of the starting material, pooling from 

replicate samples, and so forth. However, in some cases in which the starting material is 

rare, expensive, ethically or otherwise difficult to acquire, or if the proteins of interest are 

of very low abundance, identification will remain difficult until these efficiency issues 

are addressed. 

As previously suggested, SDS-PAGE has proven itself a highly robust and 

flexible analytical tool, amenable to adjustment of its key parameters, to provide the 

resolution necessary for the analyte of interest, and is compatible with established protein 

characterization methods. However, as a one-dimensional (1D) separation technology, its 

applicability as a proteomic method was clearly limited. In standard 1D-SDS-PAGE 

separations, one could expect optimally to resolve and detect several dozens, up to a 

hundred or so proteins from a complex biological sample.97,98 This level of resolution is 

clearly limiting, if it is assumed that complex biological materials have proteomes 

consisting of thousands to tens of thousand or more proteins. Issues of resolution and 

detection have been discussed previous sections, but not in so practical a context. Can 
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more proteins than this be resolved and detected by 1D-SDS-PAGE? By current 

standards, detection is not the most limiting factor in 1D-SDS-PAGE. Resolving complex 

biological materials on 1D gels, and detecting with current generation in-gel total protein 

stains, simply results in many unresolved proteins.  

The situation can be improved to some degree by increasing the resolution of a 

1D separation by increasing its physical length. However, this type of solution has 

theoretical as well as very practical limitations. Theoretically speaking, increasing the 

total length of the separation (the size of the gel) will increase the spatial distance 

between two resolved points. As discussed earlier, if two proteins are not in fact 

physically resolved, no amount of increasing the length of the separation will improve the 

situation. However, if there is a small degree of spatial separation between two proteins, 

this resolution can possibly be expanded upon if we can just make our SDS-PAGE gel 

large enough. Physically preparing a larger gel is a trivial exercise, to a point. While the 

most common SDS-PAGE format utilizes gels between 5 and 10 cm in length, many labs 

routinely perform separations on gels twice or even three times this long, with standard 

equipment and only minimal handling modifications.109-111 Gels larger than 30-40 cm are 

rare in the literature, and become increasingly cumbersome to handle, as the gel matrix 

has no tensile strength compared to materials more suited to everyday handling by human 

hands. Moreover, gels of this size are tremendous electrical resistors, requiring a 

substantially more energetic electric field to separate proteins across their entire length. 

Furthermore, excessively large gels simply cannot be documented with existing 

equipment. All of these practical considerations demand at least specialized handling, and 

often highly specialized equipment, and incur substantial penalties of time and cost. It 

could be argued that all such efforts should be made for maximum resolution. However, 

considering the size of the proteome and its complexity, even gels of this extreme size are 

unlikely to achieve complete resolution of the entire proteome. Complex biological 

samples contain many proteins with very similar molecular weights. If gels 40 cm in 

length are possible, then 1 metre is surely possible given enough effort. Even longer gels 

may be possible. At what point is a larger gel considered unnecessary? Potentially, larger 

gels will allow the resolution and detection of some proteins that are undetectable in 



33

33 

smaller separations but this must be balanced with regard to practicality, equipment 

availability, and cost. 

1.6.2 Multi-Dimensional PAGE Separations 

The limits of resolution of 1D-SDS-PAGE represent substantial limitations for 

proteomic analyses. The tendency is that proteins that are assumed to be resolved are in 

fact mixtures containing many co-resolved or nearly co-resolved proteins. Beyond the 

inability to discriminate individual proteins for accurate quantification and comparison, it 

proves difficult to routinely identify (poorly) resolved proteins from SDS-PAGE 

separations with certainty. As identification technologies become more and more refined 

(refer to Section 1.5) it becomes apparent that these mixtures of proteins are in fact 

discouragingly complex. Often these mixtures cannot be readily de-convoluted. These 

data are not of the quality conducive to proteomic analyses of mechanism. 

Yet PAGE offers such routine and rapid separations of intact proteins. The 

potential of the technique for proteomics applications is tremendous. Thus, to improve 

upon these inherent limitations of SDS-PAGE, multidimensional PAGE methods have 

been developed in attempts to increase the resolving power of gel-electrophoretic 

separations of proteins. 

Strictly speaking, only truly orthogonal separations should be considered ’multi

dimensional.’ Truly orthogonal separations are defined as those which are based on 

completely independent physical or chemical properties of the analyte. Unlike increasing 

the physical length of the separation, or applying multiple sequential separations based on 

the same physical-chemical properties, a truly orthogonal second separation will increase 

the resolving power of the separation. Although two components of a complex mixture 

may closely share a single physical property, it would be less likely for two such 

components to similarly share several physical properties. That is, even if two 

components are closely resolved in one dimension, they are unlikely to be closely 

resolved in a second. Thus, multi-dimensional separations provide greater resolving 

power than single dimensional separations. Even long separation lengths and multiple 
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identical separations do not provide the resolving power of carefully designed multi

dimensional separations.  

Although theoretically straightforward, developing a high resolution two-

dimensional separation technology is far from a trivial exercise in practice. Some 

analytes are not inherently amenable to practical multi-dimensional separations. It may be 

very difficult or impossible to resolve some mixtures in 1D separation, let alone 

developing a second separation technology. Many other practical issues of multi

dimensional separation technology become apparent, such as the difficulty of coupling 

two different techniques, the inefficiency of the coupling, the cost, the additional time 

and input required. Small increases in resolving power in two-dimensional separations 

relative to the individual 1D separations will not be sufficient. The gains in resolving 

power to be had by a multi-dimensional separation must be substantial in order to justify 

the additional cost. Thus it is perhaps not surprising that the attitude toward increasing 

the length of the separation as the preferable route to higher resolution persists to some 

extent. In many cases truly two-dimensional separations are practical impossibilities.  

1.6.2.1 D-SDS-PAGE 

So-called double SDS-PAGE (D-SDS-PAGE) represents the evolutionary link 

between the limitations of 1D-SDS-PAGE, and true multi-dimensional PAGE 

separations, including two-dimensional gel electrophoresis (2DE), the most effective 

solution to its limitations as a proteomic method.109 D-SDS-PAGE essentially involves 

two sequential SDS-PAGE separations, in which the second separation is directionally 

orthogonal to the first. The term orthogonal is used here strictly in the directional sense. 

In practice, D-SDS-PAGE begins as a standard 1D-SDS-PAGE separation. Without 

fixation, the entire lane containing the resolved sample is excised from the gel, turned 90° 

to the original direction of separation, and applied directly to the surface of a second 

SDS-PAGE gel, and resolved. Thus proteins are twice resolved according to their 

molecular weight. Gels of this type resolve proteins in a characteristic diagonal pattern 

with the highest and lowest molecular weight proteins in the opposite corners at the top 

and bottom of the final gel, respectively. The result is marginally improved resolution 
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over traditional 1D-SDS-PAGE. D-SDS-PAGE provides greater physical separation 

than traditional 1D-SDS-PAGE, without resorting to a larger gel format. Additionally, in 

D-SDS-PAGE proteins are resolved into circular spots, as opposed to horizontal bands as 

in 1D-SDS-PAGE. This concentration of the resolved protein marginally improves 

spatial resolution, but has the added effect of improving detection sensitivity. Overall, D

SDS-PAGE yields a marginal improvement in the resolution and detection of proteins 

over what can be achieved with 1D-SDS-PAGE alone, and is routine, reliable and cost 

effective.109 

However, D-SDS-PAGE remains a limited solution to the issue of insufficient 

resolving power of traditional 1D-SDS-PAGE.110 While D-SDS-PAGE offers slightly 

improved resolution over 1D-SDS-PAGE the degree of improvement is limited; although 

the technique applies two separations, these each resolve proteins based on the same 

physical and chemical properties. The two separations are identical, the only difference 

being their direction. The term dimension is strictly avoided here; D-SDS-PAGE resolves 

proteins in two separations, but not in two dimensions, thus strictly speaking D-SDS

PAGE is not a two-dimensional separation. Although the second separation is 

directionally orthogonal to the first, the two separations are not orthogonal in the 

analytical sense. Thus the benefits of D-SDS-PAGE are limited in terms of its 

applicability as a technology for gel-based proteomics.96,112,113 

1.6.2.2 Two-Dimensional 16-BAC PAGE 

Another proposed ‘multi-dimensional’ PAGE technology of note centers around 

an alternative PAGE chemistry based on the cationic detergent benzyldimethyl-n

hexadecylammonium chloride (16-BAC), so-called 16-BAC PAGE.114 One of the 

perceived limitations of 2DE is a limited ability to resolve integral membrane proteins, 

particularly due to their low solubility in the first dimension. 16-BAC was developed 

specifically to offer PAGE separations with a putative superior ability to handle 

membrane proteins.96,112,113 Central to the technique is the application of the nominal 

cationic detergent 16-BAC which is a potent solubilising agent for proteins, including 

integral membrane proteins, and is suitably aggressive for denaturing PAGE applications, 
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analogous to SDS-PAGE, blanketing native protein surface charge properties and 

imparting a uniform surface charge. However, because 16-BAC is a cation, and imparts a 

net positive surface charge, proteins thus solubilized will have the opposite directional 

mobility in an electric field as do proteins solubilized with SDS. Thus an entirely 

different PAGE chemistry was designed around 16-BAC to accommodate this property. 

The primary difference from traditional SDS-PAGE chemistry is thus that a 16-BAC 

separation is carried out in a highly acidic environment (pH ~ 2). In this environment, 

proteins tend to carry a net positive surface charge due to the extensive protonation of 

their ionisable functional groups. In combination with the presence of 16-BAC imparting 

further positive surface charge, this ensures that proteins in the sample will migrate uni

directionally through the gel matrix once an electric field is established. Of course, this 

field will have the opposite polarity from traditional SDS-PAGE. Proteins are thus 

separated according to their relative mobility, which under these conditions is primarily 

dependent on the size of the protein. Much like SDS-PAGE, the 16-BAC PAGE gel has 

sieve-like properties that retard the forward mobility of proteins depending on their size, 

and in general large proteins are more retarded than small proteins.96,97 

However, SDS-PAGE and 16-BAC PAGE do not resolve proteins identically.112 

That is, the band patterns produced by the two techniques are not necessarily comparable. 

Certain proteins have significantly greater mobility in 16-BAC PAGE than in SDS

PAGE, and vice versa. This slight difference between the resolution of some proteins in 

SDS-PAGE vs. 16-BAC PAGE separations is the basis for multi-dimensional PAGE 

separations coupling the two techniques, hereafter referred to as two-dimensional 16

BAC PAGE (2D-SBE).112,113 Following 16-BAC PAGE, the lane containing the resolved 

proteins of interest is excised from the gel. An equilibration stage follows, designed to 

rapidly remove the chemical environment of the 16-BAC separation, and replace it with 

one appropriate for SDS-PAGE, while maintaining the resolution of proteins in-gel. Thus 

the detergent 16-BAC is stripped from the proteins and replaced with SDS, and the acidic 

environment replaced with an alkaline tris environment. The equilibrated gel slab, 

containing the resolved proteins, is turned 90° to the original direction of separation and 

then applied to the surface of a standard SDS-PAGE gel, the nominal second dimension, 
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such that the two electrophoretic separations are directionally orthogonal to one 

another. Proteins resolved in the first dimension 16-BAC PAGE are subsequently 

resolved by their denatured mass in the alternate charge / detergent environment of the 

second dimension SDS-PAGE, producing characteristic patterns of resolved 

proteins.112,113 

In D-SDS-PAGE, the two electrophoretic separation steps are identical, and 

although this offers an impressively straightforward alternative to other multi

dimensional PAGE approaches, the gains in resolving power are understandably modest. 

However, in 2D-SBE the two electrophoretic separations do perform differently.113-116 As 

mentioned, the patterns of resolved proteins generated by 16-BAC PAGE differ slightly 

from the patterns generated by SDS-PAGE. It has been claimed that 16-BAC PAGE is 

somewhat a separation according to the relative hydrophobicity of proteins in addition to 

a separation according to molecular mass.113,114 That is, for any given molecular mass, 

relatively hydrophobic proteins have a greater mobility in 16-BAC PAGE than relatively 

hydrophilic proteins, and this in part accounts for the difference in banding patterns 

between 16-BAC PAGE and SDS-PAGE. However, at present, no good evidence for this 

effect exists and it remains a plausible theory at best. Rather, it seems likely that the 

difference in resolution between 16-BAC PAGE and SDS-PAGE is imparted by slightly 

different conformations of some proteins in one chemical environment compared with the 

other. For instance, although 16-BAC is a denaturing detergent, it is less so than SDS. 

Moreover, it might be expected that proteins will take on slightly different conformations, 

and behave slightly differently in the electric field and the gel matrix in the highly acidic 

conditions required for 16-BAC PAGE, than they do in the more neutral to alkaline 

environment of SDS-PAGE. Such differences could dramatically affect the 

electrophoretic mobility of proteins, such that a protein with a given empirical molecular 

mass according to SDS-PAGE may have a completely different relative mobility, and 

thus apparent molecular mass according to 16-BAC PAGE.  

However, the degree to which 16-BAC PAGE and SDS-PAGE are analytically 

orthogonal is questionable.112,113 Both are separations according to size, and thus high 

molecular mass proteins resolved in the 16-BAC PAGE first dimension of a 2D-SBE 
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experiment tend to be high molecular mass proteins as resolved in the second 

dimension SDS-PAGE. Likewise, low molecular mass proteins according to the first 

dimension are resolved as low molecular mass proteins in the second dimension. Yet 

there are some specific instances of fundamental inconsistency between the two 

separations. Overall, the suggestion is that 2D-SBE offers a combined resolving power 

superior to either 1D-SDS-PAGE or 16-BAC PAGE separations alone.109 Moreover, due 

to the inherent difference in the performance between 16-BAC PAGE and SDS-PAGE, 

2D-SBE provides superior resolving power than D-SDS-PAGE.43,117 The technique 

offers a demonstrable improvement in resolving power, but the gain is limited. The 

method does not substantially improve our ability to resolve proteins of similar molecular 

mass.   

1.6.2.3 Two-Dimensional Blue Native PAGE 

Blue Native PAGE (BNE) is a method that resolves proteins according to their 

native, non-denatured relative mobility in a gel matrix.43,117 The method calls for the 

gentle, rather than denaturing solubilisation of proteins under conditions suitable for the 

maintenance of their globular, native three-dimensional conformation, including tertiary 

and quaternary structure. Thus the native inter- and intra-protein interactions should be 

largely uninterrupted. To facilitate the maintenance of true native conformation as much 

as possible, the traditional sample handling conventions for denaturing PAGE must be 

avoided: the sample is typically not frozen and should be prepared fresh if possible; 

solvent precipitation of the sample, as well as denaturing conditions typically applied for 

SDS-PAGE (e.g. use of ionic detergents, strong chaotropes and disulfide reducing agents) 

must be strictly avoided.114,118,119 Instead, solubilisation of the sample requires gentle 

conditions consisting of a non-ionic detergent and mild ‘salting in.’ This is especially 

challenging for membrane proteins, due to the presence of high concentrations of lipids in 

these samples, and the inherently low aqueous solubility of such hydrophobic proteins. 

However, the technique was developed specifically with the intention of resolving 

membrane proteins, in the understanding that such traditionally ‘difficult’ molecules 

represent an important and often ignored subset of the proteome.120 To this end, the non
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ionic detergent n-dodecyl β-D-maltopyranoside (lauryl maltoside) has been 

successfully employed, and 6-amino-caproic acid serves to provide an appropriate ionic 

environment with a gentle salting-in effect. These conditions provide potent yet gentle 

solubilisation of even highly lipophilic membrane protein isolates, isolated natively, and 

thus containing a high concentration of lipidic contaminants.  

However, under these conditions, in a neutral pH environment, native proteins 

have unpredictable surface charge.43,121 Contrast this with SDS-PAGE in which the 

native surface charge is blanketed with an overwhelmingly negative surface charge in the 

course of solubilisation with the detergent SDS. Thus the electrophoretic mobility of 

proteins solubilized for BNE will not be uni-directional in a uniform electric field. Net 

negatively charged proteins will have some forward mobility, by convention, but net 

positively charged proteins will have retrograde mobility. Moreover, depending on the 

magnitude of the native surface charge, proteins will have variable mobility. Highly 

charged native proteins will be more motivated by the electric field than lowly charged, 

or near neutrally charged proteins. In order to separate proteins unidirectionally, it will be 

necessary to somehow provide more uniformly predictable surface charge properties. For 

BNE, the developers employed a number of substances with appropriate protein binding 

and charge properties; use of the dye Coomassie G-250 proved most successful and 

generally applicable.43,117 The affinity of Coomassie for proteins is well known but this 

property is far more commonly exploited as a method of protein detection (this will be 

explored in greater depth in Chapter Five). However, Coomassie serves well the 

requirements of BNE. The dye is negatively charged, but interacts non-covalently with 

protein. This interaction is strong enough to largely survive the forces experienced in the 

electrophoretic environment and thus serves to impart a uniform surface charge on 

proteins, but it is not strong enough to completely destroy all inter and intra-protein 

interactions at low dye concentrations. Moreover, the interaction is reasonably uniform 

between different proteins, which serves as the basis for the use of this chemical as a 

protein stain. The result is a situation in which solubilized, native or globular proteins can 

be separated electrophoretically with unidirectional mobility, thus making possible their 

separation in a gel matrix according to their relative size.119 
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In this form, BNE is regarded as the pinnacle of native or non-denaturing 

PAGE methods, providing the highest resolution relative to similar available methods, 

and with the greatest reproducibility.43,117 The technique has also proven to be fairly 

robust and straightforward. Moreover, BNE yields data with a level of biological 

relevance uncommon in analytical chemistry, and certainly exceeding that of denaturing 

SDS-PAGE. Both monomeric membrane proteins and multimeric membrane protein 

complexes can be resolved in their globular conformation using this technique43. Notably, 

it has been demonstrated that some protein complexes can subsequently be isolated from 

the gel in an enzymatically active state.43,117 

This impressive technique can be coupled with SDS-PAGE to form a 

multidimensional PAGE technology.43,117 The sample is first resolved using standard 

non-denaturing BNE and the lane containing the resolved sample of interest is excised 

from the BNE gel. The resolved globular proteins and protein complexes are then 

denatured in-gel, in an equilibration step that exchanges the BNE buffer environment for 

one appropriate to SDS-PAGE. The detergent SDS is introduced to denature and linearize 

globular proteins, and disulfide reducing reagent is applied to reduce inter- and intra-

protein cross linkages. The goal is to rapidly transition proteins from a native globular 

state, to a completely denatured state, suitable for separation by SDS-PAGE. Time is of 

the essence, because ideally the position of proteins in the BNE dimension should be 

maintained, recognizing that over time, in the absence of an electric field, the proteins 

will randomly diffuse through the gel matrix. The equilibrated gel is then applied to the 

surface of a standard SDS-PAGE gel, such that the direction of separation in the first 

dimension is 90° to the direction of separation in the second dimension. Thus globular 

proteins and protein complexes resolved in the first dimension are electrophoretically 

separated by their denatured relative mobility in the second dimension.117 

The result of this two dimensional BNE (2D-BNE) technology is an ability to 

both resolve globular protein complexes, and then resolve and detect the monomeric 

protein species that form those complexes. Moreover, the technology is highly amenable 

to separations of membrane proteins, which is an impressive technical achievement.122 

However, the degree to which proteins resolved by BNE are truly native is uncertain. 
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Obviously, the nature of the sample and the details of its handling will have great 

impact in this regard. At the very least, as a result of its multidimensional design, 2D

BNE offers a higher resolution separation of proteins than does standard 1D-SDS-PAGE. 

However, is BNE truly a two-dimensional separation technology? The two 

electrophoretic separations are directionally orthogonal to each other. Yet the degree to 

which these two separations are truly analytically orthogonal is debatable. There is a 

general tendency in 2D-BNE separations for large protein complexes in the first 

separation BNE to elute primarily large denatured monomers in the second, SDS-PAGE 

separation. Likewise, small protein complexes, and globular monomers in the first 

separation tend to elute as small denatured monomers in the second separation. The 

physical-chemical selection criteria for BNE and SDS-PAGE are somewhat similar, and 

thus in practice the resolving power of the technique remains somewhat limited.  

1.6.3 2DE 

As we have seen in the review of multi-dimensional PAGE methods, truly 

orthogonal separations that are compatible with each other are the exception rather than 

the rule.97,123 In part, this is due to the inherent limitations of the technology. There are 

only so many physical-chemical properties of proteins that can be exploited for 

separation purposes. Of these, how many can be exploited using the limited repertoire of 

tools of gel electrophoresis? Of these, how many are analytically orthogonal to each 

other? 

The development of two-dimensional PAGE (2DE) as it is known today logically 

followed the separate development of two successful, distinct gel-based separation 

technologies that happened to be analytically orthogonal.97,123,124 These two separation 

techniques are related, in that both electrophoretically separate proteins in a gel matrix, 

thus logically and practically facilitating their eventual coupling. Both provided 1D 

separation of proteins from complex mixtures such as biological material. Both methods 

were reasonably mature, and evolved to provide reasonably high levels of performance 

given their inherent limitations. The first was traditional SDS-PAGE which, as discussed, 

separates proteins by their molecular weight. Just a few years prior to the development of 
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2DE, 1D-SDS-PAGE was arguably almost entirely optimized, as protocols then 

developed are carried out essentially unchanged today, after 35 years.124,125 The second 

technique was so-called isoeletric focusing (IEF), which separates proteins according to 

their isoelectric point (pI).34,123,126 

Molecular weight separation of proteins by SDS-PAGE is a rather intuitive 

process. Although the analyte is impossibly small compared to objects we are likely more 

familiar with in our everyday lives, and the process is driven by electrical induction, 

which is an occasional source of confusion to some students, overall the technology can 

be likened to filtering with a sieve. However, IEF is far less intuitive, with no obvious 

parallels in the macroscopic world. Essentially, IEF is a separation of proteins according 

to their inherent charge properties. 

Proteins contain ionisable functional groups. Specifically, proteins are generally 

amphoteric, with a propensity for both cationic and anionic behaviour, depending on pH. 

Ionizations on the protein backbone consist of proton exchanges, primarily involving 

amine- and carboxylic acid-containing functional groups, and occasionally sulfhydryl 

groups. At the very minimum, proteins contain ionizable terminal amino acids: the 

terminal amines and carboxylic acid groups. Of course, most proteins also contain 

asparagine, glutamine, glutamic acid, histidine, lysine, arginine and aspartic acid, all of 

which have functional groups that are ionisable between pH 1 and 12. Each of these 

charged functional groups has an inherent ionisation constant, describing its propensity 

for ionisation with respect to pH, and each contributes to the overall charge character of 

the polypeptide. It is this overall charge character that determines the pI of the 

polypeptide. In general, at highly acidic pH, proteins take on a relatively cationic 

character, as a result of the protonation of ionisable functional groups (increasing 

frequency of neutral carboxylic acids and cationic amines). At highly alkaline pH, 

proteins take on an anionic character as a result of the deprotonation of these groups 

(increasing frequency of anionic carboxylic acids and neutral amines). At some 

intermediate pH the protein has net neutrality, at which the numbers of cationic and 

anionic functional groups are balanced. This is the definition of pI: the pH at which a 

molecule has a net neutral charge. 
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It is difficult to imagine a protein in nature that does not contain any of the 

above mentioned amino acids, and in fact most proteins carry a sizeable charge at 

physiological pH. Thus, it would seem that there is potentially vast diversity in the charge 

properties of different proteins. 

Logically then, separation by charge properties would be an attractive prospect, if 

the goal was high resolution separation of proteomes. Theoretically, the resolving power 

of a charge separation technology could be much greater than that of a mass separation 

such as SDS-PAGE. Many different combinations of amino acids will result in proteins 

of similar molecular mass. For example, the difference in molecular mass between the 

peptides MEQYA and MIQLH is small, ~ 1/10 of a Dalton, 0.01 % of the total molecular 

mass. For a second example, consider a substitution of a single lysine residue for a 

glutamine residue such as in the peptide MEKYA to yield MEQYA, resulting in an even 

smaller mass difference. Mass differences of this magnitude are impossible to resolve by 

traditional gel electrophoresis. In practice, depending on the parameters of the separation, 

1D-SDS-PAGE is often unable to distinguish proteins that differ by 1 % of their 

molecular masses: a few kiloDaltons to tens of kiloDaltons for large proteins. Yet these 

substitutions confer substantially different charge properties on these peptides. MEQYA 

and MEKYA and MIQLH have theoretical pI values of 4.0, 5.6 and 6.5, respectively.127 

128 As we will see in later sections, pI differences of this magnitude can readily be 

resolved by IEF. 

However, it could be argued that the impact of a single amino acid on the pI of a 

tetrapeptide is necessarily large. Most proteins resolved and detected in gel-based 

separations are at least 10 times larger than this peptide.52,97 The influence of a single 

amino acid substitution on the pI of a large protein would be expected to be much less 

than that for small peptides since a larger protein presumably has many more charged 

functional groups, all of which affect the overall pI, but each of which has a smaller 

overall contribution. The situation is analogous to two means, one the average of 3 

values, and one the average of 30. In an average of three values, each value has a large 

impact on the mean. In an average of 30, large variations in any one value are mitigated 
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by the lesser weight of individual values on the overall mean. What is the relevance of 

single amino acid substitutions on larger polypeptides?  

In a final example, consider a substitution of a single lysine for glutamine on a 

theoretical peptide MEQYAMEQYAMEQYAMEQYAMEQYA has slightly lesser effect 

on pI compared to the same substitution in previous examples, from 3.5 to 3.9.128 

However, this is still a relatively large pI shift and certainly these two peptides can be 

resolved by IEF, but not by SDS-PAGE. In fact, single amino acid substitutions have a 

significant effect on the theoretical pI of larger polypeptides still. Of course, these are 

highly artificial examples. Only one possible substitution likely to yield a large result has 

been considered. This substitution is purely arbitrary and likely has no physiological 

relevance. Moreoever, what is illustrated here with a few examples is a vast 

oversimplification of reality. In reality, the effect of a single amino acid substitution on pI 

is much more complicated. There are many different substitutions that must be 

considered. Many possible substitutions will impart no change in overall pI for example, 

substituting leucine for isoleucine, which incidentally will result in no change in 

molecular weight. Additionally, the sensitivity of the overall pI to substitutions is not 

purely a function of the size of the protein. Very hydrophobic proteins, with few charged 

amino acids would be expected to be very sensitive to single substitutions, even if they 

are very large. Likewise, very small proteins that are composed mainly of charged amino 

acids with few uncharged residues would be expected to be relatively insensitive to single 

substitutions. It is not unrealistic to suspect that such proteins exist: the diversity among 

proteins is vast. Finally, it should be remembered that the pI values compared here are 

only theoretical; in practice empirical pI often can differ substantially from the 

theoretical. However, these examples serve to illustrate the point that the pI of proteins 

inherently depends on their amino acid sequence, and that pI is substantially impacted by 

small changes to the makeup of the protein. Furthermore, changes to the makeup of 

proteins that do not substantially or measurably affect molecular weight, which is the 

pillar of traditional gel-based separations, often have a large impact on pI. 

Post translational modifications contribute an additional level of complexity to the 

diversity of protein charge characteristics. Many PTMs contribute an ionisable adduct to 
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the protein backbone, or modify existing ionisable functional groups, and thus impact 

pI. PTM-induced pI shifts are of particular interest because the PTM-state of a protein is 

often critical for function. PTMs act as molecular switches, help guide protein trafficking, 

serve structural purposes, and so forth. The ability to resolve proteins that vary by their 

PTM state on the basis of differing pI conveys a level of physiological relevance on such 

separations of proteins. For the moment this topic will not be elaborated upon (refer to 

Chapter Six) but it will suffice for the moment to agree that PTM state enhances the 

potential for pI variation in the proteome and thus enhances the potential utility of IEF-

based separations as a tool for resolving proteomes. 

1.6.3.1 IEF in Practice 

We have seen that, in theory, separations of proteins according to their pI are of 

potential interest and value for proteomic applications, but a brief explanation of the inner 

workings of the technique is in order. In practice, IEF differs fundamentally from SDS

PAGE. SDS-PAGE is an example of electrophoresis which by design permits only uni

directional migration of the analyte through the gel matrix. For IEF, the inherent charge 

properties of the protein must be maintained, because charge is the fundamental physical-

chemical property forming the basis of the separation. However, at a given pH, different 

proteins will have different net charges and thus different directional mobilities in a 

uniform electric field.  

In order to separate proteins according to their pI in a gel matrix, IEF is carried 

out in a gel-borne pH gradient.32,33 Thus components of the analyte will experience a 

range of different pH environments depending on their position in the gel. In an 

environment that is acidic or alkaline, relative to the pI of a specific protein, that protein 

will carry a cationic or anionic net charge, respectively. At the position in the pH gradient 

where the pH equals the pI of a specific protein, it will have net neutrality. The result is a 

situation in which at any point in the gradient, other than its pI, the protein will carry a 

net charge, and thus be mobile in an electric field. Once an electric field is established, 

charged proteins will be motivated to migrate through the gel. The polarity of the field is 

of particular importance in this regard. The acidic extreme of the gradient must be the 
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anode and the alkaline extreme must be the cathode. In this situation proteins are 

generally motivated to migrate away from the electrodes, and towards their pI, at some 

point in the pH gradient. If the polarity of the field is accidentally reversed, proteins not 

already at their pI will migrate away from their pI, and towards the electrodes. Moreover, 

proteins with pI outside of the range of the gel, will never reach their charge neutrality in 

the pH gradient regardless of the polarity of the field, and thus will migrate continuously 

towards the electrode. 

Assuming the electric field is established with appropriate polarity, proteins with 

pI within the range of the pH gradient will migrate towards their pI. At their pI, proteins 

carry no net charge and thus lose their mobility in the electric field. Thus proteins become 

concentrated at their pI. Depending on the specific amino acid sequence, and thus charge 

properties, different proteins will have different pIs and thus different points of 

concentration in the pH gradient. This is the fundamental principle of IEF separations of 

proteins according to their pI. 

1.6.3.1.1 Energy Budget 

The gel-borne pH gradient is not a perfect conductor of electricity, or proteins. A 

substantial amount of energy is required to drive proteins through the gel matrix, and 

achieve IEF. To combat this, the IEF gel matrices typically have a relatively large pore 

size, such that the mobility of proteins through the gel depends more on their charge than 

their size. To prevent overheating, the energy budget for IEF separations must be 

carefully controlled. Large molecules with relatively low mobility in a gel matrix, like 

proteins, require a large amount of energy to be mobilized. Theoretically, the energy 

required to focus a specific protein in IEF is directly proportional to the magnitude of its 

charge, and inversely proportional to its size. Thus, given a limited energy budget, small, 

highly charged proteins are focused first and the fastest, and the largest proteins, with the 

smallest charge are focused last and the slowest. As the protein reaches its pI, the energy 

demands on the budget drop dramatically. Thus as the separation progresses, the budget 

is decreasingly divided among many thousands of proteins, and increasingly available for 
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the remaining, difficult to focus proteins. Thus with enough time most proteins can be 

focused to their pI. 

1.6.3.1.2 Diffusion 

As proteins reach their pI, the energy expenditure drops dramatically, as at that 

pH the protein becomes essentially benign to the electric field, and draws a relatively 

minute amount of energy from the overall budget. Two opposing forces mitigate protein 

diffusion at its pI in the pH gradient. First, at its pI, a protein is typically at its lowest 

solubility, and thus at its lowest rate of diffusion. Conversely, at its pI, the protein is also 

highly concentrated and thus experiences a relatively high osmotic pressure to diffuse 

away from this point. Regardless of which force prevails in reality, it can be expected that 

inevitably a few proteins will diffuse away from their pI, become charged as they enter a 

slightly different pH environment, and be driven back to their pI by the electric field. 

Although this constant diffusion and refocusing logically seems an energetically 

expensive process, empirically it requires far less energy than the bulk focusing bringing 

the protein to that point in the gel in the first place.  

1.6.3.1.3 The Limitations of IEF 

Overall, we thus see that IEF separation of proteins is a potentially attractive 

prospect, with potential value as a proteomic method. However, in practice, IEF is far 

from an ideal solution to the limitations of 1D-SDS-PAGE. There are practical 

limitations to this separation technology that curtail it from achieving its theoretical 

capabilities. Despite the extreme sensitivity of pI to small changes in amino acid 

composition, in reality the majority of proteins seem to fall within a characteristically 

similar pI range.21,123,125,129 While there are a few proteins that have very acidic pI, and 

slightly more proteins with highly alkaline pI, the vast majority of proteins have a near-

neutral pI of between ~5 and 8. That is, physiologically it seems there are certain charge 

properties that are highly prevalent in the cellular environment. There are certain 

combinations of amino acids that would seem to be most viable for effective protein 

formulations in our environment and thus we do not see as limitless a variation in pI as 
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we might theoretically expect in the protein world. This certainly seems to be the case 

for proteins that are detectable with current technology. It may be that vast populations of 

proteins with extreme pIs exist, but are currently not detectable, or otherwise excluded 

from most proteomic analyses for some reason, but it seems somewhat unlikely given the 

pI distribution of proteins detected to date. Thus, in practice, the resolution achieved by 

IEF separations is not as high as it theoretically could be. It is characteristic of the analyte 

that most proteins have neutral to near neutral pI, and the capacity to resolve proteins 

outside this limited pI range does not, in practice, contribute greatly to resolving 

power.130,131 This is not to say that proteins with extreme pI can be safely ignored, but 

rather that the pI distribution of proteins seems thus far to be very unbalanced, and that 

the resolving power of the technique is most limited by the propensity of proteins to be 

found in the near neutral pI range.53,132,133 

Thus as a 1D separation technology, IEF is clearly limited by the inherent nature 

of the analyte. The resolving power of the technique is theoretically very high, but in 

practice 1D IEF fails to resolve substantially more proteins than does SDS-PAGE. Like 

SDS-PAGE, gains in IEF resolution can be had by increasing the length of the 

separation.35,107,134 Additionally, the parameters of the separation can be optimized for 

proteins within a certain range.53,132,133 In actuality, these two possibilities are methods of 

achieving the same thing; in the latter the effective separation length is increased in a 

narrow range, focusing on a specific pI range of interest, while keeping the physical 

length of the separation the same. Given the propensity of proteins with neutral pI, 

substantially more proteins can be resolved by optimizing the separation for proteins 

within that range, albeit at the expense of the resolution of proteins with more extreme pI. 

However, as discussed previously, both of these solutions offer rather limited gains in 

true resolving power. These measures will increase the physical separation between 

proteins; if two molecules were only narrowly resolved, it may help us distinguish these 

molecules as separate, especially if they were near the limit of resolution of the detection 

method. However, these measures do not change resolving power of the separation. If 

two molecules have the same pI and are truly unresolved, they cannot be resolved by 

increasing the length of the IEF separation. Moreover, as with SDS-PAGE, there are 



49

49 

substantial practical impediments to increasing the length of the separation. Very large 

IEF gels are prone to the same impracticalities as very large SDS-gels: additional expense 

and difficulty of preparation and handling. 

As a 1D technique, the resolution of IEF separations is limited by theoretical and 

practical considerations similar to those of SDS-PAGE. However, the two technologies 

separate proteins by different physical-chemical properties, and are thus analytically 

orthogonal. In fact, pI and molecular weight of proteins are quite independent of each 

other. As illustrated earlier in this section in a few straightforward examples, proteins that 

differ only very slightly in MW often differ greatly in pI. Thus many proteins unresolved 

by SDS-PAGE could theoretically be resolved by IEF. Consider again a situation in 

which the molecular weight resolution of two molecules is as close to zero as seems 

possible. In this situation, where two molecules in the analyte are truly unresolved, no 

amount of increasing the length of the separation will resolve the two molecules. 

However, if the pIs of these two proteins are distinct they may be resolved quite handily 

by IEF. While there may be many proteins that have the same or similar molecular 

weight, and likewise many proteins that have the same or similar pI, it will be a much 

more rare occurrence to encounter proteins having the same molecular weight and pI. The 

suggestion is that although as 1D separation technologies, both SDS-PAGE and IEF are 

limited, the two technologies were logical candidates for a coupled two-dimensional gel 

electrophoresis separation technology.32,33,97,123,125 

1.6.3.2 Coupling IEF and SDS-PAGE 

Despite the theoretical potential of 2DE, the coupling of SDS-PAGE and IEF 

presented some interesting practical issues. Of all the available variations of SDS-PAGE 

and IEF, what combination of technologies would provide the greatest resolution and 

could be effectively coupled? Would the two orthogonal separations be carried out 

sequentially or simultaneously? Could the two technologies be directly coupled, or would 

one exist primarily as a preparative technique for the other? Which separation should be 

carried out first? These practical considerations must be addressed when developing any 

two dimensional separation technology, though in hindsight the answers to these 
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questions seem obvious today. However, the difficulty of arriving at an effective 

solution should be considered, given the possibilities and state of the field at the time. 

The two technologies were first successfully coupled in 1975.32,33 SDS-PAGE according 

to Laemmli provided the greatest resolution of available molecular weight-based 

separations, and denaturing IEF had been shown to also provide superior resolution, and 

was more readily coupled to SDS-PAGE than other available alternatives. The two 

separations could not be carried out simultaneously because the chemical conditions 

required for SDS-PAGE and IEF differ so greatly. Specifically, the chemical 

environment required for SDS-PAGE is completely unsuitable for IEF. The ionic 

detergent SDS effectively masks the native charge properties of the protein, rendering 

pointless any attempt to separate proteins according to their native pI. Conversely, the 

chemical environment required for IEF is rather benign relative to SDS-PAGE. The chief 

goal of IEF is separation according to the native charge properties of the protein, thus 

typically non-ionic or zwitterionic detergents are applied. Thus the only effective way to 

sequentially couple the two techniques would be to carry out IEF before SDS-PAGE. If 

SDS-PAGE were carried out as the first dimensional separation, it would be difficult if 

not impossible to completely remove SDS (and other ions) from the gel before the second 

dimensional IEF was carried out. IEF is sensitive to even trace amounts of these 

contaminants, and the performance of IEF is particularly sensitive to SDS. Conversely, 

carrying out IEF as the first dimensional separation poses no major problems for 

subsequent SDS-PAGE. If the buffer environment of the first dimension is largely benign 

when subjected to subsequent SDS-PAGE, thus even if the first dimension buffer 

environment is only partially removed, the performance of the second dimension SDS

PAGE separation is relatively unhindered. Thus 2DE developed as a technique consisting 

of an IEF first dimension, coupled to an SDS-PAGE second dimension. 

By today’s standards of resolution, the earliest 2DE experiments were relatively 

crude.32,33 The first dimension in particular provided limited resolution and proved 

difficult to handle and reproduce. These early experiments relied on electrophoretic 

formation of a pH gradient in which soluble ampholytes are electrically induced to form a 

pH gradient within the matrix of a polyacrylamide tube gel. The ampholytes were 
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introduced to the gel uniformly, such that their distribution in the gel matrix was 

essentially random. At a neutral overall pH of the ampholyte solution, acidic ampholytes 

are anionic and alkaline ampholytes are cationic; highly acidic ampholytes are more 

strongly negatively charged than slightly acidic ampholytes and highly alkaline 

ampholytes are more strongly positively charged than slightly alkaline ampholytes. Thus, 

once an electric field is established, the ampholytes migrate through the gel, alkaline 

ampholytes towards the cathode and acidic ampholytes towards the anode. The mobility 

of the ampholytes in this gel matrix is high, because the ampholytes are small, highly 

soluble molecules, and the gel matrix has a relatively large pore size that provides 

essentially no size exclusion for molecules in this size range. Thus the relative mobility 

of different ampholytes depends only on their charge properties. The more acidic the 

ampholyte, the greater its negative formal charge, the more rapid its anodic migration. 

The more alkaline the ampholyte, the greater its negative formal charge, and the more 

rapid its cathodic migration. Thus after a certain period of time in the electric field, 

ampholytes tend to sort themselves in the gel creating a pH gradient from low to high pH, 

anode to cathode. In practice, ampholyte solutions contained a diverse mixture of 

amphoteric species, carefully chosen to include an even distribution of different pIs and 

thus provide a smooth gradient suitable to then separate proteins by their pI. At the time, 

in the 1970’s – 1980’s this provided entirely acceptable results. The pH gradients could 

be rapidly created and provided effective resolving power. However, this method of 

formation of the gradient was also its greatest limitation. Of course, this type of pH 

gradient is not at all static. The ampholytes are small soluble molecules by necessity, to 

allow rapid formation of the pH gradient. Consequently, the ampholytes rapidly diffuse in 

the gel matrix. Without the electrically induced mobility the ampholytes, that are not 

fixed in the gel, rapidly diffuse away from their positions in the gradient which thus 

rapidly deteriorates. Furthermore, if an electric field is maintained indefinitely, 

ampholytes with extreme pI will eventually begin to migrate out of the gel to the 

electrodes. Thus pH gradients of this type are notoriously irreproducible. Depending on 

the duration of the gradient-forming electric field, slightly different pH gradients will 

result. Additionally, the separation of proteins in the pH gradient itself requires a 
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continuous electric field. In fact, to mobilize proteins, which are generally much larger 

than ampholytes, through the gel matrix, a substantially larger electric field is required, 

and the duration of this field is substantially longer than that required for pH gradient 

formation. Thus, although the pH gradient can be routinely formed, it is of limited 

practical use in reproducibly resolving proteins as it is rapidly changing even as the 

mixture of proteins is being separated. 

To mitigate these effects, the electrolyte solutions were applied at the electrodes; 

a strong acid at the anode, a strong base at the cathode.123,135-137 In principle this should 

have solved the reproducibility issues. For instance, as very acidic ampholytes approach 

the anode they become completely protonated by the strong acid and are repelled back 

into the gel matrix preventing the acidic extreme of the gradient from being ‘lost.’ In 

practice, however, there are very real limits to how much can be gained by this approach. 

Although the most extreme ampholytes can be prevented from leaving the gradient 

altogether, this approach cannot prevent the gradient from drifting from its ideal shape 

over prolonged exposure to the electric field. Regardless of the retention of ampholytes at 

the pH extremes, increasingly neutral ampholytes are continuously being driven to these 

extremes, resulting in their ever increasing concentration and a much narrower overall 

gradient than expected. For instance, mixtures of ampholytes designed to produce 

gradients from pH 3-10 would effectively result in gradients of only 5-7, with more 

acidic and alkaline ampholytes concentrated at the anodic and cathodic extremes of the 

gel, respectively. This effect was particularly pronounced in the alkaline range of the pH 

gradient, and is hence often known as “cathodic drift.” As the pH gradient ‘drifts’ away 

from the desired configuration, there is a failure to resolve proteins that are otherwise 

resolved by IEF. Moreover, the degeneration of the desired pH gradient has no end point, 

yielding results that are unpredictable. Thus the reproducibility of this type of IEF, and 

subsequent 2DE, suffers.137 

The situation was later exacerbated by the incorporation of semi-denaturing 

conditions in IEF. Applying urea as a denaturant throughout IEF ensures uniform 

disaggregation, and greatly enhances the sharpness of resolved proteins. That is, 

denaturing IEF produces tighter focusing of individual proteins, reducing the degree to 
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which they obscure co-resolved proteins, and thus improving the resolution of the 

separation.138 However, the inclusion of high concentrations of urea markedly increased 

the length of time required to separate proteins through the gel matrix, which increased 

drift and distortion of the expected pH gradient.137,139 Thus either the resolution of the 

technique or the reproducibility of the separation was limited. Likely both suffer as it 

proved impossible to strike a balance between the benefits of denaturing conditions, and 

the degeneration of the desired pH gradient. 

To some degree this situation was remedied by the development of so-called “non 

equilibrium pH gradient gel electrophoresis” (NEPHGE) a variation of the original IEF as 

it was applied for 2DE.139-141 NEPHGE in part solved the problems of traditional free-

carrier ampholyte IEF by virtue of simultaneous formation of the pH gradient and 

resolution of the analyte, thus reducing the overall time required to carry out the 

separation, and hopefully minimizing distortion of the pH gradient in a denaturing 

environment. Otherwise similar to standard IEF gels, NEPHGE gradient formation and 

analyte separations are simultaneously initiated from the anode, though in principle either 

electrode could be used. The anode buffer is a strong acid, and once introduced, the 

combined protein and ampholyte sample (very heavily protonated and thus cationic), is 

induced to enter the gel matrix by the application of the electric field. Theoretically, the 

small molecule ampholytes have much higher relative mobility in this environment than 

proteins. Thus in the race between proteins and ampholytes from anode to cathode, the 

ampholytes are theoretically in the lead, and establish a pH gradient in the gel, essentially 

as described in standard IEF. The most alkaline ampholytes are the most rapidly mobile, 

and win the race so to speak, while the most acidic ampholytes have less mobility and 

remain nearer to the anode. Thus a pH gradient is rapidly generated, from anode to 

cathode, acid to alkaline. Simultaneously, the analyte is mobile in the gel matrix. Like 

ampholytes, at an extremely acidic pH at the anode, most proteins are highly cationic, 

and migrate into the gel, though generally more slowly than ampholytes due to their 

larger size. As proteins migrate away from the anode, they encounter an increasingly 

alkaline environment as the pH gradient is established. The situation is analogous to 

railroad track construction, during which the construction gang extends the track that the 
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train carrying supplies and building materials is running on, and these cars closely 

follow the progress of the construction gang. As proteins reach their pI, their net charge 

and mobility are reduced. This is the subtle difference between NEPHGE and traditional 

IEF.124,125 NEPHGE is specifically designed to save time, reducing the overall duration of 

application of the electric field, thus minimizing cathodic drift. In this regard, NEPHGE 

was a successful evolution of traditional IEF. The distortion of the desired pH gradient 

was expectedly reduced. However, NEPHGE is not without its flaws. A pH gradient is 

established by this method, though prolonged applications of the electric field are strictly 

avoided and thus proteins are given little time to seek their pI. It is expected that so long 

as the gradient is established slightly before proteins migrate through that point in the gel 

that proteins at that pI will be correctly immobilized. However, in practice, as some 

proteins migrate more rapidly than expected, the progress of the gradient may be 

insufficient. If proteins migrate beyond their pI, they may not be given sufficient time to 

return. Moreover, proteins may not migrate in cohesive groups. If some fraction of the 

total amount of a specific protein is migrating some distance behind the majority, there 

may be insufficient time for this population of ‘stragglers’ to catch up and reach their pI 

before the field is removed. Overall these effects result in separations that are not as 

highly focused as hoped. Many proteins, particularly large proteins, are poorly resolved 

by this technique, resulting in characteristic horizontal streaking: smears of unresolved 

protein along the direction of the first dimension separation. The real advantage to 

NEPGHE is improved reproducibility and confidence in the accuracy of the pH gradient. 

However, NEPHGE is prone to slightly different reproducibility issues. Namely, because 

proteins are not allowed to focus to equilibrium, the degree of focusing varies depending 

on the duration of the electric field. In practice, strict attention must be paid to starting 

conditions, and the duration and strength of the electric field. Regardless NEPHGE 

separations are still difficult to accurately reproduce.140 

Both methods of IEF using free carrier ampholyte-derived pH gradients were 

limited in the ultimate resolution they provided, and in their reproducibility. 

Unfortunately, quality control was difficult to achieve. The established gradient can in 

principle be measured by dissecting the gel, eluting the amphoytes and measuring the pH 
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with a pH probe, but this of course renders the gel useless for separating protein. 

Inserting a fine pH probe directly into the gel is destructive to the gel matrix, creating a 

pocket which can disrupt the electric field creating distortions in the pattern of resolved 

proteins, and even presenting a physical barrier to the passage of proteins. Coloured pH 

indicators alter the pH sufficiently to distort the shape of the gradient and affect protein 

resolution. 

In addition to reproducibility concerns, early IEF separations were somewhat 

difficult experiments to carry out.34,140,142,143 Although the procedure has been mastered 

by many, casting and handling tube gels is notoriously difficult as the gels themselves are 

delicate and prone to breaking. Theoretically, both reproducibility and handling issues 

could be partly addressed by using uniform, standardized consumables produced under 

high standards of quality control. However, the technology did not lend itself well to 

commercialization. Polyacrylamide gels have a limited shelf life, and denaturing gels, 

containing urea to provide enhanced resolution, are particularly unstable (refer to Section 

1.6.4.2). The tube gels are delicate, and quite difficult to ship removed from their casting 

molds. Of course, the gels can be stored in their casting moulds; however, the process of 

removing the gel intact from the mould is perhaps the greatest hands-on difficulty 

associated with the technique.  

1.6.3.3 Immobilized pH Gradients 

The development of immobilized pH gradients (IPG) addressed the practical 

issues and limitations of both types of free carrier ampholyte-derived pH gradients.35,126 

Traditional IEF and NEPHGE required the formation of the pH gradient in the gel 

immediately before, or during the resolution of proteins in the gel matrix by the 

electrophoretic sorting of freely soluble carrier ampholytes.123,139 The shape of the 

gradient was determined by the composition of the carrier ampholyte mixture used, and 

the electric field strength and duration, but proved difficult to reproduce in practice. In an 

IPG, the gradient is a permanent part of the polyacrylamide gel matrix. That is, the 

ampholytes forming an IPG are acrylamide adducts which, when mixed with acrylamide 

and bis-acrylamide in solution and combined with appropriate catalysts, become 
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incorporated into the gel matrix. Thus the immobilized ampholytes are unmotivated by 

either diffusion or an electric field, forming a pH gradient that is stable throughout the 

duration of the IEF separation, thereby allowing protein separations to continue to 

equilibrium. Not unexpectedly, the IEF resolution achieved with IPGs was very high 

compared to free-carrier ampholyte IEF methods. Very high field potentials could be 

applied for long durations, without fear of degeneration or distortion of the pH gradient, 

allowing even proteins with relatively low mobility (low native charge, large size) to 

reach equilibrium and thus be focused to their pI.34,126,144,145 

In IPG, the pH gradient is effectively a simple concentration gradient.34,126,144,145 

For example, a uniform pH gradient could be prepared from as little as two acrylamide 

solutions, one containing an acidic ampholyte with an overall pH of 3, one containing an 

alkaline ampholyte with a pH of 10. The two solutions need only be combined in varying 

amounts to produce a range of pH from 3 to 10. A variety of simple devices has been 

devised to continuously vary the delivery of two solutions to provide a very smooth and 

linear gradient. The gradient need not be linear, and instrumentation can easily be 

adapted to vary the delivery of the two solutions to produce many different gradient 

shapes. Although this example is an oversimplification of the preparation of IPGs, as in 

reality a more complex range of ampholytes is used, it serves to illustrate the point that 

while electrophoretic pH gradient formation with free carrier ampholytes has no end 

point and proves difficult to reproduce, concentration gradients by comparison are 

straightforward, and prove the more reliable and reproducible technology of the two.34,142 

The development of IPGs greatly simplified and improved IEF separations and 

opened up new possibilities for 2DE and gel-based proteomics particularly as it coincided 

with the evolution of an alternative to the difficult-to-handle tube gel, ubiquitous to IEF 

separations for 2DE for two decades. IPGs were cast in large rectangular slabs which 

were then sliced into strips parallel to the direction of the gradient.146 Many individual 

separations could be carried out from a single casting with high certainty that the shape 

and composition of the gradient was consistent throughout the batch. Contrast this with 

free carrier ampholyte IEF in tube gels, in which the gradient was formed in each gel 

after casting; it is immediately clear that for maximum inter-gel reproducibility, IPGs are 
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the preferable format. Thus the difficulty of extracting tube gels from their moulds was 

also alleviated. To further minimize the difficulty of handling small strips of fragile 

polyacrylamide gel, IPGs are typically cast on a thin supportive plastic film. Such 

backing of polyacrylamide gels on one side with thin supportive films was hardly new 

technology but rather was an innovation that aided the routine handling of very thin 

and/or very large gels,142 and continues to help push the boundaries of what is possible in 

terms of the scale of SDS-PAGE gels. However, supportive films are perhaps more suited 

to IPG than any other polyacrylamide gel format.34,142,143 

A final benefit of the supportive plastic backing is that IPGs thus lend themselves 

readily to being dehydrated for greater stability and long term storage.34,126,147-149 Largely 

this is a result of the IPG format, being a very thin gel, as opposed to a cylindrical tube 

which is more difficult to evenly dehydrate and rehydrate without causing damage. These 

secondary attributes of IPGs were the culmination of many years of experience with 

polyacrylamide gels and unrelated to the mechanism of formation of the pH gradient. In 

principle, free-carrier ampholyte IEF could be carried out using polyacrylamide gel strips 

cast in the same way as IPG. However, these advances are commonly associated with 

IPG rather than free-carrier ampholyte gels and contributed to a movement toward 

developing 2DE as a more routine and user friendly technique, amenable to broader 

usage and higher throughput analyses. Overall, IPG simply provided a more routine and 

reproducible means of IEF separation for 2DE than did free-carrier ampholyte gels. 

Complementing this was the fact that IPGs lend themselves readily to commercialization. 

As mentioned, IPGs are simultaneously cast in very large lots, backed with supportive 

plastic, and dehydrated for long term storage and shipping purposes. As a result, IPGs 

were quickly commercialized and marketed as the next generation technology for IEF. In 

practice, commercially available IPG strips work admirably well. Of course IPG can be 

prepared in-house slightly less expensively than they can be purchased commercially. 

However, the convenience of commercially purchased gels probably justifies this cost. 

Additionally, IPGs cast on a commercial scale offer higher quality control, and are 

generally considered more reproducible than self-cast IPGs. Commercially purchased 

IPGs offer peace of mind, a commodity not to be underappreciated, especially given the 
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overall cost and large amount of user input required to carry out 2DE from start to 

finish. The commercialization of IPGs has been so successful that currently few labs 

routinely cast their own. 

The enhanced resolution of IPGs over free-carrier ampholyte gels is, of course, 

important for gel-based analyses of the proteome.34,126,133 If the goal is resolution and 

detection of the proteome, separation methods that give us the best possible performance 

should be adopted. The greater reproducibility afforded by IPGs over free-carrier 

ampholyte gels is an advantage for quantitative differential analyses.150 If a separation 

technology is irreproducible, it becomes very difficult to carry out any kind of 

comparison between conditions, and moreover, it becomes impossible to quantify 

differences between conditions with any confidence. The enhanced reproducibility, and 

the convenience and ease of handling of IPGs contributed greatly to the current “user 

friendliness” of IEF separations and 2DE. 

Nonetheless, IPGs are not without their issues. The commercialization of IPGs is 

advantageous in many regards, but removing the practice of designing, preparing and 

casting the first dimension gel from the hands of the end user has its disadvantages. As 

mentioned, commercial IPGs are so prevalent, hardly anyone even considers casting their 

own gels. However, this situation, justified by convenience, higher throughput and ever 

greater automation, has created a disconnect between the technology and the user. 

Generally, we are no longer knowledgeable about the inner workings of our assay, and 

although there is familiarity with the details thereof on a superficial level, the fact that it 

works is often considered more important than how it works. 

However, our general lack of understanding is a disadvantage for troubleshooting 

purposes, or even from the perspective of recognizing when the commercial IPG is 

performing optimally or not.34,126,139 While SDS-PAGE is extremely forgiving of 

variations of sample, handling, electrophoresis parameters and so forth, IEF is 

substantially less so. And our generally limited understanding of proprietary IEF 

chemistry makes identifying and correcting errors little more than unsystematic 

guesswork. 
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Overall, the transition from free-carrier ampholyte to IPG for IEF separations 

has greatly helped bring 2DE into the mainstream, substantially improving throughput 

and reducing random error.34,126,147,148 The technique is simply more routine and user 

friendly. The additional convenience of IPG IEF would in and of itself not be sufficient to 

justify this transition; however, in practice the quality of proteomic data generated by IPG 

IEF is greater than what can be achieved with free-carrier ampholyte IEF.16,32,33,126 IPGs 

are more reproducible, and more and more consistently able to achieve the desired ranges 

of pH gradients. Perhaps this level of praise for the IPG seems excessive, but from the 

author’s perspective, to some degree its value and contribution to the field cannot be 

overstated. 

1.6.4 The Current State of 2DE 

Even in its earliest days, it was quite apparent that the resolving power of 2DE 

was superior to any other gel-based separation technology and no other related separation 

technology has since been able to surpass 2DE in this regard.43,109,112 As is discussed at 

length, several alternative gel-based separation technologies have been developed, with 

various advantages and limitations, and thus varying degrees of success.32,33,151 However, 

none of these methods is able to approach the sheer resolving power of 2DE.126,139 

However, one of the chief disadvantages of 2DE originally limiting its 

applicability was its difficulty and inconvenience. The advent of IPG greatly changed 

general attitudes.126,152 The most significant bottleneck in 2DE was greatly mitigated, and 

simultaneously the quality and resolution of the technique were improved. If the primacy 

of 2DE among gel-based proteomics was ever in question, the IPG solidified its position, 

greatly expanding the field, and opening up new possibilities for the technique. It has 

been largely since the adoption of IPG that gel-based proteomics has experienced its most 

rapid evolution.53,132,133,148,153 

Hereafter, the use of “2DE” will be limited to mean two dimensional gel 

electrophoresis employing an IEF first dimension separation in an IPG, and a SDS-PAGE 

second dimension separation.21,22,129,154 Although more traditional IEF formats such as 
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NEPHGE are still occasionally used today, this is becoming increasingly rare, and the 

IPG is far more prevalent.  

The widespread adoption of IPG as the de facto standard for 2DE has contributed 

to the rapid expansion of gel-based proteomics. Rather than settling into a routine pattern 

of usage upon the adoption of the IPG, the field has seen a rapid growth of expertise and 

experience in the development of 2DE that has resulted in a highly dynamic and 

evolutionary environment. It is generally recognized that although the technology is very 

good, there remain limitations on its performance and application. The technology 

certainly has its share of detractors, and the limitations of the technology are constantly 

being challenged.13,17,21,129,155 To be fair, it is important that the efficacy of the method is 

very carefully considered, to ensure analyses of the highest possible quality are 

performed. In some cases, alternatives to gel-based proteomics have been developed. 

Among these, so-called shotgun proteomic approaches likely have the greatest following 

(refer to Sections 1.7 and 1.8). In other cases, alternate gel-based proteomics approaches 

have been proposed. As discussed in the previous sections, 2D-BNE, 2D-SBE and D

SDS-PAGE are all reasonably effective examples of competing gel-based proteomic 

technologies. Finally, there remain the comparative devotees to 2DE. Among these, there 

is a substantial community inclined towards addressing the specific limitations of 2DE, 

and developing solutions, with the goal of improving gel-based proteomic analyses. This 

large and growing community has collectively refined and optimized 2DE over the years, 

explaining its remaining mysteries, and offering promising possibilities for ever greater 

quality in future gel-based proteomic analyses.153,156-158 

1.6.4.1 Notes on Sample Preparations 

As previously mentioned, sample preparation is an often overlooked source of 

error and artefact, and despite its inglorious nature, remains one of the most critical 

aspects of analytical chemistry, and so it is in gel-based proteomics. Sample preparation 

for 2DE in particular is quite demanding.159-161 Different methods of preparing the sample 

from the same starting material result in substantial differences in the 
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results.44,154,154,157,159 The resolution, detection, and the overall two-dimensional pattern 

of proteins may all be affected.  

Additionally, 2DE, and particularly the first dimension IEF, is intolerant of so 

many of the traditional tools of protein extraction and purification. The ionic strength of 

the sample must be strictly mitigated, and failure to do so effectively short circuits the 

separation, largely preventing proper resolution of the sample. Thus the inclusion of ionic 

additives must be avoided as much as possible, including salts and ionic detergents. Yet 

protein must be robustly solubilized in order to be separated by 2DE. It has been 

demonstrated that weakly solubilized proteins, particularly some very large and / or trans

membrane proteins, are unlikely to enter the first dimension gel matrix and are thus 

completely excluded from the analyses. There are reports that a significant fraction of the 

total sample loaded is thus ignored, but a systematic characterization of this fraction of 

the proteome has yet to be completed. Moreover, proteins that are poorly soluble in the 

gel matrix, or that lose solubility as they migrate through the gel matrix, are inherently 

poorly resolved. Maintaining solubility in 2DE is thus of the utmost importance.   

Finally, it must be ensured that sample preparation is not deliberately selective, 

and thus that the final analyte is representative of the native biological complexity of the 

starting material. As much as possible, it is important to ensure that the methods of 

sample preparation do not exclude specific proteins or even classes of proteins; such 

exclusion would be contrary to the strict definition of proteomics.  

These objectives and complications are difficult to balance in practice. Two major 

alternatives worthy of comparison prevail in the field today. First, it is common practice 

to include an organic solvent precipitation stage at some point in the preparation of the 

sample.40,41,156,162,163 A wide variety of protocols, effective to varying degrees have been 

employed.162 The rationale in this case is to purify the protein from the majority of the 

aqueous and lipidic contaminants present in the sample, either endogenous to the starting 

material, or exogenously added during the course of the sample preparation. In many 

cases, organic solvents are applied purely to delipidate the sample, as lipids are claimed 

to be one of the primary causes of poor resolution of proteins in 2DE.163 However, there 

remain suspicions about the selectivity of this approach. There is a concern that organic 
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solvent precipitation may modify some proteins, such as by acid hydrolysis when the 

precipitation is carried out in an acid environment, often making use of superacids such 

as trichloroacetic acid.164-166 Moreover, many proteins, for example highly hydrophobic 

proteolipids, tend to partition with the organic phase in a solvent precipitation, and thus 

are likely to be excluded from the analysis.167 The degree to which this selectivity 

ultimately affects the gel-based proteomic analysis is less clear.156,157,167 It is unclear 

whether such proteins can be resolved by 2DE even if they are included in the sample. 

Nonetheless, the alternative to organic solvent precipitation cleanup methods is to attempt 

to resolve highly ‘unclean’ protein samples without a solvent precipitation step. In this 

case, the advantage is that the sample preparation is not deliberately selective, and all 

proteins are in theory given a fair chance to be included in the analysis. The disadvantage 

to resolving unclean or relatively impure protein isolates is less certain, but perhaps more 

vehemently argued.168,169 It has been claimed that unclean protein isolates produce 

inferior resolution compared to solvent precipitated isolates. The argument in this case is 

that the ions endogenous to the sample, such as salts, lipids, nucleotides, and so forth, 

render resulting separations suboptimal. From a different standpoint, perhaps this 

argument seems akin to splitting hairs. To some extent the sample preparation method 

must be optimised empirically for each specific sample, and we cannot expect any one 

strategy to perform optimally for every sample.  

Regardless of the sample preparation strategy employed, there are several aspects 

of the sample handling that have become convention in the field. The effects of the 

inclusion of ionic species on the resolution of IEF and 2DE have been discussed above, 

but an additional aspect is to be considered. Amphoteric molecules with pI in the range of 

the pH gradient will tend to remain in the gel, motivated to migrate towards their pI by 

the applied electric field. However, species with ionisation constants (pKa) outside this 

pH range will maintain their charge and thus their mobility regardless of their position in 

the gradient. Unless these ions are zwitterions, and have a net neutral charge, it is 

expected that they will migrate uni-directionally through the gel over the course of the 

separation. The changing distribution of these ions over the duration of the separation has 

a direct effect on the charge properties of the gel and thus affects resolution. Moreover, if 
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the presence of these ions is relied upon to enhance protein solubility, it can be 

expected that some proteins will lose solubility, as these ionic species migrate through, 

and ultimately exit the gel.131 This further impacts the resolution of the separation; when 

proteins lose their solubility in the gel matrix, their mobility diminishes regardless of 

their position in the gradient, whether or not at their pI.167,170 

1.6.4.2 Chaotropes 

As much as possible, non-ionic or zwitterionic reagents are relied on to solubilize 

the sample and maintain solubility throughout the course of the IEF separation. In this 

regard, urea has traditionally served as the denaturing agent of choice for IEF. Urea is a 

potent chaotrope, greatly enhancing the aqueous solubility of proteins by disrupting 

hydrogen bonding interactions, thus disrupting protein folding.171 Urea is soluble at high 

concentrations; commonly solutions containing up to 10 M urea are used, and this greatly 

enhances its power in solubilising proteins. Finally, urea is not all that readily ionized in 

solution and is effectively uncharged for the purposes of IEF (see below). Thus, urea has 

no net mobility in an electric field, and thus will maintain a uniform distribution 

throughout the gel matrix and throughout the duration of the separation. Additionally, 

thiourea has gained widespread acceptance as an additive to urea-based sample 

solubilisation buffers for IEF in IPGs.135,172 Although its aqueous solubility is low, 

compared to urea, a combination of urea and thiourea provides a more chaotropic 

environment than either of the reagents alone, and thiourea is particularly potent in the 

solubilisation of membrane proteins.172 

It has been suggested that in practice urea is less than a perfect choice in this 

regard. First, the inclusion of urea as a denaturant in gel electrophoresis greatly retards 

the relative mobility of proteins through the gel matrix.49,173-178 This effect is well  

appreciated in SDS-PAGE as well as IEF. If the gel matrix includes urea, glycerol, 

sucrose, or other uncharged and thus immobile agents at high concentrations, the 

electrophoretic mobility of proteins through the gel matrix is retarded. It has been 

claimed that this is due to the viscosity of these agents. Although an oversimplification, 

this essentially and intuitively holds. The movement of proteins or any other solute 
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through a highly viscous environment is slower than that through a highly fluid 

environment. Intuitively we recognize this fact when considering the relative rates of 

diffusion through viscous vs. highly fluid environments, but the effect holds for 

electrophoretically mobile proteins as well. Second, although urea is not generally 

expected to ionize in the context of an IEF separation of proteins, urea in solution is in a 

dynamic equilibrium with isocyanic acid.173,177,178 The rate of isocyanate formation 

increases in highly concentrated urea solutions, such as those used to solubilize proteins 

for IEF. This behaviour is particularly troubling for protein analytical chemistry, because 

isocyanic acid is demonstrably reactive with proteins.174 Specifically isocyanic acid 

generates artefactual carbamylations at primary amino acids in the protein structure, 

including lysines, arginines and terminal amines, but cysteines are also somewhat 

reactive.49,174,179 The reaction is non-stoichiometric and significantly alters the pI of the 

protein, thus results in the appearance of a ‘doubling’ of proteins resolved in 2DE: a 

given protein appears both at its expected pI but a portion of that protein is incorrectly 

resolved at a different position in the gel. Thus the possibility of carbamylation is a 

worrisome prospect that must be addressed. The degradation of urea and the generation 

of isocyanate ions in solution occur over time and are accelerated with heat. Thus, storing 

urea solutions for long periods of time must be assiduously avoided, and instead the 

solution must be prepared fresh for each use. Heating urea solutions must be strictly 

avoided. Heat cannot be used to prepare the urea solution, or help solubilize protein in 

that solution, because in addition to the generation of isocyanate ions, heat will 

expectedly increase their rate of reaction with protein. Thus another of the traditional 

tools of protein preparation, common in other areas of protein biochemistry, is removed 

from the repertoire available for 2DE. However, the degree to which urea-carbamylation 

remains an issue today is somewhat unclear.49,179 It has been argued that if urea is 

handled with care, as described, the rate of carbamylation is so low as to be an 

undetectable problem.116,160,162,180-186 Others have argued that urea-carbamylation, even 

under carefully controlled conditions, is substantial enough to warrant ion exchange 

filtration of urea solutions to remove ionic degradation products before the solutions are 

used to solubilize proteins. However, the additional potential for contamination, and the 
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inability to carefully control and thus reproduce the concentration of the urea solution 

through such a filtration step is troublesome. The issue remains argued to this day, and a 

systematic and detailed analysis of the effect is likely in order.  

1.6.4.3 Detergent Solubilisation 

Urea solutions cannot alone solubilize proteomes. Acting alone, high 

concentrations of urea can improve the solubility of proteins, and help maintain this 

solubility in the gel matrix during gel electrophoresis. However, to more effectively 

solubilize hydrophobic proteins, including membrane proteins, detergents are required. 

The ionic detergent SDS is the most widely used detergent in protein solubilisation for 

gel electrophoresis; however, by virtue of its charge properties it is generally completely 

unsuitable for the IEF dimension of 2DE.  

The most common alternatives for gel-based proteomics are non-ionic or 

zwitterionic detergents.23,160,161,180,181,183,184,186 The rationale in this case is clear. 

Zwitterions or non-ions have no net mobility in the gel matrix under the influence of an 

electric field, and thus will maintain a uniform distribution throughout the duration of the 

separation. Thus as proteins migrate through the gel, seeking their pI, they will encounter 

a uniform detergent environment, and proteins relying on these agents for solubility will 

not lose solubility over the course of the separation. However, the implicit challenge 

remains in designing zwitterionic or non-ionic detergents that are sufficiently potent to 

effectively solubilize proteins for IEF. Non-ionic detergents particularly are less potent 

than ionic and zwitterionic detergents. Moreover, zwitterionic and non-ionic detergents in 

particular tend to be poorly soluble in aqueous solutions, which further limits their 

potency. 

Traditionally the most widely used detergent for solubilizing proteins for 2DE is 

the zwitterion 3-[(3-cholamidopropyl)-dimethylammonio]-1-propane sulfate (CHAPS). 

For a zwitterion, CHAPS is relatively highly soluble and reasonably potent as a 

solubilising agent for proteins, even hydrophobic proteins in a sample contaminated with 

lipids.161,187 A great many alternative detergents have been described, and detergent 

modifications are among the most prevalent innovations in the field.23,115,160,161,180,181,183-
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186 A variety of non-ionic and zwitterionic detergents have been applied and 

demonstrated to significantly improve the extraction and solubility of specific proteins, 

particularly certain membrane proteins. The literature is rife with detergent alternatives, 

yet none have gained the widespread acceptance of CHAPS.161 This is in part due to the 

selectivity of the improvement imparted by these detergents. Although the extraction and 

solubility of a few proteins might be dramatically improved by the application of a 

specific detergent cocktail, it is not clear how generally applicable these findings are.161 

The published findings seem to vary considerably between different samples, and be 

somewhat problematically confounded by an apparent lack of controls when calibrating 

protein assays, leading to likely artefacts in comparisons of the actual protein 

solubilisation potential of different detergents.51 It would nonetheless appear that 

detergent solubilisation is one parameter that must be empirically optimised for a given 

sample. Although solubilisation conditions were not one of the variables tested in this 

thesis, it has been demonstrated that for most practical purposes CHAPS provides 

excellent protein solubilisation, even for membrane proteomes.161 

1.6.4.4 Membrane Proteins  

The resolution of membrane proteins remains an area of considerable concern in 

gel-based proteomics.23,162,188 There remains an attitude that it is difficult or impossible to 

effectively resolve membrane proteins using 2DE. To some extent this attitude is founded 

in an inability to detect particular membrane proteins of interest in 2DE.167,189 Generally 

speaking, most of these criticisms are directed towards limitations of the first dimension 

separation, and the suggestion that IEF is considerably poorly suited to separating 

membrane proteins, compared to SDS-PAGE. The suggestion is that membrane proteins 

are poorly soluble in the detergent / chaotrope conditions available for IEF, and that 

membrane proteins are inherently insoluble in gel matrices under these conditions and 

thus are poorly resolved by IEF and subsequent 2DE. Understandably, as proteins 

approach their pI, their net surface charge is dramatically reduced. For proteins with 

relatively few inonisable amino acids (membrane proteins), solubility may be perilously 

low near the pI. Thus it might be expected that the resolution of these proteins is poor in 
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2DE separations. A great deal of effort has been invested in an attempt to overcome 

this potential problem. Most of this effort has been directed towards optimising the 

conditions of the first dimension of 2DE to improve the membrane protein 

solubility.162,170,181,190 As discussed in the previous section, both alternative detergent and 

chaotrope conditions have been tested.156,163,167 Additionally, alternative sample 

preparation techniques have been developed and many consider a delipidating solvent 

extraction to be mandatory prior to separating membrane proteins by 2DE.164,166 

However, as discussed in previous sections, this practice has some associated 

pitfalls.189,191 Overall, despite many contradictory claims of ‘optimized methods’ for 

handling membrane proteins, many remain highly sceptical of the ability of gel-based 

proteomics to effectively account for these proteins in large scale analyses.   

1.6.4.5 Controlling Disulfide Chemistry  

Although not expressly experimentally tested in this thesis, the issue of 

controlling disulfide chemistry is a fascinating topic that will be encountered in each 

Chapter, and thus merits a short introduction. Briefly, roughly 80 % of all proteins 

contain cysteine resides, which form inter- and intra-molecular disulfide crosslinkages. 

Normalizing endogenous native crosslinking and preventing random artefactual 

crosslinking in vitro is one of the challenges of gel-based proteomic analyses. 

Simultaneously, the optimal methods of controlling cysteine reactivity are hotly 

contested, and remain debatable despite nearly 20 years of directed effort.  

Disulfide reducing agents chemically reduce cysteine crosslinkages, breaking 

inter- and intra-molecular connections to form free sulfhydryl groups. A host of disulfide 

reducing agents has been explored, and recently the traditional reducing agents such as 

dithiothreitol (DTT) have been replaced by a host of more potent agents. Among these 

tributyl-phosphine and tri-carboxyethyl phosphine are the most widely employed.47,192 

These agents are dramatically more potent than DTT and have been demonstrated to 

dramatically improve the solubility of proteins, including membrane proteins, for 

IEF.168,169 In addition, the phosphine family of disulfide reducing agents is uncharged, 

and thus unaffected by the electric field during electrophoresis, providing uniform 
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reducing power for the duration of the separation.168 This is a particularly attractive 

attribute for the first dimension separation of 2DE, in which proteins are co-migrating for 

long periods of time, and charged reducing agents are continuously depleted from the 

gel.45,193 

However, the question remains whether any disulfide reducing agent, regardless 

of its potency, can effectively prevent the random reformation of disulfides during 

sample preparation, or electrophoretic separation.45,47,189 To prevent this from occurring, 

irreversible derivatization of free sulfhydryl groups has been suggested.45,47,193 A series of 

effective sulfhydryl alkylating agents has been employed, including iodoacetamide and 

acrylamide.168 An alternative agent, hydroxyl-ethylene disulfide, known colloquially and 

commercially as ‘De-streak’ provides simultaneous reduction and alkylation, without the 

need for separate reagents.168,194 Thus a combination of reducing and alkylating 

chemistries has been demonstrated to effectively normalise disulfide connectivity in the 

sample, by both reducing native endogenous disulfides, and by preventing the spurious 

formation of artefactual disulfides during prolonged handling and electrophoretic 

separation steps.46,192,193 

For many years sequential disulfide reduction and alkylation has been the 

standard in gel-based proteomic analyses. However, the precise conditions providing 

optimal results remain debated. Moreoever, there is a growing concern that available 

alkylating agents provide somewhat incomplete, non-stoichiometric derivatization.192 

This is a particular problem when proteins with multiple cysteines are considered, where 

incomplete derivatization expectedly yields a range of different products. To address this 

potential pitfall, more potent alkylating agents are currently being assessed, such as vinyl 

pyridine.47,192 

Yet the degree to which incomplete derivatization is a problem for gel-based 

proteomics remains uncertain. It seems clear that disulfide connectivity must be 

controlled for effective gel-based proteomics, but beyond this a single optimal path has 

yet to be identified.195 In part this is the result of the perceived necessity to optimise 

derivatization parameters for specific samples. Nonetheless a systematic comparison of 
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the efficacy of the available cysteine derivatization methods for gel-based proteomics 

methods would be of interest.  

1.6.4.6 Detecting Gel-based Proteomes 

By the definition of proteomics described in this thesis, deliberately incomplete or 

partial detection of the proteome is to be avoided. Rather, the goal in proteomic analyses 

is generally the simultaneous detection of as much of the proteome as the detection 

method will allow.  

Total protein labelling technologies can effectively be divided into two subtypes. 

Those that react with, bind or modify the protein before electrophoretic separation, so-

called pre-labels, and those that react with and / or bind the protein in-gel after 

separation, so-called post-labels, or stains.196-199 In some regards, pre-labelling is the clear 

theoretical winner of this argument. With a pre-label, the protein is labelled as a mixture, 

in a concentrated form and thus only a miniscule amount of the labelling substance is 

required. In contrast stains must bathe the entire gel. Thus, prestains minimize waste and 

cost and can be carried out as a part of routine sample preparation. Pre-labelling protein 

in solution potentially offers greater access to reactive groups than does post-labelling, 

where resolved proteins are forced into close association within the gel matrix, and 

precipitated during the process of fixation. Finally, pre-labels theoretically offer much 

greater signal : noise than do post-labels. The free pre-label is typically a small molecule 

that is unresolved eletrophoretically, or otherwise removed / excluded from the 

separation. Thus a minimum of extraneous label interferes with detection of the sample. 

Conversely, even the most selective stains have some preference for the gel matrix, and a 

substantial background can exist for all such staining technologies.200,201 

Practically, however, there are disadvantages to pre-labelling for gel-based 

proteomic analyses that have prevented all but the most successful pre-labelling 

technologies from being adopted more extensively in the field. For example, it has been 

demonstrated that metabolic radio-labelling has the potential to introduce artefacts in the 

resolved proteome.195 For this reason, in combination with the hazard of handling 

radioactive materials, and the fact that the method is not ubiquitously applicable (to 
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human tissues, or non-cellular materials, for example) radioactive pre-labelling has 

largely fallen out of favour as a detection method for gel-based proteomics, despite its 

high sensitivity.195,202 

Other pre-labelling strategies involve covalent modification of the protein, such as 

with a fluorescent tag.203-205 A covalent modification is often required to ensure that the 

pre-labelling is not reversed during the separation, and thus that the detection method is 

robust and reliable. However, covalent derivatization with a fluorophore has some 

profound implications for gel-based proteomic separations. Specifically, the pre-label 

alters the electrophoretic mobility of the protein and thus labelled and unlabelled protein 

may fail to co-resolve to some degree. At worst this will result in each protein in the 

sample being resolved into multiple spots. At best, the result is a wider distribution of 

protein forming each spot, and thus reduced resolution. In both scenarios, the detection 

sensitivity is negatively impacted, and comparative analysis becomes considerably more 

complicated. The most popular and successful such labelling method is so-called 

‘difference gel electrophoresis’ (DIGE) labelling.206,207 This technology has more 

effectively addressed the limitations of pre-labelling than its closest alternatives. Yet, 

overall, DIGE labelling remains relatively uncommon amongst the gel-based proteomics 

community. Despite the theoretical sensitivity advantage of prelabelling, DIGE labelling 

is not as sensitive as next-generation fluorescent post-labelling stains such as Sypro Ruby 

(SR).204 In part this is due to the fact that DIGE labelling is most commonly used as a 

means of multiplexed detection, wherein two different samples, pre-labelled with two 

different dyes are combined and resolved on the same gel.203,204 While this technology 

helps mitigate inter-gel variability to some degree, it has the unfortunate drawback of 

preventing a maximal total protein load for either sample, and thus limits the detection of 

lower abundance proteins from either sample.195,208-211 Moreover, despite the potential 

cost advantage of a pre-label in theory, DIGE remains expensive, and offers no cost 

advantage over next generation fluorescent stains including the notoriously expensive but 

sensitive, and popular Sypro Ruby and Deep Purple fluorescent stains.212-214 

In contrast, post-labelling, hereafter referred to as staining, is far more extensively 

used in the gel-based proteomics community.207 The consensus is that, although in theory 
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pre-labelling has some potentially exciting attributes, in practice few of these qualities 

are sufficient to overcome the substantial drawbacks of the technique.215-217 

Simultaneously, staining is comparatively archaic but effective. Since staining occurs 

after electrophoretic separation, the resolution of the proteome is not impinged upon by 

the detection method. This is a fine but critical point. Since strictly speaking the 

resolution of the proteome is not affected by gel staining, the high resolution separation 

achieved by 2DE can be accurately captured and appreciated. Additionally, the 

interaction between protein and label need not be irreversible, greatly simplifying 

downstream mass spectrometric characterization of the protein.195 

Gel stains can be incredibly simple, cost effective, rapid, sensitive and 

convenient, although in practice no gel stains are all of these things.60 Rather, 

combinations of attributes contribute to the overall utility of a given stain, although 

sensitivity and cost are among the primary concerns. Sensitivity in particular is the 

driving force behind the development of new detection technologies, and this is 

especially true of stain methods for gel-based proteomics. As is discussed at some length 

in previous sections, it appears that many proteins in biological materials are of such low 

abundance that they are undetectable even by cutting edge detection methods.218 Thus the 

coverage of the proteome that is detected by a given method is limited and yet, by 

definition, the proteomic analysis should account for as much of the proteome as 

possible. As a result, improving detection sensitivity is a major concern within the 

proteomic community. As such, a diverse range of different staining technologies has 

been developed over the years. For the moment, a detailed review of staining 

technologies for gel-based proteomics applications will be deferred and discussed in 

greater depth in Chapter Five. To summarize, from the traditional gel staining 

technologies developed from acid-textile dyes, gel stains have evolved dramatically over 

the past 30-plus years. Gradually, straightforward cost-effective stains have given way to 

more expensive methods, and densitometric detection methods have been surpassed by 

fluorescence detection in the quest for greater sensitivity. And yet in-gel detection is far 

from optimal. We are still only able to detect a subset of the proteome. Moreover, the 

ability of available detection methods to provide quantitative data has recently come 
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under scrutiny.219,220 Not all gel stains are created equal, and determining which stain 

methods provide the greatest and most accurate coverage of the proteome is an ongoing 

concern. 

1.7 Liquid-Based Proteomics 

Like gel electrophoresis, liquid chromatography is a mature separation 

technology. Liquid chromatography (LC) separates proteins by the difference in their 

relative affinity for the stationary phase and the mobile phase. For LC, the mobile phase 

is a solvent which is pumped through the stationary phase, typically a long narrow gauge 

column packed with a semi-porous matrix material. Depending on their characteristic 

physico-chemical properties, such as polarity, charge, or hydrophobicity, different 

components of the analyte will spend different amounts of time interacting with the 

stationary phase as the mobile phase drives the analyte through the column. As the 

resolved components elute off the end of the column they are detected by a detector 

appropriate for the analyte, and thus the components of the analyte are temporally 

resolved. 

However, LC of proteins is challenging in practice.219-221 LC is highly suited for 

the analysis of small organic molecules and lipids. Ideally, the analyte should flow 

relatively freely through the column, unless it specifically interacts with the stationary 

phase either physically or chemically. Size exclusion is not typically a goal of LC. Small 

molecules fulfill this requirement, and pass relatively freely through the column. 

However, the passage of large molecules may be substantially impeded. Moreover, the 

physical-chemical properties of proteins are extremely diverse, and variation in protein 

size is chief among these factors. Secondly, small molecules have a circumspect number 

of ways of interacting physically and chemically with the stationary phase. Thus 

individual examples of a specific molecule all have similar retention times in a given LC 

separation, and thus elute together. Large complex molecules like proteins, with hundreds 

of different functional groups, inherently have many different possible interactions with 

the stationary phase. There are more potential “paths” through the column for a large 

complex molecule, such as a protein, than for small organic molecules. Thus, for a single 
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protein the distribution of retention times tends to be greater than that of a single small 

molecule, and the ability to resolve intact proteins is limited accordingly.  

LC nevertheless remains a potentially attractive alternative to gel-based 

proteomics, despite the difficulty of resolving intact proteins. There remained an 

additional challenge of how to most routinely couple the technology with MS in a manner 

that would allow the identification of large numbers of proteins as are expected to be 

encountered in proteomic analyses. The working solution to these challenges was, 

somewhat unintuitively, predigestion of the unresolved protein sample.219,220,222 That is, 

proteolytic enzymes are used to completely digest the unresolved native protein sample, 

generating characteristic peptide fragments, much more suitable for resolution by LC. 

This technique became colloquially known as “shotgun proteomics.” Peptides are much 

more readily and effectively resolved by LC than are intact proteins, and the collective 

expertise in resolving molecules of this approximate size is extensive.155,223,224 Peptides in 

the digest can be covalently pre-labelled with radioisotope tags to provide detection and 

quantification of resolved peptides.155,223,224 A number of different reactive reagents and 

protocols have been developed for this purpose to provide high sensitivity.55,220,222 The 

labelled peptides are solubilized in an appropriate solvent, and separated by LC. Often a 

complex, multi-stage or multi-gradient computer controlled mobile phase is delivered, to 

provide the highest possible resolution of as much of the mixture as possible, while 

hopefully minimizing the exclusion of specific peptides.225-228 

The result is a pattern of physically and temporally resolved peptides that is 

characteristic of the composition of the peptide mixture, and thus the composition of the 

original undigested protein mixture from which it was derived.219,221 Therefore, the 

characteristic patterns of resolved peptides from different samples can be compared.229,230 

On a large scale, these comparisons are relatively quantitative, just as is the practice in 

gel-based proteomics, but increasingly methods of absolute quantitation are being 

described.231 Overall, this strategy provides a working solution to the practical issues of 

LC separations of proteomes. Shotgun proteomics is a method that allows us to capitalize 

on the advantages of LC, while avoiding many of the practical difficulties of a gel-based 

proteomics approach.164-167 
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The potential of the technique is intriguing and it is not surprising that a fair 

proportion of the proteomics community is dedicated to the continued development and 

application of these methods. Liquid-based proteomics has evolved into a working 

discipline that was heavily automated compared to gel-based proteomics, and capable of 

high throughput.18,232 Thus far in this thesis, the proteome has been somewhat 

exhaustively described as being very large, and if specific tools can accelerate proteomic 

analyses and provide greater efficiency, they should be considered. Additionally, the 

level of automation of LC separations, effectively minimizing the hands-on user input 

theoretically should greatly reduce random error in the experiment. By comparison gel 

electrophoresis is prone to random error introduced by the user and substantial care must 

be taken to both prepare reproducible gels and provide sufficient replication to draw 

meaningful conclusions from the data.233 Liquid-based proteomics is yet another example 

of a movement towards removing our hands as much as possible from the experiment. 

This is particularly important from the standpoint of minimizing contamination of the 

analyses and in particular the human hair / skin keratin contamination for which the 

additional handling required for gel-based proteomic analyses is somewhat infamous.  

Furthermore, the LC can be readily, directly and effectively interfaced with a 

mass spectrometer, currently the most prevalent tool for protein identification in 

proteomic analyses. Components of the analyte are typically eluted directly into an ESI 

source for MS. Moreover, the analyte is already appropriately digested. These 

technologies are compatible by design. In fact, LC routinely serves as a cleanup prior to 

MS characterizations of proteins, even for relatively simple mixtures of peptides.234 In 

this regard liquid-based proteomics alleviates another of the significant inconveniences of 

gels. By comparison the disconnect between gels and mass spectrometry is more 

cumbersome, and the coupling of these techniques remains challenging.103-105,108 As 

discussed in Section 1.6.1, the most suitable technique is enzymatic digestion of the 

protein in-gel followed by extraction of the resulting peptides. This method undoubtedly 

works and is one of the pillars of modern gel-based proteomics; however the technique is 

time consuming and requires substantial user input. Attempts to automate this process via 

liquid handling robots have yielded less than satisfactory results. Moreover, the 
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efficiency of the process is somewhat low, and the technique is the source of somewhat 

punishing losses of analyte, that can make successful identification of some proteins 

exceedingly difficult. Of course, this situation is exacerbated for especially low 

abundance proteins (refer to Section 1.6.1) 

Moreover, to great effect the proponents of liquid-based proteomics have 

demonstrated their ability to resolve and detect large numbers of peptides, suggesting the 

ability to account for large numbers of proteins. Early forays into liquid-based proteomics 

were compared with gel-based proteomics.219,235 2D gel electrophoresis was the 

established benchmark and the ‘other’ major technique in this burgeoning field. The two 

approaches were often compared in terms of the number of proteins that could be 

detected, the number of proteins that could be identified, detection sensitivity, and 

quantitative dynamic range. The earliest reports detailing shotgun proteomics methods 

described performance that was comparable or slightly inferior to 2DE.219 However, 

liquid separation technology has evolved rapidly and it is now claimed that these methods 

are capable of resolving and detecting more ‘proteins’ than most gel electrophoresis 

methods, even 2DE, although few direct and controlled comparisons of the two methods 

have been described.18,225,235,236 It seems probable that the detection methods used in 

current LC-MS are inherently more sensitive than those available for gel electrophoresis, 

possibly due to some inherent limitations of in-gel protein detection. Currently liquid-

based proteomics seems an attractive option for the analysis of low abundance 

proteins.220,237 

However, some doubts about this new technology remain. One concern is the 

dependence of liquid separations on notoriously selective methods of sample preparation 

that are required to achieve high quality separations of the proteome.222,238,239 Gel-based 

proteomic methods are generally capable of resolving proteins from even relatively 

impure samples, including contamination by all classes of biological molecules, such that 

endogenous lipids, for instance, need not necessarily be removed to achieve a suitable 

result.161,240 However, LC separations are not tolerant of this complexity. For liquid-

based separations most often high abundance proteins are depleted from the sample, and 

the sample must be suitably purified, often entailing multiple organic solvent extraction / 
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delipidation steps, all of which are considered selective and aggressive processes. It is 

suspected that many proteins may be excluded and omitted from the analysis at this stage, 

and thus the method is generally not consistent with the expressed intention of providing 

analyses that represent the full native biological complexity of the starting material.157,165-

167,241-244 As such, liquid separations have been widely characterized as methods of 

proteomic analyses of highly soluble protein samples, such as plasma or other biofluids, 

with a particular emphasis on biomarker discovery.151,225,245 Plasma is of profound 

interest in this regard because it can be sampled relatively non-invasively for prognostic / 

diagnostic analysis. However, more highly complex or “messy” samples, containing a 

larger proportion of membrane proteins, such as tissues, have received comparatively 

little attention.225,232,246,247 There remains a valid concern that LC currently cannot 

adequately handle the level of biological complexity required to provide comprehensive 

analyses of tissue proteomes. Nonetheless, there are reports to the contrary and so in 

many ways the jury is still out on the details of this important issue.220,222,236,248 

Although currently shotgun proteomics rely on pre-digestion of the unresolved, 

native protein sample, and the method of resolving the subsequent peptide mixtures is 

routine, reliable and reproducible, the consequences of this practice merit some further 

discussion.18 This seemingly innocuous solution to the inability of LC to resolve intact 

proteins must certainly be addressed if liquid-based separations are to be effective 

methods of true proteomic analysis. A mixture of proteins digested as such will result in 

an even larger mixture of peptides. Necessarily this further complicates the already 

complex native situation. Though the proteome is not infinitely large, we can agree that it 

must nonetheless be very large compared to objects with which we are familiar in our 

everyday lives. Resolving digested proteomes by LC results in a characteristic pattern 

that can be differentially compared to other such patterns. Differences between compared 

patterns suggest differences in specific peptides, but the peptides themselves are merely 

cleavage products of the protein, and not necessarily indicative of the protein per se. The 

proteolytically generated peptides are purely an arbitrary convenience with no real 

physiological relevance. From the liquid chromatogram alone there is no way of knowing 

which peptides have originated from which proteins without identifying these peptides. 
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Contrast this with the current state of gel-based proteomics in which intact proteins are 

resolved and detected, and these highly purified molecules are then identified by 

characterizing their amino acid sequences in relative isolation from other proteins in the 

sample.18,219,220 

Thus, it is common practice in liquid-based proteomic analyses to attempt to 

identify many of the resolved peptides, in order to attempt to de-convolute the pattern of 

resolved molecules, and correlate changes in these patterns to changes in the 

proteome.80,249 Due to the complexity of the resolved patterns of peptides, this often 

proves a difficult task. If the identification of every resolved peptide proves impossible, 

how many peptides should be identified in order to provide the most meaningful data? As 

a practical matter, it might be sufficient to identify only those peptides that significantly 

differ between two conditions of interest. However, a single peptide is not completely 

convincing evidence of the presence of a specific protein. Multiple peptides from the 

same protein would be much more convincing. However routinely and consistently 

generating data with this kind of certainty has proven difficult to achieve in practice. 

Liquid separations are rarely able to identify more than two peptides from the same 

protein in separations of complex biological materials, and here the potential selectivity 

of the sample preparation methods introduces another level of complication.18,91 

Additionally, the degree of automation that liquid-based proteomics entails does 

not come cheap. The instrumentation required is complex and expensive, compared to 

gel-based technologies. It can be argued that over time automation pays for itself by 

improving throughput and reducing the required user input. The issue remains 

contentious. There are those who are naturally suspicious of automation, and prefer to 

keep human hands, eyes and a brain in the loop, perhaps rightly so. To what extent can 

automation be expected to effectively replace a human operator? Consider the position 

that automation is acceptable so long as we are aware of and honest about its limitations, 

particularly with regards to its impact on data quality. It is a philosophical issue that 

remains, if not hotly debated, then at least quietly divisive in the field.  

Although liquid separations and gel electrophoretic separations have been 

compared and contrasted as alternative proteomic methods, no clear, unequivocal 
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consensus regarding which technique is optimal has yet been reached.18,219 At the 

moment liquid separations offer some potentially profound advantages over gel-based 

technologies, such as their higher sensitivity and greater throughput.219,220,231 Yet specific 

drawbacks of liquid separation technology have thus far prevented it from replacing gel 

electrophoresis. Currently it seems that each technology is capable of resolving and 

detecting specific proteins that are at least as yet unresolved and / or undetected by the 

other. It will remain to be seen if either technology can significantly improve upon the 

current status quo. 

1.8 The Futuristic Proteomics Technologies 

While LC-MS and 2DE-MS currently serve in the majority of proteomic analyses 

and form the backbone of the field, new and fundamentally different proteomic 

technologies have also evolved. In part this represents an effort to address the 

longstanding issues of the more traditional proteomic methods. In part these 

developments potentially offer new and exciting possibilities for the future. In both cases, 

the developing proteomic technologies stress substantial automation and throughput as 

primary objectives, which is entirely understandable given the size and complexity of 

native proteomes, the rapid growth and acceptance of proteomics in the scientific 

community, and thus the sheer demand for analyses of this type.  

1.8.1 MS-Based Proteomics 

Regardless of how MS has been most commonly applied in proteomic analyses to 

this point, at its core, protein MS is a method of resolving and detecting proteins, or more 

readily fragments of proteins. Thus instead of limiting the application of this technology 

to merely the characterization of highly purified and concentrated samples downstream of 

specialized separation technologies such as LC or gel electrophoresis, one small, but 

growing school of thought suggests that protein MS can serve even more independently 

of these specialized separation strategies, accommodating a more complex analyte, and 

operate instead more as a stand-alone proteomic method; so-called ‘MS-based’ or ‘top
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down’ proteomics.75,250,251 Predigestion of the unresolved proteome has profound 

implications for downstream data analysis, as discussed in some detail in the previous 

section, and although this approach is suitable for the rapid identification of proteins, it is 

less well suited to detailed characterization of proteins.80,251,252 Thus shotgun proteomics 

are distinguished from so-called ‘top-down’ methods which typically attempt to 

characterize intact proteins and avoid the pitfalls of predigestion.251,253 It is hoped that 

spectra of this type can be compared between different conditions, and that MS can 

provide more detailed characterization of proteins (such as post-translational 

modification state) than conventional proteomics technologies. However, as discussed, 

resolving intact proteins by LC prior to MS is challenging, and if complex samples are 

analysed without prior separation of any kind, the results of ‘top-down’ experiments may 

be difficult to de-convolute.254-257 Biological materials of interest typically represent 

exceedingly complex proteomes. The resulting mass spectra are expectedly complex, and 

their analysis is technically demanding and the workload is thus tremendous. 

Nonetheless, the interest in this technique is understandable. MS based proteomics offers 

a highly automated alternative to the more archaic protein characterisation technologies 

requiring substantial hands-on user input. The movement towards ever greater 

dependence on MS seems part of a movement towards removing our hands as much as 

possible from the experiment, and perhaps this is justified. Our hands are sources of error 

and contamination at best, and sources of bias at worst. Alternatively, it will be argued by 

some that high throughput technology inherently sacrifices data quality. The issue 

remains contentious, and it should be noted that these are developing technologies. While 

there are some troubling technical issues, and many remain sceptical of this technology, 

the theoretical potential of the technique cannot be ignored.  

1.8.2 Chip-Based Proteomics 

There is a small but growing movement toward the partial abandonment of the 

traditional subcomponents of proteomics, as described in this thesis, in favour of chip-

based technology, essentially analogous to RNA-microarray analysis.258-260,260-262 In 

concept a series of several dozens to several thousands of different protein binding 
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molecules are adhered to an inert substrate, typically a glass slide, metallic plate, or a 

polyacrylamide gel matrix, forming a microscopic array of different substrates.263 Most 

commonly, the chip hosts an array of different antibodies, but other ‘bait’ molecules such 

as nucleotides or other proteins can be used. Of these, antibodies typically provide the 

greatest specificity and retention of the sample.254 In each case, the array is exposed to 

the sample, such as a native protein sample isolated from the biological material of 

interest. Components of the sample that have an affinity for specific components of the 

array will be retained, allowing unbound components of the sample to be washed away. 

Thus the chip can be thought of as a reverse western blot. The mixture of proteins is not 

resolved in a traditional sense, but binding components are resolved from one another via 

the spatial distribution of an array of substrates, and thus can be detected and quantified 

independently of one another. The retained sample is detected on the chip by one of 

several available detection technologies.93,206,264 Minimally, the presence or absence of 

specific proteins in the sample can be discriminated. Moreover, the approach can be used 

to quantitatively compare different biological samples. These characteristics form the 

basis of the argument for this type of chip-based proteomics. Essentially, the argument 

suggests that the chip can provide comparative data similar to traditional proteomic 

methods, albeit for a limited subset of proteins.260,261,264 

The potential advantages of chip-based proteomics are clear. The technique 

inherently offers a level of functional proteomics, on a larger scale and with greater 

automation than gel-based methods.261 One could hardly imagine a more convenient 

method of proteomic analysis, from the perspective of the end user. The technology is 

heavily automated and offers high throughput by design. Moreover, if the experiment 

calls for the assay of a circumspect number of specific proteins, such as is the case in 

clinical diagnostics, the chip-based format serves very well. For example, if the scope of 

an analysis is limited, and requires the detection and quantification of three or even 30 

different proteins, such as is often the case in clinical diagnostics, an array of antibodies 

against these markers will serve as an appropriate analytical tool. Is it necessary to 

resolve the entire proteome to assay these proteins?  



81

81 

However the objective of proteomics, as it is defined in this thesis, is to provide 

comparative analyses of entire proteomes. Can chip-based technology really fulfill this 

requirement? Does protein array technology satisfy the strict definition of a proteomic 

method? The immediate answer is that this type of chip-based technology is unlikely ever 

to be a true proteomic technology, by the strictest definition, because the method does not 

detect the proteome. The technology is only capable of analysing that subset of the 

proteome that can be predicted, and thus can be included, by the addition of an antibody 

or other suitable substrate, into the design of the array. Chip-based analyses can only 

include proteins of which we have some prior knowledge and/or suspect will be present 

in the sample. If we have no prior knowledge of a given protein, or do not suspect that it 

will be present in the sample, we will never be able to detect it via a chip-based approach. 

The only way to ensure that unexpected proteins can be observed is to ensure that the 

analysis is inclusive of as much of the proteome as possible. Moreover, the deliberate 

exclusion of any elements of the proteome must be assiduously avoided. Thus, there 

seems to be a fine and philosophical distinction between a chip-based approach, and the 

strict definition of a proteomic approach.  

Moreover, there are several practical hurdles to be overcome if chip-based 

proteomics is to achieve more mainstream acceptance. Although the technique can be 

very sensitive, and can be carried out with miniscule amounts of starting material, the 

selectivity is worrisome. Immunodetection is notoriously unreliable, yet is currently the 

only protein array format that is currently operable on even a remotely ‘proteomic 

scale.’254 Currently, however, chip-based proteomics remains a developing technology 

and it is perhaps too early to entirely rule out this approach to proteomic analyses.  

1.9 Final Introductory Remarks and Specific Hypotheses 

Despite the advent of alternative proteomics technologies, the focus in this thesis 

remains gel-based proteomics. Clearly there are advantages and disadvantages to this 

approach, but at the present time it seems that gel-electrophoresis provides a level of 

analytical certainty that has yet to be achieved with any of the alternative proteomic 

technologies.21,129,133,265 The literature indicates much of the community shares this 
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sentiment at present. Thus although some might suggest that the future of gel-based 

proteomics may be uncertain, at present it remains at least a viable means of comparative 

proteomic analysis, and at best a uniquely effective, versatile and important method 

thereof. Yet it is agreed that gel-based proteomics, and specifically 2DE, is far from 

perfected, and there remains substantial room for improvement.21,22,129 Specifically, if the 

documented shortcomings of the method can be addressed and improved, we will have 

made in important contribution to a future in which gel-based proteomic analyses 

continue to play a role in the scientific community. Moreover, for the time being, gel-

based proteomic methods are the mainstay of proteomic analyses of biological and 

clinical significance. There are problems of immediate and urgent importance that can be 

addressed today with gel-based methods.  

In order to best serve the community it is imperative that the experimental 

methods are equal to the tasks at hand. Providing optimal methods of analysis helps to 

ensure that investigations of biology are of the highest possible quality, given all 

available means.  

Thus, this thesis is directed along two related paths: methods and application. The 

following specific hypotheses are addressed: 

1. Refinements to 2DE methodology will constitute a quantitative improvement to 

resulting proteomic data; 

and 

2. Specific molecular differences exist in the human placenta in labour at term, 

compared to preterm labour. 

These hypotheses have been tested with the overall objective of addressing the specific 

limitations of available technology, refining existing methods and/or providing novel 
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innovative working solutions to these limitations, and applying optimal methods of 

analysis to questions of critical biological and clinical importance.  

Available methods of sample preparation for gel-based proteomic analyses using 

2DE are systematically tested in Chapters Two and Three. As in any analysis of 

biological complexity, for proteomic purposes the sample must be as accurately 

representative of the biological material as possible. Moreover, many biological samples 

of interest are exceedingly difficult to work with. Small, dense, tough, fibrous, fatty, rare, 

and expensive tissues all present substantial challenges. Here, data attempting to take the 

guesswork out of method selection are presented, and a novel tissue homogenization 

strategy for gel-based proteomic applications is characterized (Chapter Two).  

Secondly, optimal methods of sample preparation for coupled proteomic analyses 

by 2DE with RNA microarray analysis, from the same tissue sample are defined in 

Chapter Three. Although both molecular analyses have their inherent utility, and their 

inherent drawbacks, a coupled analysis permits a more comprehensive molecular 

analysis, enabling us to capitalize on the strengths of both techniques. Yet a coupled 

analysis from difficult, and particularly small and expensive biological tissues presents a 

substantial challenge. Here available sample preparation methods suitable for coupled 

molecular analyses of rat spinal cord are systematically explored to identify optimal 

methods of analysis for future investigations of spinal injury (Chapter Three).  

Thirdly, despite the inherently high resolving power of 2DE, in practice the 

resolution of the technique remains finite.4,266-268 Specifically, it has been frequently 

observed that particular proteins share similar MW and pI, and thus co-resolve in 2DE 

separations. Extremely small proteins (peptides), extremely acidic or alkaline proteins, 

and extremely abundant proteins all prove difficult to resolve, and impinge upon the 

discrimination of co-migrating proteins. Here a novel solution to this traditional problem 

without relying on larger gels or prefractionation techniques is provided. Rather, 

additional resolution is applied in specific ‘problem areas’ of the proteome after they are 

identified, using innovative methods requiring no more specialized technology than what 

is required for gel electrophoresis itself. So-called post-fractionation strategies are 
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characterized here for the first time as straightforward methods for routinely improving 

the resolution of standard 2DE (Chapter Four). 

Additionally, despite the advent of next-generation fluorescent gel stains, the 

detection sensitivity of all modern methods remains limited. Meanwhile, the costs of 

modern gel-based proteomic analyses are skyrocketing, in large part due to the cost of 

cutting-edge fluorescent stains and detection systems. Here these long-standing 

limitations are addressed by characterization of a new method of detecting a traditional 

in-gel stain: infrared fluorescence detection of Coomassie Brilliant Blue (CB) staining. 

CB is far less expensive than industry leading stains, but traditionally the stain has been 

somewhat prohibitively insensitive in comparison. However, it has been demonstrated 

that recently developed infrared fluorescence instruments are capable of detecting CB 

with greater sensitivity than traditional instruments, which rely on densitometric 

measurements. Here CB infrared fluorescence detection is compared with next-

generation fluorescent staining, to determine the suitability of this more cost effective 

alternative for large-scale gel-based proteomic analyses (Chapter Five).  

Finally, the ultimate goal of this work is the application of optimal methods of 

analysis to problems of biological import. At present, an area of considerable interest is 

human labour physiology. Our understanding of human labour at a molecular level 

remains incomplete, and details of human labour initiation in particular are not entirely 

understood.4,269,270 Moreover, despite advances in obstetric management and perinatal 

care, the incidence of idiopathic preterm labour has not declined, and remains the 

predominant source of perinatal mortality and morbidity in the industrialized world.270 

Proteomics offers potentially fundamental insights into the (patho)physiology of 

(preterm) labour. It is hoped that a gel-based proteomics approach can help us address 

this large and growing health care concern in a timely and efficient manner. Here, 

optimized methods of analysis are applied for the first time in a gel-based proteomic 

investigation of human preterm labour (Chapter Six).  
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Chapter Two: Pre-extraction sample handling by automated frozen disruption 


significantly improves subsequent proteomic analyses. 


This Chapter was previously published: 

R. Hussain Butt and Jens R. Coorssen. 2005. Journal of Proteome Research. 5: 437-448. 

The author was responsible for the study design in addition to all required experimental 

work and data analysis. Dr. Coorssen contributed to study design and revisions of the 

manuscript.  

2.1 Introduction 

Two dimensional gel electrophoresis (2DE) offers several advantages over other 

separation strategies, including the simultaneous handling of proteins with different 

physical-chemical properties, the separation of protein post-translational modifications, 

flexibility and adaptability requiring relatively straightforward apparatus, and 

unparalleled resolution. As such, 2DE currently remains the most commonly applied tool 

for high-resolution protein separations, as required for effective proteomic analyses. 

Necessarily, refinements to methodological practice that improve 2DE continue. 

Previously identified problems and limitations of the technique are being actively 

addressed and there is constant progress for ever greater resolution and detection of 

proteins.47,53,130,160,161,168,180,181,189,192 Substantial effort has been invested in optimizing 

the preparation and handling of biological samples to enhance the quality of 2D gels 

including: solubilization using novel detergent-chaotrope paradigms,160,161,180,181, 

prefractionation strategies,158,271 chemical modifications such as the critical sequential 

reduction and alkylation of cysteine residues47,168,189, enzymatic modifications such as 

deglycosylation,272 adjustments to immobilized pH gradients and isoelectric focusing 

conditions,53,130 and modifications to the 2nd dimension SDS-PAGE conditions.67,98 All 

such method developments assume that the biological sample is of the highest possible 
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quality, with appropriate care taken to avoid the introduction of any factors that might 

reduce the resolution or quality of 2DE; one of the primary goals of proteomics is to 

acquire a “snapshot” of the proteome at the time of sampling, so as to obtain the most 

accurate possible representation of the underlying biology.  

In this Chapter sample preparation conditions are investigated in greater detail, 

particularly with regard to the handling of tissue samples. Both the maintenance of native 

protein states and the efficiency of protein extraction are high priorities. Thus, the goal 

was to minimize alterations to the proteins (e.g. avoid proteolysis, denaturation, or 

changes to endogenous post-translational modifications (PTM)) and simultaneously 

ensure the best possible solubilization, with particular reference to membrane proteins. 

Accordingly, the goal of this study is to identify the most suitable and broadly applicable 

handling and homogenization strategies for biological tissues prior to sample extraction, 

pre-fractionation, and subsequent analysis by 2DE. It is suspected that these criteria 

might best be met by a combination of snap/plunge freezing of the samples (thereby also 

permitting more effective long term storage if necessary) followed by a tissue disruption 

protocol that would maximize available sample surface area and thus protein extraction. 

Several well-established techniques operating on different physical principles are 

already widely applied in proteomics research. The most commonly used homogenization 

techniques rely on manual input and simple apparatus; plastic (Teflon or polyethylene) or 

ground glass plungers or pestles that physically rupture tissues in a variety of containers 

ranging from plastic microcentrifuge tubes to fitted ground glass vials. Although 

rudimentary, these homogenizers are extremely simple and cost effective to use, and have 

been demonstrated to rapidly and routinely produce tissue homogenates for subsequent 

analysis by 2DE.161 However, as these devices generally rely on manual input, there is a 

concern regarding inter-sample variability that could potentially complicate large-scale 

comparative proteomic analyses. To address this concern, motorized versions of these 

simple homogenizers have been developed. Essentially these devices regulate the force 

and frequency of its application by coupling plunger or pestle with a reciprocating 

electric motor. Common household blenders, or scaled-down versions specifically 

designed for laboratory use, serve a similar purpose, and are perhaps a much more 
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reliable and convenient means of mechanically normalized homogenization. Bead mill 

techniques have also been applied, in which the tissue sample is vortexed vigorously 

under controlled parameters in a standard test tube containing a metallic or hard plastic 

bead, offering a convenient and cost effective method of mechanizing tissue 

homogenization.273,274 Finally, it has been reported that a set of motorized reciprocating 

syringes have successfully been employed to repeatedly push tissue in aqueous buffer 

through a narrow aperture, lysing cells and creating a reproducible gross homogenate by 

mechanical means.275 

However, none of these techniques are especially effective at homogenizing 

fibrous, rigid or otherwise tough cellular material. Of the aforementioned methods, 

blenders, with rapidly cycling steel blades, perhaps make the most effective 

homogenizers in this regard. However, even scaled-down blenders require rather large 

void volumes and thus large tissue samples, greatly limiting their widespread use in 

proteomic analyses that are often focused on exceedingly small and difficult to prepare 

tissue samples.  

Many groups have employed liquid N2 to deep freeze tissue during homogenization 

by manual grinding in a chilled steel or ceramic mortar and pestle. This strategy has a 

number of advantages over other procedures. The tissue samples, which are routinely 

frozen for storage, remain completely frozen during the homogenization process. This is 

especially advantageous for the preservation, extraction and analysis of mRNAs from 

tissue samples. Many mRNAs have half-lives of only a few minutes at physiological 

temperatures in aqueous medium and yet these same labile mRNAs survive the grinding 

process as the activity of endogenous RNAses are quite effectively arrested in a deep 

frozen state.276 From a purely proteomic standpoint, the ability to grind and homogenize 

tissue samples in a deep frozen state minimizes the potential for artifacts including 

chemical changes to proteins and their PTMs during the homogenization process. 

Moreover, in our experience, grinding of the frozen tissue in this manner produces much 

more uniform and complete tissue homogenates (i.e. enhanced surface area) than other 

methods. However, this is achieved at the expense of reintroducing manual input to the 

homogenization process. It is preferable to avoid or at least reduce the variability 
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associated with manual manipulation of the sample in order to ensure as uniform and 

reproducible an extraction as possible. Moreover, ceramic or metallic mortars and pestles 

are generally large in size and thus do not lend themselves well to very small tissue 

samples. An automated, mechanical technique and associated apparatus, initially 

developed and commercialized to facilitate mRNA extraction from tissue samples has 

been characterized to some extent.277 It was hypothesized that this device would satisfy 

the established criteria, in that it effectively homogenizes even extremely tough, fibrous 

tissue samples by pulverization at extremely low temperature (-196ºC), yielding a 

powdered frozen homogenate.277 

The Mikro Dismembrator manufactured by Braun AG was initially used to 

facilitate DNA and RNA extraction from very tough, solid keratinized tumours and, 

specifically, for effective and unbiased comparisons of the heavily fibrous tumour with 

less keratinized, normal (control) tissue.277 Briefly, the device uses an electric motor to 

generate high frequency reciprocating motion. This motion is applied to a deep frozen 

sample inside a frozen Teflon or other hard plastic chamber containing a frozen bead or 

bearing. Thus, the Mikro-Dismembrator operates essentially as an automated bead mill, 

but is specifically engineered to handle the additional stresses associated with tissue 

homogenization in a deep frozen state. At high frequency (40-50 Hz), frozen tissue is 

pulverized to a powder between the frozen surfaces of the chamber and the bead. As 

sample cups and beads are available in a variety of practical sizes, even very small tissue 

samples can be handled with minimal waste. This technique has effectively been used to 

pulverize fibrous clavus skin material prior to lipid extraction,278 and fibrous skin279 and 

lung tissue for HPLC assay of drugs and metabolites.280 However, comparable disruptors 

have been most widely used in mRNA extractions from exceedingly tough tissues, such 

as tendon or other connective tissues.281,282 There are very few reports of the use of this 

technique for protein handling; one study described the homogenization of deep frozen 

tissue for the extraction of enzymatically active protein.39 It does not appear as though 

any groups have tested this sample preparation technique for the proteomic analysis of 

tissue samples, or characterized the method as a means of quantitative protein extraction 

beyond the level of enzyme activity.39 Yet given its critical benefits over many other 
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tissue homogenization strategies, this automated, highly reproducible technique would 

seem an optimal alternative for the routine preparation and extraction of protein from 

tissue samples for proteomic analysis. This possibility is explored in this Chapter by 

direct comparison of manual homogenization (as the simplest, most cost effective and 

widely used technique) and frozen disruption in the preparation of tissue samples for 

analysis by 2DE. A range of tissue samples was selected, including murine cardiac 

muscle, brain and liver representing a group of biomedically-relevant tissues; spinach leaf 

and cricket leg were included to represent tougher tissues still, to better explore the limits 

and broader applicability of the technique. Thus, highly refined 2DE coupled with 

quantitative total protein staining and automated digital image analysis are applied to 

characterize the value of automated frozen disruption of deeply frozen tissues in 

optimizing routine proteomic analyses.  

2.2 Methods 

2.2.1 Chemicals 

All consumables used were of electrophoresis grade or higher quality. CHAPS 

was purchased from Anatrace (Maumee OH). Phosphate buffered saline (PBS), glycerol 

and DTT were from BioBasic (Toronto Ont., Canada). All IPG strips, as well as 

acrylamide, bisacrylamide, low melting agarose, Precision Plus broad range molecular 

weight markers, broad range (3-10) ampholyte solutions, tris-glycine SDS buffer, Bio 

Safe (Colloidal) Coomassie stain and Sypro Ruby total protein stain were from BioRad 

Laboratories (Hercules, CA). Narrow range ampholytes were purchased from Fluka 

(Buchs, Switzerland). All other chemicals, including urea, thiourea, HEPES, tris, tributyl 

phosphine, SDS, staurosporine, sodium orthovanadate, cantharidin, and components of 

the protease inhibitor cocktail283 were purchased from Sigma (St. Louis MO). 
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2.2.2 Protease, Kinase and Phosphatase Inhibitors 

During sample preparation, protease, kinase and phosphatase inhibitors have been 

applied in an attempt to arrest the activity of these enzymes and ensure as much as 

possible that the native post-translational modification state of the proteome is 

maintained from that of the native tissue.48 

Protease inhibitors were applied liberally through all stages of sample preparation, 

as indicated. The protease inhibitor cocktail was adapted from Coorssen et al.283 and was 

designed to provide a broad spectrum of inhibition of different endogenous proteases. A 

1X solution of protease inhibitor cocktail consists of 2 µg / mL aprotinin, 2 µg / mL 

pepstatin, and 2 µg / mL leupeptin.283 

The kinase and phosphatase inhibitor cocktail was selectively applied in stages of 

the sample preparation deemed likely to be susceptible to kinase and phosphate activity, 

as indicated. Again the cocktail was designed to provide broad spectrum inhibition, and 

1X solution of kinase and phosphatase inhibitors contains 4 µM staurosporine, 4 µM 

cantharidin and 1 mM sodium orthovanadate. 

2.2.3 Tissue Collection 

After sacrificing adult 192-SV-EV mice, liver, heart and brain were rapidly 

excised and washed 3 times with ice cold PBS to remove blood and debris from the 

exterior surface. The tissue was diced into 2 mm cubes and washed an additional 3 times. 

Fresh spinach (Spinacea olacera) was purchased from a local grocery store. Whole 

leaves were washed thoroughly with deionized water, and central veins were removed. 

Common house crickets (Acheta domesticus) were purchased from a local pet supply 

store, anesthetized by holding at 0 °C for 30 minutes, and the entire intact hindlimb was 

then removed by excision at the coxa using a razor blade. The limb was washed 3 times 

in deionized water. Once washed as described, all tissues were flash frozen in liquid N2 

and stored at -80 °C. 
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2.2.4 Tissue Homogenization for Total Protein Extraction 

Manual homogenization (MH) of the tissue samples was carried out as previously 

described.161 Briefly, the washed, cubed tissue was thawed on ice and combined in a 

standard 1.5 mL polypropylene microcentrifuge tube with an equivalent volume of a 

detergent/chaotrope-containing 2DE solubilization buffer (8M urea, 2 M thiourea, 4% 

CHAPS and 1X concentration of a broad spectrum protease inhibitor cocktail283) and 

continuously homogenized with a polyethylene pestle for 3 minutes on ice.  

Physical-mechanical disruption of tissue in a deep frozen state was achieved using 

the Mikro-Dismembrator (originally from B. Braun Melsungen AG, Melsungen, 

Germany, now commercially available from Sartorius BBI, Bethleham PA) essentially as 

described.277,281,282 Henceforth the process as it is applied will be referred to as automated 

frozen disruption (AFD). Briefly, 30-40 mg of the washed and cubed deep frozen tissue 

sample was placed in a thoroughly chilled (liquid N2) self-sealing Teflon sample chamber 

with a 2 mL internal volume containing a 9 mm stainless steel ball bearing. The chamber 

was placed longitudinally between the locking calipers of the Mikro-Dismembrator, and 

the device was activated, applying a vibrational frequency of 40 Hz for 60 s, sufficient to 

thoroughly pulverize every tissue tested. The chamber was disassembled and the 

powdered sample, still deeply frozen, was transferred to standard test tubes. The 

“powdered” frozen homogenate was combined with 2DE solubilization buffer and 

vortexed thoroughly. 

A third homogenization protocol was applied in select cases as indicated: 

sequential manual homogenization-AFD henceforth referred to as MH+AFD. Briefly, the 

tissue sample was prepared by MH as described above. The entire homogenate was 

subsequently flash frozen in liquid N2 and then mechanically homogenized using AFD, 

as described above. From this point the total tissue homogenate was treated identically to 

standard AFD-homogenized samples.  

All homogenized samples were incubated in 2DE solubilization buffer at 20 °C 

for 30 minutes with intermittent vigorous vortexing. The samples were centrifuged at 

16000 x g for 20 minutes (4 °C) in a Mikro 20 microcentrifuge (Hettich, Tuttlingen, 

Germany) to pellet and remove intact / insoluble material.  
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2.2.5 Homogenization and Sample Prefractionation 

Sample prefractionation into membrane / membrane associated (henceforth, 

membrane) and soluble / cytosolic protein (henceforth, soluble) fractions was carried out 

in parallel with total protein extractions described above. Essentially, cubed tissue was 

prepared by MH as described above, in a hypotonic lysis buffer (HLB), consisting of 20 

mM HEPES (pH = 7.4), protease inhibitor cocktail283 and kinase / phosphatase inhibitors 

for 3 minutes on ice, with intermittent vortexing.161 Alternatively, tissue was 

mechanically homogenized in a deep frozen state using AFD as described above and the 

powdered sample was suspended in ice cold HLB for 3 minutes, with vigorous vortexing. 

In each case, isotonicity was restored by the addition of an equivalent volume of ice cold 

2X PBS. For spinach leaf homogenates a solution of 40 mM HEPES (pH 7.4), 660 mM 

NaCl was used in place of 2X PBS.284 

The homogenate was centrifuged at 100 x g for 10 minutes at 4 °C to pellet and 

remove large pieces of intact and insoluble material. At this stage, the uniformity of the 

homogenate was assessed by light microscopy. This slow speed centrifugation was 

repeated once to further clarify the homogenate prior to molecular analysis. 

Total cellular membranes were collected from the homogenate by 

ultracentrifugation at 125 000 x g for 3 hours at 4 °C using an Optima-Max E 

Ultracentrifuge with the TLS-55 rotor (Beckman-Coulter, Fullerton CA). Thus the total 

cellular membranes, with associated proteins, were separated from the soluble protein 

complement.161 The membrane pellet was gently suspended in ice-cold 1X PBS (or a 20 

mM HEPES, pH 7.4; 330 mM NaCl solution for spinach samples) supplemented with 

protease, kinase and phosphatase inhibitors as a wash, and the membranes isolated by a 

second ultracentrifugation step. Washed membranes were solubilized directly in 2DE 

solubilization buffer. This fraction is henceforth referred to as a “membrane” fraction, as 

it likely contains membrane and membrane associated proteins.  

The supernatants containing the total soluble protein fraction, recovered after 

ultracentrifugation, were concentrated to a minimal volume at 4 °C using Nanosep 

microscale centrifugal concentration devices with 3 kDa size exclusion filters (Pall Life 
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Sciences, East Hills, NY). The minimal retentate was resuspended in 4 M urea 

supplemented with protease, kinase and phosphatase inhibitors, and concentrated again. 

This was repeated twice, to rapidly dialyze the sample and remove residual PBS. The 

minimal retentate was collected from the filtration device, and combined with 10 

volumes of 2DE solubilization buffer.  

2.2.6 Sample Pretreatment and 2DE  

A small portion of each sample in 2DE solubilization buffer was assayed for total 

protein using the EZ-Q Protein Quantitation Kit (Molecular Probes, Eugene OR) as 

described, using bovine serum albumin as a standard.161 

For mini gels 100 µg of total solubilized protein was diluted to a final 

concentration of 2 mg mL-1 with solubilization buffer prior to mixing 1:1 (v/v) with 

solubilization buffer containing carrier ampholytes: 1% broad range 3-10 ampholytes and 

0.2 % each of 5 narrow range ampholytes, 3.5-4.0, 3.5-5.0, 5.0-7.0, 7.0-9.0, and 8.0-9.5. 

In this way the protein sample was diluted to a final concentration of 1 mg mL-1 in a 

working concentration of 1% total carrier ampholytes. Ampholytes were introduced at 

this stage to eliminate their false-positive contribution to the total protein assay. 

Sequential post-harvest disulfide reduction and alkylation were carried out 

essentially according to Herbert and colleagues47,168,189 with the following modifications: 

tributyl phosphine and DTT were added to final concentrations of 2.3 and 45 mM, 

respectively, and the sample was incubated for 60 minutes at 25 °C; acrylamide monomer 

(230 mM) was then applied as an alkylating agent for an additional 60 minutes at 25 °C. 

Samples were then passively introduced by re-hydration of dehydrated mini-format (7 

cm) IPG strips for 12 hours at 25 °C.  

Isoelectric focusing of mini-format strips was carried out at 15 °C using the 

Protean IEF Cell (BioRad), with a tray designed to accommodate 11 cm IPG strips. The 

longer electrode wicks accommodated by these larger-format trays facilitate the 

accelerated removal of salts from the sample during electrophoresis. 
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Voltage was ramped to 250 V for 15 minutes, and then ramped linearly to 4000 

V at 50 µA per gel over the course of 2 hours, during which the electrode wicks were 

changed as necessary to remove salts from the circuit and promote unhindered 

ramping.189 Isoelectric focusing was allowed to proceed at 4000 V (constant) for a total 

of 37500 Vh. 

Focused 1st dimension gels were routinely frozen for brief storage at –35 °C. 

2.2.7 Equilibration and 2nd Dimension PAGE 

Focused IPG strips were equilibrated as routinely described; strips were immersed 

in 6 M urea, 20 % glycerol, 2 % SDS, 375 mM Tris (pH 8.8) containing 130 mM DTT 

for 10 minutes at room temperature, prior to immersion in equilibration buffer containing 

350 mM acrylamide monomer for an additional 10 minutes, to ensure full disulfide 

reduction and alkylation of the SDS-denatured sample.  

The equilibrated IPG strip was placed on the stacking surface of the 1 mm thick 

2nd dimension gel and SDS-PAGE was carried out essentially as described by Laemmli97 

with minor modifications,98,285 using the MiniProtean II (BioRad) for mini format gels, or 

the Protean II xi (BioRad) for large format gels. All 2nd dimension gels were buffered 

with 375 mM Tris (pH 8.8), and 5 % T, 2.6 % C acrylamide / bis-acrylamide stacking 

gels (~ 5 mm tall) were cast on top of 12.5 % T, 2.6 % C resolving gels. A 0.5 % low 

melting agarose overlay, containing 0.1% SDS and 375 mM Tris (pH 8.8), was warmed 

to its melting point and used to seal the IPG to the surface of the stacking gel. 

Electrophoresis was carried out at 4 °C285 using pre-chilled tris-glycine-SDS electrode 

buffer with constant voltage; to rapidly drive proteins out of the IPG and through the 

stacking gel, 150 V was briefly applied, after which the voltage was reduced to 90 V for 

completion of the separation. 



95

95 

2.2.8 In-gel Protein Detection and Image Analysis 

All gels were fixed and stained using Sypro Ruby as described, essentially 

according to the manufacturer’s specifications (BioRad, Hercules CA), unless otherwise 

specified. 

All gels were fixed in 10 % methanol, 7 % acetic acid for 2 hours with continuous 

mixing. Fixative was washed from the gel with 4 water exchanges of 30 minute duration 

each. Gels were stained in Sypro Ruby (BioRad) for 12 hours, before destaining with 

fixative solution for 15 minutes. Destained gels were washed with 4 water exchanges of 

30 minute duration each to remove methanol and acetic acid, and allow the gel to return 

to its normal hydrated size.  

In select experiments gels were stained with a Colloidal Coomassie Blue (CCB) 

solution198 according to the manufacturer’s instructions (BioRad, Hercules CA).  

All stained gels were imaged using the ProXpress Proteomic Imaging System 

(Perkin Elmer, Boston MA). Sypro Ruby-stained gels were imaged fluorescently in the 

visible spectrum by excitation at 480 (+/- 30) nm and collection of emission at 620 (+/- 

30) nm. CCB-stained gels were imaged densitometrically using the white light bottom 

illumination module of the ProXpress. 

Comparative digital image analysis was carried out using Progenesis Workstation 

(Nonlinear Dynamics, Newcastle, UK). The use of automated spot filters was avoided to 

prevent the exclusion of protein spots at the edge of detection sensitivity. All spots were 

quantified in terms of fluorescent volumes where volume is defined: 

Volume = Σ (pixel height * pixel area) 

That is fluorescent volume is product of peak height and pixel area for all pixels making 

up a given spot. 

Two differing but related image analysis strategies were applied in this study: 1. 

Differential image analysis refers to a comparative analysis identifying protein spots 

unique to the gel of one sample (i.e. one homogenization method) and absent from the 

other. 2. Quantitative image analysis refers to the comparison of protein abundances in 
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spots detected in two different conditions, but differing significantly in terms of their 

relative abundance (Student’s t-test, p < 0.05, n = 3-4 as indicated) between conditions. 

All summary data from quantitative and differential automated image analyses are 

reported as mean ± standard deviation.  

2.3 Results 

In the course of these experiments it was observed that samples prepared by AFD 

were consistently much more uniformly and thoroughly homogenized than were samples 

subjected to MH. This observation was qualified by light microscopy, assessing several 

of the tissues tested. Here, representative images of spinach leaf homogenates are 

presented as an example (Figure 2-1). Following MH, many partially intact spinach leaf 

cells and cell wall, plasma membrane, or other large tissue fragments remain (Figure 2

1A). In contrast, while homogenates prepared using AFD were not entirely devoid of 

such small fragments, the frequency of their occurrence was minimal (Figure 2-1B, 

representative of ~100 fields) and the homogenates were devoid of larger partially intact 

tissue fragments, suggesting substantially increased surface area for subsequent 

extractions. Differential centrifugation steps were applied to remove these fragments 

from the homogenates before prefractionation and processing for 2DE. Care was taken to 

sediment grossly under-homogenized fragments, with minimal loss of well-homogenized 

tissue material (uniformly pulverized micro-fragments or sheets of cellular membranes).  

This apparent difference in homogenate quality between the two methods was quantified 

by measuring the yield of total solubilized protein per unit starting material (original wet 

weight of frozen tissue before homogenization). Homogenization by AFD significantly 

improved the total protein yield, and this was also true of both membrane and soluble 

protein components following prefractionation (Figure 2-2).  

A variety of tissue samples prepared in parallel using either classical MH or AFD 

was systematically analyzed using 2DE. Mouse liver and cardiac muscle were 

homogenized and extracted without prefractionation, for total proteome analysis. 

Following MH, a total of 967 ± 6 liver and 961 ± 33 cardiac muscle proteins were 

resolved (n = 4, Figures 2-3 and 2-4). Mouse brain tissue was prefractionated into 
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membrane and soluble protein fractions, and in MH prepared samples 1057 ± 22 

membrane proteins (Figure 2-5A) and 1019 ± 17 soluble proteins (Figure 2-5B) were 

resolved, respectively (n = 3). Spinach leaf was similarly prefractionated; following MH, 

676 ± 14 membrane proteins (Figure 2-6A) and 743 ± 36 soluble proteins (Figure 2-6B) 

were resolved and detected by 2DE (n = 3). 

In differential image analyses by 2DE to determine the relative quality of resolved 

proteomes, samples prepared by AFD were compared directly with MH samples. 

Preparations, extractions, and all protein analyses were carried out in parallel. So as to 

ensure unbiased differential image analysis, each gel was normalized to the total 

integrated volume (peak height x pixel area) of all protein spots, thereby enabling 

comparisons of the relative abundances of specific proteins and effective detection of 

differentially resolved proteins. In all differential analyses, only protein spot differences 

that were 100 % reproducible in a minimum of n = 3 gels were considered significant. 

Less reproducible spot differences were eliminated from the analyses.  

In 2DE separations (n = 4) of total unfractionated mouse liver and cardiac muscle, 

20 and 21 protein spots, respectively, were newly resolved and detected when AFD was 

applied (Figures 2-3 and 2-4). The quality of analysis of both membrane and soluble 

protein fractions from mouse brain tissue was also improved as a result of AFD; 4 

membrane proteins (Figure 2-5A) and 7 soluble proteins (Figure 2-5B) were newly 

resolved and detected following this homogenization strategy (n = 3). Similarly, in 2DE 

of prefractionated spinach leaf, 10 membrane proteins (Figure 2-6A) and 13 soluble 

proteins (Figure 2-6B) were newly resolved and detected as a result of using AFD (n = 

3). 

To further explore the benefits of AFD MH+AFD was applied (essentially MH 

followed by plunge freezing and AFD) as a third homogenization strategy (Figure 2-4). 

In total cardiac muscle the sequential coupling of MH and AFD successfully 'rescued' 16 

of the newly resolved and detected proteins (Figure 2-4B) typically only seen in AFD 

prepared samples (Figure 2-4C), and absent from purely MH controls (Figure 2-4A). 

Nonetheless, a select number of proteins (5) in this tissue were only detectable following 



98

98 

AFD, and were completely absent from both MH and MH+AFD preparations (Figure 

2-4). 

With the exception of the proteins determined to be uniquely present in AFD 

prepared tissue samples relative to MH-prepared controls, the two principal 

homogenization strategies both reproducibly yielded highly similar proteomic maps 

(Figures 2-2 – 2-6). Automated image analysis indicated that a large number of common 

proteins (detectable by 2DE following either MH or AFD) were in fact differing in 

relative abundance (e.g. apparent up- or down-regulations) in gels, depending on the 

homogenization strategy employed. In order to meaningfully present these data two 

alternate approaches were adopted: 1. Quantitative image analysis of matched or common 

protein spots in quantitatively (Sypro Ruby) - stained gels (Figure 2-7); and 2. Staining 

with a relatively low sensitivity detection method (CCB) followed by Differential image 

analysis (Figure 2-8). 

The first approach was applied in an assessment of the total protein sample 

prepared from mouse liver. Quantitative comparisons of matched or common spots 

between the two different homogenization paradigms required exceptionally stringent 

methods of image normalization. Fluorescent images are commonly normalized to the 

most intense pixel present in the image. For this study, this level of rigour was not 

sufficient as AFD yielded widespread changes in the relative abundances of specific 

proteins. Thus the greatest peak or pixel may have itself been changed as a result of the 

preparation method, possibly introducing a determinate error and resulting in a biased 

image analysis. Thus for the purpose of differential analyses in this study, gels were 

normalized to total fluorescent volume of all spots in-gel such that all gels were within 

5% tolerance. For quantitative analysis of individual spots, however, even this level of 

rigour was insufficient as many of the differences were relatively small (i.e. less than 2

fold). For quantitative analyses gel images were normalized to total stain density within 

1% tolerance. Thus normalized, only 100% reproducible protein spots, common across n 

= 8 gels resolving total mouse liver proteins (four MH, four AFD), were included for 

quantitative comparison. Accordingly, in this comparison, protein spots uniquely detected 

as a result of AFD were excluded (Figures 2-3 and 2-7). Many other proteins showed 
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variation in relative abundance between the two homogenization strategies, and a total 

of 59 of these apparent up- and down-regulations in AFD prepared samples were 

statistically significant (Student’s t-test, p < 0.05, n = 4, Figure 2-7).  

A CCB staining approach was also applied as a novel and independent means of 

verifying the interpretations of the data arising from quantitative Sypro Ruby staining. 

The rationale behind this alternate staining approach is based on the differing sensitivities 

of the two dyes, Sypro Ruby and CCB. CCB has neither the dynamic detection range of 

Sypro Ruby, nor the consistency of staining between different proteins (i.e. there is a 

broad range of staining intensities with CCB). Therefore many proteins that are 

detectable at the level of Sypro Ruby should be undetectable at the level of CCB. If 

proteins that are detectable at the level of Sypro Ruby are also up- or down- regulated 

(increased or decreased representation in the proteome) in a homogenization-dependent 

manner, we would expect some of these changes to cause the protein to be ‘lost’ or 

undetectable at the level of CCB staining. Thus some proportion of these changes in the 

relative abundance of proteins, detectable at the level of Sypro Ruby staining and 

quantitative image analysis, should hypothetically be detectable at the level of CCB 

staining and differential image analysis. In fact this turned out to be the case. In 

differential analysis of Colloidal CCB stained gels, 17 proteins were detectable only in 

the AFD prepared sample of mouse brain soluble proteins compared with the MH 

controls (Figure 2-8). Conversely, 16 protein spots were only detected in the MH tissue 

relative to the AFD prepared sample (Figure 2-8). 

As a final test of the limits of these homogenization strategies, a comparative 

analysis of the entire field cricket hind limb was attempted. However, standard MH 

proved to be impossible. Nonetheless, as verified by light microscopy, AFD resulted in 

uniform homogenates from this very difficult tissue (Figure 2-9). The large fragments 

that do remain in this homogenate appear to be chitinous remnants of the pulverized 

exoskeleton (Figure 2-9A). The effectiveness of the resulting protein extraction was 

demonstrated by 2DE (n = 3), with the resolution of 726 ± 15 proteins (Figure 2-9B).  
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Figure 2-1. Microscopic examination of tissue homogenates. 

Bright field microscopy images of spinach leaf homogenate immediately following 

homogenization, hypotonic lysis and restoration of isotonicity; A. Manual 

homogenization; and B. AFD. Images are at 100 x magnification. Scale bar = 50 µm. 
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Figure 2-1 
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Figure 2-2. Efficiency of tissue homogenization strategies.  

Total extracted and solubilized protein following manual and AFD homogenization. AFD 

yields more solubilized total protein per mg (wet weight) of sample tissue. * Indicate 

significant differences between AFD and MH (Student’s t-test, p < 0.05, n = 3). Error 

bars represent standard deviation. 
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Figure 2-2 
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Figure 2-3. Comparing the performance of tissue homogenization methods: 2DE of 

total mouse liver. 

Comparative 2DE quantification of protein resolution and detection differences in the 

total mouse liver proteome prepared by two different homogenization strategies: 

Classical manual homogenization (MH) and Automated Frozen Disruption (AFD). 

Specific areas of 100 % improvement (unmatched, or newly detected protein spots) are 

highlighted where they were indicated in quantitative digital image analysis. (n = 4) 
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Figure 2-4. Comparing the performance of tissue homogenization methods: 2DE of 

total mouse myocardium. 

Differential comparison of A. Manual Homogenization (MH); B. sequential Manual - 

AFD homogenization (MH+AFD); and C. Automated Frozen Disruption (AFD), 

demonstrates the separate benefits of AFD. D. Areas of interest are highlighted where 

automated differential image analysis indicated differences in protein spots. * Indicate 

proteins that appear only in C, and are absent from A and B). 
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Figure 2-5. Comparing the performance of tissue homogenization methods: 2DE of 

mouse brain membrane and soluble proteomes. 

Comparative 2DE quantification of protein resolution and detection differences between 

two different homogenization strategies: Classical manual homogenization (MH) and 

Automated Frozen Disruption (AFD). A. The total mouse brain membrane / membrane 

associated proteome; B. The total mouse brain soluble / cytosolic proteome. Specific 

areas of 100 % improvement (unmatched, or newly detected protein spots) are 

highlighted where they were indicated in quantitative digital image analysis. (n = 3) 
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Figure 2-5 
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Figure 2-6. Comparing the performance of tissue homogenization methods: 2DE of 

spinach leaf membrane and soluble proteomes. 

Comparative 2DE quantification of protein resolution and detection differences between 

two different homogenization strategies: Classical manual homogenization (MH) and 

Automated Frozen Disruption (AFD). A. The total spinach leaf membrane / membrane 

associated proteome; B. The total spinach leaf soluble / cytosolic proteome. Specific 

areas of 100 % improvement (unmatched, or newly detected protein spots) are 

highlighted where they were indicated in quantitative digital image analysis. (n = 3) 
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Figure 2-6 
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Figure 2-7. Homogenization-dependent changes in the relative abundance of specific 

proteins. 

Quantitative image analysis of proteins common to samples prepared by either manual 

homogenization (MH) or automated frozen disruption (AFD). At the level of Sypro Ruby 

staining a large number of homogenization-dependent changes in the relative abundance 

of specific proteins in the total (unfractionated) mouse liver are indicated. A total of 59 

proteins were significantly either up- or down-regulated in manually homogenized 

samples compared with the AFD prepared samples labelled in A and B, respectively. C. 

Total stain densities (Average spot volume ± Standard Deviation) in: I. Statistically 

significantly up- or down-regulated protein spots labelled in A and B; II. The integrated 

total stain density of all identical (unchanging) spots; and III. The total stain density of all 

spots. ‡ Indicate statistically identical values (Student’s t-test, p ≥ 0.80, n = 4). All other 

specific differences are significant by definition (Student’s t-test, p < 0.05, n = 4). 



113

113 



114

114 

Figure 2-8. Comparing the performance of tissue homogenization methods using a 

lower sensitivity detection method (Colloidal Coomassie) 

Differential image analysis of colloidal Coomassie stained gels reveals a subset of protein 

relative abundances that are homogenization-dependent. 2DE of mouse brain soluble 

fraction, stained with colloidal Coomassie following A. Manual Homogenization (MH) 

and; B. Automated Frozen Disruption (AFD). Differential image analysis indicated 16 

proteins unique to the MH sample in A, and 17 proteins unique to the AFD homogenized 

sample in B. 
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Figure 2-8 




116

116 

Figure 2-9. Homogenization of exceptionally tough tissue samples.  

Although manual homogenization of entire cricket hindlimb was ineffective, AFD of this 

tissue was immediately successful. A. At the level of light micrsocopy, a uniform, 

thorough homogenate was prepared by AFD; 100 x magnification, Scale bar = 50 µm. B. 

2DE following total protein extraction and solubilization from this homogenate yields a 

high quality and high resolution proteomic map of the cricket hindlimb.  



117

117 

Figure 2-9 
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2.4 Discussion 

Although the mechanized homogenization of deep frozen tissue samples has been 

characterized to some extent,277-282 this technology does not appear to have been 

previously capitalized upon for the optimized extraction of proteins, and thus the 

enhanced, routine proteomic analysis of tissue samples. Here it was initially hypothesized 

that this technology would prove highly appropriate for 2DE (and perhaps other 

proteomic strategies) in terms of further refined analyses. These expectations were based 

on the fact that this approach to tissue homogenization offers a number of advantages 

over other available techniques. In fact, in the transition from classical MH to AFD, 

sample handling was significantly enhanced, and both protein extraction and subsequent 

2DE were quantitatively improved (Figures 2-2 through 2-8). Specifically, compared 

with MH parallel controls, a number of proteins were newly or better extracted, 

solubilized, resolved and detected by 2DE following AFD of the tissue sample. 

Interestingly, this improvement was observed for a variety of diverse tissue samples, 

including highly hydrophobic membrane protein isolates,161 and dense, fibrous and 

otherwise tough tissues (Figures 2-2 through 2-6). Moreover, AFD of deep frozen tissue 

samples proved to be a simple, routine, and optimal sample handling method enabling 

significantly improved protein extraction from even the most difficult tissue samples 

(Figure 2-2 through 2-9). 

2.4.1 Automated Frozen Disruption enhances homogenate quality and protein yield 

In the course of exploring different available homogenization techniques, it was 

found that AFD of the tissue produced the most uniform, thorough and reproducible 

homogenates. Even by simple visual inspection it was clear that deep frozen tissue 

pulverized into a powder by AFD yielded a far more thorough homogenate, of finer 

particle size and more uniform consistency than could be achieved by MH. 

This observation was confirmed using light microscopy to compare spinach leaf 

homogenates prepared using classical MH and AFD. The AFD homogenates of this 
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particularly tough tissue sample had a much finer, smaller particle size and more 

uniform consistency than did parallel MH tissue samples (Figure 2-1). Specifically, the 

manual homogenate contained large fragments and semi intact cells (Figure 2-1A), even 

after low speed centrifugation steps to clean up the sample and remove the largest intact 

tissue fragments; higher speed centrifugation was avoided so as to retain sheets of free 

plasma membrane (i.e. ‘ghosts’) and any other aggregates of cellular membranes that 

were then selectively isolated for extraction and analysis. AFD produced a much more 

thorough homogenate in that no consistent evidence of intact or semi-intact cells was 

found; although some cellular fragments were occasionally present, these were 

substantially less abundant than was observed in the manually prepared homogenates 

(Figure 2-2). These findings suggest that AFD provides a more accurate representation of 

the total original biological sample than MH. Nonetheless, it should be noted that even 

after exhaustively repetitive rounds of AFD, the presence of spinach cell wall fragments 

could not be entirely eliminated from this sample preparation (data not shown). It may be 

impossible to prepare a more thorough homogenate from this difficult plant tissue 

sample, indicating that the possibility always remains that some, particularly lower 

abundance proteins, may be missed. This is still perhaps the most confounding problem 

in modern proteomics. However, given the thoroughness of homogenization provided by 

AFD, it seems that this method yields the most complete protein extracts that are 

currently possible. Only one round of AFD was required to effectively eliminate the bulk 

of intact and semi-intact cells that resist MH (Figure 2-1). From a practical standpoint, 

this would appear to be the most thorough and efficient level of homogenization possible.  

To best quantify this apparent difference in the quality of the resulting 

homogenates, the relative efficiency of protein extraction and solubilization was directly 

quantified as the yield of total solubilized protein (i.e. suitable for downstream proteomic 

analysis) extracted per unit starting material. From two different whole tissue samples 

(spinach leaf and mouse cardiac muscle), a significantly greater amount of total protein 

was solubilized and extracted using 2DE solubilization buffer, following AFD relative to 

parallel MH samples (Figure 2-2). Although these represent quite different tissue types, 

each with its own complicating characteristics and substantially different total protein 



120

120 

complement, the improvement in total protein yields was ubiquitous (Figure 2-2). The 

improved yield and efficiency of protein extraction by AFD thus appears to be consistent, 

reproducible, and independent of tissue type. 

Importantly, the improvement in the total protein yield afforded by AFD is 

consistent for both membrane and soluble proteins. Both of these protein fractions, 

isolated from total spinach leaf homogenates, yielded more protein following AFD than 

classical MH (Figure 2-2). Neither fraction appears to be favoured over the other. 

Presumably, the increased yields are the result of more thorough disruption of cellular 

structure and thus increased surface area. As membrane-bound intracellular 

compartments are more thoroughly and completely ruptured by AFD, greater quantities 

of soluble proteins are released and, correspondingly, greater quantities of free 

membranes with their own integral and associated proteins are liberated and subsequently 

collected by ultracentrifugation. These improved protein yields are consistent with the 

observations of more thorough homogenization made by light microscopy (Figure 2-1). 

Thus, the AFD homogenate is more uniformly representative of the whole tissue acquired 

for analysis. Less of the sample is excluded from the analysis in low speed centrifugation 

steps (which remove grossly under homogenized material), and thus a greater and more 

representative proportion of the original sample is available for solubilization, extraction 

and analysis. 

The utility of improved total protein extraction efficiency is perhaps best 

illustrated by the case of the spinach leaf, an example of a tissue sample with a relatively 

low amount of gross total protein per unit wet weight (Figure 2-2). In situations where 

small and/or difficult to obtain or prepare tissue samples have inherently low protein 

content, the enhanced protein yields and reduced waste afforded by AFD represent a 

tremendous advantage. As such, AFD is a technique that enables the effective proteomic 

analysis of even difficult tissue samples that are currently on the analytical edge of what 

is possible to optimally resolve by 2DE or other available techniques.  
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2.4.2 Automated Frozen Disruption enhances the resolution and detection of 

proteins 

In order to assess the value of AFD as a tool for proteomics, homogenates 

prepared using this disruption strategy were compared with those prepared by classical 

MH in highly refined 2DE separations.161 In previous studies, MH was used to prepare a 

variety of tissues (including murine brain, liver and cardiac muscle) for protein extraction 

/ fractionation and 2DE, and in each case led to high quality, high resolution proteomic 

maps.161 Consistent with these previous results, MH prepared tissue also yielded 

exceptionally high quality proteomic maps in all of the tissues tested here (Figures 2-3 

through 2-6), with the exception of the whole cricket leg which was excluded from 

comparative analyses; in contrast, this sample was handled quite effectively by AFD 

(Figure 2-9). Indeed, in all cases, homogenization of deep frozen tissue using AFD 

yielded high quality, high resolution proteomic maps (Figures 2-2 through 2-6 and 2-9). 

Initial visual inspection identified very few immediately apparent differences between 

proteomic maps produced from identical tissue samples that had been homogenized in 

parallel using these two very different homogenization methods (Figure 2-2 through 2-6).  

For more thorough, detailed and unbiased proteomic comparisons, automated 

differential image analysis software was employed (Progenesis Workstation). It was 

immediately apparent that a number of proteins were detected only when AFD was used, 

and were never detectable in the MH samples (Figures 2-3 through 2-6). With high 

reproducibility (n = 3-4), these proteins spots were absent from the MH controls and 

enhanced by AFD to an abundance exceeding the minimal threshold for detection by 

Sypro Ruby (~1 ng total protein). Thus these proteins appeared to be ‘newly’ detected in 

samples homogenized by AFD (Figures 2-3 through 2-6). 

Most likely these unmatched (newly detected) spots represent proteins that were 

more efficiently extracted, solubilized and resolved in samples prepared using AFD 

relative to those homogenized manually, by virtue of the more thorough tissue disruption 

and resulting enhancement of total sample surface area afforded by this technique 

(Figures 2-1 and 2-2). Alternatively, AFD may preserve a level of biological complexity 

that MH fails to maintain. It is quite conceivable that an easily reversible or otherwise 
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labile PTM and pI / MW state could be lost (reversed) and revert to the parent form 

during MH at 4 °C. Such artefacts involving changes to proteins and their PTMs may 

simply be the result of rupturing cellular compartments in an environment of cold 

aqueous medium, enabling (non)specific chemical or enzyme-mediated alterations. It 

would appear that these endogenous protein species or PTMs can be maintained through 

the use of AFD, likely by virtue of the extremely low handling temperatures (-196 °C in 

liquid N2), and preserved throughout the course of refined 2DE analysis. Thus the 

benefits of AFD seem to be two-fold: 1. AFD physically provides for much more 

thorough homogenization, and the extraction efficiency of many proteins is enhanced as a 

result; and 2. AFD is carried out entirely in a deep frozen state, and this allows for the 

maintenance of protein and protein PTM states that cannot otherwise be preserved.  

In order to more clearly separate these potential benefits of AFD, MH and AFD 

were sequentially coupled as a third homogenization method (MH+AFD). This hybrid 

strategy, consisting of MH followed by plunge freezing and AFD, was compared directly 

with independent MH and AFD alone in the preparation of total mouse cardiac muscle 

samples for 2DE (Figure 2-4). As with both of the primary homogenization techniques, 

tissue samples prepared with MH+AFD yielded high quality, high resolution 2DE 

proteomic maps (Figure 2-4). By simple visual inspection there was very little difference 

between MH (Figure 2-4A), MH+AFD (Figure 2-4B) and AFD prepared samples (Figure 

2-4C). However, detailed differential image analysis indicated 21 protein spots that were 

newly extracted, solubilized, resolved and detected in the AFD prepared cardiac muscle, 

and completely absent from the parallel MH control (Figures 2-4A, C). Interestingly, 16 

of these proteins were common to the MH+AFD prepared sample, while the remaining 5 

protein spots were completely absent from this sample preparation, and were exclusive to 

the AFD prepared sample (Figure 2-4).  

Thus the improvements afforded by AFD can be separated into two groups: those 

that can be ‘rescued’ in MH+AFD and those that cannot (Figure 2-4). Herein lies the first 

evidence that there are two differing benefits afforded by AFD with regard to ‘new’ or 

previously undetected / unresolved proteins. First, many proteins are more efficiently 

extracted by AFD than by MH, purely as a consequence of more thorough 
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homogenization, greater surface area, improved detergent access and, as a result, 

greater solubility (Figures 2-1 – 2-6). For this population of proteins the improvement 

yielded by AFD can be ‘rescued’ from a MH prepared sample by applying AFD 

immediately thereafter (Figure 2-4). Second, some population of proteins or protein PTM 

states are maintained or preserved by virtue of homogenization in a deep frozen state 

using AFD. It would be expected that labile proteins or protein PTM states are either 

reversed or otherwise revert to their parent states, and are thus altered as soon as MH is 

carried out, and cannot be recovered even if AFD is applied immediately thereafter.  

Finally, a select number of proteins newly detected only in AFD homogenized 

samples appeared in regions of the 2DE maps that corresponded to poorly resolved areas 

of horizontal streaking in the maps of parallel, MH samples (Figure 2-3 iii, iv, v, viii, ix; 

Figure 2-5B vi; Figure 2-6A iv, B i). Essentially, in areas for which the image analysis 

paradigms were unable to clearly differentiate distinct peaks above local background in 

MH samples, sharper and more distinctive peaks were detected in samples homogenized 

by AFD. In these cases, the improvement was two-fold: an enhancement in abundance of 

the protein in question, but also an improvement in resolution. The AFD protocol 

improved the solubility of this select subset of proteins in a manner that enhances 

isoelectric focusing performance (these improvements appear exclusively in the 1st 

dimension), yielding higher resolution (Figure 2-3 through 2-6). At 4 °C, non-specific 

protein alterations (e.g. oxidations) could conceivably create a series of non-

stoichiometric charge isomers from a single protein species during the process of MH, 

generating a horizontal streak containing a series of exceptionally similar yet artefactual 

isomeric protein species. Deep freezing and AFD would be expected to largely alleviate 

such nonspecific alterations, resulting in single, distinct, highly resolved protein spots 

rather than horizontal streaks. Thus, the detection of this subset of proteins may arise 

because of better preservation of protein integrity during AFD, as described in the 

preceding paragraph. 

It might be argued that these ‘new’ protein spots, resolved and detected only 

following AFD of tissue samples, could in fact represent artefacts of the AFD process 

itself. However, given the extremely low handling temperatures involved, it is difficult to 
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speculate as to exactly what the artefactual chemistry could be. It is difficult to invoke 

any substantial proteolytic activity at the temperature of liquid N2, -196 °C. Are any 

enzymes active at this temperature to an extent necessitating further concern? If so, is 

concern warranted, considering homogenization requires tens of seconds, and it is 

standard practice to store tissues at -196 to -80 °C for weeks, months, and longer? 

Alternatively, it might be suggested that the physical force imparted on the sample during 

AFD is significantly in excess of what the sample experiences during MH procedures. 

Clearly additional force is required to disrupt the tissue in a deep frozen state, so as to 

yield the thoroughly and finely pulverized homogenates described herein (Figures 2-1 

and 2-2). However, it is doubtful that this additional force is sufficient to disrupt peptide 

bonds and thus cause breakage of the protein backbone. It was previously reported that 

AFD was used, essentially as described here, to facilitate the extraction of protein in an 

enzymatically active state.39 This is perhaps the single most convincing piece of evidence 

for the maintenance of protein integrity by AFD, arguing “new” protein spots detected 

following AFD are unlikely to be cleavage products. If AFD were to cause general lysis 

of the peptide backbone, even at a select number of naturally labile amino acid linkages, 

greater evidence of this in 2DE proteomic maps would be expected; that is, a substantial 

and general increase in protein strings or streaks (successive pI / MW isomers), or a much 

larger number of ‘new’ protein species, would be expected as a result of the AFD 

protocol. In this respect, the high degree of proteome pattern conservation between AFD 

and MH prepared samples at the level of 2DE suggests this type of broad spectrum lysis 

is unlikely, and in fact speaks for the quality of AFD as a method. There is no immediate 

or obvious detriment to adoption of this process (Figures 2-3 through 2-6). 

The detectable improvements afforded by AFD, as documented here, occurred 

across a diverse range of tissue types, each with different characteristics, complications, 

and caveats to be considered in producing a reasonable proteomic map (Figures 2-3 

through 2-6). Consider, for example, liver and heart. Structurally the fibrous cardiac 

muscle is a much more demanding tissue than the lobes of the liver, which have a soft 

consistency. Thus, if the benefits of AFD arise entirely from more thorough 

homogenization of the tough or fibrous components of a tissue sample, then protein 
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extraction from cardiac muscle should be substantially more enhanced by this 

method, relative to any minor improvements that might occur with a liver sample of soft 

consistency, that can be quite effectively homogenized manually.161 Yet, a very 

comparable number of quantitative improvements to both liver and heart analyses were 

identified by 2DE (Figures 2-3 and 2-4). It may be that arresting enzyme activity by 

carrying out the homogenization process in a deep frozen state is the more critical 

parameter in this case (Figure 2-3 and 2-4). The liver contains a myriad of endogenous 

enzymes, many of which are highly compartmentalized and act on polypeptide substrates. 

Thus, disrupting this cellular compartmentalization in a deep frozen state could clearly be 

beneficial in maintaining native protein and protein PTM states that are lost or altered 

during MH on ice. 

In samples that were prefractionated prior to 2DE, the improvement in tissue 

homogenization, yielding previously undetectable proteins, was not limited to either 

isolated protein fraction (Figures 2-5 and 2-6). Proteomic maps of both membrane and 

soluble protein isolates from total mouse brain and spinach leaf were enhanced as a result 

of AFD (Figures 2-5 and 2-6). The mouse brain in particular is generally not considered 

to be a structurally difficult or tough / fibrous tissue. From both basic and clinical 

research perspectives, given the current and growing research focus on the brain and 

other neural tissue, AFD should clearly be of broad interest. Of note is the fact that many 

of the newly detected proteins resolved through the use of this homogenization strategy 

were molecules of relatively low abundance in these proteomic maps (Figure 2-2 - 2-5). 

Thus, AFD routinely and reproducibly improves the resolution and detection of low 

abundance proteins, thereby improving the dynamic range of 2DE. Moreover, in ongoing 

and increasingly detailed studies, many research groups are investigating ever smaller 

and more specific regions of the brain. Consequently, given the correspondingly small 

sample sizes that result, the enhanced protein yields achieved by AFD should be of 

immense practical benefit.  

The improved yields and reduced waste afforded by AFD were perhaps most 

advantageous in handling spinach leaf, as this tissue had the lowest gross protein content 

of any of the tissues tested (Figure 2-2). However, in addition to improved yields, 23 
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spinach proteins (10 membrane, 13 soluble) were better or newly solubilized, 

extracted, resolved and detected in both membrane and soluble protein isolates as a result 

of mechanical homogenization (Figures 2-6A and B, respectively). Clearly, the potential 

to extract and solubilize proteins from this structurally tough tissue containing cell walls 

is dramatically enhanced by AFD of spinach leaf relative to the MH prepared tissues, 

based on the enhanced thoroughness, uniformity and efficiency of the former (Figures 2

1 and 2-2). 

2.4.3 Effects on Distributed Relative Protein Abundance 

MH and AFD prepared samples yielded highly similar gels by initial visual 

inspection (Figures 2-7 and 2-8). At the level of image analysis, the majority of proteins 

in MH prepared tissue samples had matching counterparts in the parallel AFD 

homogenized tissues; differential analysis reproducibly indicated 98-99.7 % (n = 3-4) 

overlap between the two proteomes, depending on the tissue tested. The unique or newly 

solubilized, extracted, resolved and detected proteins present only in AFD prepared 

samples represented the remaining 0.3-2.0 % of the resolved proteome (Figures 2-7 and 

2-8). 

Despite this outward pattern similarity at the level of visual inspection and 

differential image analysis, many changes in the relative abundance of specific proteins 

were detected by unbiased automated image analysis (Progenesis Workstation) that were 

not discernable by eye. By definition, these proteins were common to both MH and AFD 

prepared samples, but differed measurably in relative abundance depending on the 

homogenization strategy used. The full extent of this effect of homogenization-dependent 

changes in the relative abundance of specific proteins was explored directly, by 

quantitative image analysis of the total mouse liver proteome (Figure 2-7). To ensure 

unbiased analysis, exhaustive normalization of total protein loads during gel preparation 

and of total stain density during image analysis was carried out. Thus the total protein 

load and total fluorescent volume of the gels being compared was consistent between the 

two homogenization protocols (Figure 2-7). A large number of mouse liver proteins, 

representing ~ 6 % of the proteome resolved here, were found to be significantly either 
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up- or down-regulated in the sample depending on the homogenization strategy 

applied (Figure 2-7). 

To verify and support this finding, an alternate approach was adopted involving 

completely independent staining methods. Mouse brain soluble protein fractions resolved 

using 2DE were stained in parallel with less sensitive CCB, and MH and AFD prepared 

samples were compared by differential image analysis (Figure 2-8). At the level of Sypro 

Ruby staining differential image analysis of the mouse brain soluble protein fraction 

indicated 7 proteins that were uniquely detected when using AFD as a homogenization 

strategy (Figure 2-5). Many of these specific proteins were relatively low abundance 

molecules, at the edge of the level of minimal detection in Sypro Ruby, and as such were 

not detected at the level of CCB staining (Figures 2-5 and 2-8). Differential image 

analysis of CCB stained gels from the same sample indicated a different population of 

CCB-stained proteins that were uniquely detected in the AFD prepared mouse brain 

soluble fraction and absent from the MH control (Figure 2-8B). Moreover, an alternate 

population of CCB-stained proteins was detected uniquely in the MH mouse brain 

soluble fraction, but were undetected in the AFD prepared sample (Figure 2-8A). 

However, all of these CCB stained proteins (indicated in Figure 2-8) were detectable at 

the level of Sypro Ruby, regardless of the preparation strategy involved, and thus were, in 

actuality, present in both AFD and MH samples (Figure 2-5B). Nevertheless, the relative 

abundance of these proteins clearly depends on the homogenization strategy applied 

(Figures 2-5B and 2-8). CCB stained proteins that were uniquely detectable or 

undetectable in AFD prepared samples, represented respective up- and down-regulations 

at the level of Sypro Ruby staining (Figures 2-5B and 2-8). The suggestion is that these 

proteins represent a select number of homogenization dependent protein up- and down-

regulations (Figure 2-7) that coincidentally happen to bridge the detection threshold of 

CCB (Figures 2-5B and 2-8). As such, this subpopulation of proteins (Figure 2-8) merely 

represents some fraction of the total number of homogenization dependent relative 

abundances present in the sample.  

These changes in the relative abundance of specific proteins (apparent up- and 

down-regulations) occurred throughout the proteomic maps, across the full pI and MW 
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ranges, were seen in every tissue type tested, and correlated directly with the 

particular homogenization strategy used (Figures 2-7 and 2-8, and data not shown). This 

is perhaps not surprising given the improvements in extent, uniformity, and 

reproducibility of the homogenate afforded by AFD over MH (Figure 2-1). More 

thorough homogenization using AFD resulted in reduced waste, enhanced surface area, 

and thus more efficient extraction and higher total protein yields (Figures 2-1 and 2-2); 

however, the magnitude of this improvement in extraction efficiency clearly varied from 

protein to protein. Some proteins were extracted and solubilized in much greater 

quantities as a result of AFD (apparent up-regulation). As a consequence, the relative 

abundance of other proteins in the total protein milieu harvested from the biological 

sample was reduced (apparent down-regulation). 

However, by definition, these differentially solubilized and extracted proteins 

were resolved and detected at the level of Sypro Ruby regardless of the homogenization 

method used. Thus we are presented with a situation in which the two tissue preparation 

strategies result in proteomic maps that are largely consistent in terms of protein spot 

positions (pI / MW), but that specific protein abundances vary markedly depending on 

the homogenization technique used. Given the evidence that AFD yields much more 

thorough homogenates than does MH (Figures 2-1 and 2-2), it seems likely that 

proteomic maps prepared using this method more accurately reflect the true biological 

complexity (protein diversity and relative abundance) of the tissue sample. As MH seems 

not to be the most quantitative homogenization strategy available (Figures 2-1 through 2

8), it must be acknowledged that relative protein abundances measured using this 

homogenization technique may thus not accurately reflect the true biological complexity 

of the tissue. 

2.4.4 AFD of exceptionally tough tissue samples 

Historically AFD-like techniques or AFD itself has been used to homogenize 

extremely dense tumor material277 and fibrous keratinized clavus tissue278,279 for RNA or 

lipid extraction. Several of the tissues described herein are notoriously difficult to handle 

(most notably the cardiac muscle160 and spinach leaf); however, even these do not 
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approach the level of difficulty associated with clavus material.278 In order to test the 

limits of AFD as a tool for proteomics, the homogenization of an extraordinarily tough 

tissue sample was attempted; even determined attempts at MH of the cricket hindlimb 

proved hopelessly ineffective, even when ‘automated’ MH using a motor-driven pestle 

was applied (data not shown). Although this tissue can be broken into pieces of ~1-2 mm 

in size using this technique, this was neither a thorough, consistent, routine, nor 

representative homogenate. However, homogenization of the entire cricket hind limb in a 

deep frozen state using AFD immediately produced a thorough, uniform homogenate, as 

verified by light microscopy (Figure 2-9A), without requiring any alterations to the 

routine protocol described herein. Although some chitinous fragments resist the more 

thorough homogenization that was achieved with other tissues (Figure 2-2), this level of 

homogeneity greatly exceeds what can be achieved by MH, and is quite likely the most 

thorough preparation of such tissue that is currently possible. 

The quality of the cricket hind limb homogenate was verified by 2DE of the total 

protein isolate (Figure 2-9B). A large number of proteins were resolved and detected 

from this homogenate, across the full pI and MW separation ranges, following AFD. As 

expected, there are large, appropriately positioned spots, most likely corresponding to 

actin and myosin, consistent with a tissue of substantial musculature. Moreover, the 

majority of the hind limb proteome is extremely well resolved, as the bulk of the proteins, 

including many low abundance species, are well separated as distinct, round, individual 

spots across the full range of the gel.  

Frozen disruption is quite possibly the only currently available method capable of 

effectively homogenizing insect or comparable tissue samples containing this extensive 

level of chitinous exoskeletal material. Moreover, at the level of light microscopy, even 

the exoskeleton itself is quite finely pulverized in these tissue homogenates (Figure 2

9A). 

2.5 Concluding Remarks 

One of the key objectives in molecular analysis is to create a ‘snapshot’ of the 

sample at the moment of isolation, such that native biological complexity is maintained 
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through the necessary preparation and handling steps leading to the final quantitative 

analysis. The ultimate goal is an analysis that reflects the biology as it actually exists. It is 

quantitatively demonstrated that AFD of tissue samples improved subsequent proteomic 

analyses relative to the common MH approach. AFD enhanced or improved the 

thoroughness of homogenization, and the extracted protein yield. Ultimately these 

improvements contributed to improved resolution of proteomic analyses by 2DE.  

Specifically, AFD enabled the resolution and detection of proteins and protein 

abundances that were not detectable with less thorough MH. In this regard, AFD 

represents an additional method that improves the rigour of sample handling for 

proteomic analysis, by preserving a level of biological complexity that is commonly lost 

or unknowingly neglected. 

These improvements were achieved using existing, commercially available 

equipment and the application of a characterized technique.39,277-282 Historically, the 

technique and apparatus have primarily been applied to mRNA extractions.277,281,282 Very 

few reports of application to protein extractions have been made.39 Perhaps this is 

because the technique is typically avoided unless absolutely necessary, as in the case of 

mRNA extractions.  

Although there are some concerns over the long term reliability of the Mikro 

Dismembrator, thus far no such issues have been encountered in our laboratory. Over the 

course of 18 months, we have used a 17-year-old instrument ~ 800 times (~ 300 samples; 

total of ~ 2 million cycles at prescribed parameters), with no discernable deterioration in 

performance or evidence of malfunction.  

Moreover, the improvement in protein handling for 2DE or other protein 

separation techniques is clear. AFD also (i) makes provision for relatively small tissue 

samples; (ii) enables the most thorough, automated and routine homogenization of even 

hard, dense, fibrous and otherwise tough tissue; (iii) significantly enhances protein 

extraction efficiency and reduces waste by virtue of improved thoroughness of 

homogenization and greater sample surface area; and (iv) reproducibly improves the 

rigour of quantitative proteomic analysis using 2DE.  
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The improvements in proteomic maps resulting from the application of the AFD 

tissue homogenization strategy could clearly be products of several advantages afforded 

by the technique. Compared with MH, frozen disruption offers an automated alternative, 

which improves throughput and reproducibility in large scale proteomic analyses. AFD 

produces the most thorough homogenates possible thus far, enabling the most 

representative and quantitative extraction of proteins by virtue of improved sample 

surface area. Finally, disruption is carried out in a deep frozen state, and the 

homogenization process is rapid, allowing the sample to remain frozen throughout, 

minimizing the opportunity for modifications to native protein conformations or PTMs, 

and thus maintaining native biological state and complexity. AFD thus appears to be the 

most proficient tissue homogenization strategy available for producing a ‘snapshot’ of the 

endogenous, native biological complexity of a protein sample. 
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Chapter Three: Enabling coupled quantitative genomic and proteomic analyses 

from rat spinal cord samples. 

This Chapter was previously published: 

R. Hussain Butt, Tom A. Pfeifer, Allen Delaney, Thomas A. Grigliatti, Wolfram Tetzlaff 

and Jens R. Coorssen. 2007. Molecular and Cellular Proteomics. 6: 1574-1588. 

The author was responsible for study design in addition to all sample preparation 

and subsequent proteomic analyses, including gel electrophoresis and image analysis. Dr. 

Pfeifer acts as co-first author and contributed to study design and was responsible for all 

surgeries, sample collection, RNA microarray work, and contributed to the first drafts of 

the manuscript. Dr. Delaney, Dr. Grigliatti and Dr. Tetzlaff contributed to study design 

including model development and surgical infrastructure, and contributed critical revision 

of the manuscript. Dr. Coorssen contributed to study design and revisions of the 

manuscript.  

3.1 Introduction 

Expression analysis is a critical component of studies investigating biological 

mechanisms, including clinically relevant processes underlying disease, injury, and 

repair. Historically, analyses of protein expression have often relied on inference from the 

characterization of mRNA changes. Molecular analysis of RNA has rapidly evolved from 

classical techniques such as the Northern blot to current large-scale, high throughput 

microarray analyses.286-289 Proteomics offers an alternate means of expression 

analysis.20,126,290,291 As a direct rather than surrogate measure of protein expression, 

proteomics has evolved, like genomics, toward the capacity for routine, reliable, large-

scale discovery science. Both analytical paths have their own advantages and 

disadvantages, and their own implications concerning data analysis and interpretation. 
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Clearly, quantitative, effectively coupled analyses would provide the most robust, 

critical, ‘systems-level’ evaluation of a given sample set. 

Coupled genomic and proteomic analyses of biological samples should thus satisfy 

both analytical pathways and, even more importantly, offer the most rigorous and 

comprehensive molecular assessments possible.292 A practical consideration in such 

coupled studies is whether the same sample can be used for both analyses (the ‘ideal’ 

situation) or if the nature of one analysis, or the other, necessitates the parallel generation 

of a separate sample. This consideration is even more critical for researchers 

investigating molecular processes in exceedingly small, valuable and/or difficult to obtain 

biological material. Ideally, the same sample could then be used in both analyses, not 

only in the interest of practicality, but also reproducibility and accountability between 

methods. In order to achieve this, the sample must somehow be randomized 

(‘homogenized’ in terms of handling tissues) such that each analysis is carried out on a 

representative portion of the original. The question then becomes whether the randomized 

sample must be partitioned and prepared independently for each application or if one 

extraction pathway is suitable for both RNA and protein analyses. 

There are benefits and disadvantages in utilizing a single method for sample 

preparation in coupled analyses. Using one protocol for both RNA and protein extraction 

offers the benefit of requiring less starting material, while still tracking RNA and protein 

expression profiles from the same single sample. However, it begs the question of 

whether a single protocol provides the breadth, depth and resolution of analyses that may 

have been obtained had distinct procedures, optimized for RNA and/or protein extraction, 

been used. Can a single preparation method yield the same result as separate, specialized 

procedures? All too commonly the use of a single method for coupled analysis is 

regarded as a compromise. Realistically, it will be unacceptable to most researchers to 

reduce quality or certainty in one analysis despite optimizing the other.  

Methods of extraction and preparation of either RNA or protein from biological 

samples have been thoroughly explored and characterized.286,293 However, reports on 

concurrent RNA and protein extraction from small, valuable biological samples are 

relatively few, and none have critically evaluated the detailed, quantitative analyses of 
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both classes of biological molecule.292,294,295 In one study coupling genomic and 

proteomic analysis, the central proteomic analysis described differential enrichment in 

high and low molecular weight proteins concurrent with RNA extraction.292 In this case 

the focus was on cataloguing only a select portion of the proteome, rather than the global 

analysis that must be undertaken if these methods are to effectively assist in delineating 

underlying molecular mechanisms. In a very recent study describing concurrent 

proteomic and genomic analysis, the focus was clearly the mRNA microarray analysis 

and in this case the proteomic analysis was limited to a qualitative assessment of the 

sample by 2-dimensional gel electrophoresis (2DE), and no fully comparative, 

quantitative proteomic analyses were carried out.295 

Nonetheless, the rationale for extraction of both RNA and protein from the same 

sample is clear if one wishes to determine cause-and-effect relationships; specifically 

there is interest in the effect of injury on specific protein expression in the spinal cord. 

Thus, the focus here is on rat spinal cord samples, and the long term aim of this work is 

to better understand the native complexity of this tissue as well as the diversity of 

molecular alterations that occur after injury, in order to better assess treatment of spinal 

cord injury with neuroprotective agents administered post-injury. The goal of this initial 

investigation was to identify optimized techniques that would provide a full, rather than 

selective means of coupled, quantitative genomic and proteomic analyses on the same 

tissue sample. 

An avenue worthy of exploration is the use of RNA stabilization compounds. Many 

RNA species are extremely labile, with half-lives of only hours or minutes in aqueous 

solution, generally due to the activity of endogenous or exogenous (contaminating) 

ribonuclease. Thus methods of stabilizing RNA are critical if global analyses 

representative of the native biological complexity are to be achieved. Generally RNA 

stabilization reagents operate by impeding RNase activity. In this regard, reagents such as 

TRIzol (Invitrogen, Carlsbad CA) can be considered RNA stabilizing agents, as they act 

by nonspecifically denaturing proteins, and thus disrupting enzyme (including RNase) 

activity. However, since the efficacy of TRIzol as a preparation technique is being 

directly assessed in this study (see below), an independent method of RNA stabilization 
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was tested: RNALater, a non-toxic tissue storage reagent known to stabilize and 

protect RNA, is also commercially available (Ambion, Foster City, CA). Advantages of 

this approach include immediate and long-term stability of the sample (eliminating the 

need to immediately freeze the sample), and its cryoprotectant properties that improve the 

longevity of the sample through multiple freeze-thaw cycles; these properties naturally 

appeal to labs collaborating at a distance. In addition, RNALater is also attractive as it is 

relatively safe, non-toxic, and inexpensive. 

The so-called tri-reagents are another attractive technology, given the goals of this 

study.292,295,296 These compounds are commercially available and marketed as a means of 

simultaneously extracting RNA / DNA and protein from a single biological sample, 

yielding products that the manufacturer claims are appropriate for both genomic and 

proteomic analyses, respectively. These solutions consist minimally of a mono-phasic 

solution of phenol and urea, and are often combined directly with the biological sample 

during homogenization. The solution arrests RNase activity by rapid and thorough 

denaturation of proteins, thus preserving low abundant or labile mRNAs. Tri-reagents, 

such as TRIzol, are used predominantly in situations where RNA / DNA extractions and 

some form of genomic analysis are the primary goals.292,295,296 Few groups routinely 

employ a Tri-reagent when proteomic analysis is the primary goal,297 and no global 

characterization of the quality of TRIzol-extracted proteomes has been described.292,294,295 

Indeed, it is generally recognized that specific protein losses occur with any kind of 

organic-based protein denaturation protocol, immediately calling into question the 

suitability of these extracts for truly quantitative, global proteomic analyses. Nonetheless, 

many groups continue to routinely extract protein from biological samples using 

somewhat comparable organic precipitation protocols, and some select advantages to this 

practice are suggested.41,156 

A third possible technology of immediate interest in proteomics, but historically 

also in mRNA, lipid and carbohydrate analyses, is so-called automated frozen disruption 

(AFD) as described in Chapter Two.298 Essentially AFD is a method of thoroughly 

powdering tissue samples in a deep frozen state, akin to what is commonly done with a 

liquid nitrogen-chilled mortar and pestle, but offers a mechanized variation that is much 
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more thorough, reproducible, and appropriate for even smaller samples.276-278,282,298 

The advantage of mechanical disruption in a deep frozen state is clear: at this temperature 

enzyme activity in the biological sample is essentially nonexistent; certainly it is 

extremely reduced from that at physiological temperature or even on ice. Moreover, 

nonspecific degradation of proteins seems not to occur during AFD, as once thawed, 

enzyme activity is restored.39 It was recently demonstrated that AFD was the most 

appropriate available tissue disruption strategy for proteomic analyses (by 2DE), enabling 

the efficient handling of even very small and/or very hard, dense tissue samples.277,282,298 

It has additionally been reported that AFD is the optimal tissue disruption strategy in 

terms of total RNA extraction, especially so from dense, fibrous or otherwise difficult to 

homogenize materials.277,282 However, a detailed analysis of AFD in terms of its 

suitability for coupled protein and RNA analyses, and for RNA analyses by microarrays, 

has not been reported. 

Finally, another analytical path that is of critical potential interest for many 

proteomic analyses is sample prefractionation, which has been demonstrated to be of 

immediate and substantial benefit for gel-based proteomics.158,271 Briefly, sample 

prefractionation strategies separate proteomes into physically (e.g. size, density, cellular 

localization), chemically (e.g. hydrophobicity, charge properties, specific proteins) or 

otherwise defined fractions prior to resolving proteins in each of these separate 

fractions.299 Chief among the advantages of this approach is improved resolution and 

detection of low abundance proteins: many proteins that fall below detection sensitivity 

in separations of the total proteome are effectively concentrated by virtue of the sample 

prefractionation strategy, and are thus detectable in an optimized separation of the 

defined fraction. However, prefractionation strategies are not without their own 

complications. The approach necessarily introduces more steps into the analytical 

process, increasing the potential for error; even with inhibitors present, the additional 

handling will nonetheless enhance the potential for nonspecific proteolysis and/or 

artefactual modifications. Moreover, a proteomic analysis involving prefractionation 

inherently requires a larger amount of starting material than one without; as no 

prefractionation process is 100% efficient, the additional handling compounds losses and 
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thus enough starting material must be present so that analyses can be carried out 

optimally on each individual fraction. Thus, sample prefractionation becomes a 

challenging prospect when small, rare and/or expensive tissue samples are to be analyzed, 

as was the case in the present study. A prefractionation strategy separating tissue 

proteomes into physically defined total membrane and soluble protein components has 

been characterized as practical, rapid, and effective (Chapter Two)298 but its viability for 

the analysis of such scarce amounts of starting material, further limited by the constraints 

of coupled genomic and proteomic analyses, has not yet been explored.  

Thus these available methods and combinations thereof have been systematically 

tested with the goal of optimizing quantitative, coupled genomic and proteomic 

molecular analyses from small tissue samples of rat spinal cord (Figure 3-1). It is hoped 

that an optimized method will lay the groundwork for more detailed, systems-level 

analyses of the native spinal cord (and other tissues), and ultimately for coupled analyses 

of spinal cord injury and recovery processes. 

3.2 Methods 

3.2.1 Experimental Animals 

Male Sprague–Dawley rats (University of British Columbia Animal Facility, 

Vancouver, British Columbia, Canada), weighing 260 to 300 g were used. All animal 

procedures were performed in accordance with the guidelines of the Canadian Council 

for Animal Care and approved by the institution's animal care committee. 

3.2.2 Surgery 

For the spinal cord injury sham procedure, rats were anaesthetized with an 

intraperitoneal injection of ketamine hydrochloride (72 mg/kg) and xylazine 

hydrochloride (9 mg/kg), and all surgery was carried out under sterile conditions. Once 

anaesthetized, the spinal cord was exposed, and the lamina of T9 was removed with fine 

rongeurs. Subsequently, the rat was held for 10 minutes by clamping the dorsal process of 
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T8 and T10 with Allis clamps (equivalent to the time needed to perform a contusion 

injury). No impact was given to these sham control animals. The skin incision was 

subsequently closed using wound clips. 

Post-operative care included: keeping the animals on a thermostatically regulated 

heating pad until completely awake, the administration of 6 ml of Ringer’s solution 

subcutaneously, expressing the bladder three times daily, checking for signs of infection, 

and monitoring post-operative weight loss. 

3.2.3 Spinal Cord Segment Collection 

Spinal cord segments were collected 24 hours post surgery. To minimize 

degradation of spinal cord samples, anaesthetized rats were perfused intracardially with 

100 ml of cold (4 ºC) phosphate buffered saline (PBS), which lowered body temperature 

~ 10 ºC within 1 minute. The rats were then placed on ice and a laminectomy of the entire 

thoracic and lumbar spinal cord was performed. The isolated spinal cord was kept at 4 ºC 

while a 5 mm segment, with the injury site being the epicenter, was excised. The excised 

segments were placed in pre-cooled (4 ºC) sterile RNase/DNase-free microcentrifuge 

tubes, and immediately flash frozen in liquid N2. All cord segments were stored at -70 °C 

until further processing. To evaluate the suitability of RNALater for coupled analyses 

(Figure 3-1), some samples (where indicated) were treated with the protective agent at 

three points during sample collection: (i) the animals were perfused with 25 ml of cold (4 

ºC) RNALater (Ambion) immediately following standard PBS perfusion; (ii) the spinal 

cord was bathed in RNALater immediately after it was exposed during surgery and again 

following the laminectomy; and (iii) excised spinal cord segments were soaked in 0.3 ml 

of fresh RNALater at 4 ºC overnight before the bath was removed and the tissue stored at 

-70 °C. 

3.2.4 Sample Preparation Conditions 

Three combinations of existing preparative techniques were tested (Figure 3-1). 

Condition 1: Standard Homogenization (SH); in the presence of TRIzol the tissue was 
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macerated in a microcentrifuge tube using a fitted pestle. Condition 2: AFD followed 

by TRIzol extraction (AFD-T) of the frozen pulverized tissue. Condition 3: AFD 

followed by direct CHAPS:Urea extraction / solubilization (AFD-D) of the frozen 

pulverized tissue. 

3.2.5 Standard Homogenization 

TRIzol extraction of total RNA, and subsequent extraction of protein was carried 

out essentially according to the manufacturer’s specifications (Invitrogen), with minor 

modifications (Standard Homogenization = SH, Condition 1). To a 5.0 mm spinal cord 

segment (~3 mm diameter), 1 mL of TRIzol was added and the sample was homogenized 

with a disposable pestle for 3 times 15 seconds using continuous rotary motion supplied 

by a small electric motor (Pellet Pestle Cordless Motor, Kontes, Vineland NJ). The 

homogenate was incubated for 5 minutes at room temperature with continuous gentle 

agitation on a rotator. At this point 0.2 ml chloroform was added, the tubes shaken for 15 

seconds and then incubated for 3 minutes while rotating at room temperature. This 

mixture was then centrifuged at 12,000 x g for 15 minutes at 4 ºC. The upper, aqueous 

phase was transferred to a new tube and the lower organic phase (Fraction 1) was saved 

for protein extraction. Isopropanol (0.5 ml) was added to the aqueous phase to precipitate 

RNA. The precipitate was mixed by inversion, and then incubated for 10 minutes at room 

temperature prior to centrifugation at 12,000 x g for 10 minutes at room temperature to 

pellet RNA. The supernatant (Fraction 2) was removed to a new tube and kept for protein 

extraction, while the RNA pellet was washed with 1 mL 75% ethanol, centrifuged at 

7,500 x g for 5 minutes at room temperature, and air dried in sterile conditions for 5-10 

min. The RNA pellets were dissolved in 20 µL RNase-free water and stored at –80 °C. 

Protein was isolated from the two protein-containing fractions by isopropanol 

precipitation. First, DNA was removed from the organic phase of Fraction 1 by the 

addition of 0.3 mL of 100% ethanol. The sample was mixed by inversion, incubated for 3 

minutes at room temperature, and centrifuged at 2,000 x g for 5 min. The phenol/ethanol 

phase was removed and combined with the supernatant from the RNA precipitation stage 

(Fraction 2). To this mixture, 2.5 mL of isopropanol was added, the sample mixed, 
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incubated for 10 minutes, and the precipitated protein pelleted at 12,000 x g for 10 

min. The supernatant was removed and the pellet washed three times using 1 mL of 0.3 

M guanidine-HCl with 20 minutes incubations. Following centrifugation at 7,500 x g for 

10 minutes the sample was vacuum dried and stored at –80 ºC. 

3.2.6 Automated Frozen Disruption 

Spinal cord segments were mechanically disrupted in the deep frozen state using a 

Mikro-Dismembrator (B. Braun Melsungen AG, Melsungen, Germany) as previously 

described in Chapter Two.298 Briefly a self-sealing Teflon chamber containing a stainless 

steel ball bearing was pre-chilled in liquid N2, the deep frozen segment was loaded, and a 

vibrational frequency of 40 Hz was applied for 60 seconds. The resulting pulverized cord 

sample was divided equally: one aliquot of frozen powdered tissue for RNA and protein 

extraction using TRIzol (AFD + TRIzol extraction = AFD-T, Condition 2), and the other 

for direct extraction of the protein using a CHAPS/urea extraction (AFD + Direct 

extraction = AFD-D, Condition 3). In each case the sample remained deep-frozen until 

the addition of the required reagent: either TRIzol or a CHAPS/urea solution (see below), 

respectively. In this case, because the amount of starting material was halved, the TRIzol 

extraction was performed as described above except 0.5 ml of TRIzol was used and all 

other subsequent reagent additions were halved. 

3.2.7 CHAPS / Urea Extraction 

Powdered frozen tissue homogenates were thawed directly in 2DE solubilization 

buffer containing 8M urea, 2M thiourea, 4% CHAPS and broad-spectrum protease 

inhibitor cocktail as described in Chapter Two.283 Precipitated and vacuum dried protein 

isolates from TRIzol extracts were solubilized in the same manner. The sample was 

vortexed vigorously for 20 minutes at room temperature and then centrifuged at 12,000 x 

g at 4 °C for 10 minutes to pellet and remove any detergent insoluble material. Although 

no visible pellet was ever observed, the supernatant was isolated into a fresh tube for 

subsequent analysis. 
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3.2.8 Sample Prefractionation 

As an alternative to direct solubilization of the powdered frozen tissue 

homogenate, prefractionation into membrane and soluble fractions was attempted in 

select cases, as indicated. Sample prefractionation was carried out essentially as 

previously described in Chapter Two. Briefly the powdered frozen tissue homogenates 

were thawed directly into 3 volumes of ice cold hypotonic lysis medium containing 20 

mM HEPES (pH = 7.4), broad spectrum protease,283 kinase and phosphatase inhibitor 

cocktails, and this was vigorously vortexed for 90s. Isotonicity was restored by the 

addition of an equivalent volume of 2X PBS, and the lysate was ultracentrifuged at 

125,000 x g for 3 hours at 4 ºC to pellet all membranes. The supernatant (soluble protein 

fraction) was concentrated to a minimal volume using Nanosep centrifugal concentration 

devices (Pall Life Sciences, East Hills, NY), and the buffer was thus exchanged three 

times with 4 M urea with protease inhibitor cocktail to remove residual PBS. The final 

concentrate was combined with 5 volumes of 2DE solubilization buffer. The membrane 

pellets were resuspended in ice cold hypotonic lysis medium as a wash to remove non-

specifically associated soluble protein contaminants, and to completely lyse any 

remaining intact membrane-bound structures and ensure the dispersion of their soluble 

protein contents. Isotonicity was restored with an equivalent volume of 2X PBS and 

membranes were pelleted by ultracentrifugation as described, prior to being solubilized in 

2DE solubilization buffer. 

3.2.9 RNA Analyses - Microarrays 

RNA quality was initially assessed using spectrophotometric readings and 

separation on 1% denaturing formaldehyde agarose gels, and subsequently confirmed by 

analysis on an Agilent 2100 Bioanalyzer. At the BC Genome Sciences Center (BCGSC), 

individual RNA samples (3 µg each) were processed on the Affymetrix Rat 230 2.0 chip 

using the manufacturer’s recommended protocols. For processing on the Applied 

BioSystems Inc (ABI) Rat Arrays, 200 ng of RNA was used and sample processing was 
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performed by the Winship Cancer Institute DNA Microarray Core Facility (Emory 

University School of Medicine, Atlanta GA USA) using the manufacturer’s 

recommended protocols. Triplicate samples were analyzed on individual arrays, unless 

noted otherwise. 

3.2.10 Protein Analyses – 2D Gel Electrophoresis 

Total solubilized protein was quantified using the EZ-Q Protein Quantitation 

assay (Molecular Probes, Eugene OR). Thus, sample normalization was achieved by the 

handling of consistent amounts of total protein for every sample. Uniformly, 100 µg of 

protein in solubilization buffer was combined 1:1 with an ampholyte buffer containing 8 

M urea, 2 M thiourea, 4 % CHAPS, protease inhibitor cocktail, 1 % broad range carrier 

ampholytes (pH 3-10) and 0.2 % each of 5 narrow range ampholytes (pH 2.5-4.0, 3.5-5.0, 

5.0-7.0, 7.0-9.0, 8.0-9.5) such that the final concentration of ampholytes was 1% (w/v). 

Samples were sequentially reduced and alkylated with 2.6 mM tributylphosphine / 45 

mM dithiothreitol, and 230 mM acrylamide, respectively, for 1 hour each at 25 ºC. 

Sample loading was by passive hydration onto 7 cm (mini format) linear pH = 3-10 IPG 

strips (BioRad, Hercules CA) for 10 hours at 25 ºC. 

Isoelectric focusing was carried out at 17 °C using the BioRad Protean IEF Cell. 

A constant current of 50 µA per gel was applied during the ramping phase: 250 V max 

for 15 minutes (desalting), linear ramping to 4000 V max over 2 hours. Electrode wicks 

were changed periodically to ensure the effective removal of trace salts and enable 

smooth ramping. Once attained, a constant voltage of 4000 V was applied for 37 500 Vh. 

IEF run data were captured in real-time with a personal computer using an RS232 serial 

connection protocol. 

Following IEF, IPG strips were equilibrated according to standard protocols 

described in Chapter Two.298 Briefly, equilibration solution consisted of 6 M urea, 20 % 

glycerol, 2 % SDS and 375 mM Tris-HCl (pH 8.8); the solution was supplemented with 

2% dithiothreitol for the first wash, and this was then replaced with one containing 2.5 % 

acrylamide for the second wash; each equilibration wash was carried out at room 

temperature for 10 minutes. 
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Two alternate 2nd dimension separations were employed. First, standard mini 

(6 cm tall) gels were used for initial separations as described in Chapter Two. For greater 

resolving power, large format (20 cm tall) gels were used in later experiments. All gels 

consisted of 12.5% T, 2.6 % C acrylamide / bis-acrylamide resolving gel with a 5 % T, 

2.6 % C stacking gel. Both separating and stacking gels were buffered with 375 mM Tris-

HCl (pH 8.8).67,98 Electrophoresis was carried out at 4 ºC at a constant current of 16 mA 

per gel during migration through the stacking gel; once stacking was complete, the 

separation was continued at 24 mA per gel (with a maximum potential of 300 V) to 

completion. 

Slight modifications to existing Sypro Ruby staining protocols for mini gels were 

incorporated to achieve similar performance with large gels. Briefly, gels were fixed by 

immersion in 7 % acetic acid / 10 % methanol for 1 hour with gentle rocking. The 

solution was discarded and replaced, and fixation was continued for 12 hours. Gels were 

washed with distilled water a total of 4 times for 30 minutes each before staining with 

Sypro Ruby for 12 hours overnight. Gels were briefly destained in fixative solution for 15 

minutes, and washed with distilled water a total of 4 times for 30 minutes each. Sypro 

Ruby was excited in the visible spectrum (480 nm), and digital images were captured 

(620 nm) using the ProXpress Proteomic Imaging System (Genomic Solutions, Boston 

MA). At this point all gel images were normalized by making small adjustments to the 

exposure time so as to achieve a common maximum fluorescent signal intensity. 

3.2.11 Digital Image Analysis 

Automated analysis of digital images was carried out using the average analysis 

mode of Progenesis Workstation v.2005 software (NonLinear Dynamics, Newcastle, 

UK). Briefly, all 2D gel separations were carried out in triplicate and ‘average gels’ were 

created from these replicates for mathematical / statistical comparison. For inclusion, 

observed protein spot differences between average gels must be both significant 

(Student’s t-test, p < 0.05, n = 3) and 100 % reproducible across the relevant data set. For 

convenience, only differences 2.5-fold or greater were labelled on gel images, but all 

differences meeting inclusion criteria are reported. By establishing rigid inclusion 
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criteria, the most significant differences between resolved proteomes are highlighted 

and the inclusion of artefactual differences is minimized. 

3.3 Results 

In order to most effectively enable fully coupled, quantitative genomic (RNA 

microarray) and proteomic (2DE) analyses, widely used tissue handling, homogenization, 

and extraction techniques have been systematically tested (Figure 3-1). The immediate 

goals of this work were detailed, global (i.e. ‘systems-level’) genomic and proteomic 

analyses of (5 mm) rat spinal cord samples. 

3.3.1 RNA analysis 

Approximately 10 to 15 µg of RNA was recovered from each 5 mm segment of 

spinal cord using the SH extraction procedure (Figure 3-2A). RNA analysis indicated 

OD260/280 ratios of 1.75 - 1.85, with RNA integrity numbers between 8.6 and 9.3 

(Agilent2100 Analyzer). RNA profiles yielded rRNA (285/185) ratios of 1.1 - 1.3 with a 

noted amount of small (50-200 nucleotides) RNA. The presence of degraded RNA 

having less than 50 nucleotides was not seen in any of the samples. From samples 

processed by AFD, half of the resulting powder (equivalent of 2.5 mm of tissue) was 

processed by TRIzol extraction for RNA and protein (AFD-T) while the other half was 

processed directly for protein analysis (AFD-D). Both the yield and the quality of RNA 

recovered from the AFD-T samples were equivalent to that of the RNA derived from the 

SH samples (Figure 3-2). RNA recovered from direct CHAPS/Urea extraction of AFD-

prepared material (AFD-D) yielded RNA quantities of less than 3 µg per segment (Figure 

3-2); therefore this method was not pursued further and only TRIzol extracts were 

compared in microarray analyses.  

RNA samples were subsequently analyzed using both the Affymetrix Rat230.2 

microarrays and the ABI Rat Genechip platforms. The two platforms, Affymetrix and 

ABI, both enable efficient and reproducible detection of differential gene expression. 

However, due to the limited availability of RNA, the ABI Gene Chips were run using 200 
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ng of total RNA (low RNA protocol), compared to the 3 µg of RNA used on the 

Affymetrix arrays (standard RNA protocol). Hence, it was expected that the ABI 

platform would have more variability and thus less ability to detect preparation-

dependent differences. Comparisons of log intensities between AFD-T and SH protocols 

using both the Affymetrix and ABI chips are shown (Figure 3-3). The correlation 

coefficient for the ABI data is 0.988 (Figure 3-3A), and for the Affymetrix data is 0.995 

(Figure 3-3B). The chip-to-chip correlation of log intensity within each platform was 

high (0.975 - 0.966 for ABI; 0.987 - 0.996 for Affymetrix, but low between platforms 

(0.650 - 0.668). Nonetheless, overall both platforms indicated a good correlation between 

the two disruption techniques tested: SH and AFD-T. 

A set of 12,484 common genes were identified by matching Gene IDs from 

annotation files of the ABI and Affymetrix array results, again showing that both array 

systems identified a high degree of similarity between the tissue disruption techniques 

being compared, SH and AFD-T. A comparison of the distribution of log ratios of the 

two disruption methods indicated that ABI results had a wider range of log ratio 

distribution compared to the Affymetrix results (data not shown). 

In each platform, a modified Student’s t-test was used to identify alterations in 

RNA abundance differences between the two extraction methods (Figure 3-4). Using a 

two-fold change and a p-value of 0.01 as cut-off criteria, 63 genes were identified as 

significantly up-regulated between the two homogenization methods (SH relative to 

AFD-T) on the Affymetrix arrays. Using the same criteria on the ABI platform, 104 

genes showed increased abundance and 43 genes showed reduced abundance in SH 

relative to AFD-T. After a Benjamini and Hochberg correction of multiple testing for 

false discovery rate,300 the Affymetrix arrays had 44 genes showing increased abundance 

in SH relative to AFD-T, whereas the ABI arrays identified none. Nonetheless, both array 

types identified the same set of common genes from both tissue preparation strategies. 

3.3.2 Proteomic Analysis 

In early experiments, the rat spinal cord tissue was prefractionated into gross 

membrane and soluble protein fractions as described in Chapter Two to determine the 
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feasibility of this approach for downstream analyses of spinal cord segments (Figure 

3-1). Total protein assay indicated that the amount of membrane protein exceeded the 

amount of soluble protein by a factor of ~ 12-fold in these 5 mm spinal cord segments. 

Moreover, the amount of soluble protein available from a single cord was only 

approximately 1/4 of that minimally required for a single mini-format 2D gel. Thus, in 

order to carry out gel-based proteomic analysis of the soluble protein fractions, 4 to 5 

spinal cord segments would minimally need to be pooled to carry out a single separation. 

As this was impractical with the current sample set and initial experimental design, this 

particular physical sample prefractionation strategy was eliminated as a possibility for 

these coupled analyses of rat spinal cord tissue. Thus all proteomic analyses were carried 

out on total protein samples without any sample prefractionation. 

RNALater was initially used as a means of controlling possible RNA degradation 

(Figure 3-1), which was never seen in any samples; however, perfusion / bathing of the 

spinal cord sample with RNALater dramatically affected the subsequent resolution of 

proteins by 2DE as seen even by simple visual inspection (Figure 3-5A,B). The 

consequence of having RNALater in the sample can be divided into 4 major effects: (i) 

substantially retarded voltage ramping during the IEF separation (slow separation; Figure 

3-5C); (ii) horizontal and vertical streaking (poor 1st and 2nd dimension resolution); (iii) 

pattern distortion (changes in protein spot position, and large tracts of “missing” proteins; 

Figure 3-5A,B) and; (iv) a high degree of sample-to-sample variability in the extent of 

the different effects noted in (ii) and (iii) above (data not shown).  

In order to more firmly establish the source of the observed problem, RNALater 

was spiked directly into protein isolates from spinal cords previously unexposed to the 

additive, immediately prior to electrophoretic separation. The rate of voltage ramping 

during IEF was impeded, in a concentration-dependent manner, by this direct addition of 

RNALater (Figure 3-5C). The pattern distortions characteristic of RNALater perfusion 

were also apparent in separations from samples spiked with the additive post-extraction 

(Figure 3-5 D-G). The severity of the horizontal streaking and pattern distortion was 

correlated with both the difficulty of voltage ramping during IEF and the concentration of 

RNALater added. While at low concentrations of RNALater, proteomic maps retain some 
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degree of similarity to controls (e.g. samples spiked with 0.5% RNALater exhibit 

~74% total spot correlation with untreated parallel controls derived from the same 

sample; Figure 3-5D,E), separations carried out in the presence of higher concentrations 

of the additive became progressively dissimilar to the control, to the point that the quality 

of the separation was so poor as to render it effectively useless for comparative analytical 

purposes. The perfusion with and storage of samples in RNALater during spinal cord 

collection was omitted from all subsequent analyses.  

Thus two potential analytical routes were eliminated, and the focus became 

assessing the identified methods of tissue homogenization and RNA / protein extraction 

(summarized in Figure 3-1). SH was coupled exclusively with TRIzol extractions, which 

is a widely accepted standard protocol for RNA extractions. No attempt to extract protein 

directly from SH preparations was made, as the superiority of AFD relative to such 

classical homogenization methods has been exhaustively demonstrated for proteomic 

analyses in Chapter Two. However, neither the suitability of AFD for RNA extractions of 

the spinal cord material, nor the potential of TRIzol extractions to ‘rescue’ proteins from 

classically homogenized samples, have been investigated. Thus AFD was coupled with 

TRIzol extraction (AFD-T) for comparisons with SH. Finally, suitability of TRIzol 

extractions for broad-scale comparative proteomic analyses has not been rigorously 

explored. Thus the spinal cord segments were additionally homogenized by AFD and 

directly solubilized (AFD-D) using 2DE solubilization buffer, as is the standard protocol 

for optimal gel-based proteomic analyses.161,240 

Protein yields differed significantly between these three preparative methods 

(Figure 3-2). AFD-D yielded the most protein per cord sample, AFD-T slightly less, and 

SH yielded the least total protein, though in all cases the material available was sufficient 

for replicate gels (Figure 3-2). At the level of 2D gel electrophoresis and automated 

protein spot detection, total numbers of proteins detected in the gels generated from the 

three different handling methods were statistically indistinguishable (Figure 3-6A). On 

average a total of 1573 ± 38 spinal cord proteins were resolved and detected (n = 9). 

However, for comparative purposes spots for which detection was variable between gel 

replicates were eliminated to strictly limit any potentially spurious data. Thus, proteins 
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that were detected with less than 100 % reproducibility within a given sample set (n = 

3) were eliminated. Subtle, but significant differences in the number of 100% 

reproducible spots between the three preparation conditions were observed: the fewest 

reproducibly resolved and detected proteins were in the SH preparation, and the greatest 

number in the AFD-D preparation (Figure 3-6B). These data suggest that there must be 

proteins that are undetectable in some preparations relative to the others. 

Thorough automated differential image analysis was carried out to annotate the 

specific protein spots underlying these differences between preparation methods. To 

further limit potential artefacts, only significant quantitative differences in those proteins 

reproducibly detected in all cases (Student’s t-test, p < 0.05, n = 3) were reported. In 

comparisons between SH and AFD-T preparations, the objective was to identify the 

optimal homogenization strategy for TRIzol extracted protein samples. Despite overt 

visual similarity, a total of 58 proteins were significantly different between SH and AFD

T preparations (Figure 3-7). Of these, 2 were resolved and detected only in the SH 

preparation (absent from AFD-T) while 12 were resolved and detected only in the AFD-T 

preparation (absent from SH, Figure 3-7). The remaining 44 proteins were detected in 

both preparations but differed significantly in relative abundance (Figure 3-7); of these, 6 

proteins showed a greater than 2.5-fold change (Figure 3-7). All quantitative differences 

are summarized in Table A-1 found in Appendix A. 

In comparisons between AFD-T and AFD-D preparations, the objective was to 

determine the suitability of TRIzol extraction for broad scale comparative proteomic 

analyses. Although the two preparations produce visually similar protein spot patterns in 

2DE separations, automated image analysis indicated extensive quantitative differences 

between the two (Figure 3-8 and 3-9). A total of 241 proteins met the inclusion criteria in 

comparisons of AFD-T with AFD-D, representing fully 1/4 of the 100% reproducibly 

detected proteome (Figures 3-8 and 3-9). Of these, 22 proteins were resolved and 

detected only in the AFD-T preparation (absent from AFD-D) while a total of 54 proteins 

were resolved and detected only in the AFD-D preparation (absent from AFD-T, Figure 

3-9, Table A2, Appendix A). The remaining 165 quantitative differences between AFD-T 

and AFD-D were detected in both preparations but differed significantly in relative 
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abundance (Table A2, Appendix A); 56 of these alterations in protein abundance 

represented greater than 2.5-fold differences (Figure 3-8). 
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Figure 3-1. Potential analytical paths for coupled genomic and proteomic analyses from 

individual rat spinal cord segments. 
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Figure 3-1 
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Figure 3-2. The efficiency of sample preparation methods.  

The three primary preparative methods, SH, AFD-T and AFD-D all differed significantly 

in terms of the total amount of RNA and protein yielded. A. RNA yield determined 

spectrophotometrically. * Indicate significant differences (One-way ANOVA, p < 0.05, n 

= 3). B. Protein yield determined by total protein assay. * Indicate significant differences 

(One-way ANOVA, p < 0.01, n = 3). Error bars represent standard deviations.  
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Figure 3-2
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Figure 3-3. Correlation between RNA microarray analyses of different tissue 

preparation methods.  

Correlation of log intensity of detected mRNAs between tissue homogenization methods: 

SH (ordinate) and AFD (abscissa) using Affymetrix (A) or Applied Biosystems (B) Gene 

arrays. 
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Figure 3-3 




156

156 

Figure 3-4. Homogenization-dependent differences in RNA microarray analyses. 

Comparison of differentially expressed genes between ABI (A) and Affymetrix (B) Gene 

arrays. In these volcano plots coloured dots indicate greater than two-fold changes in the 

abundance of specific genes between the two homogenization methods tested, SH and 

AFD-T (p < 0.01). Red dots indicate up regulated genes and green dots indicate genes 

that are down regulated in AFD-T relative to SH.  
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Figure 3-4
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Figure 3-5. Effect of RNALater on 2DE performance. 

Mini-format 2DE of rat spinal cord segments following perfusion and washing without 

(A) and with (B) RNALater during surgery and after excision. To independently assess 

the effect of RNALater on 2DE, spinal cord segments previously unexposed to the 

additive were spiked with the additive immediately prior to 2DE. C. Voltage ramping 

during isoelectric focusing (1st dimension) with respect to the concentration of 

RNALater. The severity of characteristic gel distortion and poor resolution resulting from 

RNALater contamination is correlated with the concentration of the contaminant: D. 

Control, E. 0.5% RNALater, F. 1% RNALater, G. 2% RNALater.  
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Figure 3-6. Summary and comparison of proteomic analyses of sample preparation 

methods. 

Automated protein spot detection during quantitative digital image analysis of spinal cord 

proteomes generated by the three primary preparation methods, SH, AFD-T and AFD-D. 

A. Total spot detection indicates no difference between the three preparation methods 

(Student’s t-test, p > 0.8, n = 3). B. Protein spots that were detected with less than 100% 

reproducibility within each group (n = 3) were eliminated from the analysis, and the 

number of 100% reproducible proteins differed between the three preparation methods. ‡ 
Indicate no significant differences (One-way ANOVA, p = 0.576, n = 3). * Indicate 

values that are invariant by definition (n = 3).  
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Figure 3-7. Homogenization-dependent differences in the rat spinal cord proteome. 

Rat spinal cords were homogenized either manually with mortar and pestle (A) or by 

AFD (B) followed by TRIzol extraction, isolation of protein by solvent precipitation, and 

resolution of proteins by 2DE. Only statistically significant differences (Student’s t-test, p 

< 0.05, n = 3) that are additionally 100% reproducible and greater than a 2.5-fold 

difference in relative abundance are labelled. Changes in relative abundance that were 

detectable in both gels are labelled BLUE (increasing abundance) and GREEN (reduced 

abundance). Proteins consistently detected in one sample and not in the other are labelled 

RED. Quantitative / statistical data for all differences appear in Table A-1 (Appendix A). 
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Figure 3-7 
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Figure 3-8. Extraction-dependent differences in the rat spinal cord proteome. 

Rat spinal cords were homogenized by AFD and either extracted first for RNA / DNA 

using TRIzol, followed by isolation of protein by solvent precipitation (A) or extracted 

directly for protein using standard methods (B), and both followed by 2DE to resolve 

proteins. Only statistically significant differences (Student’s t-test, p < 0.05, n = 3) that 

were additionally 100% reproducible and greater than 2.5-fold in relative abundance are 

labelled. Changes in relative abundance that were consistently detectable in both gel sets 

are labelled BLUE (increasing abundance) and GREEN (reduced abundance). 

Quantitative / statistical data for all differences appear in Table A-2 (Appendix A).  
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Figure 3-9. Extraction-dependent differences in the rat spinal cord proteome. 

Rat spinal cords were homogenized by AFD and either extracted first for RNA / DNA 

using TRIzol, followed by isolation of protein by solvent precipitation (A) or extracted 

directly for protein using standard methods (B), and both followed by 2DE to resolve 

proteins. Only 100% reproducible proteins consistently detected in one sample set and 

not in the other are labelled RED. Quantitative / statistical data for all differences appear 

in Table A-2 (Appendix A). 
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Figure 3-9
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3.4 DISCUSSION 

The enabling of concurrent genomic and proteomic analyses of the same sample 

requires validation of the preparative techniques used to obtain the analytes from the 

tissue sample. The objective of this study was to determine which techniques could be 

used to subsequently provide the best possible global molecular analysis of these tissues 

(and likely others) without sacrificing one analysis for the other. It was found that AFD 

followed by partitioning of the powdered sample for separate, optimized RNA and 

protein extractions yields quantitative, coupled analyses of the necessary rigor. 

3.4.1 RNALater detrimentally affects proteomic analyses 

In order to determine the practical applicability of RNALater for coupled genomic 

and proteomic analyses of rat spinal cord segments, spinal cords were perfused with the 

protective agent during surgery, and additionally soaked in this solution after excision. 

However, RNALater was a substantial impediment to effective IEF (Figure 3-5C). 

Qualitatively, samples exposed to RNALater never yielded proteomic maps of the quality 

routinely achieved from samples unexposed to the additive, regardless of whether 

RNALater was introduced by perfusion / bath application prior to tissue homogenization 

(Figure 3-5AB), or directly introduced to previously unexposed protein isolates 

immediately prior to gel electrophoresis (Figure 3-5D-G). Compared with unexposed 

controls, gels of all samples exposed to RNALater displayed characteristically poor 

resolution that included substantial horizontal and vertical streaking, protein spots that 

were missing or altered in position, proteins that were smeared, and large zones in which 

no detectable proteins were resolved (Figure 3-5). Both the severity of the reduction in 

IEF performance and the magnitude of pattern distortions in resulting 2DE gels were 

proportional to the concentration of RNALater added, suggesting the impediment to IEF 

is a likely cause of the observed effects on 2D gel patterns (Figure 3-5).  

All of the observed effects of RNALater on 2DE are indicative of a major 

problem with the separation. These problems associated with RNALater contamination of 
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protein samples for 2DE are most generally characteristic of salt contamination, 

although the contaminant could be any ion in principle. This is the primary reason why 

salts, despite their benefits to protein solubility, are typically strictly omitted from gel 

electrophoretic separations, especially 2DE.161 The possibility that RNALater contains 

some percentage of organic solvent, either to disrupt enzyme activity, or to assist in the 

solubility of the active ingredients, also cannot be excluded. If this were the case, the 

observed impediment to successful 2DE via RNALater contamination could be the result 

of partial denaturation / precipitation of the protein sample during electrophoresis. 

Interestingly, the distortions and poor resolution were observed in separations of 

RNALater-exposed tissue samples regardless of the tissue preparation method employed. 

Whether the sample was prepared by AFD-D (Figure 3-5A,B), AFD-T, or SH (data not 

shown), the effect was similar. If the offending contaminant is indeed a salt or organic 

small molecule, it would be expected to be washed away either during the Trizol 

extraction itself, or the exhaustive cleanup that was subsequently employed prior to 

protein solubilization. Additionally, in an attempt at post-harvest cleanup, RNALater

contaminated protein samples were dialyzed using centrifugal concentration devices with 

3 kDa size exclusion filters to repeatedly concentrate protein, and replace the aqueous 

buffer. However, even triplicate replacement of the aqueous buffer was insufficient to 

relieve the characteristic RNALater effect (data not shown). If small ionic species are 

responsible for the detrimental effects of RNALater contamination on 2DE, they must be 

exceedingly concentrated in the commercial product. Alternatively, the offending 

ingredients may be small peptides that partition with proteins in both the solvent 

precipitation / cleanup during Trizol extraction, and with proteins during size exclusion 

filtration. It should be noted that although severe contamination of the sample with 

RNALater yields proteomic maps that are completely unrecognizable (Figure 3-5G), mild 

contamination can yield a somewhat reasonable, albeit distorted, proteome. Ultimately, 

however, caution must be exercised: protein separations of RNALater-contaminated 

samples are not consistent with rigorous global analyses of the underlying biological 

complexity. Thus it seems that the data from RNALater-contaminated spinal cord 

segments are unsuitable for comparative proteomic analyses, and RNALater application 
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was eliminated as a potential means of protecting RNA for coupled genomic and 

proteomic analyses. 

3.4.2 Membrane vs soluble protein abundance  

Sample prefractionation has been extensively demonstrated to improve the 

resolution and detection of proteins.60,158,271,299 Here, well-characterized methods of 

separating the homogenized tissue into total membrane and soluble proteomes were 

tested for their applicability in the analysis of spinal cord segments.298 The concern was 

that with such a limited amount of available starting material (e.g. one 5 mm spinal cord 

segment per sample) there may simply be insufficient protein for complete analysis of 

both fractions. This was indeed the case, although for a somewhat unexpected reason: the 

amount of soluble protein, as defined by this prefractionation strategy, was insufficient 

for the purposes of the proteomic analysis. This is the first instance, out of a wide array of 

different tissue samples, in which there appears to be disproportionately more membrane 

and associated proteins than soluble proteins. Separate fractions could conceivably be 

analyzed if several spinal cords were pooled, but even further tissue collection and 

pooling would be required to generate replicate gels. Thus, this particular prefractionation 

strategy is inappropriate for proteomic analysis of these spinal cord segments. Based on 

our goals, we were unwilling to accept the loss of quantitative data from one of these 

tissue fractions at the cost of optimizing the other. This unfortunate situation will persist 

until such time as in-gel detection sensitivity is improved to the extent that 2DE can be 

carried out with substantially less protein.240 Given the total protein yields, sufficient for 

several gels per spinal cord segment, other prefractionation strategies, such as charge 

fractionation, of the protein isolates could be attempted.158,271 Alternatively, even larger 

gels with correspondingly higher total protein loads and greater resolving power could be 

applied in future analyses. Lastly, in the absence of an effective prefractionation 

approach, postfractionation strategies could also be applied to further enhance protein 

resolution (refer to Chapter Four).  
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3.4.3 Assessing tissue homogenization strategies for coupled genomic and 

proteomic analyses 

There is substantial evidence, if somewhat limited literature, to suggest that AFD 

is the premiere tissue homogenization strategy currently available as a preparative 

method for general molecular analyses. AFD has been described as optimal for the 

extraction of protein, RNA/DNA, carbohydrates and lipids, when directly compared with 

competing homogenization strategies.276-279,282,298 This is especially true of tough, fibrous 

or otherwise difficult to homogenize biological material.277,278,282,298 From a proteomic 

standpoint, the benefits of AFD include (but are not limited to) enabling the detection of 

proteins that are undetectable by other classical homogenization strategies (Chapter 

Two).298 This is partially the result of the greater thoroughness and completeness of the 

homogenization provided by AFD relative to competing strategies, but also partly the 

result of maintaining a deep frozen state during homogenization, preventing degradation 

of the tissue sample (Chapter Two).298 In some respects further comparison of SH to 

AFD is superfluous. 

However, in the previous study, it was observed that the magnitude of the benefits 

afforded by AFD varied from tissue to tissue, so the comparison was made here in part to 

confirm that AFD was also the better choice for spinal cord samples. Additionally, 

although AFD appears to be the most appropriate tissue disruption method available for 

proteomic analysis, in the interest of coupled genomic and proteomic analysis, the 

method must additionally satisfy the rigorous requirements of RNA microarray analysis. 

Lastly, although Tri-reagents are not designed primarily for proteomic applications, AFD 

and more classical tissue homogenization strategies have not yet undergone rigorous 

comparison as preparative methods specifically for TRIzol extractions. Indeed, by some 

combination of selective extraction and concentration, it is possible that TRIzol 

extraction might ‘rescue’ proteins that were previously undetectable in manually (or 

similarly) homogenized samples (e.g. previously seen only in samples prepared by AFD, 

Chapter Two).298 In this regard, comparison of spinal cord segments prepared by SH or 

AFD-T was inevitable. Both homogenates were subjected to parallel Trizol extraction for 
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RNA isolation, with subsequent protein isolation and cleanup by solvent 

precipitation; standard microarray and 2DE analyses of the separate molecular fractions 

followed. 

The two homogenization strategies were effectively interchangeable from the 

perspective of the genomic analysis. Both methods yielded RNA of equivalent quality 

and quantity. Moreover, microarray analyses demonstrated that either preparative 

technique, SH or AFD-T, can be used essentially interchangeably, as the number of genes 

identified and the intensity of fluorescence signal (proportional to the number of RNA 

molecules present) of the arrays were essentially identical after both preparative 

techniques (Figures 3-3 and 3-4). The Affymetrix analysis showed a slight difference 

between the two disruption methods as a number of genes showed increased abundance 

in SH relative to AFD-T. There was a modest discrepancy between arrays, in terms of the 

number of genes differing in abundance between homogenization strategies. Whereas 

analysis of Affymetrix data identified 44 differences, the ABI analysis identified none. It 

is likely that this discrepancy is the result of disparate RNA inputs; the Affymetrix arrays 

utilized a standard RNA input (3 µg) while the ABI arrays were analyzed with a minimal 

RNA input (200 ng). 

Nonetheless, the same set of common genes was identified in both arrays, for both 

tissue homogenization techniques, and no specific mRNA was completely lost after one 

technique relative to the other. It was reassuring to see that both arrays identified the 

same genes, and from this perspective there is good concordance between the two 

platforms. Either tissue homogenization technique followed by extraction of RNA with 

TRIzol, and subsequent analysis on either Affymetrix or ABI chips, can be performed 

with a high degree of confidence. Thus in terms of RNA microarray analysis, the 

differences between disruption techniques are negligible, indicating that both protocols 

are viable alternatives for these RNA analyses. 

However, AFD-T was marginally superior to SH from a proteomic standpoint. 

Consistent with a previous study, AFD-T yielded more solubilized total protein per unit 

starting material than did SH (Figure 3-2B). It has been demonstrated that AFD provides 

the most physically thorough and complete homogenate currently possible (Chapter 
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Two); it seems that by virtue of the greater surface area thus achieved, less of the 

sample is wasted (e.g. as poorly homogenized material removed by centrifugation) and 

more total protein is available for efficient extraction and solubilization. However, the 

difference in protein yield between AFD-T and the competing tissue homogenization 

strategy was smaller in this study than for any tissue previously tested (Chapter Two). It 

seems that in terms of protein yield, SH (with TRIzol extraction) is superior to manual 

homogenization alone (Chapter Two). However, AFD is still superior in terms of total 

protein yield, which is an important consideration given a small, rare, or expensive 

sample from which multiple analyses are to be derived.  

At the level of 2DE, both AFD-T and SH resulted in excellent, high quality, high 

resolution proteomic maps of the biological material (Figure 3-7). In fact, 2DE patterns 

of spinal cord segments generated by these two preparation methods are nearly 

indistinguishable by eye. There is no immediately obvious detriment to SH as a 

homogenization method for proteomic applications (Figure 3-7). However, consistent 

with the previous study (Chapter Two), there were a large number of significant 

homogenization-dependent differences in specific proteins identified by automated 

quantitative image analysis (Figure 3-7). A large number of these differences in the 

relative abundance of specific proteins were detected in both preparations (Figure 3-7, 

Table A-1, Appendix A). It seems that, by virtue of the greater exposed surface area 

achieved by AFD (see previous section), some proteins are rendered more accessible for 

extraction and solubilization following AFD (Chapter Two). The relative abundance of 

such proteins would be expected to be elevated in AFD-T relative to SH. Conversely, 

proteins that do not experience such enhanced extraction as a result of AFD would be 

expected to be reduced in overall relative abundance. Although all of these proteins were 

detected in both SH and AFD preparations, and thus none of these data are truly ‘lost’, 

prior evidence indicates that AFD offers the greatest confidence that a truly 

representative and uniform homogenate has been prepared (Chapter Two). The 

suggestion is that the substantial quantitative differences between SH and AFD are 

indicative of somewhat incomplete homogenization by SH, and thus evidence that the 

resulting extract does not provide the most quantitative representation of the native 
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biological complexity of the sample. Supporting this, several proteins were detected 

exclusively in the AFD-T homogenate and absent from the SH preparation (Figure 3-6). 

It should be considered that these proteins, detectable by one preparative method but not 

the other, may not represent proteins that are effectively either present or absent. Rather, 

many ‘unique’ proteins (e.g. detectable in one sample but not the other) may in fact be 

present in both preparations, but differ in relative abundance between samples such that 

this difference bounds the threshold of minimal detection sensitivity, as was previously 

demonstrated in CNS tissue (Chapter Two). 

Interestingly, two proteins were detectable only in the SH preparation, and absent 

from AFD-T (Figure 3-7). In the previous study, there were no proteins detected by 

manual homogenization that could not be detected by parallel AFD in samples from six 

different tissues that varied from mouse brain, liver, and cardiac muscle, to spinach leaf 

and cricket leg (Chapter Two).298 It seems that here SH is able to approach the 

performance of AFD by virtue of the subsequent TRIzol extraction: TRIzol extraction 

appears to improve the efficiency of classical homogenization methods and some proteins 

missed by the previous approach (manual homogenization, Chapter Two) can thus be 

rescued independently of AFD. Part of the benefit afforded by AFD results from arresting 

enzyme activity by carrying out the homogenization in a deep frozen state, and 

maintaining this state until a denaturing agent is applied (Chapter Two). During SH, 

strong denaturing agents (e.g. TRIzol) are included throughout, and although these 

reagents seem to introduce issues of their own (see below), they offer the benefit of an 

alternate means of broadly arresting enzyme activity (including that of proteases) during 

tissue homogenization. 

Ultimately, the fact is that more proteins are ‘lost’ during SH and ‘rescued’ by 

using AFD, than vice versa (Figures 3-6 and 3-8). Coupled with the evidence that AFD 

provides greater protein yields from this small tissue sample, AFD seems to be the 

optimal choice for the proteomics, and thus should be applied in future coupled genomic 

and proteomic analyses. 
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3.4.4 Assessing TRIzol extraction as an analytical route to coupled genomic and 

proteomic analyses 

Although AFD seems to be the optimal method of tissue homogenization for the 

resolution of proteomes by 2DE, the issue of post-homogenization handling remains to be 

resolved. Direct solubilization of the tissue without TRIzol extraction (AFD-D; standard 

practice for proteomics) was quickly eliminated as a potential analytical route for RNA 

analysis, as the resulting RNA yields were untenably low (Figure 3-2). Direct 

solubilization of the sample cannot be applied for coupled global analyses of both RNA 

and protein, and a TRIzol extraction is mandatory from the standpoint of RNA extraction 

and subsequent microarray analysis. 

Thus, the objective became to determine if protein isolated from the same TRIzol 

extract was satisfactory for quantitative proteomic analyses, or if the homogenate must be 

partitioned for separate, optimized extraction of RNA and protein. To address this TRIzol 

extraction was directly compared with direct solubilization of spinal cord homogenates 

prepared by AFD (AFD-T and AFD-D, respectively). 

Qualitatively, both preparation methods resulted in high quality, high resolution 

proteomic maps (Figures 3-8 and 3-9). Overall gels from both extraction methods appear 

highly similar, and there is no immediately obvious problem with either extraction 

protocol. It should be appreciated that, qualitatively, both protocols produce proteomic 

maps of the general quality expected for comparative analysis (Figure 3-8). 

Quantitatively, however, there proved to be an extensive number of significant 

differences between TRIzol extracted (AFD-T) and directly solubilized (AFD-D) spinal 

cord proteomes (Figure 3-8, Table A-2, Appendix A). The vast majority of these 

differences represent proteins that were detectable regardless of the method of protein 

extraction, but that differed in relative abundance between the two techniques (Figure 3

8, Table A-2, Appendix A). However, there were also many proteins that were detectable 

only in the AFD-D preparation, and undetectable in TRIzol extracted sample (Figure 3

9). A smaller number of proteins were detectable only in the TRIzol extracted samples, 

and could not be detected in the directly solubilized sample (Figure 3-9).  
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The data suggest that TRIzol extraction and solvent precipitation of the spinal 

cord sample results in selective extraction of proteins.164-167 Parallel selective losses may 

thus occur during the TRIzol extraction, or during organic precipitation and cleanup, 

partitioning selectively with either RNA / DNA fractions during their isolation, or with 

the subsequent solvent washes, respectively.  

However, the observed extraction-dependent differences are extensive (241 

significant differences in total, Table A-2, Appendix A). These quantitative differences 

represent fully 1/4 of all proteins resolved and detected with 100% reproducibility within 

the sample sets (Figures 3-6, 3-8). Thus, selective extraction alone may be insufficient to 

explain the magnitude of this quantitative difference between preparation methods 

(Figure 3-8 and 3-9, Table A-2, Appendix A). One obvious potential cause for the 

observed difference between extraction methods is the possibility for contamination of 

the AFD-T sample with trace components of TRIzol: ionic detergents and solvents have 

well documented detrimental effects on IEF performance and 2DE.161,301,302 Despite 

rigorous solvent washing to remove components of TRIzol, and vacuum drying of the 

sample to remove solvents, it may be that trace contamination can never be completely 

eliminated, and argues for the simpler method of directly solubilizing protein without the 

addition of other extraneous chemicals. This is likely the case even if alternative methods 

of proteome analysis are to be used. On the other hand, it may be that delipidation of the 

sample, via TRIzol extraction and solvent precipitation, alters the resolution of specific 

proteins. It has been extensively demonstrated that different lipids or lipid-like detergents 

improve the solubility of specific proteins, including membrane proteins, enhancing their 

resolution and detection in gel-based proteomics.160,161,180-182 Is it possible that enhanced 

solubility due to the presence of endogenous native lipids is responsible for part of the 

difference between extraction methods?187 This might prove to be a fruitful area for 

further investigation in terms of the quantitative analysis of membrane proteomes. 

In contrast, it could also be argued that there are proteins in the TRIzol extracted 

sample that are of greater abundance than in the directly solubilized sample, and thus 

there are several proteins that are only detected when a TRIzol extraction is carried out. 

This would imply that there is something to be gained from extraction using TRIzol. 
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However, considering the parallel selective protein losses that are suffered, it is 

understandable that the relative abundance of some proteins appears to be enhanced when 

a consistent amount of total protein is resolved by 2DE (Figures 3-8 and 3-9). Thus it is 

perhaps not surprising that several proteins seem to be more abundant in the TRIzol 

extracted sample, relative to the directly solubilized sample (Figures 3-8 and 3-9).  

Overall, the evidence suggests that TRIzol extraction does support the most 

comprehensive, representative or quantitative analysis of the native protein complexity of 

the sample. At best, high quality proteomic maps can be prepared from protein isolated 

following a TRIzol extraction. The quality of TRIzol extracted proteomes is 

unmistakable, and the general feeling that TRIzol extracts are completely unsuitable for 

proteomic analysis appears to be unfounded. Although there are some proteins that are 

only detected when a TRIzol extraction is performed, there is more to be gained than lost 

by direct solubilization of the sample; it appears direct solubilization of the sample offers 

the more quantitative option from a proteomics standpoint.  

3.5 Concluding Remarks 

The objectives here were to identify analytical paths enabling coupled genomic 

and proteomic analyses from limiting, single tissue samples; among the goals of this 

study were the elimination of less than optimal possibilities and identification of potential 

pitfalls to be avoided in coupled RNA / protein analyses of spinal cord injury in rats. In 

testing available technologies analytical paths that, despite showing great potential 

promise, proved less than optimal in practice were systematically eliminated. The result 

is quantitative confirmation of the optimal analytical path for coupled genomic and 

proteomic analyses from a single tissue sample, using readily available technology. In 

this regard, use of the protective agent RNALater was discarded due to its deleterious 

effect on 2DE performance. It was also determined that protein prefractionation was less 

than satisfactory for these spinal cord segments, as the amount of soluble protein present 

is surprisingly low and insufficient for detailed, gel-based proteomic analyses. A TRIzol 

(or comparable) extraction is a demonstrable necessity for coupled analyses to ensure 

efficient isolation of RNA; in the absence of a TRIzol extraction, the RNA yield is 
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untenably low. Interestingly, as preparative tissue disruption methods for TRIzol 

extractions, SH and AFD produce comparable RNA isolates, which are essentially 

indistinguishable at the level of RNA microarray analysis. AFD, however, significantly 

improves both total protein yield (an important consideration for all small, rare and 

expensive tissue samples) and the subsequent quantitative analysis of the spinal cord 

proteins. Thus, if a single homogenization strategy is to be applied to a single tissue 

sample for coupled analysis, AFD is the optimal choice. Finally, although high quality, 

high resolution proteomes can unquestionably be resolved from the TRIzol extract, 

quantitative differences exist relative to proteomes resolved following direct 

solubilization of the protein. The suggestion is that the TRIzol extraction introduces a 

somewhat selective representation of the proteome. Thus, from the standpoint of enabling 

more quantitative and ‘systems-level’ assessments, AFD, followed by independent, 

optimized extractions of RNA and protein from separate aliquots of the powdered tissue 

homogenate, is the method of choice for the most rigorous possible analyses. 
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Chapter Four: Postfractionation for enhanced proteomic analyses: Routine 


electrophoretic methods increase the resolution of standard 2D-PAGE. 


This Chapter was previously published: 

R. Hussain Butt and Jens R. Coorssen. 2005. Journal of Proteome Research. 4: 982-991. 

The author was responsible for the study design in addition to all required experimental 

work and data analysis including sample preparation, gel electrophoresis, image / data 

analysis, and spot picking. In-gel proteolytic digestion, mass spectrometry and database 

searching were carried out by Morgan Hughes and Dr. David Schriemer of the Southern 

Alberta Mass Spectrometry (SAMS) Centre at the University of Calgary. Dr. Coorssen 

contributed to study design and revisions of the manuscript.  

4.1 Introduction 

2D-PAGE (2DE) continues to offer itself as an excellent tool for high-resolution 

separations of proteins from complex biological samples. Nonetheless, it has often been 

reported that 2DE analyses are primarily suited to proteins of relatively neutral pI (e.g. 5

8), intermediate molecular weight (e.g. ~20-100 kDa), and intermediate abundance. The 

general belief is that high-resolution analyses of proteins falling outside these general 

ranges are difficult to achieve in practice.  

Poor resolution of proteins at the pH extremes of immobilized pH gradients during 

IEF has been attributed to protein precipitation,126 a reduction in local reducing agent 

concentration189,194 and other, related endo-osmotic effects.126,130,148 In part, these effects 

have been addressed by the application of more or different detergents,161,181 non-ionic or 

zwitterionic reducing agents such tributyl phosphine189 or hydroxyethyl-disulfide168 and 

the application of wetting agents such as isopropanol, glycerol148 and tergitol303 in the 1st 

dimension. Narrow range immobilized pH gradients have been demonstrated to improve 

the overall resolving power of 2DE, across the entire pH range.132,133,148,153 Wider 
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gradients, beyond the common pH 3-10, have been utilized in order to improve the 

resolution of proteins at the pH extremes, demonstrating the critical resolving power of 

2DE even for proteins with pI > 10.126,130,131 However, systematic analyses using narrow 

range IPGs require multiple gels to rigorously resolve the entire proteome of a given 

sample, coupled with effective prefractionation techniques to ensure optimal 

resolution.158,271 However, the advantages are rarely capitalized upon in 2DE, as these 

modifications tend to exclude high molecular weight proteins (> 100 kDa) from 

simultaneous analysis.  

Traditional SDS-PAGE analysis is generally unsuited to the resolution of proteins 

of either extremely low or high molecular weight. Yet the tris-buffered system introduced 

by Laemmli97 is still widely used for the 2nd dimension of separation in 2DE, sometimes 

with minor modifications.67,98 Using this system, proteins of ≤ 10 kDa are poorly 

resolved, migrating with the dye front.97,98 To address this concern, tris-tricine SDS

PAGE was developed by Schagger and von Jagow52 to resolve oligopeptides with 

molecular weights approaching 3 kDa; literature values of as low as 1 kDa have been 

reported.99 

Biological samples contain a range of protein abundances beyond what can be 

easily or directly resolved, detected, and quantified by current methods, including 

standard 2DE protocols.304 In most experiments, proteins of low abundance fall below the 

detection range of even the most sensitive total protein stains, and thereby remain 

undetected. Conversely, proteins of extremely high abundance exceed the tolerance of the 

system, causing distortion and poor resolution, tending to saturate available detection 

methods; this renders quantification difficult, and obscures the analysis of proteins having 

a similar pI and molecular weight. These effects are quite prominent in 2DE analysis of 

serum and muscle, in which the abundance of albumins, immunoglobulins, actins and 

myosins, respectively, are so extreme as to create a significant technical 

challenge.244,305,306 

Increasing resolution in the 1st dimension has greatly improved this 

situation,158,271,307 albeit with the caveats noted above. As discussed throughout this 

thesis, increasing the spatial resolution in the 2nd dimension to some extent, by the 
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application of large format and / or gradient gels has also proven successful. 

However, here too there are limits to what can be practically achieved; eventually, 

increasing the size of the gel provides for only limited gains in actual resolution, and 

working with very large gels rapidly becomes a cumbersome exercise. At present, 

(immuno)affinity depletion provides a viable solution when the high abundance 

protein(s) can be clearly identified and effectively separated from the sample.305,308 

However, these affinity-based strategies are neither practical nor cost effective for every 

sample and certainly do not offer a general solution to this problem. Moreover, there is 

mounting evidence indicating the widespread and non-specific loss of other proteins 

during available prefractionation strategies; thus, although general concentration of the 

sample may be achieved, critical evaluation of potentially important protein losses must 

also be considered.309 

Here these different resolution issues have been addressed by alternative means, 

critically and selectively applying refined, well-established electrophoretic protocols. 

Simple, rapid and cost-effective methods for separating proteins poorly resolved by 

traditional 2DE, including proteins ‘stacked’ at pH extremes, unresolved small 

proteins/oligopeptides migrating at the front of separation, and areas of the 2D gel 

obscured by high abundance proteins are described. In effect, these are postfractionation 

strategies. The goal in this case was a series of logical, practical solutions involving no 

more complicated or specialized technology than SDS-PAGE itself. 

4.2 Materials and Methods 

4.2.1 Chemicals 

All consumables used in this study were of electrophoresis grade or higher 

quality. CHAPS was purchased from Anatrace (Maumee OH). PBS, glycerol and DTT 

were from BioBasic (Toronto Ont., Canada). All IPGs, as well as acrylamide, 

bisacrylamide, low melting agarose, Precision Plus broad range molecular weight 

markers, broad range (3-10) ampholyte solutions, tris-glycine SDS buffer, and reversible 
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Zinc-imidazole staining kit and Sypro Ruby total protein stain were from BioRad 

Laboratories (Hercules CA). Narrow range ampholytes were purchased from Fluka 

(Buchs, Switzerland). All other chemicals, including urea, thiourea, HEPES, tris, tricine, 

tributyl phosphine, SDS, ultra low range molecular weight markers, and components of 

the protease inhibitor cocktail283 were purchased from Sigma (St. Louis MO,). 

4.2.2 Preparation of total protein samples 

Fresh whole liver or myocardium excised from adult 192-SV-EV mice was 

briefly washed twice with cold PBS (chilled to 4 °C) to remove blood and debris from the 

surface. The washed myocardium was diced into 4 mm cubes, and then washed twice 

again in cold PBS. The washed tissue was homogenized on ice with a polyethylene pestle 

in a 1.5 mL microcentrifuge tube with 2DE solubilization buffer containing 8 M urea, 2 

M thiourea, 4% CHAPS and 1X concentration of a broad spectrum protease inhibitor 

cocktail.283 

4.2.3 Preparation of Membrane Protein Samples 

Whole brain excised from adult 192-SV-EV mice was briefly washed and 

dissected as described. Cubed tissue was manually homogenized using a plastic mortar 

and pestle for 3 minutes on ice in a hypotonic lysis medium consisting of 20 mM HEPES 

(pH = 7.4) supplemented with protease, phosphatase and kinase inhibitor cocktail as 

described in Chapter Two. An equal volume of 2X PBS was added to the homogenate to 

restore isotonicity. To ensure thorough homogenization, up to 3 subsequent rounds of 

hypotonic lysis and manual homogenization were applied.  

All cellular membranes were collected from the homogenate by 

ultracentrifugation as described in Chapter Two. The membrane pellet was gently 

resuspended in ice-cold 1X PBS supplemented with protease and kinase / phosphatase 

inhibitors as a wash, and the membranes isolated by a 2nd ultracentrifugation step. 
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Washed membranes were solubilized directly in 2DE solubilization buffer as 

described in Chapter Two. 

4.2.4 Sample Pretreatment, Rehydration and 1st Dimension Isoelectric Focusing 

The solubilized samples were vortexed thoroughly before removal of any small 

insoluble fraction by centrifugation at 16000 x g for 10 minutes (4 °C) in a Mikro 20 

microcentrifuge (Hettich, Tuttlingen, Germany). A portion of the solubilized sample was 

assayed for total protein using the RC DC Total Protein Assay using a bovine serum 

albumin standard (BioRad); the remainder was aliquoted and flash frozen in a dry ice / 

methanol slurry prior to storage at –80 °C. 

For mini (7 cm) 1st dimension gels, 100 µg of total solubilized protein was 

resolved. For large format (17 cm) 1st dimension gels, the process was carried out starting 

with 300 µg of total protein. The samples were sequentially reduced and alkylated and 

passively hydrated onto IPG strips as described in Chapter Two.  

Isoelectric focusing of mini-format (7 cm) strips was carried out at 15 °C using 

the Protean IEF Cell (BioRad) as previously described in Chapter Two. Large format 

strips were focused at 15 °C using the Investigator Electrophoresis system (Genomic 

Solutions, Ann Arbor MI). Isoelectric focusing parameters were consistent for both gel 

formats / instruments with one exception: focusing was allowed to proceed at 4000 V 

(constant) for a total of 37500 Vh for 7 cm gels, and 75000 Vh for 17 cm gels. Focused 

1st dimension gels were frozen for storage at –35 °C. 

4.2.5 Equilibration and 2nd Dimension PAGE 

Focused IPG strips were equilibrated as described in Chapter Two. The 

equilibrated IPG strip was placed on the stacking surface of the 1 mm thick 2nd dimension 

gel and SDS-PAGE was carried out essentially as described by Laemmli97 with minor 

modifications,67,98 using the MiniProtean II (BioRad) for mini format (6 cm tall) 2nd 

dimension gels, or the Protean II xi (BioRad) for large format (20 cm tall) 2nd dimension 
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gels. Standard 12.5 % T, 2.6 % C acrylamide / bis-acrylamide gels were used unless 

otherwise specified. Electrophoresis was carried out at 4 °C67 using pre-chilled tris

glycine-SDS electrode buffer with constant voltage; to rapidly drive proteins out of the 

IPG and through the stacking gel, 150 V was briefly applied, after which the voltage was 

reduced to 90 V for completion of the separation.67 

4.2.6 Third Electrophoretic Separations 

In order to maximize resolution in areas empirically identified as cluttered or 

poorly resolved, a 3rd electrophoretic separation was applied following the 2nd dimension. 

Briefly, the area of interest (e.g. gel edge, containing proteins at the pI extreme of the 1st 

dimension) was excised from the 2nd dimension with a razor blade. In all cases, handling 

steps between the end of the 2nd dimension separation and the 3rd electrophoretic 

separation were carried out as rapidly as possible so as to minimize the effects of 

diffusion and maximize the resolving potential of the techniques.  

In order to make excision as precise as possible the gel was routinely negative-

stained using the standard reversible zinc-imidazole protocol to facilitate direct 

visualization of the area of interest (refer to Chapter Five for a more detailed review).310 

A commercially available kit for reversible zinc-imidazole staining was used, according 

to the manufacturer’s instructions. The excised area of interest (destained, in the case of 

slabs excised from zinc-imidazole stained gels) was turned 90° orthogonal to the 2nd 

dimension direction of separation, where possible, and applied to the top surface of 

another gel of the same thickness. For convenience, gels of the same composition as the 

2nd dimension gel may be used. However, for even greater final resolution, linear gradient 

gels, cast with the Model 475 Gradient Delivery System (BioRad), were used; 10-15 % 

T, 2.6 % C separating gels, with 5 % T, 2.6 % C stacking gels produced excellent 

results.311 The excised area of interest was sealed to the top surface of the 3rd gel with a 

melted agarose overlay and separation was carried out as for the 2nd dimension. 

For even greater resolution, the proven 10-15 % T, 2.6 % C gradient was used in a 

large format (18 cm) Protean II Xi gel (BioRad) for 3rd electrophoretic separations in 
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select cases as indicated. In this large format, electrophoresis was carried out at 4 °C 

using constant voltage: 200 V initially for ~ 20 minutes to rapidly drive protein through 

the stacking gel, and then 150 V to completion of the separation. 

For the improved resolution of very small proteins or oligopeptides in the area of 

interest between ~3 and 15 kDa, an alternate gel system was used for the 3rd 

electrophoretic separation. Briefly, a modified Tris-tricine gel system was employed, 

consisting of a linear 15-20 % T, 6 % C99 gradient separating gel buffered with 1 M Tris 

(pH 8.8). 10 % T spacer gels prescribed by Schagger and von Jagow52 were omitted as 

the area of interest contained almost exclusively unresolved oligopeptides with few or no 

larger proteins. The stacking gel consisted of a 5% T, 3.6 % C layer buffered with 375 

mM Tris (pH 6.8). Electrophoresis was carried out essentially as was described for 

traditional SDS-PAGE, using the electrode buffers recommended by Schagger and von 

Jagow.52 

Extremely high abundance proteins (e.g. actin) in 2-D separations prevent the 

detection of lower abundance proteins of similar pI / MW. Following 2DE, the area 

immediately surrounding a high abundance protein spot was identified by zinc-imidazole 

staining and excised with a razor blade. The rectangular area was cut into vertical 

segments, each corresponding to a narrow (1 mm) pI range. Each vertical segment was 

turned 90° orthogonally, and applied to the surface of a 3rd gel for electrophoretic 

separation; a linear 10-15 % T, 2.6 % C acrylamide gradient gel was cast in large format 

(18 cm) with a 5 % T, 2.6 % C stacking gel cast with 5 mm wide wells, to readily 

accommodate 2nd dimension gel slices. Electrophoresis in the large format gradient was 

carried out as described above for gradient gels in this format.  

4.2.7 Detection, Image Analysis, Spot Picking and Mass Spectrometry 

All final gels were fixed in 10 % methanol, 7 % acetic acid for 2 hours with 

continuous mixing. Fixative was washed from the gel with four water exchanges over 

two hours. Gels were stained in Sypro Ruby (BioRad) for 12 hours, before destaining 
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with fixative solution for 15 minutes. Destained gels were washed with water to 

remove methanol and acetic acid, and allow the gel to return to its normal hydrated size.  

For selective staining of hydrophobic proteins the ProQ Amber Transmembrane 

Protein Stain reagent (Molecular Probes, Eugene OR) was used essentially according to 

the manufacturer’s specifications. Final destaining steps were increased 3-fold to ensure a 

minimum of false-positive, non-specific staining.  

Stained gels were imaged using the ProXpress Proteomic Imaging System (Perkin 

Elmer, Boston MA). Gel images were then analyzed using the automated spot detection 

paradigms of Progenesis Workstation (Nonlinear Dynamics, Newcastle, UK). Vertical or 

horizontal streaks (~ 5% of total staining pattern) were removed from the analysis by use 

of a spot circularity filter. In all cases, spot count differences noted in the text were all 

statistically significant (Student’s t-test, p < 0.05, n = 3).  

Protein spots of interest were excised from the gel using the Investigator ProPic 

(Genomic Solutions, Ann Arbor MI) using a standard 1.5 mm picking tool. Standard 

protocols of sample washing, elution, tryptic digestion and tandem mass spectrometry 

(LC-MS-MS), in addition to all subsequent database searching were carried out by the 

Southern Alberta Mass Spectrometry Centre at the University of Calgary Faculty of 

Medicine. 

4.3 Results 

Although 760 ± 40 (n = 3) proteins were resolved and detected in the total mouse 

liver extract (Figure 4-1A), a characteristic limit in the resolution of extremely alkaline 

proteins (pI ~ 10) in this sample was observed (Highlight I, Figure 4-1A). A third 

electrophoretic separation was carried out in order to resolve proteins ‘piled up’ at this 

limiting range of the IPG strip (Figure 4-1B). In the highlighted region (Figure 4-1A, I), 

although clearly smeared, automated detection estimated 31 ± 4 protein spots (n = 3), 

whereas a third electrophoretic separation of this region resolved 48 ± 3 (n = 3) 

detectable and clearly distinguishable protein spots (Figure 4-1B).  
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The total, unfractionated mouse liver contained a large number of proteins in 

the neutral range of the gel (Figure 4-1A). Thus it is not surprising that when the 

unfractionated sample was applied to a narrow range (pH 5-8) IPG a very large number 

of proteins were resolved in mini format gels (Figure 4-1C); in total 855 ± 14 proteins 

were indicated by automated analysis. However, broad range (pH 3-10) gels contained a 

number of proteins beyond this neutral range (Figure 4-1A), and consequently a large 

number of poorly resolved proteins at the pH extremes of the narrow range (pH 5-8) gel 

was observed (Figure 4-1C). Automated detection indicated 38 ± 3 proteins (n = 3) in this 

region of the gel (Highlighted, Figure 4-1C). In parallel 3rd electrophoretic separations of 

this region (Figure 4-1D) fully 58 ± 3 protein spots were resolved and detected (n = 3).  

By using a large (20 cm) gel format for the 3rd electrophoretic separation, still more 

protein spots were resolved from this region of the narrow range 2nd dimension gel in 

Figure 4-1C; fully 65 protein spots were resolved and detected from those proteins 

stacked at pI < 5 (Figure 4-2). 

Although 2500 ± 100 (n = 3) proteins were resolved and detected when large 

format gels were used in 1st and 2nd dimension separations of the mouse liver extract, 

proteins at the pI extreme remained poorly resolved (Figure 4-3A). The markedly 

improved resolution of this larger 2DE format does not obviate the utility of a 3rd 

electrophoretic separation of proteins at the alkaline extreme. In this region of the gel, 

automated spot detection estimated 66 ± 2 protein spots (n = 3). In a subsequent large 

format 3rd electrophoretic separation of this region fully 78 ± 4 proteins were resolved 

and detected (n = 3). 

These improvements in effective resolution of proteins “stacked” at the pH 

extremes were not limited to the mouse liver extract sample. A total of 700 ± 23 (n = 3) 

proteins were resolved from a mouse brain total membrane isolate in mini gel format 

2DE (Figure 4-4A). Parallel transmembrane (i.e. hydrophobic domain) selective staining 

visually shared a great deal of similarity with total protein stained gel (Figure 4-4B); this 

similarity was most striking when the parallel stained gels were digitally overlaid (Figure 

4-4C). Comparative image analysis indicated > 98 % overlap between the two staining 

formats. Included in this membrane proteome were notably poorly resolved proteins 
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“stacked” at the alkaline extreme of the gel (Figures 4A-C). Automated spot detection 

estimated 39 ± 2 (n = 3) such proteins, whereas 46 ± 2 (n = 3) proteins were more cleanly 

resolved in 3rd electrophoretic separations of this region (Figure 4-4D).  

Oligopeptides migrating with the dye front in 2DE of total mouse liver and mouse 

brain membrane isolates (Figure 4-1A and 4-3A, respectively) were resolved by 3rd 

electrophoretic separations on mini format tris-tricine gels (Figures 4-5A,B). Capitalizing 

on the integration power of the ProXpress Imaging system, compared to scanner-based 

systems, fully 53 ± 4 (n = 3) previously unresolved peptides were counted in the total 

mouse liver sample, while 63 ± 3 (n = 3) previously unresolved peptides were counted in 

the mouse brain membrane proteome (Figures 4-5A, B). Notably, these detectable small 

proteins were found across the entire 3-10 pI range, and principally resolved in the 8-15 

kDa range of apparent molecular weights. 

In mini format 2DE separations of mouse cardiac muscle, 650 ± 40 (n = 3) proteins 

were resolved and detected (Figure 4-6A). These included several proteins of 

characteristically high abundance corresponding to the approximate pI and molecular 

weight of actin (Figures 4-6A). Proteins in narrow pI slices excised from these areas 

(Figures 4-6A) were separated orthogonally in 3rd electrophoretic separations (Figures 4

6B). From each slice, several proteins that were obscured or undetectable in the 2nd 

dimension gels were clearly resolved from their over-abundant neighbours and detected 

following the 3rd electrophoretic separation. These included proteins of slightly higher 

and lower molecular weight and a select number of very low abundance yet exceptionally 

well resolved proteins. Through this additional electrophoretic separation, enough spatial 

resolution was achieved to cleanly excise the protein spots using a 1.5 mm spot picking 

tool on a robotic picking apparatus. LC-MS-MS of select spots (Figure 4-6B) identified 

several metabolic enzymes that were resolved from high abundance, co-migrating actin 

(Table 4-1). 
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Figure 4-1. Third electrophoretic separations of proteins with extreme pI. 

Whole mouse liver extract separated by standard 2DE in mini format, with specific areas 

of interest excised and resolved in 3rd electrophoretic separations; A. 2DE with 3-10 IPG; 

B. Orthogonal separation of ‘stacked’ proteins at the alkaline extreme (pH ~ 10) 

highlighted in A; C. 2DE with 5-8 IPG; D. Orthogonal separation of ‘stacked’ protein at 

the acidic (pH ~ 5) extreme highlighted in C. 
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Figure 4-2. Large format third electrophoretic separations. 

The resolution of total mouse liver proteins stacked at the acidic extreme (pH ~ 5) was 

further enhanced by increasing the length of separation. A 3rd separation was carried out 

as in Fig 4-1D, using a large format (20 cm) gradient gel for optimal resolution. 
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Figure 4-2
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Figure 4-3. Large format 2DE and third electrophoretic separations.  

Improving resolution in standard 2DE by using large gel formats did not obviate the 

utility of a 3rd electrophoretic separation. A. In whole mouse liver extract separated by 

2DE in large gel format, proteins remain stacked at the alkaline extreme (pH ~ 10). B. 

Orthogonal 3rd electrophoretic separation of stacked, alkaline proteins highlighted in A.  
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Figure 4-3 
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Figure 4-4. Third electrophoretic separations improve the resolution of membrane 

proteins. 

Mouse brain membrane protein isolate separated by standard 2DE in mini format, with 

specific areas of interest excised and resolved in 3rd electrophoretic separations. A. 2DE 

with 3-10 IPG; B. Parallel hydrophobic domain staining; C. Digital overlay of Sypro 

Ruby total protein staining (from A) in red with ProQ Amber hydrophobic domain 

staining (from B) in green. D. A 3rd electrophoretic separation to improve the separation 

of poorly resolved mouse membrane proteins stacked at the alkaline (pI ~ 10) region of 

the 2nd dimension gel in panel A.  
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Figure 4-5. Tricine third electrophoretic separations of peptides.  

Tris-tricine SDS-PAGE for the high resolution 3rd electrophoretic separation of 

oligopeptides migrating at the 2nd dimension dye front of traditional 2DE. Tris-tricine 3rd 

electrophoretic separations of oligopeptides from; A. Total mouse liver from Figure 4-1A 

and; B. Mouse brain membrane from Figure 4-4A.  
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Figure 4-6. Post-fractionation strategies improve the resolution of co-resolved 

proteins. 

Use of a 3rd electrophoretic separation to effectively resolve multiple low abundance 

proteins obscured by neighbouring high abundance proteins following standard 2DE. A. 

Whole mouse cardiac muscle protein was separated by standard 2DE. B. High abundance 

protein spots in A were excised and orthogonally resolved in parallel 3rd electrophoretic 

separations. 
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Figure 4-6
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Table 4-1 Identifying proteins resolved in third-electrophoretic separations.
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4.4 Discussion 

Application of a 3rd electrophoretic separation to specific areas of poor resolution in 

2nd dimension gels rapidly improved protein detection in these regions. In each case the 

composition, size and direction of separation of the 3rd electrophoretic separation system 

were carefully selected to maximize final resolution beyond what can routinely be 

achieved by 2DE alone. In each example, objective analysis by automated spot detection 

indicated a substantial increase in the number of resolved proteins. Additionally, spatial 

resolution was increased to fully enable effective spot picking for subsequent mass 

spectrometric analyses. Use of postfractionation strategies in the form of 3rd 

electrophoretic separations provide simple, fast, and effective means of recovering data 

and thus enhancing proteomic analyses. 

4.4.1 Zinc-Imidazole Fixation Prior to 3rd Electrophoretic Separations 

Excision and transfer / sealing to a 3rd gel were carried out as rapidly as possible 

so as to minimize the effects of diffusion and maximize the resolving potential of the 

final electrophoretic separation. For the most precise excision possible, the area of 

interest can be rapidly visualized immediately following completion of the 2nd dimension 

by staining with the well-characterized Zn-imidazole reversible fixation/staining 

protocol.310 As a practical matter the entire 2nd dimension gel can be Zn-imidazole fixed 

and any areas of interest can be excised, destained, and then subjected to analysis by 3rd 

separations (or other methods); once reversed, prior Zn fixation did not affect the quality 

of subsequent high sensitivity Sypro Ruby staining. However, it should be noted that the 

time involved in Zn fixing / staining then reversing / destaining increases the opportunity 

for proteins to diffuse through the gel matrix. Naturally diffusion will only serve to 

reduce resolution. Thus we might consider limiting the application of Zn-imidazole 

staining and pre-visualization to those situations that most warrant its use, so as to 

maximize the resolving power of the 3rd electrophoretic separation, and to preserve the 

high resolution already achieved throughout the remainder of the 2nd dimension. For 

instance, visualization of oligopeptides migrating with the dye front of the 2nd dimension 
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can be achieved simply by including trace bromophenol blue in the agarose overlay 

solution or stacking gel and thus visualizing the dye front containing unresolved 

oligopeptides, thereby negating the necessity for Zn-staining. Alternatively, zinc fixation 

of the entire gel is typically required to identify areas in the centre of 2D gels that would 

substantially benefit from 3rd separations, as excising these areas without such a visual 

aid proves quite difficult. 

4.4.2 Enhanced resolution at pH extremes 

Attempts in our laboratory to improve resolution at the alkaline extreme of broad 

range (3-10) gel separations (Figure 4-1A) by modifying the hydration and IEF 

environment using isopropanol (20 % v/v), glycerol (5 %, w/v) and tergitol (0.1 %, 

w/v)148,303 met with quite limited success (data not shown). It appeared that small gains in 

resolution of the alkaline extreme by the application of these reagents were achieved at 

the cost of resolution in all other regions of the gel. Manipulating 1st dimension 

conditions in order to improve resolution in a specific pH range, without adversely 

affecting resolution in the rest of the gel thus proved difficult in practice, if not 

completely ineffective. However, following 2nd dimension separation, poorly resolved 

proteins ‘stacked’ at the pH extremes were easily isolated by careful excision from the 2nd 

dimension gel. Separated in a third SDS-PAGE gel, the resolution of these traditionally 

poorly separated regions was substantially improved (Figure 4-1). Moreover, while the 

excised area of interest was subjected to a 3rd electrophoretic separation, the well-

resolved bulk of the gel was left undisturbed and thus available for standard high-

sensitivity staining, analysis, spot picking and mass spectrometry. In these 3rd 

electrophoretic separations, although proteins were resolved in a direction orthogonal to 

that of the 2nd dimension, the parameter by which proteins were separated (i.e. MW) was 

not altered. Thus the 3rd separations described here are not analytically orthogonal to the 

2nd dimension, and thus do not constitute true 3rd dimensions. However, here the sample 

represents a very select number of proteins that are already partially resolved. Naturally, 

then, in this 3rd separation, proteins migrate across the diagonal of the gel (Figure 4-1B). 

In essence, what is achieved with a 3rd electrophoretic separation is akin to what was 
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described in another report as double SDS-PAGE (D-SDS-PAGE), coupling multiple 

SDS-PAGE separations that are directly, but not analytically orthogonal.109 In these terms 

we might describe 2DE analyses including 3rd electrophoretic separations as IEF-D-SDS

PAGE. Increased resolution is therefore largely achieved by substantially increasing the 

linear distance over which proteins are separated in the 3rd gel relative to the 2nd (Figure 

4-1B), and enhanced further by the use of gradient gels. Both these parameters can 

obviously be further optimized depending on the complexity of the protein mixture 

occurring at a given pH extreme. For example, by simply extending the length of the 3rd 

gel, thereby expanding the separation distance, even greater final resolution can be 

achieved (Figure 4-2). 

It appears that many research groups routinely separate unfractionated samples on 

neutral, narrow range IPG strips (e.g. 5-8), rather than on broad range IPG strips; as the 

majority of proteins in many samples do fall in this near-neutral range, this is perhaps 

understandable. However, there are always poorly resolved proteins at the extremes of 

such gels.130 The application of a routine 3rd electrophoretic separation was tested. First, 

2DE was used to resolve a total mouse liver extract on narrow range IPG strips of pH 5-8 

(Highlighted, Figure 4-1C). The poor resolution of proteins at the acidic extremes of 

these gels was immediately evident (Figures 4-1C). However, very high-resolution 

separations of these stacked proteins were quickly and effectively achieved using a 3rd 

electrophoretic separation (Figure 4-1D). A substantial number of proteins were resolved 

that were not distinguishable by eye, or by automated spot detection in the 2nd dimension 

gel (Figure 4-1C). 

Presumably, in instances where unfractionated samples are applied to narrow 

range IPGs, it is felt that the benefit of improved spatial resolution of the majority of a 

given sample outweighs the benefit of separating all possible resolvable proteins. The 

simple addition of a 3rd electrophoretic separation then proves quite valuable; poorly 

resolved proteins at the pH extremes, that perhaps warrant neither complicated 

prefractionation strategies nor the use of wider range IPGs, can be simply and routinely 

separated, enhancing the rigour of the proteomic analysis. In this way, proteins falling 

outside the immediate area of interest on a narrow range IPG, and often ignored or quite 
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poorly handled by image analysis software, can be routinely resolved, and potentially 

important data rescued.  

It should be noted that many groups routinely employ large format ( > 17 cm) gels 

in the 1st and 2nd dimension of 2DE separations for greater resolution than can be 

achieved in mini gel formats. Indeed, using large gels more proteins were resolved and 

detected from the mouse liver sample than with mini gels. However, this increase in 

detection is additionally a result of increased loading; larger gels accommodate larger 

optimal loads, increasing the quantity of many low abundance proteins to the threshold of 

minimal detection. As a result, areas of the mini gel that were poorly resolved due to 

crowding, such as the alkaline extreme (pI = 10) tend to remain poorly resolved in a large 

format separation if the increase in resolution is not sufficient to overcome the increase in 

loading. Most frequently, accepted protocols prescribe increasing load in direct 

proportion to the increased size of the gel when moving from mini to larger formats. Thus 

it is not surprising that poorly resolved liver proteins at the alkaline extreme remain 

poorly resolved whether separated on mini gels or on large format gels with a larger load 

(Figure 4-1A, 4-3A). Nonetheless, a 3rd separation of this subset of proteins was a very 

successful means of improving the effective resolution of this region of the gel (Figure 4

3A, B). 

These findings were not limited to total mouse liver proteins. Similar ‘stacking’ of 

unresolved proteins at the pH extremes in many biological samples has been observed. Of 

particular note is the occurrence of this phenomenon in membrane protein isolates from 

mouse brain (Figure 4-4A). A simple physical prefractionation protocol is described that 

allows for the rapid isolation of the total membrane / membrane associated protein 

complement from the total soluble / cytosolic protein content of cells or tissue. This 

rigorous application of purely physical parameters provides a rapid and reproducible 

prefractionation strategy. Importantly, this method renders both fractions completely 

available for processing by 2DE; the membrane / membrane associated proteins are 

directly solubilized in the detergent / chaotrope system of choice whereas soluble proteins 

can be rapidly concentrated and dialyzed using centrifugal concentration devices as 

described in Chapter Two. This is accomplished with minimal operator input, relatively 



206

206 

few consumables, and generally minimizes the addition of contaminants which may 

confound subsequent gel separations. Moreover, prefractionated in this way, both 

membrane (Figure 4-4A) and soluble / protein fractions (refer to Chapter Two) produce 

excellent, high quality proteomic maps by 2DE. Staining the membrane isolate for 

hydrophobic domains in parallel with total protein staining indicated that > 98 % of the 

resolved proteins contained large hydrophobic / transmembrane domains (Figure 4-4A

C). Although several proteins in the two-colour overlay either appear entirely red (Sypro 

Ruby) or green (Pro-Q Amber), for the most part this is the result of differing 

fluorescence intensities between stains. It should be noted when Pro-Q Amber 

transmembrane selective stain is used, there is not necessarily a correlation between 

fluorescence intensity and protein (domain) quantity; this stain is not quantitative per se 

but rather relies on multiplexing with a more quantitative dye. Nonetheless, close 

inspection using the Progenesis Workstation image analysis software indicates that the 

majority of these proteins indeed have overlapping centres with the quantitatively stained 

(Sypro Ruby) spots (Figure 4-4C). Thus the general belief that proteins having 

hydrophobic stretches do not easily enter IPG strips appears to be unsubstantiated. 

Membrane proteomes can be quite effectively analyzed using the simple optimized 2DE 

protocols described here. 

Even after prefractionation of the mouse brain tissue, however, proteins at the 

alkaline extreme remained characteristically piled-up (Highlighted, Figure 4-4A). 

Nonetheless, the highly hydrophobic nature of the sample (Figure 4-4) did not impede or 

prevent the resolution of this troublesome region by 3rd electrophoretic separation (Figure 

4-4D). Thus, it appears that this improvement in effective resolution is not limited to the 

total mouse liver extract specifically, but rather can be broadly applied to a wide variety 

of samples / sample types, including highly hydrophobic membrane proteins.  

4.4.3 Enhanced Resolution of Peptides 

Smaller proteins/peptides at the separation front always remain unresolved in 

standard 2DE protocols. Here a simple 3rd electrophoretic separation to enhance the 

overall rigour of the protein analysis would also be beneficial. Applying a tris-tricine 
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gradient gel in a 3rd electrophoretic separation enabled detection of a large number of 

oligopeptides from both the total mouse liver extract and the mouse brain membrane 

isolate (Figures 4-5A and B, respectively), which go unresolved in traditional 2DE 

analyses (Figures 4-1A, 4-4A). Although automated spot detection suggested the 

presence of a number of spots (i.e. peaks) in the dye / lipid front of 2nd dimension gels 

(Figure 4-1A, 4-4A), these certainly do not represent distinct, resolved protein spots of 

the quality found in the 2D gel as a whole.   

It should additionally be noted that, despite advances in the field, current 

detection methods for low abundance proteins, and for small proteins / oligopeptides are 

less than optimal.312,313 Detection of the resolved oligopeptides (Figure 4-5) was not 

improved by the application of other common stains including mass spectrometry-

compatible silver stain197, high sensitivity colloidal Coomassie (BioRad), or coupled 

Bismarck Brown R - Coomassie staining314 (data not shown). Nonetheless, the resolution 

of Sypro Ruby-stained peptides was improved to a level minimally required for high 

confidence spot picking operations. Such detection was only possible by fully utilizing 

the inherent fluorescence integration capabilities of the imaging system. That said, the 

question remains as to how many peptides were actually resolved, as these are 

notoriously difficult to detect by any standard staining methods. These data quite likely 

represent underestimates of the total number of resolved oligopeptides. Enhanced 

detection protocols should thus further complement the enhanced resolution provided by 

these 3rd electrophoretic separations. 

4.4.4 Separation of Low Abundance Proteins from Co-migrating High Abundance 

Proteins 

2DE separation of total mouse cardiac muscle proteins resolved a very large 

number of proteins across the entire pI / MW range (Figure 4-6A). Very high abundance 

proteins, readily recognized by their pronounced fluorescent signals approaching 

saturation of the detection instrument, were detected at pI / MW corresponding to actin 

(Figure 4-6A). Poor resolution in both dimensions and characteristic distortions generally 
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associated with overloading gels were observed in this specific region of the 2nd 

dimension gel (Figure 4-6A). Both phenomena obscure low abundance proteins in the 

affected areas of the 2nd dimension gel, but these proteins were successfully resolved by 

subsequent postfractionation using a 3rd electrophoretic separation (Figure 4-6B).  

Thus a number of low abundance proteins were detected following 3rd 

electrophoretic separations that were previously obscured in the 2nd dimension gel due to 

their co-migration with more abundant molecules (Figure 4-6). Although the high 

abundance protein spots in the area of interest (Figure 4-4A) could be picked from the 2nd 

dimension gel, the presence of co-resolved low abundance contaminants, as evidenced by 

higher resolution analysis (Figure 4-4B), indicate that this practice should clearly be 

discouraged. Although with careful analysis simple mixtures can be resolved by MS-MS, 

more complex mixtures could conceivably compromise effective identification. In this 

way, a 3rd electrophoretic separation may be used as a tool to determine the quality of 

2DE separations, and as a simple, effective clean-up step prior to mass spectrometric 

analyses. 

In part, the improved resolution that was achieved here was the result of the 

careful transition from 2nd dimension to the 3rd electrophoretic separation. Slicing the gel 

into narrow pI segments effectively partitioned the dominant high abundance protein in 

this region of the gel (Figure 4-6). Partitioned in this way, the load of total protein per 

unit volume of the gel was reduced in the directionally orthogonal 3rd separation. As a 

result, the characteristic distortions attributed to overloading, as observed in the 2nd 

dimension gel, were absent from the 3rd separation (Figure 4-6). Subdividing the high 

abundance spot(s) in this way further served to reduce signal saturation during 

fluorescent detection. Thus, using a 3rd separation, negative local effects interfering with 

the detection of neighbouring low abundance spots were substantially reduced. When 

coupled with the enhanced resolution of an orthogonal 3rd separation, these improvements 

enable the detection of a number of previously undetected / unresolved protein spots 

(Figure 4-6). 

Newly resolved protein spots were sufficiently separated so as to allow them to be 

cleanly excised them from the gel using an automated spot picking robot with a standard 
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1.5 mm cutting tool. Among these “rescued” protein spots, newly resolved by 

postfractionation using a 3rd electrophoretic separation (Figure 4-6B), LC-MS-MS and 

database searching identified several metabolic enzymes normally rendered undetectable 

by highly abundant albumins and cytoskeletal actin (Table 4-1). This is the essence of the 

3rd electrophoretic separation as it has been applied in this study; capitalizing on the 

tremendous experience of the field in producing excellent, high quality, high resolution 

separations by 2DE, and then selectively apply additional resolving power in regions 

where resolution suffers as a result of characteristics inherent to the sample or method. 

Thus the majority of the sample, which is well resolved by 2DE, remains well resolved 

(Figure 4-6A) and more rigorous postfractionation can then be applied to areas where 

prohibitive co-migration with high abundance proteins occurs (Figure 4-6B). Indeed, 

even after the additional handling required for a 3rd separation, low abundance proteins 

separated from actin appear as tight, round, well-resolved spots (Figure 4-6B). The 

migration of these proteins was thus apparently not impeded by the co-migrating actin; 

removing actin from the mixture is not required for these molecules to be cleanly 

resolved. Thus this method can be regarded as a novel means of sample postfractionation 

to achieve an effective level of resolution in biological samples with a very large dynamic 

range of protein abundance. As such the method provides a simple and effective 

alternative to commonly applied and commercialized affinity prefractionation 

techniques.305-307 Non-quantitative losses of proteins, due to their possible binding to 

more abundant protein molecules,309 can thus be simply, routinely and cost effectively 

avoided by applying a 3rd electrophoretic separation as a postfractionation strategy. 

Postfractionation offers a convenient means of generating more thorough proteomic 

maps, enabling us to quantitatively account for as much biological complexity as 

possible. 

4.5 Concluding Remarks 

Proteins of extreme isoelectric points, molecular masses, and relative abundance 

currently represent the analytical ‘edge’ of what can be achieved by 2DE technology. 
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There is substantial effort being devoted to the development of techniques that 

optimize our capacity to resolve these proteins, and thereby further enhance and refine 

ongoing proteomic analyses. The introduction of simple 3rd separation steps for 

improving resolution is but one example of such efforts. In each example described here, 

the additional resolution afforded by a simple 3rd electrophoretic separation was 

minimally sufficient to enable clean excision of newly detected spots using a standard 1.5 

mm spot-picking tool. 

It may very well be that there remain unresolved / undetected proteins even 

following the highest resolution electrophoretic separations. These not only represent lost 

data, but remain potential contaminants that can interfere with effective mass 

spectrometric analyses. Nonetheless techniques involving 3rd electrophoretic separations 

provide a means of analyzing regions of inherently low resolution as rigorously as current 

separation and detection technologies allow, and provide for enhanced confidence in the 

quality of excised protein spots. 

Importantly, this is accomplished without any re-tooling or additional 

consumables, in a manner that is routine, simple and cost effective. In this vein, although 

the resolving power of large gels is obviously greater than mini-format gels, simply 

doubling the size of the gel does not proportionally improve effective resolution. In fact, 

mini-gel formats provide for excellent proteomic maps, with resolution that is perfectly 

acceptable for methods development, demonstration / training, or initial 1st pass 

comparative proteomic analyses. For any of these purposes, mini gel formats offer a 

significant cost advantage, with the knowledge that large format gels are always available 

for added resolution. 

There was an additional impetus to provide a technique that completely preserves 

the well-resolved areas of the 2nd dimension separation, thus capitalizing on the 

tremendous experience of the field as a whole in producing excellent, high resolution, 

high quality separations from biological samples. By selectively removing only areas of 

poor resolution from the 2nd dimension separation and subjecting these to 3rd 

electrophoretic separations, the well-resolved bulk of the gel was left intact and available 

for standard analyses. 
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While this method does not substitute for the marked resolving power of 

narrow range IPGs,53,133,148,153 it is anticipated that 3rd electrophoretic separations can 

form part of a combined, complementary analysis. Applied as described, this approach 

ultimately represents a means of rescuing potentially critical proteomic data. In the end, 

proteomic approaches are only as useful as their ability to account for as much of the 

underlying native complexity of the biological sample as possible. As such, 

methodological integrations and adaptations will always lie at the core of the most 

effective protein analyses. 
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Chapter Five: Cost effective sub-nanogram sensitivity in gel-based proteomics made 

possible: infrared fluorescence detection elevates Coomassie Brilliant Blue staining 

to the cutting edge and beyond. 

This Chapter was previously published in part in: 

Lauren R. Harris, Matthew A. Churchward, R. Hussain Butt and Jens R. Coorssen. 2007. 

Journal of Proteome Research. 6: 1418-1425. 

In this study (Harris et al., 2007), the author was responsible for experimental work 

and analysis that appears in this thesis in Figures 5-1 and 5-2 (Figure 4 in the original 

publication), demonstrating the feasibility of infrared fluorescence detection of 

Coomassie-stained two-dimensional gels. Additionally the author contributed to 

experimental design and provided critical revisions to the final manuscript.  

All subsequent data appearing in this Chapter were generated independently of 

the Harris et al. (2007) work and were contributed exclusively by the author. The author 

was responsible for study design as well as all experimental work required. Dr. Coorssen 

provided critical revisions to the final manuscript.  

5.1 Abbreviations Used In this Chapter 

1DE one-dimensional gel electrophoresis 

2DE two dimensional gel electrophoresis 

BioSafe BioSafe Coomassie Stain (Coomassie Stain C
available from BioRad) 

ommercially 

BS Blue Silver Colloidal Coomassie Stain (A Coo
Formulation Prepared In-House) 

massie Stain 

Continued. . . 
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Abbreviations used in this Chapter Continued 

BSA Bovine Serum Albumin (isolated protein standard) 


CA Carbonic Anhydrase from Bovine Erythrocyte (isolated protein 

standard) 

CB 	 Coomassie Blue (A Dye for In-gel Protein Staining) 

CCB 	 Colloidal Coomassie Blue (A colloidal suspension of 
Coomassie Blue) 

CEA 	 Chicken Egg Albumin (isolated protein standard) 

Coll. Blue 	 Colloidal Blue Stain (Coomassie Stain Commercially available 
from Invitrogen) 

EZ Blue 	 EZ Blue Gel Staining Reagent (Coomassie Stain 
Commercially available from Sigma) 

FC 	 Fast Coomassie (A Coomassie Stain Formulation Prepared In-
House) 

GelCode 	 GelCode Blue Stain Reagent (Coomassie Stain Commercially 
Blue 	 available from Pierce) 

IRF 	 InfraRed Fluorescence (a method of detecting Coomassie 
Blue) 

Imperial  	 Imperial Protein Stain (Coomassie Stain Commercially 
available from Pierce) 

IMPS 	 Integrated Measure of Practical Sensitivity ( IMPS = LLD-1 x 
LPS-1) 

IPV 	 Inter-Protein Variability (of fluorescent signal intensity) 

LDR 	 Linear Dynamic Range 

LLD 	 Lowest Limit of detection 

LPS 	 Lowest Practical Sensitivity 

Lyso 	 Lysozyme from Chicken Egg (isolated protein standard) 

Continued. . . 
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Abbreviations used in this Chapter Continued 

MS 	Mass Spectrometry 

MNG 	 Modified Neuhoff G-250 Colloidal Coomassie stain (A 
Coomassie Stain Formulation Prepared In-House) 

NG 	 Neuhoff G-250 Colloidal Coomassie stain (A Coomassie Stain 
Formulation Prepared In-House) 

NR 	 Neuhoff R-250 Colloidal Coomassie stain (A Coomassie Stain 
Formulation Prepared In-House) 

PAGE Blue 	 PAGE Blue Staining Reagent (Coomassie Stain Commercially 
available from Fermentas) 

S/N 	 Signal to noise ratio 

S2/N 	 Signal Squared to noise ratio 

SC 	 Sensitive Coomassie (A Coomassie Stain Formulation 
Prepared In-House) 

Simply Blue Simply Blue Safe Stain (Coomassie Stain Commercially 
available from Invitrogen) 

SR 	 Sypro Ruby (A Fluorescent Dye for In-Gel Protein Staining) 

TC 	 Traditional Coomassie (A Coomassie Stain Formulation 
Prepared In-House) 

Ti 	 Trypsin Inhibitor from Soybean (isolated protein standard) 

VLF 	 Visible Light Fluorescence (a method of detecting Sypro 
Ruby) 

WLD 	 White Light Densitometry (a method of detecting Coomassie 
Blue) 
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5.2 Introduction 

Continuous advances in liquid-based protein separations, shotgun proteomics, and 

the advent of protein chip technology have been interpreted by some to mean that the 

contributions of gel electrophoresis are ending, and that the days of gel-based approaches 

to proteomics are numbered. However, several factors, chief among them the soaring 

costs of new technologies (both in initial set-up and regular upgrading) all too often limits 

availability to select labs or service facilities. Moreover, questions concerning the quality 

of resulting data have created a perhaps unexpected and broad niche in the void between 

proven and new technology where gel-based proteomics continues to thrive. Nonetheless, 

despite a breadth of users, ongoing refinements and thus continued support in both 

research and commercial sectors, gels have their share of detractors. In addition to age 

(i.e. ‘maturity’), gel electrophoresis has been accused of everything from poor 

reproducibility, to low throughput, poor handling of large, small, acidic, alkaline, 

glycosylated and hydrophobic proteins, and low sensitivity. While all of these arguments 

remain sources of controversy in the literature, there have been considerable and startling 

advances in gel electrophoresis techniques that should be considered in light of these 

criticisms.52,131,158,160,190,212,315,316 

Among these, the issue of detection sensitivity is of considerable importance, and 

deserving of more balanced examination.54 Detection sensitivity is a particularly 

interesting issue for the field of gel-based proteomics. For 25-plus years, available 

technology has permitted the detection of the relatively most abundant proteins.317,318 

High abundance proteins are comparatively easily detected by relatively insensitive 

methods. The detection of moderately abundant proteins can routinely be achieved in-gel, 

and relatively low abundance proteins remain on the edge of detection sensitivity. 

However, there is a concern that much of the proteome remains several of orders of 

magnitude less abundant still.60 Many of the components suspected to be the real players 

not only in normal physiology but also disease, present in only a few hundred or thousand 

copies, are strikingly out of reach by comparison. Not surprisingly, the development and 

optimization of detection methods for gel-based proteomics continue to be a high 

priority.198,199,209,210,214,240,310,312,319-324 
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The main focus in proteomics is analysis of the proteome and, as such, the 

overarching goal is the detection of every protein that makes up the starting material. 

Accepting that this may not be possible in practice, this statement might be revised to 

include the detection of as many proteins that make up the starting material as possible. 

Thus while some protein detection technologies, namely high sensitivity western blotting, 

can routinely detect low attomole quantities of protein, this sensitivity is possible only for 

specific proteins.67 For the analysis of proteomes, routine high sensitivity total protein 

detection must be the goal.325 

The different possible in-gel detection methods, and their respective advantages 

and disadvantages have been discussed at length in this thesis (refer to Chapter One, 

Section 1.6.4.6). As discussed, the majority of gel-based proteomic analyses currently 

rely on postlabelling / stains, as opposed to prelabelling of proteins in vivo or in vitro. 

Traditional staining methods have their roots in textile dyes, and as such bind to proteins 

with sufficient density to impart visibly discernible colour on these molecules. The 

detection of dyes in-gel thus originally relied predominantly on densitometry and this 

served for years as the backbone of in-gel protein detection. By far the most well known 

and successful among these traditional detection methods is the ubiquitous Coomassie 

Blue (CB) stain: originally developed as an acid wool dye, CB has served the scientific 

community as both a gel stain and a total protein quantitation reagent for nearly 50 years, 

and continues to do so today.317,326-328 CB staining is affordable, robust, easy to use and 

versatile. Among the well explored attributes of CB staining is the fact that the dye non-

covalently binds proteins, and staining can be reversed. Thus the dye can be removed 

from stained proteins to an extent that it does not complicate or impede downstream 

analyses: as such the dye is compatible with mass spectrometry (MS). Despite these 

qualities, CB staining is somewhat notoriously insensitive, and is generally thought to 

produce high background staining due to nonspecific retention of the freely soluble dye 

within the gel matrix. It is understood that the method is unable to detect proteins in 

quantities of less than a few tens of nanograms.326,327,329 Moreover, there are some 

concerns about the low linear dynamic range (LDR) of quantitation and high inter-protein 

variability (IPV) of this staining reagent compared with more modern stains.330,331 
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To some extent the development of colloidal CB (CCB) formulations 

addressed these limitations.198,329,332 CCB formulations carefully control the 

concentration of soluble CB in the staining reagent by sequestering the majority of the 

dye into large colloidal particles, mediated by pH, solvent and the ionic strength of the 

solution.198,329 Theoretically, careful control of colloidal particle size prevents the dye 

colloids from deeply penetrating the gel matrix, minimizing background. The most 

common CCB formulations achieve this in formulations that additionally capitalize on 

enhanced CB-protein interaction in the presence of phosphoric acid.199,329,333 Thus CCB 

achieved higher sensitivity than traditional CB staining yet maintained all the advantages 

of the latter, including compatibility with existing densitometric detection instruments 

and mass spectrometry. CCB is generally considered to be sensitive to as little as 5-10 ng 

of protein in gel.198,314,318,329,334 Despite the fact that this level of sensitivity has been 

surpassed by other detection methods, the advantages of CCB ensure that it remains one 

of the most commonly used stains in gel-based proteomics today.208,215,327,335-339 

Silver stain effectively addresses the limited sensitivity of CB and CCB 

staining.319,320,331,340-343 Based on similar chemistry as silver film, silver stain relies on the 

binding of silver ions to proteins, and then the reduction of ionic silver to form optically 

dense metallic silver deposits in-gel. Thus silver staining, like CB staining, relies on 

densitometric detection infrastructure, but the method is vastly more sensitive.318-320,340 

Silver staining is still considered by many to be the most sensitive in-gel protein detection 

technology available today, with substantial evidence indicating an in-gel detection limit 

of less than 0.1 ng of protein.319,320,341 However, silver staining also introduced 

complications the likes of which CB staining had never encountered. Silver stain 

developed a reputation for being exceedingly sensitive to slight variations in staining 

conditions, such as the cleanliness of the staining container, the purity of the water used 

to prepare the staining solutions, the quality of the solvents used, and so forth; problems 

were generally irreversibly deleterious to reproducible in-gel detection of proteins. In 

practice, silver stain can work exceedingly well, but requires exacting and serious 

attention from a careful operator.344,345 Additionally, it has been documented that the 

silver stain response greatly varies from protein to protein: the stain unfortunately has 
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high IPV and a limited LDR.211,327,331,346-348 Finally, it is widely accepted that silver 

stain is not compatible with MS because the method relies on irreversible aldehyde 

fixation of proteins.211,318,349 Although aldehyde-free, MS-compatible silver stains have 

been developed, their degree of true MS compatibility is questionable, and they are far 

less sensitive than traditional silver stains.197,211,347,350,351 

Although for brevity only the most commonly used in-gel stains have been 

discussed, summarizing the field in this way belies its extraordinary diversity. A series of 

stains have been developed over the years that are unique and offer specific advantages 

over established methods, but remain obscure in the literature. The cell stain Bismarck 

Brown R has been used as a counter-ion in CB staining, to bind free dye and reduce 

background.314 The advantages of so-called ion-pair staining methods have been explored 

in greater detail, and even more effective ion-pair stains have been developed by this 

group.352,353 In particular, the zincon-ethyl violet ion-pair staining method performs 

comparably to CCB.352,353 

A range of visible negative stains for in-gel protein detection has been developed. 

That is, unlike the majority of traditional staining techniques, negative stain methods 

stain or bind the gel matrix and avoid binding protein in-gel and thus provide contrast 

suitable for the detection of proteins. The most interesting negative stains, copper 

chloride staining354, zinc chloride staining,355 and zinc-imidazole staining,310 employ 

heavy metals that can be rapidly induced to form precipitate complexes in the gel matrix, 

but these complexes fail to form in the presence of protein, providing negative stain 

contrast. Despite the somewhat primitive nature of these stains, they are surprisingly 

sensitive.310 Performance nearly equal to CCB is reported,310,354,356 but in our laboratory 

we have found the reported sensitivity of zinc-imidazole staining in particular to be 

somewhat conservative (data not shown), and there is some literature to support this.357 

Interestingly, these methods do not require absolute fixation of the gel with solvents, 

acids or aldehydes, as is required for other stains, but rather create an environment during 

the staining process where proteins are trapped in their position in-gel and thus unable to 

diffuse.310,354,355 As a consequence these heavy metal negative stains are completely and 

readily reversible: proteins stained / fixed by these methods can very rapidly be destained 
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/ de-fixed and subsequently be stained with other stains (compatible with silver-stain, 

CCB and Sypro Ruby) or proteins can be readily electrophoretically eluted from the gel 

for instance for western transfer or 3rd electrophoretic separations (refer to Chapter 

Four).310,354,355,358 These staining methods are cost effective and extremely rapid, 

requiring from five to 15 minutes depending on the formulation,310,354,355 providing a 

significant advantage over even CCB and rapid silver stains. However, the direct 

compatibility of these stains with MS has not been well characterized in the literature: 

although proteins were successfully identified following Zn-imidazole staining in the 

previous Chapter, at present it is not clear if more detailed analyses of the MS 

compatability of this stain in comparison with other stains exists.  

A final alternative to the conventional in-gel protein stains worthy of mention is 

the carbocyanine dye Stains-All.323,359-361 This dye has been well characterized as a 

visible total protein stain that is additionally suitable for in-gel fluorescent detection. 

However, Stains-All additionally has the interesting property that binding to certain 

functional groups or post translationally modified proteins results in changes in the 

spectral properties of the dye that are so large as to be visually appreciable differences in 

colouration of proteins resolved in-gel.359,360 As such, Stains-All has been described as 

something of a functional stain, in that specific proteins such as highly acidic or alkaline 

proteins, calcium binding proteins (e.g. calmodulin, troponin C) or glycosylated proteins 

can be readily distinguished from other resolved proteins by this method.323,359-361 

Each of these alternative in-gel stains offer distinct and specific advantages over 

the more conventional staining procedures. Yet the suitability of these stains for large-

scale gel-based proteomics has not been explored in detail and none of these stains have 

gained any widespread acceptance in the proteomics community. In large part, this seems 

due to the overarching success of more mainstream methods. However, it should also be 

noted that all of these methods are considered somewhat insensitive, approaching the 

level of detection sensitivity of CCB but thus far not demonstrably exceeding it. Given 

that achieving maximal detection sensitivity is of paramount concern in gel-based 

proteomics today, it seems likely that these alternative stains will slowly and increasingly 

be forgotten in the coming years.  
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Densitometry-based visible staining methods have eventually given way to 

next generation fluorescence-based methods. Among these, the most successful have 

been the ruthenium-organometallic family of dyes, and of these the most well known is 

the commercialized product Sypro Ruby (SR), which is thought to interact non-

covalently with primary amines in the amino acid sequence, but is also suspected of 

interacting with the SDS-protein coat.196,321,322,362 Chief among the attributes of this 

family of dyes is their high sensitivity.209,210,212,322,363 SR has been reported to be capable 

of in-gel protein detection limits of <1 ng, although silver stain is still generally 

considered to be slightly more sensitive for certain proteins.210,211,322,363 Moreover, it is 

claimed that SR produces greater LDR and reduced IPV compared to CCB and silver 

stains.196,321,322,364 Furthermore, relative to silver, SR is more comparable to CCB in terms 

of ease of use, and it is more forgiving of variations in initial conditions.322 Finally, SR is 

fully MS compatible, and thus this stain seems to address all of the weaknesses of 

traditional detection technologies, while building on their strengths.211,216,217,347 However, 

the chief consequence of these advances remains the high cost of such in-gel fluorescence 

detection of proteins. SR and related stains are notoriously expensive, and when the cost 

of the specialized detection equipment required to achieve optimal results is considered, 

the cost compared to CB is exorbitant and quite beyond the budget of many labs.  

A range of alternative fluorescent stains has been developed in part to address the 

high cost of SR. While the precise formulation of SR is proprietary and a closely held 

secret, the SR-like dye ruthenium II tris-bathophenanthrolinedisulfonate (RuBP) can be 

synthesized in-house or purchased relatively inexpensively.322,363,365-367 Although the 

performance of RuBP staining is close to that of its proprietary cousin, it is widely 

accepted that SR maintains a slight, but significant sensitivity advantage.240,322,363 Several 

other SR-like formulations are currently marketed including Rubeo (G Biosciences, St. 

Louis MO), Flamingo (BioRad), and Krypton (Pierce Biotechnology) ; all offer a slight 

price advantage, but no demonstrable gain in sensitivity over SR.240 Fluorescent detection 

using the hydrophobic fluorescein derivative C-16-FL can also be carried out at a fraction 

of the cost of SR, but has yet to gain any significant general acceptance in the field.209,312 

Finally, perhaps the most well characterized fluorescent alternative to SR is Deep 
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Purple.213,214,217,324 Deep Purple staining involves the reaction of primary amines with 

a naturally occurring fungal product, epicocconone, yielding a fluorescent enamine.214,324 

Each of these fluorescent stains are claimed to have similar sensitivity to SR, each is MS 

compatible, and their cost is a fraction that of SR. Yet, despite several studies comparing 

these alternatives to SR none have provided sufficiently convincing evidence to 

encourage the field to abandon SR.209,210,240,322,347,363 DP is the only alternative 

fluorescent stain that has gained any widespread acceptance in the field, yet it has still 

failed to displace SR to any great extent. SR remains the most commonly used 

fluorescent stain for gel-based proteomics, and alternative stains have as yet not 

dramatically improved upon its performance.  

After a decade of fluorescent total protein staining, the most sensitive in-gel 

detection methods, SR and silver stain, remain expensive. CCB stains are substantially 

less expensive to purchase and can be prepared for a fraction of the cost; the higher level 

of sensitivity achieved with silver and SR staining is seen to justify this cost. However, 

there is some indication that CB staining is not fundamentally insensitive, but rather that 

its maximum sensitivity is limited by densitometric detection technology.240,368 The 

possibility of detection based on CB fluorescence is an exciting approach to testing this 

hypothesis. CB has a characteristic absorbance peak in the near IR at ~650 nm and emits 

light even farther in the IR spectrum, in the range of 700-800 nm depending on the pH, 

ionic strength, protein binding and the specific variant of the dye.135,329,369-372 CB can be 

imaged fluorescently, however, the technical challenges of near-infrared (IR) in-gel 

imaging have until recently largely precluded such a detection approach.368 However, IR 

sensitive dyes have recently received increasing attention, and can now be routinely 

detected using the scanner-based Odyssey Imaging System from LiCor (Lincoln NB). 

The system is, by design, appropriate for in-gel detection, but is not strictly designed for 

proteomics purposes. Nonetheless, early reports suggest that the system is appropriate for 

in-gel infrared fluorescence (IRF) detection of CB-stained proteins.240,368 

It was reported that in-gel CB-IRF detection using the Odyssey was more 

sensitive than traditional densitometric detection.368 In this study, CB-IRF was capable of 

detecting as little as 2 ng of a standard protein, but no attempts were made to further 
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define the limitations of the method as it applies to gel-based proteomics.368 Details of 

this detection technology thus remain unexplored. At present there have been no detailed 

analyses of the performance of this technology relative to that of SR, nor of the practical 

limitations of in-gel CB-IRF. Does the sensitivity of IRF detection effectively enhance 

CB staining to an extent that it performs comparably with SR? If comparable 

performance proved to be routine, a substantial cost savings could be had in switching 

from SR to CB given that the latter can be readily prepared in the lab at lower cost than 

purchasing proprietary pre-prepared stain. For many years, it has been claimed that the 

low IPV and high LDR of SR are unmatched by any alternatives, but as yet the IPV and 

LDR of CB-IRF detection have not been characterized or considered. Are the suspected 

limitations of CB staining fundamental limitations, or might these limitations be negated 

by IRF detection? Might Coomassie staining thus still be a viable detection method for 

large scale gel-based proteomics? Can CB compete with SR at the cutting edge of in-gel 

detection sensitivity and beyond? 

Here for the first time these questions are addressed. In this study, the focus is 

divided between two primary objectives. First, to determine which CB formulations 

provide the greatest performance with IRF detection, and thus are most likely to be 

competitive as potential next-generation in-gel detection technologies. Seven of the 

leading commercialized CB formulations (Table 5-1) and seven rapid and sensitive CB 

formulations that can be readily prepared in-house including colloidal and soluble stain 

types (Table 5-2) have been tested. All of these stain formulations were originally 

developed for in-gel detection of proteins by traditional densitometric means; their 

relative performances in IRF detection have not been described. The second objective 

was to quantitatively compare SR and CB-IRF as detection methods for gel-based 

proteomics, primarily in terms of their sensitivity but also in terms of IPV and LDR. 

There are decades of entrenched opinion in the field that CB is inherently inferior to the 

next generation stains in terms of these characteristics, and these concerns must all be 

addressed in the interest of an effective and unbiased comparison. Lastly, SR and CB-IRF 

have been quantitatively compared as detection methods for large scale gel-based 

proteomics to determine the suitability of CB-IRF for such analyses. Are there 
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quantitative differences between SR detection and CB-IRF detection of the same 

proteome? Are there specific differences that would lead us to continue to buy the 

expensive but effective SR, or can the same results be achieved with the more cost 

effective and long-established CB stain? 

5.3 Methods 

5.3.1 Chemicals 

All consumables were of electrophoresis grade or higher quality. CHAPS was 

purchased from Anatrace (Maumee OH). A range of commercially available, ready-made 

CB formulations was purchased (summarized in Table 5-1). A high quality recombinant 

protein molecular weight marker was used extensively as a protein standard throughout 

this study and was purchased from Fermentas (Hanover, MD). Electrophoresis 

consumables including IPG strips, acrylamide, bisacrylamide, low melting agarose, all 

ampholyte solutions, tris-glycine SDS buffer, and Sypro Ruby total protein stain were 

from BioRad Laboratories (Hercules, CA). All other consumables, including a series of 

isolated protein standards (Table 5-3) and Coomassie Blue G-250 and R-250 Dyes were 

purchased from Sigma (St. Louis, MO). 

5.3.2 Sample Preparation 

Mammalian tissue samples were collected, handled and prepared as described in 

previous Chapters. Briefly, whole murine liver and brain were excised from the sacrificed 

animal as rapidly as possible and washed in ice cold isotonic PBS solution supplemented 

with broad spectrum protease,283 phosphatase, and kinase inhibitors as described in 

Chapter Two. Washed tissues were rapidly dissected into 1 mm cubes, and these were 

immediately flash frozen in liquid N2 for storage. 

The frozen cubed tissue samples were homogenized by AFD in the deep frozen 

state277,282 and separated into gross soluble and membrane protein fractions as described 

in previous Chapters. The membrane fraction was solubilized for 2D gel electrophoresis 
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using 2DE sample solubilization buffer as previously described. For 1D gel 

electrophoresis, the membrane pellet was solubilized using a 1DE sample solubilization 

buffer consisting of 2% SDS, 25 mM tris (pH = 8.8), 10 mM DTT and 1X protease 

inhibitor cocktail.283 The soluble fraction was desalted and concentrated using microscale 

centrifugal concentration devices, and a buffer exchange was carried out to replace the 

solution with 2DE solubilization buffer as previously described in Chapter Two.  

In each case, solubilized protein was clarified by centrifugation at 13000 g for 15 

minutes at 4 °C and, although no visible pellet was observed, the solubilized sample was 

transferred to a fresh tube. A small aliquot of the solubilized sample was removed for 

total protein assay, and the remainder of the sample was flash frozen in liquid N2 and 

stored at -80 °C. Total protein was quantified against a BSA standard using the EZ-Q 

Protein Quantitation assay (Molecular Probes, Eugene OR). 

5.3.3 2D Gel Electrophoresis 

2D gel electrophoresis separations of the appropriately solubilized murine liver 

and brain soluble and membrane protein fractions were carried out essentially as 

previously described in mini format with 7 cm IPGs and 6 cm tall 2nd dimension SDS

PAGE gels. 

5.3.4 1D Gel Electrophoresis 

One-dimensional gel electrophoresis was carried out essentially according to 

Laemmli97 with some minor modifications according to Cannon-Carlson and Tang,98 

Coorssen et al.67 and specific parameters as described in this document, unless specified 

otherwise. These 1DE separations were essentially identical to the 2nd dimension of SDS

PAGE used for all 2DE experiments described in previous Chapters, in mini (6 cm tall) 

format. All gels were prepared in triplicate unless otherwise specified.  
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5.3.4.1 1DE of solubilized tissue samples and isolated protein standards 

Solubilized mouse liver membrane protein extracts, or solubilized isolated protein 

standards (Table 5-3), were combined 1:1 with reducing sample buffer containing 2% 

SDS, 25 mM tris (pH = 8.8), 45 mM DTT, 40% glycerol and 1X protease inhibitor 

cocktail. The sample was incubated in a boiling water bath for 5 minutes. The boiled 

sample was allowed to cool to room temperature on the bench for 5 minutes, then loaded 

under buffer into 5 mm wide wells on standard 1 mm thick SDS-PAGE gels. Solubilized 

mouse liver was resolved on standard 12.5 % T, 2.6 % C acrylamide / bis-acrylamide 

gels, with 5% T, 2.6 % C stacking gels. For greater resolution of the range of isolated 

protein standards found in Table 5-3, these proteins were resolved on 15% T, 2.6% C 

gels. Electrophoresis was carried out at 90 V in a cold room (4 °C) to completion.  

5.3.4.2 1DE of commercial recombinant protein standards 

A commercially-sourced set of recombinant protein standards (PAGEruler 

molecular weight marker) from Fermentas (Hanover, MD) was chosen for its large 

number of proteins (14) covering a wide range of molecular weights (250-10 kDa), sharp 

banding pattern with few to no detectable cleavage products, and reasonable per-

application cost. Fermentas graciously provided specific information regarding the 

concentration of each of the standard components, which varies from protein to protein. 

Thus, this product yielded a unique opportunity to rapidly generate a large amount of 

quantitative data, across the entire molecular weight range, with which to evaluate 

different gel-based detection technologies. The product was used according to the 

manufacturer’s instructions. No reducing agent was added, and the sample was not 

warmed prior to gel electrophoresis. Dilutions of the product were made using 1D sample 

solubilization buffer. The product was loaded under buffer into 5 mm wide wells on 

standard 1 mm thick SDS-PAGE gels of 12.5 % T, 2.6 % C composition with 5% T, 2.6 

% C stacking gels. Electrophoresis was carried out at 90 V in a cold room (4 °C) to 

completion.  
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5.3.5 Standardisation of CB staining parameters 

The literature is rich with a variety of fixation, washing and staining parameters 

for CB staining. To avoid the untenable complication of testing every possible 

combination of these different fixation parameters, the fixation, washing, staining and 

destaining steps were standardized in this study. That is, the specific fixation, washing, 

staining and destaining reagents and incubations specified for each CB stain formulation 

were replaced with a single unified staining and destaining protocol. Thus the 

experiments test solely stain formulation as the independent variable, and exclude other 

parameters from consideration. SR was the only exemption from these standardized 

parameters from the outset, being stained and destained according to previously 

established parameters. Nonetheless for convenience and consistency, the experiment 

was designed such that for both SR and CB, fixation and washing steps were kept 

consistent and in fact only the staining and destaining parameters differed substantially 

between CB and SR. 

5.3.6 Fixation 

All gels were fixed according to protocols described for SR staining as described 

in previous Chapters: gels were fixed in 10% methanol : 7 % acetic acid (v/v) solution for 

4 hours, with continuous rocking. Fixed gels were washed 10 times with water, for 20 

minutes per wash, to minimize potential acetic acid contamination.  

5.3.7 Stain Preparation 

All of the commercially sourced stains were single reagents requiring no 

preparation time, except for the Colloidal Blue Stain kit from Invitrogen which contains 

two reagents and requires some further user input to prepare (Figure 5-3). The Colloidal 

Blue stain was prepared according to Invitrogen’s instructions for staining of Tris Glyine 

polyacrylamide gels (although several different variations for different gel formulations 

can be prepared). 
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Several of the stain recipes for in-house preparation evolved from the 

Colloidal Coomassie protocols described by Neuhoff and colleagues (Table 5-2).198,329,330 

These include Neuhoff G-250 CCB (NG), Neuhoff R-250 CCB (NR), Modified Neuhoff 

CCB (MNG), so-called Blue Silver (BS) and so-called Sensitive CCB (SC; summarized 

in Table 5-2). Each of these formulations is prepared with minor variations in the 

concentrations of the same four components: methanol, ammonium sulfate, phosphoric 

acid, and CB dye (Table 5-2). These recipes were all prepared by the same method and 

from the same stock solutions of the individual components. Briefly, with continuous 

stirring, the required amounts of water and methanol were combined before the addition 

of ammonium sulfate and phosphoric acid, with the requisite amount of the dye (either 

Coomassie G-250 or R-250 as the recipe requires) added last. The stain was allowed to 

mix well for 15 minutes before use.  

There were two exceptions. First, the Traditional Coomassie (TC) stain is a 

soluble Coomassie formulation and not a CCB formulation.317,328 The stain formulation 

was prepared by combining the components in the order listed in Table 5-2. Second, the 

Fast Coomassie (FC) stain is a CCB stain using fundamentally different chemistry than 

the Neuhoff-derived stains.332,373 This stain formulation was prepared essentially 

according to Diezel et al.332 with modifications by Blakesley and Boezi373 by combining 

the components in the order listed in Table 5-2.332,373 Briefly, a 0.1 % Coomassie G-250 

was acidified with H2SO4 (aq) to a final concentration of 0.5 M, producing a dark red-

brown solution which was stirred continuously for 3 hours. The stirred solution was 

vacuum filtered using a regenerated cellulose membrane (20 µm pore size). The filtered 

solution was sequentially combined with 10 M NaOH (aq), then 100 % trichloroacetic 

acid to achieve the appropriate final concentrations (Table 5-2) and the appropriate pH, 

producing the final stain reagent, a dark green suspension.332,373 

All required stain preparation was carried out immediately before use. Several of 

the stains prepared in-house were observed to form precipitates over extended periods of 

storage. None of the stains requiring preparation were stored for any length of time, 

regardless of their claimed stability. 
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5.3.8 Gel Staining 

5.3.8.1 SR Staining 

SR Staining was carried out as described in previous chapters.322 Fixed, washed 

mini gels were stained in 50 mL of new SR reagent (BioRad) with continuous rocking for 

12 h overnight, in the dark. The stain was removed, and the gel was washed with fixative 

solution for 15 minutes and then washed 4 times with distilled water for 30 minutes per 

wash. 

5.3.8.2 CB Staining 

Fixed, washed gels were incubated in 50 mL of a given CB staining reagent for 4 

hours at room temperature with continuous rocking. The stain was removed and the gels 

destained with 10 washes of distilled water. Five initial washes were rapid, of 5 minutes 

duration, to quickly remove excess stain from the surface of the gel and the staining 

container. Five additional washes of 20 minutes duration further removed excess dye and 

produced uniform, clear backgrounds. The only exception was the TC formulation, which 

was not appreciably destained by even extended water washes. Instead a series of washes 

in 40% methanol, 10% acetic acid solution was used for destaining TC stained gels; gels 

were destained three times for 60 minutes per wash in solvent, followed by three 60 

minute washes in water.328 

5.3.9 Detection 

5.3.9.1 SR visible light fluorescence (VLF) detection 

SR was detected in the visible spectrum as previously described, excited at 480 

nm and the emission aquired at 620 nm using the CCD-based ProXpress Proteomic 

Imaging System (Perkin Elmer, Boston MA). All gel images were acquired at 100 µm 

resolution. Images were exported as 16-bit tiff files using Profinder Software (Perkin 

Elmer, Boston MA).  
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5.3.9.2 CB white light densitometric (WLD) detection 

CB stained gels were imaged densitometrically using the ProXpress Proteomic 

Imaging System with white light bottom illumination and images captured at 100 µm 

resolution. Images were exported as 16-bit tiff files using Profinder Software (Perkin 

Elmer, Boston MA).  

5.3.9.3 CB infrared fluorescence (IRF) detection 

Coomassie was detected fluorescently in the IR spectrum using the scanner-based 

Odyssey imager (LiCor, Lincoln NB). Gels were excited simultaneously at 685 and 785 

nm using the dual lasers, and emission was collected in the 700 channel (i.e. < 750 nm). 

Images were acquired at 84 µm resolution and medium quality. The Odyssey natively 

creates 16-bit tiff images by design.  

5.3.10 Image Analysis 

All 16-bit tiff images were analysed using Progenesis Workstation v2005. The 

fluorescent or densitometric signal from bands in 1D gels and spots in 2D gels were 

quantified as volumes where: 

Volume = Σ (pixel height * pixel area) 

That is, volume is the integral sum of the volume of all pixels that make up that band or 

spot. Background was calculated using the Average on Boundary method, meaning the 

average height of all pixels bordering the band / spot was used to calculate the 

background volume for that protein. Only background subtracted signal volumes are 

reported here, thus a fluorescent volume of 0 indicates signal equal to background. The 

calculated background volume was additionally used to calculate signal to noise (S/N) 

and signal squared to noise (S2/N) ratios where indicated. 
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5.3.11 Statistics 

Quantitative comparisons of proteomes resolved on 2D gels were tested for 

statistical significance using the integrated statistics package of Progenesis Workstation. 

All such comparisons involved two groups (i.e. experimental vs control, e.g. SR vs CB) 

and thus Student’s t-tests were employed to determine the significance of individual 

differences. Only differences that were significant (p < 0.05) and also 100 % reproducible 

across the relevant dataset are reported.  

For experiments involving a large number of groups, such as screening a large 

number of different CB stains, a one-way analysis of variance (ANOVA) was employed 

to determine if there were differences between groups. Specific differences between 

groups were assessed post-hoc using Tukey’s HSD analyses if the ANOVA deemed a 

difference likely (p < 0.05). 

5.4 Results 

In initial experiments, the suitability of CB-IRF as a detection method for gel-based 

proteomic analyses was explored, using the commercially available stain BioSafe 

Coomassie, comparing its performance to the current industry leading fluorescent stain, 

SR. 

Visually CB-IRF detection using commercially available stain, appears to be 

superior to CB-WLD detection of proteins in 2DE of mouse liver soluble and membrane 

proteins (Figure 5-1). Moreover, CB-IRF appears more comparable to SR-VLF detection 

(Figure 5-1). Quantitatively, the detected proteomes were compared in terms of their 

aggregate S/N, calculated as the ratio of the sum of signal contributed by all detected 

proteins to the sum of background calculated for all detected proteins. Aggregate S/N 

ratio for detection of both membrane and soluble mouse liver proteomes with CB-IRF 

was superior to traditional CB-WLD and marginally superior to SR-VLF (Figure 5-2). 

Additionally, while SR-VLF detection was far superior to CB-WLD detection in terms of 
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the number of proteins detected, CB-IRF and SR-VLF detect the same total number 

of proteins per gel (Figure 5-2). 

This initial finding encouraged further exploration of CB-IRF detection as a 

potential alternative to SR. CB is substantially less expensive than SR (Figure 5-3A). The 

prices of commercially available CB stains vary, but on average cost approximately half 

of SR (Figure 5-3A). Preparing CB stains on the bench is even more affordable, the cost 

of reagents being approximately 10% the cost of SR per application (Figure 5-3A). 

However, in practice some CB stains were more expensive to prepare than anticipated 

(Figure 5-3A). The FC formulation required a filtration step; in practice the best results 

were achieved with a relatively inexpensive vacuum filtration device; however, this 

increased the cost per gel. In theory, this device could be reused several times and / or 

can be used for preparing very large batches of the stain, which would bring the 

incidental cost per gel down somewhat from the reported value (Figure 5-3A). The TC 

formulation required destaining in 50 % methanol / 10 % acetic acid to achieve a clear 

background in a reasonable amount of time. Moreover, multiple applications of fresh 

destain were required to achieve the best results. All other CB formulations were 

destained with water. While distilled water is by no means free, it is cheaper than the cost 

of the destain solution (Figure 5-3A).  

All of the CB stains can be used immediately or prepared rapidly, with the 

exceptions of the commercially available Colloidal Blue stain and the FC stain prepared 

in-house (Figure 5-3B). Unlike all the other commercial CB preparations tested, 

Colloidal Blue is not a single ready-to-use reagent. Rather, the stain kit includes two 

solutions, which must be combined with water and methanol. Although this is a relatively 

minor inconvenience, relative to its commercially available competitors the Colloidal 

Blue stain is the least user friendly. The FC stain is the most time consuming stain to 

prepare, requiring a full 3 hour stirring incubation, according to the original protocol, 

although this is entirely hands-free time (Figure 5-3B).  
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5.4.1 Comparing Available Coomassie Stains with Sypro Ruby 

5.4.1.1 Assessing the selectivity of detection methods 

In order to determine if the CB formulations performed differently from one 

another, and investigate how these stains compared with SR in terms of protein detection, 

a series of 1DE test gels were prepared and stained in parallel (Figures 5-4 and 5-5). To 

provide some indication of the relative efficacy of the different stains for detecting native 

proteins, such as would be encountered in large scale proteomic analyses, a sample of 

mouse liver membrane protein was resolved by 1DE and detected (Figure 5-4). Visually, 

some CB stains produced more intense signal than others, and for some stains the CB

IRF intensity was quite comparable to that of SR-VLF. Quantitatively, the different stain 

formulations were compared in terms of their ability to discriminate protein from 

background, and thus aggregate S/N was calculated. Given the poor resolution of 1DE, 

and the complexity of the sample, the background was assessed in areas of the gels that 

had not been utilised for samples (i.e. in lanes intervening samples). However, it was 

observed that CB stains that performed poorly, and were unable to detect more than a 

handful of proteins (e.g. NR stain), yielded similar S/N ratio as those CB stains that 

visually appeared to perform more comparably to SR (data not shown). Thus the different 

stains were compared in terms of their S2/N ratio to specifically select against stains that 

provide very low signal intensity. By this measure, several CB formulations significantly 

outperformed SR, particularly the commercial CB stains (Figure 5-4). CB formulations 

prepared in-house yielded contrast that was in most cases comparable to SR, with the 

exception of the NG stain that rivaled the performance of the commercial stains, and 

exceeded that of SR (Figure 5-4). Finally, Imperial, NR and TC stains yielded the 

weakest performance in this comparison, yielding the poorest S2/N (Figure 5-4) 

As it is difficult to provide data regarding the absolute quantity of specific 

proteins in a native protein sample, protein standards are necessary for quantitative 

determination of the sensitivity of different detection methods. A high quality molecular 

weight marker produced by Fermentas was chosen specifically because the components 
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of the marker are recombinant proteins and thus are quite pure, and their individual 

concentrations are known.  

First, the ability of the different stains to discriminate signal from background, at 

a protein density comparable to what would be expected for a native sample (Figure 5-4), 

was assessed using the recombinant proteins (Figure 5-5). Again, visually, protein 

detection with most CB stains was comparable to that with SR, with a few obvious 

exceptions. Aggregate S2/N ratios were calculated and compared. This recombinant 

sample contains only 14 proteins and is relatively free of impurities (Figure 5-5); thus, it 

is possible to accurately assess the background for specific signals based on local 

calculations. However, again areas of the gel that had not been used to resolve samples 

(i.e. the area between lanes) were used for background assessments so as to maintain 

consistency with the selectivity determinations from native protein samples (Figures 5-4 

and 5-5). For this recombinant sample, SR yielded among the highest S2/N ratios, and 

several CB formulations were comparable but none exceeded it. Signal discrimination by 

Imperial, NR and TC formulations was again significantly poorer than that of the other 

CB stains (Figure 5-5).  

Although the S2/N ratio appears to provide a quantitative assessment of the level 

of contrast or selectivity provided by a given stain formulation that generally correlates 

with the qualitative assessments of the gel image, these data alone are insufficient to 

determine the suitability of CB-IRF as a detection method. In particular the ability of a 

detection method to discriminate low abundance proteins is of importance in proteomic 

analyses. Thus the threshold of detection sensitivity was directly assessed for each CB 

stain in comparison with SR. 

5.4.1.2 Assessing detection sensitivity 

The Fermentas recombinant molecular weight standards provide a unique 

opportunity to quantitatively assess the sensitivity of the different stains for a range of 

different proteins, at or near detection threshold. Thus a series of dilutions of the 

standards were resolved by 1DE and the gels were detected with SR-VLF (Figure 5-6), 

commercial CB stains detected with IRF (Figure 5-7) or CB stains prepared in-house and 
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detected with IRF (Figure 5-8). Since the individual components of the molecular 

weight marker are present in slightly different concentrations, a single dilution series 

results in a detailed range of different amounts of different proteins near threshold, with a 

distribution from ~15 – 250 kDa (Figure 5-6B). Visually, protein bands become difficult 

to discriminate from background as the quantity of protein approaches threshold (Figures 

5-6, 5-7 and 5-8). Quantitatively, detection by the different stains approaches threshold at 

slightly different quantities of protein; that is, the detection sensitivity varies from stain to 

stain (Figures 5-6, 5-7 and 5-8). 

We explored several different ways of examining the threshold sensitivity of the 

different stains assessed by this approach (Figure 5-9). First, for the purposes of this 

study the lowest limit of detection (LLD) is defined as the lowest quantity of protein that 

could be statistically distinguished from background (the x-axes in Figures 5-6 through 5

8, summarized in Figure 5-9A). Thus LLD can be considered the lowest quantity of 

protein that can be expected to be distinguished from background in practice. In this 

parameter, several CB stains were the equal of SR, achieving sub-nanogram LLD.  

However, as previously discussed, every stain exhibits some variation in the 

fluorescent signal intensity generated from the same quantities of different proteins, and 

thus the detection sensitivity of the stain can vary from protein to protein. In a mixture of 

proteins, such as the recombinant protein standards used in this study, a given staining 

method may be capable of detecting sub-nanogram quantities of one protein, yet 

simultaneously be incapable of detecting several nanograms of a different protein 

(Figures 5-6 through 5-8). Thus lowest practical sensitivity (LPS) is defined as the 

highest quantity of protein that cannot be statistically distinguished from background in 

these experiments (Figures 5-6 through 5-8, summarized in Figure 5-9B). LPS can be 

considered the quantity of protein below which some proteins may be expected to be 

undetectable in practice. Again several CB stains perform comparably to SR in terms of 

LPS (Figure 5-9B). 

Both LLD and LPS are important considerations. A stain with a very low LLD is 

desirable. However, a high LPS could greatly affect the ability of the stain to detect many 

proteins in a complex mixture. Stains with low LLD and simultaneously low LPS are 
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more likely to provide greater sensitivity in the detection of mixtures of low 

abundance proteins. Thus an integrated measure of practical sensitivity (IMPS) was 

adopted to mathematically and intuitively incorporate LLD and LPS. IMPS is defined 

thus: 

IMPS = (LLD x LPS)-1 

The greater the IMPS for a given stain, the more sensitive the detection in terms of both 

LLD and LPS parameters (Figure 5-9C). IMPS provides a means of conveniently and 

intuitively comparing the threshold sensitivity of different detection methods. The higher 

the IMPS the greater the sensitivity of the method to a range of low abundance proteins. 

In terms of IMPS, several CB stains match the sensitivity of SR but two, BioSafe and 

NG, significantly exceed SR in terms of this parameter (Figure 5-9C).  

5.4.1.3 Assessing Inter-Protein variability of Fluorescent Signal generation 

Empirically, proteins resolved from the recombinant standards did not necessarily 

obey a precise 1:1 correlation between protein quantity and fluorescent signal volume 

(Figure 5-6B,C). Moreover, as discussed earlier, not all of the proteins were detected 

consistently. That is, the same quantity of two different proteins yielded different 

fluorescent signal intensity (Figures 5-6 through 5-8). The inter-protein variability (IPV) 

of fluorescent signal intensity inherent to the different staining methods was thus assessed 

and compared (Figure 5-10). Briefly IPV was calculated as the range of fluorescent signal 

intensities yielded by the same quantity of different proteins (Figures 5-6 through 5-8) 

expressed as a percentage of the maximum. That is, in this study IPV was calculated as: 

IPV = Max. Fluorescent Volume – Min. Fluorescent Volume x 100 %

                   Max. Fluorescent Volume  

IPV was calculated for each stain from linear fits of the data (Figures 5-6 through 5-8) at 

5, 10 and 20 ng and averaged. Clearly IPV is a problem for all of the detection methods 
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tested, although a few of the CB stains performed significantly worse than others 

(Figure 5-10). 

5.4.1.4 Determination of the optimal Coomassie Blue Stain Formulation 

At this stage it was clear that certain CB formulations outperformed others by 

many of the parameters assessed. In particular BioSafe and NG appear to be the top-

performing commercial and in-house CB stains, respectively (Table 5-4). These are thus 

the formulations most likely to be competitive alternatives to SR in gel-based proteomic 

analyses. All subsequent characterisations of CB-IRF detection were carried out using 

these two stain reagents, in comparison with SR-VLF detection.  

5.4.2 Assessing the linear dynamic range of the detection methods 

Another parameter of importance when considering a detection method for 

proteomic analyses is its linear dynamic range (LDR). Here LDR is defined as the range 

of protein quantity over which a detection method obeys a uniform linear relationship 

between protein quantity and signal intensity. Within this range the relative quantitative 

comparisons of signal strength that are commonplace for large scale proteomic analyses 

are most meaningful. Outside this range, changes in the signal strength in the detection of 

a protein do not linearly correspond to protein quantity, and can be tremendously 

misleading.  

Here the LDR of CB-IRF methods was determined and compared with that of SR

VLF for the first time. In order to determine the LDR of these detection methods out of 

necessity the recombinant protein standards were abandoned in favour of more cost-

effective isolated protein standards (Table 5-3). Again, dilution series of the standards 

were resolved by 1DE and detected with either CB-IRF or SR-VLF (Figures 5-11 

through 5-15). All images were acquired so as to yield a consistent sub-saturation signal 

intensity for the highest quantity of protein (Figures 5-11 through 5-15). Quantitative 

image analysis indicated that the relatively linear relationship between protein quantity 

and fluorescent signal intensity near the detection threshold does not hold for higher 
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quantities of protein (Figures 5-11 through 15). Rather, higher quantities of protein 

yield a depressed signal intensity, and signal intensity plateaus as the quantity of protein 

becomes extreme (Figures 5-11 through 15).   

The LDR was determined here as the maximum range of protein quantity over 

which the linear relationship between protein quantity and fluorescent signal intensity 

was maintained from the detection threshold (Figures 5-11 through 5-15). The LDR 

differed slightly from protein to protein (Figure 5-16A). This variation was less 

pronounced for CB than SR. For instance, SR has an equivalent LDR as CB for BSA 

detection (Figures 5-11 and 5-16A). Yet SR detection of CEA was completely nonlinear 

(Figures 5-12 and 5-16A). That is, no three consecutive points in dilution series of CEA 

yielded a linear fluorescent response when SR-VLF was used as a detection method 

(Figure 15-12). Thus, for four of the five protein standards tested, the LDR of CB 

exceeded that of SR, and for the fifth they were equivalent. Nonetheless it should also be 

noted that in these experiments, there was a trend towards greater detection sensitivity for 

the isolated protein standards with SR than CB (Figure 5-16B). That is, the LLD of the 

isolated protein standards with CB was significantly higher than that of SR for two of the 

proteins tested (CA and Ti; Figure 5-16B). 

5.4.3 Exploring Coomassie Blue infrared fluorescence as a means of detecting tissue 

proteomes 

Finally, to further characterize the suitability of the top-performing CB 

formulations for gel-based proteomic analyses, these two stains were compared with SR 

as detection tools for tissue proteomes resolved by 2DE (Figures 5-17 and 5-18). 

Membrane and soluble protein fractions of murine brain were resolved using mini-format 

2DE, and resolved proteins were detected with the three different detection methods 

(Figures 5-17 and 5-18, respectively). Images were acquired so as to yield a consistent 

sub-saturation signal intensity for the most abundant protein in-gel. Both CB-detected 

proteome images were then compared directly with that detected by SR.  

Differential image analysis indicated that some lower abundance soluble (4) and 

membrane (7) proteins that were detected with SR (i.e. near detection threshold) were not 
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detectable using either of the CB formulations (Red Arrows, Figures 5-17 and 5-18). 

Moreover, neither CB formulation detected any proteins that were undetectable using SR. 

Quantitative image analysis indicated that several proteins that were successfully detected 

using both CB and SR nonetheless differed significantly in their apparent relative 

abundance between these stain conditions (Figures 5-17 and 5-18); that is, the CB and SR 

signal intensities differed significantly for these specific proteins. The majority of these 

quantitative differences are apparent down-regulations in CB relative to SR detection 

(1.5-fold or greater changes indicated by Green Arrows, Figures 5-17 and 5-18, all 

changes summarized in Tables B-1 through B-4, Appendix B). That is, the signal 

intensity is significantly lower for these proteins when detected by SR, relative to CB. 

However, a few proteins display the opposite trend, and appear more intense when 

detected by CB than SR (1.5-fold or greater increases indicated by Blue Arrows, Figures 

5-17 and 5-18, all changes summarized in Tables B-1 through B-4, Appendix B).  

To bring this analysis full circle in terms of comparison with the initial findings 

reported by Harris et al.240 the aggregate in-gel S/N ratios for all proteins resolved in 

these 2D gels were determined (Figures 5-17, 5-18 and 5-19A). Consistent with the initial 

results, both BioSafe and NG CB formulations exceeded the S/N ratio of SR in these 2DE 

gels (Figure 5-19A); 20 ± 5 % and 25 ± 8 %, respectively for membrane proteins and 11 

± 2 % and 20 ± 5 %, respectively for soluble proteins (Figure 5-19A). However, while all 

three staining methods tested here are capable of detecting comparable numbers of 

proteins for a given 2DE separation, SR is capable of detecting slightly more spots 

(amounting to less than 1% of the proteome), with 100 % reproducibility across the 

dataset (Red Arrows, Figures 5-17, 5-18 and Figure 5-19B). 
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Figure 5-1. An initial look at protein detection in 2D gels by alternative in-gel 

detection technologies. 

Parallel 2DE gels of mouse liver total membrane and soluble proteins were detected 

sequentially with SR-VLF (A and D, respectively), and colloidal coomassie (BioSafe 

Coomassie) which was imaged both with WLD (B and E) and IRF (C and F). Images are 

representative of three replicate gels in each condition.  
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Figure 5-1 
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Figure 5-2. Summary of quantitative image analysis of 2D gels detected by 

alternative staining methods. 

Quantitative image analysis of 2D gels from Figure 5-1 comparing SR-VLF, CB-WLD 

and CB-IRF detection methods indicates differences in the contrast provided (S/N, upper 

panel) and the total number of spots detected (lower panel). *, ** indicate significant 

differences compared to SR (Student’s t-test, P < 0.05 and P < 0.001, respectively, n = 3). 
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Figure 5-2 
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Figure 5-3. A comparison of the cost of gel staining with SR relative to a range of 

CB staining reagents. 

(A) The monetary cost of stain reagents per application for 9 cm mini gels (50 mL 

volume required). * FC stain required a filtration step. Here filter paper proved 

ineffective, and regenerated cellulose vacuum filtration devices were employed, 

increasing overall cost. * TC stain required an additional destaining step with methanol : 

acetic acid solution increasing overall cost. (B) The time required to prepare the different 

CB stain reagents according to the manufacturer’s specifications for commercial stains, 

or the original protocol for stains prepared in-house 
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Figure 5-3
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Figure 5-4. Comparing detection selectivity of proteins from a native sample using 

SR or different CB stains. 

(A) Mouse liver membrane samples (10 µg of total protein per lane) were separated by 

1DE and stained either with SR detected with VLF, or with a range of commercial CB 

and CB prepared in-house, detected with IRF. Images are representative of a total of 3 

gels per condition. (B) Quantitative image analysis of detected gels from (A) indicates 

differences in the integrated S2/N of detected proteins between different detection 

methods. * Indicate significant differences from SR. † Indicate significant differences 

from best performing commercial CB stain in this experiment. ‡ Indicate significant 

differences from best performing CB stain prepared in-house in this experiment. § 
Indicate no significant difference between the commercial and CB stains prepared in

house with the highest S2/N. (One-way ANOVA, F = 65.7, p < 0.001, post-hoc Tukey 

Analysis, p < 0.05, n = 3). Error bars indicate standard deviation.  
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Figure 5-4 
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Figure 5-5. Comparing detection selectivity of proteins from a mixture of 

recombinant protein standards using SR or different CB stains. 

(A) A commercially available mixture of recombinant protein standards (2.5 µg total 

protein per lane) was separated by 1DE; the quantity of individual protein species per 

lane ranged from 80 to 480 ng. The resolved standards were stained either with SR (then 

detected with VLF), or with a range of commercial and in-house prepared CB stains (then 

detected with IRF). (B) Quantitative image analysis of detected gels from (A) indicates 

differences in the integrated S2/N of detected proteins between different detection 

methods. * Indicate significant differences from SR. † Indicate significant differences 

from best performing commercial CB stain in this experiment. ‡ Indicate significant 

differences from best performing CB stain prepared in-house in this experiment. § 
Indicate no significant difference between the commercial and stains prepared in-house 

with the highest S2/N. (One-way ANOVA, F = 68.9, p < 0.001, post-hoc Tukey Analysis, 

p < 0.05, n = 3). Error bars indicate standard deviation. 
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Figure 5-5 




249

249 

Figure 5-6. Determination of the lowest limit of detection of SR.  

(A) A dilution series of recombinant protein standards was separated by 1DE and 

detected with SR-VLF. (B) Plot of the theoretical fluorescent signal volume with respect 

to the quantity of protein, assuming a 1:1 correlation of volume : quantity. The 

concentrations of the different protein species within the standard sample were all slightly 

different, thus a diverse range of protein quantities was resolved near detection threshold. 

(C) Quantification of empirical fluorescent signal volume from proteins resolved in (A). 

As protein quantity approaches threshold, the fluorescent volume approaches 

background, defined as a fluorescent volume of 0. Error bars represent SD (n = 3).  
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Figure 5-6 
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Figure 5-7. Determination of the lowest limit of detection of commercial CB stains.  

A dilution series of recombinant protein standards was separated by 1DE and detected 

with different commercial CB preparations and IRF. Quantitative image analysis 

indicates the LLD as the minimum quantity of protein required for discrimination from 

background. Error bars represent standard deviation (n = 3). 
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Figure 5-7 
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Figure 5-8. Determination of the lowest limit of detection of CB stains prepared in-

house. 

A dilution series of recombinant protein standards was separated by 1DE and detected 

with different in-house CB preparations and IRF. Quantitative image analysis indicates 

the LLD as the minimum quantity of protein required for discrimination from 

background. Error bars represent standard deviation (n = 3).   
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Figure 5-8 
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Figure 5-9. Comparing the lowest limit of detection of SR and a range of different 

CB stain formulations. 

(A) Lowest limit of detection (LLD). The minimal amount of protein than can be 

discriminated from background. (B) Lowest Practical Sensitivity (LPS). The greatest 

amount of protein that is indistinguishable from background. (C) Integrated Measure of 

Practical Sensitivity (IMPS). The inverse product of LLD x LPS. Data are summarized 

from Figures 5-6, 5-7 and 5-8. * Indicate significant differences from SR. † Indicate 

significant differences from best performing commercial CB stain in each experiment. ‡ 
Indicate significant differences from the best performing CB stain prepared in-house in 

each experiment. § Indicate no significant differences between the commercial and CB 

formulations prepared in-house providing the lowest LLD and LPS. ₤ Indicate a 

significant difference between commercial and CB formulations prepared in-house 

providing the highest IMPS. (One-way ANOVA, F = 11.8, 22.7, 24.9 for parts A, B and 

C, respectively, p < 0.001, post-hoc Tukey analysis, p < 0.05, n = 3). Error bars indicate 

standard deviation. 
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Figure 5-9 
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Figure 5-10. Comparing inter-protein variability of fluorescent detection methods.  

The % IPV is the range of variation of fluorescent signal intensity observed for a given 

quantity of a range of different proteins. Data are calculated from Figures 5-6, 5-7 and 5

8. * Indicate significant differences from SR. † Indicate significant differences from best 

performing commercial CB stain in this experiment. ‡ Indicate significant differences 

from best performing CB stain prepared in-house in this experiment. § Indicate no 

significant difference between the commercial and stains prepared in-house providing the 

lowest IPV. (One-way ANOVA, F = 13.9, p < 0.001, post-hoc Tukey analysis, p < 0.05, 

n = 3). Error bars indicate standard deviation. 
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Figure 5-10 
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Figure 5-11. Determining the linear dynamic range of SR and CB for the detection 

of bovine serum albumin. 

A dilution series of isolated BSA standard was separated by 1DE and detected with either 

SR-VLF, BioSafe Coomassie-IRF, or NG Coomassie-IRF. Quantitative image analysis 

calculates the fluorescent signal with respect to the amount of protein loaded. Error bars 

indicate standard deviation. Multiple regression analyses indicate the maximum range 

over which fluorescent signal increases linearly with respect to protein load. * Indicates 

regression analysis of the entire data set from the LLD. ** Indicates regression analysis 

of the largest linear range from the LLD. Error bars represent standard deviation (n = 3).  
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Figure 5-11 
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Figure 5-12. Determining the linear dynamic range of SR and CB for the detection 

of chicken egg albumin. 

A dilution series of isolated CEA standard was separated by 1DE and detected with either 

SR-VLF, BioSafe Coomassie-IRF, or NG Coomassie-IRF. Quantitative image analysis 

calculates the fluorescent signal with respect to the amount of protein loaded. Each gel is 

representative of three replicate gels. Error bars indicate standard deviation. Multiple 

regression analyses indicate the maximum range over which fluorescent signal increases 

linearly with respect to protein load. * Indicates regression analysis of the entire data set 

from the LLD. ** Indicates regression analysis of the largest linear range from the LLD. 

Error bars represent standard deviation (n = 3). 
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Figure 5-12 




263

263 

Figure 5-13. Determining the linear dynamic range of SR and CB for the detection 

of carbonic anhydrase. 

A dilution series response of CA standard was separated by 1DE and detected with either 

SR-VLF, BioSafe Coomassie-IRF, or NG Coomassie-IRF. Quantitative image analysis 

calculates the fluorescent signal with respect to the amount of protein loaded. Each gel is 

representative of three replicate gels. Error bars indicate standard deviation. Multiple 

regression analyses indicate the maximum range over which fluorescent signal increases 

linearly with respect to protein load. * Indicates regression analysis of the entire data set 

from the LLD. ** Indicates regression analysis of the largest linear range from the LLD. 

Error bars represent standard deviation (n = 3). 
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Figure 5-13 
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Figure 5-14. Determining the linear dynamic range of SR and CB for the detection 

of trypsin inhibitor. 

A dilution series response of isolated Ti standard was separated by 1DE and detected 

with either SR-VLF, BioSafe Coomassie-IRF, or NG Coomassie-IRF. Quantitative image 

analysis calculates the fluorescent signal with respect to the amount of protein loaded. 

Each gel is representative of three replicate gels. Error bars indicate standard deviation. 

Multiple regression analyses indicate the maximum range over which fluorescent signal 

increases linearly with respect to protein load. * Indicates regression analysis of the entire 

data set from the LLD. ** Indicates regression analysis of the largest linear range from 

the LLD. Error bars represent standard deviation (n = 3). 
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Figure 5-14 
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Figure 5-15. Determining the linear dynamic range of SR and CB for the detection 

of lysozyme. 

A dilution series response of isolated lysozyme standard was separated by 1DE and 

detected with either SR-VLF, BioSafe Coomassie-IRF, or NG Coomassie-IRF. 

Quantitative image analysis calculates the fluorescent signal with respect to the amount 

of protein loaded. Each gel is representative of three replicate gels. Error bars indicate 

standard deviation. Multiple regression analyses indicate the maximum range over which 

fluorescent signal increases linearly with respect to protein load. * Indicates regression 

analysis of the entire data set from the LLD. ** Indicates regression analysis of the 

largest linear range from the LLD. Error bars represent standard deviation (n = 3). 
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Figure 5-15 
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Figure 5-16. Comparing the LDR of SR and CB stain formulations.  

Quantitative image analysis indicates (A) the linear dynamic range (LDR) of quantitation 

and (B) the lowest limit of detection (LLD) of the best performing CB stains and SR for 

detection of a series of isolated protein standards. Data are calculated from Figures 5-11 

through 5-15). * Indicate significant differences from SR. (One-way ANOVA, p < 0.05, 

post-hoc Tukey analysis, p < 0.05, n = 3). Error bars indicate standard deviation.  
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Figure 5-16 
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Figure 5-17. Comparing membrane proteomes detected by SR and CB.  

Quantitative differential comparison of mouse brain membrane proteomes resolved by 

2DE and detected with SR-VLF or with the best performing CB-IRF stains. Red arrows 

indicate proteins that were detected with SR, but undetectable by either CB formulation. 

BLUE and GREEN arrows indicate 1.5-fold increases and decreases in relative 

abundance, respectively, in specific proteins detected with CB relative to SR. (Student’s 

t-test, P < 0.05, n = 4). All differences, including those less than 1.5-fold are summarized 

in Tables B1 and B2 (Appendix B). 
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Figure 5-17 
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Figure 5-18. Comparing soluble proteomes detected by CB and SR.  

Quantitative differential comparison of mouse brain soluble proteomes resolved by 2DE, 

and detected with SR-VLF or with the best performing CB-IRF stains. Red arrows 

indicate proteins that were detected with SR, but undetectable by either CB formulation. 

BLUE and GREEN arrows indicate 1.5-fold increases and decreases in relative 

abundance, respectively, in specific proteins detected with CB relative to SR. (Student’s 

t-test, P < 0.05, n = 4). All differences, including those less than 1.5-fold are summarized 

in Tables B3 and B4 (Appendix B). 
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Figure 5-18 
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Figure 5-19. Summary of quantitative image analysis of membrane and soluble 

proteomes detected by SR and CB. 

Quantitative image analysis of mouse brain membrane and soluble proteomes detected 

with SR and CB (Figures 5-17 and 5-18) indicates differences in detection performance. 

(A) The aggregate S/N ratio of detected proteins. (B) The number of proteins that were 

100% reproducibly detected throughout the relevant dataset. * Indicate significant 

differences from SR. (One-way ANOVA, p < 0.05, post-hoc Tukey Analysis, p < 0.05, n 

= 4). Error bars indicate standard deviation. € Indicate data that are invariant by 

definition. 
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Figure 5-19 
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Table 5-1. A selection of commercially available CB stains claiming high sensitivity 

and low background.  

Stain Abbreviation Commercial Source 

BioSafe Coomassie Stain BioSafe BioRad (Hercules CA) 

Colloidal Blue Stain Coll.Blue Invitrogen (Carlsbad, CA) 

EZ Blue Gel Staining Reagent EZ Blue Sigma (St. Louis, MO) 

GelCode Blue Stain Reagent GelCode Pierce (Rockford, IL) 

Imperial Protein Stain Imperial Pierce (Rockford, IL) 

PAGE Blue Protein Stain PAGE Blue Fermentas (Hanover, MD) 

Simply Blue Safe Stain Simply Invitrogen (Carlsbad, CA) 
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bs199    fc 332,373   mng 330,333   ng 198,329    nr 198,329    sens 330,374   tc317,327

278 

Table 5-2. A selection of CB stains that can be prepared in-house common in the 
literature. 

Stain Abbreviation Composition Reference 

Blue 
Silver BS 0.12 % G250, 10% (NH4)2SO4, 10% H3PO4, 

20% CH3OH 199 

Fast 
Coomassie FC 0.08% G250, 8% H2SO4, 88 mM NaOH, 11.5% 

TCA 332,373 

Modified 
Neuhoff G-250 MNG 0.1 % G250, 10% (NH4)2SO4, 3% H3PO4, 20% 

CH3OH 330,333 

Neuhoff 
G-250 NG 0.08 % G250, 8% (NH4)2SO4, 2% H3PO4, 20% 

CH3OH 198,329 

Neuhoff 
R-250 NR 0.08 % G250, 6% (NH4)2SO4, 2% H3PO4, 20% 

CH3OH 198,329 

Sensitive 
Colloidal SC 0.035 % G250, 17% (NH4)2SO4, 3% H3PO4, 

34% CH3OH 330,374 

Traditional 
Coomassie TC 0.1 % G250, 10% CH3COOH, 40% CH3OH 317,327 
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Table 5-3. Isolated protein standards used in this study. 

Organic Protein Standard Abbreviation 
Nominal 

MW 
(kDa) 

Sigma 
Product 

No. 

Bovine Serum Albumin BSA 67 A7517 

Chicken Egg Albumin CEA 44 A7642 

Carbonic Anhydrase from Bovine Erythrocyte CA 29 C2273 

Soybean Trypsin Inhibitor Ti 20 T9767 

Lysozyme from Chicken Egg Lyso 14.7 L4631 
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Table 5-4. Relative performance of tested CB stains detected with IRF, compared 

with SR.  

(+) Indicate performance significantly superior to SR. (-) Indicate performance 

significantly inferior to SR. (e) Indicate performance equivalent to SR.  

Selectivity 
for Wild 

Selectivity 
for 

Recombinant 
Cost Sample Sample LLD IMPS IPV 

From Figure: 5-3 5-4 5-5 5-9A 5-9C 5-10 

BioSafe + + e e + e 

Coll.Blue + + - e e e 

EZ Blue + + - e e e 

GelCode + + e e e -

Imperial + - - - e e 

PAGE Blue + + - e e -

Simply + + - e e -

BS + e e e e e 

FC + e e e e e 

MNG + e - e e e 

NG + + e e + e 

NR + - - - e e 

SC + e e e e e 

TC + e - e e -
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5.5 Discussion 

Here fundamental questions concerning the characteristics of in-gel protein 

detection using CB-IRF are addressed in comparison with the current industry leading 

fluorescent detection method, SR. The selectivity, sensitivity, IPV, and LDR of the 

method have been assessed to determine if CB might serve as a more affordable ‘next

generation’ alternative to SR as a stain for proteomic analyses. Although several CB 

formulations detected by IRF outperform SR in key detection parameters, there are some 

practical considerations that some might feel limit the utility of CB-IRF detection. 

Alternatively, the detailed assessments have also revealed previously unrecognized 

limitations of SR that are important to consider in its use as an in-gel detection reagent. 

Thus, many may welcome the data and decide that for some or all proteomics 

applications CB-IRF is an acceptable and far more cost-effective alternative to SR. In any 

case the author has attempted to present the data in a completely unbiased manner, 

recognizing that more work will be required to improve further upon both in-gel 

detection methods. 

5.5.1 Normalization of gel staining parameters 

The different original CB staining methods suggest slightly different fixation 

methods and durations, ranging from no separate fixation step to different combinations 

of ethanol, methanol, acetic acid, phosphoric acid, and ammonium sulphate (Tables 5-1 

and 5-2). Some of the methods prescribe a washing step in water, or a sensitization step 

using phosphoric acid solution between fixation and staining, while others recommend no 

intermediate step. Several of the stains are designed to work rapidly, and short 

incubations in the staining reagent are recommended. Others recommend an overnight 

incubation in the stain. Still others suggest that the gel can be left in stain overnight 

without significantly affecting signal intensity or background. In the case of the in-house 

prepared SC stain, successive incubations in fresh stain over the course of a week are said 

to increase the sensitivity of the technique (Tables 5-1 and 5-2). 



282

282 

The sheer extent of the variations between all these parameters posed a 

substantial technical problem for this study, given the initial goal of characterising a 

broad range of available CB stain formulations. For instance, if one protocol recommends 

fixation in ethanol vs. methanol, might the other stains similarly benefit from this change 

in protocol? If one stain works optimally with sequential incubations in fresh stain for a 

week, should every other formulation be tested under this condition, in addition to the 

standard staining parameters, and compared with each other? Ideally all of the available 

fixation, washing, staining, and destaining parameters would be systematically tested and 

optimized for each individual stain, before the different stains are compared. This would 

be the only way to be sure that each stain has indeed performed optimally. However, such 

a systematic analysis of all possible protocol combinations and permutations is beyond 

the practical scope of any lab, and likely unnecessary in any case.  

In order to compare the efficacy of a large number of different in-gel detection 

methods in a reasonably timely and convenient manner, only the stain formulations were 

assessed, and a single, unified fixation, washing, staining, and destaining protocol was 

adopted. Thus, the stain formulation rather than the staining protocol is the independent 

variable in this study. 

The potential pitfall of this approach is the possibility that some stains did not 

perform optimally, according to their original design. The unified protocol was designed 

to minimize this possibility. Although some stains do not strictly require a fixation step, 

one was applied to maintain consistency with those stains that do require a fixation step. 

To ensure as much as possible that fixation did not in some way impede the effectiveness 

of those stains not recommending a fixation step, the intermediate washing stages were 

extended to absolutely minimize any residual presence of the fixative in the gel before 

staining. The staining duration was carefully selected to prevent, as much as possible, a 

deleterious result for any of the stains. The extended incubations recommended for 

several of the stains caused untenably high background, and precipitation of the stain 

reagent for other stains (data not shown). Likewise, the very short 20-30 minute duration 

recommended for the FC formulation, resulted in poor, incomplete staining using the NG 

formulation and its derivatives (data not shown). A four hour incubation was regarded as 
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a reasonably fair compromise for all of the staining formulations tested. Most of the 

stains are claimed to produce maximum signal within or nearly within this timeframe, 

and none of the stains produced a deleterious result in so short a duration either by design 

(Tables 5-1 and 5-2) or in our laboratory (data not shown). Finally, adopting a unified 

destaining protocol was not a great deviation from the established methods recommended 

for any of the CCB stain formulations (Tables 5-1 and 5-2). In each case, the 

recommendation is typically to destain with water until the desired clear background is 

achieved. The exception was the TC formulation, which is a non-colloidal Coomassie 

formulation, and thus requires destaining with an organic solvent to achieve a reasonably 

clear background.317,327,328 

Thus although specific stain formulations may not have performed exactly 

according to their original protocols, no stains were specifically hampered or subject to 

profoundly deleterious effects on performance excluded or hampered by the unified 

protocol. Thus, recognizing the rich history of work in this area, the optimisation of 

staining protocols by insightful labs is noted and it must be appreciated that using any 

one of these protocols in place of the unified protocol used in this study might slightly 

alter the findings with a given CB formulation. Nonetheless, based on the breadth and 

detail of the analysis presented here, it would be surprising but not impossible to discover 

that the reported ‘ranking’ of CB formulations would be slightly different if the original 

protocol for each stain formulation were strictly obeyed. Moreover, even if such a 

difference were to be observed in future studies, it would be unexpected for this to 

markedly alter the overall findings comparing in-gel detection using CB-IRF with SR

VLF. 

5.5.2 CB-IRF detection appears similar to SR-IRF detection in 2DE gels 

Initial experiments studying the efficacy of staining methods for the detection of 

mouse liver proteomes suggested that in-gel protein detection with CB-IRF was 

strikingly superior to CB-WLD; more than twice as many proteins are detected in-gel by 

CB-IRF relative to CB-WLD (Figures 5-1, 5-2). Moreover, in these experiments CB-IRF 

was at least outwardly comparable to SR-VLF detection (Figures 5-1 and 5-2).240 
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However, while the relative insensitivity of CB-WLD detection is well characterized, 

the potential sensitivity of CB-IRF is less well understood.368 The possibility that CB-IRF 

might be a reasonable alternative to the current industry standard, SR-VLF detection, is 

tantalizing, given the low cost of CB (Figures 5-1, 5-2 and 5-3).240,368 The high cost of 

SR, despite the ability to reuse and/or dilute the stain, is one of the primary disadvantages 

of the technique, and this characteristic is largely ubiquitous to the ‘new generation’ of 

fluorescent stains.240,375 

However, while suggestive, these data alone do not fully and effectively compare 

the in-gel protein detection characteristics of CB-IRF and SR-VLF for large scale gel-

based proteomics. First, although in the initial experiments CB-IRF and SR-VLF were 

capable of detecting the same number of proteins, no further differential analysis was 

carried out at that stage as to whether both methods were detecting the same proteins.240 

Moreover, no detailed comparative analysis of individual spots was carried out, and thus 

it is not known if there are differences in the detection or quantification of specific 

proteins between CB and SR. For gel-based proteomic analyses, the quantity of protein is 

inferred from the stain signal intensity, and differences in intensity are thus the basis for 

quantitative proteomics. Thus it was still not established whether or not CB-IRF would 

yield the same quantitative data as SR for a given proteome. In part this has to do with a 

general lack of detailed quantitative characterisation of CB-IRF detection.  

Finally, in these probe experiments, the S/N ratio was determined as a 

comparative measure of the efficacy of the detection method (Figures 5-1 and 5-2).240 In 

these experiments, the S/N of CB-IRF actually exceeded that of SR-VLF, an exciting 

discovery suggesting that perhaps CB-IRF might even exceed the performance of SR. 

However, while this serves as an interesting parameter of comparison for an initial 

analysis, it is by itself insufficient evidence to abandon SR in favour of CB. In fact, in 

and of itself the S/N ratio seems a rather poor measure of the efficacy of an in-gel 

detection method. In-gel protein detection is in reality an undertaking of complexity 

belying its happenstance presence in laboratories. There are many factors to be 

considered, beyond the S/N ratio, in establishing a robust and effective comparison of 

CB-IRF and SR-VLF. 
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Nonetheless, these initial experiments laid the groundwork and provided proof 

of principle to drive further characterisation of the potential efficacy of high sensitivity 

in-gel protein detection using CB-IRF. 

5.5.3 Screening a range of CB formulations 

It was initially hoped that to rapidly screen a large number of different CB stains 

for the most effective formulations, the S/N ratio provided by each could be used as a 

simple quantitative parameter for comparison (Figures 5-4 and 5-5). However, several 

problems with this approach became readily apparent. First, as mentioned, the S/N ratio 

alone is not a satisfactory global measure of the efficacy of an in-gel detection method. 

There are many other considerations to be addressed before a stain can be justly 

considered as ‘well-characterized.’ Thus, it was deemed inappropriate to exclude any 

given stain formulation solely on the basis of a poor S/N ratio.  

Second, it was observed early on that even stains that, by visual inspection, 

yielded very weak in-gel staining of proteins, had relatively high S/N ratio. In particular, 

the NR, TC and Imperial stains all resulted in very weak detection of proteins using IRF 

detection (Figures 5-4 and 5-5). It seems that for these formulations, both signal and 

background intensities were very low, yielding S/N ratios equivalent to SR (data not 

shown). Thus the S/N ratio of these stains did not reflect their rather poor ability to stain 

proteins in-gel. This is not to say that qualitative inspection should take precedence over 

quantitative data, but rather that the meaning of the quantitative data and its relevance in 

practice should be carefully considered, and ensure that our evaluations make sense in the 

real world. In common practice, the S/N ratio is an important measure of the contrast of a 

detection method. However, in practice a high S/N will not necessarily help us detect 

proteins in-gel, especially if the magnitude of the signal is low, or below the sensitivity of 

the detection instrument. Thus, to more meaningfully compare the different CB stain 

formulations, their S2/N ratios were evaluated. The rationale was to evaluate the contrast 

or selectivity provided by the different stains, still accounting for background, but placing 

a higher emphasis on signal strength, thus enabling us to discriminate between stains 
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providing high S/N with high signal, from stains providing high S/N despite very 

weak signal strength. 

Although according to the S2/N ratios several CB stains significantly outperform 

SR when detecting native proteins, none of the CB stains exceeded that of SR for the 

detection of recombinant standards (Figures 5-4 and 5-5, respectively). The reason for 

this difference is not clear. It may be that CB more robustly binds to native rather than 

recombinant proteins for some reason, possibly due to the dye’s propensity for certain 

amino acids, or post-translationally modified functional groups. It should be noted that 

although the molecular masses of the different recombinant protein components of this 

standard are known, their actual compositions are proprietary. These proteins may 

represent very slightly modified versions of native proteins, perhaps altered to improve 

their solubility, electrophoretic mobility, and thus enhance band sharpness. Or these 

standards may represent quite artificial proteins consisting of a limited subset of amino 

acids optimized for electrophoresis purposes, but having no physiological relevance.  

5.5.4 Determination of threshold sensitivity 

Although the S2/N ratio does help evaluate the relative efficacy of the different 

stains, it is still only one criterion in the full characterisation of the different stain 

formulations with regard to in-gel protein detection. As several of the CB stains tested 

meet or exceed the performance of SR in terms of the S2/N ratio, it is necessary to assess 

several other criteria in order to best ascertain which stains might be the most useful for 

large scale proteomic analyses. Moreover, it was deemed somewhat inappropriate to 

select the ‘optimal’ CB stain from its competitors based on relatively small differences in 

S2/N. 

Thus the threshold sensitivity of each CB stain was determined. As discussed at 

length, detection sensitivity is one of the remaining limitations of proteomics in general, 

perhaps for gel-based proteomics in particular. Sensitivity has been the primary driving 

force behind the development of the new generation of fluorescent stains, and no method 

will surpass these established dyes unless it can at least match their level of sensitivity.  
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Detection at threshold requires a somewhat careful approach. Certainly the 

approach must be different than that used to determine S2/N as a rapid screening 

technique, which by design was aimed at signal intensities common to what is 

encountered under typical conditions in proteomic analyses. In gel-based proteomics the 

biological sample will typically contain a diverse mixture of proteins, each species 

present at different concentrations. In practice, only protein species within a given 

abundance range can be detected, and the most abundant proteins tend to saturate the 

detection. Beyond a certain point, no further enhancement of the signal intensity, for 

instance by increasing signal integration or gain in the detecting photomultiplier, will 

help to detect more proteins in-gel. Beyond this point, detection of the most abundant 

proteins is saturated, and data are no longer quantitative for these proteins. Thus for most 

proteomic analyses, the empirical threshold of detection will be somewhat poorer than 

can be achieved under controlled conditions. In the latter case the quantity of proteins 

remains exceedingly low and the instrument can be pushed to its absolute limits to 

generate quantitative data at the threshold of detection. Moreover, a native sample is 

typically a poor choice for these determinations because the concentrations of individual 

proteins in the sample are not precisely known. Albeit artificial, pure standard is thus 

preferable in this regard. 

Thus a standard sample of recombinant proteins was used to determine the 

threshold sensitivity of each stain (Figures 5-6, 5-7 and 5-8). In each case a dilution series 

very near threshold was resolved and detected, and the point at which the stains failed to 

discriminate proteins from the background was determined (Figures 5-6, 5-7 and 5-8). 

These data clearly indicated substantial variability in the sensitivity of the different 

staining methods (Figures 5-6, 5-7 and 5-8). In terms of the maximum achievable 

sensitivity, several stains performed as well as, or slightly better than SR in terms of their 

LLD, and were capable of detecting less than 1 ng of protein in-gel (Figure 5-9A). These 

data were consistent with the initial findings that CB-IRF may in fact be marginally 

superior to SR-VLF in some respects (Figures 5-1 and 5-2). Although several reports 

have claimed nanogram sensitivity with various CB stain formulations using WLD 

detection, this is quite difficult to achieve in practice (data not shown). So common is the 
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promise of nanogram sensitivity in the technical and commercial literature that these 

claims often fall on deaf ears because in practice such sensitivity has proven difficult or 

impossible to achieve. Herein the conditions required to achieve nanogram sensitivity 

with these dyes is described in detail: the reader can be assured that this level of 

sensitivity is possible, under these conditions. Where possible, the analysis was designed 

to be deliberately cautious of overestimating detection sensitivity; for example, 

background subtraction was designed to be thorough to ensure that, if anything, the 

estimate of the LLD is conservative.  

Here LLD indicates the lowest quantity of protein that was actually discriminated 

from background by the stain, and thus detected. However, in theory even lower 

quantities of protein may be detectable if conditions could be controlled carefully 

enough. Minimally this will require higher technical reproducibility in order to better 

statistically separate extremely low fluorescent signals from background. Here, for the 

purpose of in-gel protein detection for proteomics, achieving sub-nanogram LLD with 

CB-IRF is at least sufficient to match the performance of SR.  

However, the IPV of stain detection (to be discussed in the following section) also 

has some interesting implications for detection sensitivity. Essentially the IPV of 

detection is characterized as a variation in signal strength yielded from the same quantity 

of different proteins. This situation results in variation in the absolute sensitivity of a 

detection method, depending on the protein being detected. That is, for some proteins as 

little as 500 pg may yield enough signal intensity to be distinguished from background, 

while other proteins remain undetectable until over 10 ng of material is present (Figure 5

6 through 5-9). This possibility is unsettling, but a reality. In the literature the reported 

threshold sensitivity of in-gel detection methods is at best usually determined for 

arbitrarily ‘standard’ proteins (such as BSA) or, at worst, determined for proteins for 

which the detection technology has a decided advantage. The possibility that the method 

may be substantially less sensitive for other proteins in practice is less often considered or 

reported. 

Here it is hoped that some light will be shed on this issue by reporting both the 

LLD and the LPS, and thus the range of detection sensitivities likely to be encountered 
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for mixtures of proteins (Figure 5-9A,B). Several CB stain formulations yielded LLD 

comparable to that of SR. However, of these, few have a LPS that is similarly 

competitive. That is, many CB formulations detected by IRF are as sensitive as SR for 

certain proteins, but are markedly less sensitive than SR for other proteins (Figure 5

9A,B). Taking both LLD and LPS into consideration seems the most reasonable practice 

given that the problem of IPV of detection is unlikely to be solved. The IMPS 

mathematically takes both LLD and LPS into account, and discriminates against stains 

with poor LPS (Figure 5-9C). Thus, these data are powerful discriminators of stain 

efficacy and are summarized in Figure 5-9C. 

5.5.5 Addressing inter-protein variability of detection 

It was immediately apparent from threshold sensitivity data that not all proteins 

yield the same fluorescent response with respect to protein quantity (Figures 5-6 through 

5-8). That is, at a fixed quantity, certain proteins yield different fluorescent signal 

intensities than others. Not only do proteins deviate from the theoretical 1:1 correlation 

between signal intensity and protein quantity, but proteins substantially deviate from one 

another in terms of the signal yielded for a given quantity of protein (Figures 5-6 through 

5-9). 

To some extent this is expected. Proteins are relatively large molecules, and the 

range of different sizes of proteins is similarly large. A biological sample will be 

expected to simultaneously contain peptides of less than 1 kDa and a range of proteins up 

to 300 - 1000 times larger than this. Larger proteins necessarily have greater dye binding 

capacity than smaller proteins, simply due to the increased propensity of the critically 

reactive amino acids in larger proteins. Thus when a range of proteins of different 

molecular weights is resolved and detected in a single separation, IPV is to be expected. 

Moreover, proteins have unique amino acid sequences and thus different dye binding 

qualities. Moreover, depending on the dye-protein interaction, the spectral properties of 

the dye may be altered. Variation in the spectral properties of Coomassie in particular, 

under different pH conditions, lipidic environments, and protein binding have all been 

characterized.135,329,369-372 Binding to specific proteins is known to alter the absorbance 
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maxima of Coomassie dyes by as much as 60 nm, which will dramatically alter the 

ability to detect these proteins by IRF.371,372 All of these factors contribute to the IPV of 

detection in-gel. 

Realistically, designing an in-gel protein detection method with no IPV is likely 

impossible. Even a lower IPV than what is currently accepted seems unlikely, given the 

diversity of the proteome.  

However, it should additionally be considered that the observed IPV may also 

indicate an error in the original absolute determination of the quantity of protein. To 

some extent we are slaves to the assumption that the quantity of protein in a standard has 

real meaning. Increasingly this assumption has come under suspicion.159,161,218 Protein 

quantitation assays are somewhat notoriously unreliable. In part this stems from the 

inability of the assay to function uniformly in the presence of different contaminants such 

as salts or organic molecules such as carbohydrates or lipids. Additionally, total protein 

quantitation assays are criticised for the same lack of absolute quantitative power as has 

been described elsewhere in this thesis: no two proteins can be detected identically due to 

their unique amino acid sequences.218 For truly quantitative measurements of proteins, 

the standard must be the same as the analyte. That is, if the analyte is known, and an 

appropriate (i.e. identical) polypeptide standard can be generated in quantity, the assay 

can be very quantitative, and precise determinations of the quantity of the analyte with 

relevance in the real world can be made. However, in practice this proves time 

consuming, difficult, and expensive. In practice, the common technique is to apply a 

single protein standard against a variety of analytes, or mixtures of proteins, under the 

assumption that although the detection responses are not identical between analyte and 

standard, they are at least reasonably close. As such these assays serve as a better 

quantitative instrument, or means of normalization, than no total protein quantitation 

assay at all. However, this practice can result in inaccurate quantification depending on 

the analyte. To what extent is the IPV of fluorescent signal observed here the result of 

varying dye-binding, alterations to spectral properties and error in the quantity of protein? 

Unfortunately, there is no way to separate these possibilities at this time. All of these 

factors may contribute to the observed IPV, and thus also contaminate the stain signal 
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that we equate directly with protein quantity; at best we must perhaps realize that this 

is a simplistic, albeit necessary evil from the standpoint of what is practical in terms of 

available technology. 

Strictly speaking is IPV of detection thus a problem for gel-based proteomic 

analyses? Gel-based proteomics are typically not absolutely quantitative, largely because 

the observed IPV of detection precludes this. It will be exceedingly difficult to carry out 

large scale proteomic analyses that are absolutely quantitative. Instead, gel-based 

proteomics rely on relative quantification. The relative proportions of the same protein 

under one or more different conditions are compared, and thus the IPV is internally 

controlled. Nonetheless, detection methods with radically large IPV are not ideal. The 

resolved and detected proteome should reflect the native biological complexity of the 

sample as much as possible. As the IPV of the detection method becomes excessive, the 

resolved and detected proteome has less and less biological relevance. Thus low IPV is a 

desirable characteristic of detection methods.  

SR has been considered a benchmark for low IPV in the field, as it greatly 

improved upon traditionally high IPV of staining methods such as silver and CB with 

WLD detection.318,321,330,338,342 However, as with the threshold detection sensitivity, the 

IPV of CB staining seems to be improved by applying IRF detection (Figure 5-10). In 

fact, the majority of CB stains tested yield IPV equivalent to that of SR (Figure 5-10). 

Thus the gap between SR and CB is narrowed further. 

While high IPV may not be sufficient reason to abandon an otherwise highly 

effective CB stain, for instance one that is extremely sensitive, it can aid in discriminating 

between otherwise similarly performing formulations. For instance, the commercial EZ 

Blue and PAGE Blue stains are among the most sensitive formulations (Figure 5-9). 

However, there are several other formulations with comparable sensitivity, but 

simultaneously significantly lower IPV (Figure 5-9 and 5-10). Obviously, given the 

choice, lower rather than higher IPV is preferable.  
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5.5.6 Selecting the optimal Coomassie formulations for infrared fluorescence 

detection 

A selection of 14 different CB formulations was herein subjected to a battery of 

tests to determine their relative efficacy as reagents for IRF detection in gel-based 

proteomics (Tables 5-1 and 5-2). Individually, none of the criteria used are especially 

convincing support for the adoption of one stain formulation over any of the others. 

Rather stains which performed well throughout the battery of assessments will be of 

potential interest. Towards this end, the performance of each CB stain across the whole 

battery of tests is summarized in Table 5-4. Relative to SR, two stains stand out as 

ranking highly in terms of all the criteria tested thus far: the commercial BioSafe stain 

and the NG prepared in-house. 

The details of the commercial formulations are not known, and thus it is difficult 

to speculate why one might perform better than another in these tests. However, in some 

ways the finding that NG outperformed the other CB stains prepared in-house was 

surprising and unexpected. NG is among the oldest CCB formulations, and is the basis 

for the majority of CCB staining today. Several of the other stain formulations that can be 

prepared in-house, namely BS, MNG, and SC, are evolutions of the original NG 

formulation, claiming substantially higher sensitivity than this original protocol. 

Moreover, some of the commercial stains, namely Colloidal Blue and PAGE Blue appear 

to be derivatives of the NG formulation or variations thereof, based on the gross 

appearance of the reagent, and the recommended protocols for their application. Yet NG 

slightly outperformed them all. How is this possible? 

The common thread among the known evolutions of the NG stain are increased 

concentrations of phosphoric acid (Table 5-2). Phosphoric acid in the staining solution 

greatly improves the affinity of the Coomassie dye for protein and is among the core 

innovations that have made CCB much more sensitive than TC or related Coomassie 

stains.199,329 By all available logic, these stains should have provided greater sensitivity 

than NG. In actuality, the threshold sensitivities of these stain formulations were all very 

similar (Figure 5-9). Moreover, these stains all had excellent IPV by this estimation 

(Figure 5-10). There are hints of poorer performance in terms of S2/N ratios for the BS, 
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SC and MNG stains, but some of these differences are not significant (Figures 5-4 

and 5-5). It may be that the derivatives of the NG stain produce a marginally higher 

background by virtue of higher phosphoric acid concentrations, and thus differing charge 

properties of the dye affect its binding with the gel matrix. The increased methanol 

content in the BS formulation relative to NG and its other derivates may exacerbate this 

problem. Increasing the background will have the effect of negatively impacting the 

sensitivity of the dye, and will have a particularly large impact on the IMPS, which takes 

into account both LLD and LPS. In fact this is exactly what was seen in the data. 

Although all of the NG-derivative formulations have LLD comparable to NG, all have a 

trend towards poorer LPS, even if not all of these differences are significant (Figure 5-9). 

It is the combination of low LLD and LPS that yields the IMPS of the NG formulation 

the best among its derivatives, and in fact the highest of all the stains tested in this study 

(Figure 5-9). This is the best measure of the sensitivity of a detection method that is 

available at present. Clearly, minor variations in stain formulation have a significant 

impact on the parameters of in-gel detection, although from the present data, more 

definitive conclusions cannot be drawn, as the stains for which specific details of the 

formulation are known simultaneously differ in several of these components (Table 2). 

More detailed analysis of variation of specific components of these formulations will 

necessarily follow to independently assess their individual contributions to in-gel 

detection. Such an analysis, although complex, may be invaluable, in terms of developing 

truly optimal CB stain formulations for IRF detection.  

It could be argued that not every stain in this analysis was able to perform 

optimally vis-à-vis shoehorning all the specific protocols into a single unified method, 

and testing these different available protocols seems a necessary future direction of the 

work described in this Chapter. It will be necessary to determine if the performance of a 

specific formulation can be enhanced by a more optimal staining protocol, and here a 

number of different criteria (sensitivity, selectivity, LDR) have been established as useful 

quantitative benchmarks. However, for the time being, under these controlled conditions 

the NG formula seems preeminent. 
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Although the NG formulation is superior to the BioSafe reagent as an IRF 

detection stain, the BioSafe formulation is similarly unsurpassed by its commercially 

available peers (Figure 5-9C, Table 5-4). Thus both the NG and BioSafe CB stains were 

characterized further as possible alternatives to SR. Commercial stains and those 

prepared in-house have substantially different cost structures, but this is counterbalanced 

by the relative inconvenience of the latter. The reagents prepared in-house also cannot be 

made in large batches and stored, because they are unstable and form precipitates over 

time (data not shown). Conversely, the commercial reagent is stable for long storage 

periods by design. It can be further argued that the commercially available stain is always 

a better choice than a stain prepared in-house, because the reproducibility and quality 

control afforded by the commercial preparation of large batches of stain conveys a certain 

level of peace of mind not necessarily attainable with a reagent prepared in-house. 

Ultimately, the end user is likely to make their decision on which Coomassie stain to use 

for IRF detection based on a multitude of these practical factors and not only the 

sensitivity of the stain. 

Thus, in parallel with SR, both NG and BioSafe CB stains were characterized in 

further detail as potential detection reagents for gel-based proteomics.  

5.5.7 Addressing the limited linear dynamic range of fluorescent detection methods 

The range of abundance of proteins in a biological sample is typically very large, 

and this property of proteomes has been discussed at some length in this thesis. 

Biological samples simultaneously contain proteins present in billions of copies, and 

other proteins present in a few thousand copies or even much less.132,158,308 

Simultaneously generating quantitative data from both large and small quantities of a 

variety of very different proteins is one of the substantive remaining challenges in 

proteomics, whether the resolving methods used are gel-based or otherwise. As briefly 

discussed above, using more starting material is not always an option, because although 

by doing so the quantity of low abundance proteins is increased, enhancing the ability to 

detect these molecules, doing so will simultaneously increase the quantity of high 

abundance proteins. Likewise, extended signal integration yields limited benefits in 
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detecting low abundance proteins for essentially the same reason: as signal is 

integrated, high abundance proteins saturate the detector and beyond this point the data 

are not quantitative. Ultimately, it is the range of abundance within which proteins can be 

detected and quantified that is important for proteomic analyses.243,308 Such a large range 

enables us to simultaneously detect, quantify and compare higher abundance and many 

lower abundance proteins, improving the simultaneous coverage of the proteome.   

As a measure of the ability of a detection method to simultaneously quantitatively 

detect both high and low abundance proteins, typically the LDR is reported. That is, the 

range over which signal strength is linearly proportional to the quantity of protein is 

determined for a given detection method. This LDR is the most useful range in which a 

protein can be relatively quantified, for instance as is done in comparative proteomic 

analyses. Within this range, it is reasonably certain that a two-fold increase in signal 

intensity indicates a corresponding increase in the quantity of protein. Beyond this range, 

the relationship between signal and the quantity of protein is less certain, and it is 

unacceptable to assume a simple correlation between the two.  

Thus the LDR of in-gel protein detection using SR and the top-performing CB 

stain formulations was determined. Although it would have been preferable to maintain 

consistency and employ the recombinant protein standards used elsewhere in this study, 

this was not possible for the determination of LDR. SR is claimed to have an LDR of at 

least several orders of magnitude from threshold for some proteins, thus it is expected 

that the quantity of protein at the limits of the SR LDR is quite high, in the µg 

range.212,321,322 For thoroughness it was naturally assumed that the actual LDR might 

extend higher than this, and thus experiments assessing LDR were designed to include 

quantities of protein beyond this expected maximum. 

The cost of carrying out these experiments, requiring tens of µg of protein per 

band, would have been exceedingly high if recombinant standards were used. This is 

unfortunate because the recombinant marker contains a broad range of different proteins, 

which would be both convenient and desirable for these measurements. Determining the 

IPV of LDR between several different proteins is more informative than the 

determination of LDR for a single protein. However, beyond the cost of the recombinant 
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standards, the fact that they contain a mixture also limits the maximum amount of 

each individual protein that can be loaded, and thus the potential scope of the experiment. 

That is, although 1 mm 1DE gels can routinely handle total protein loads of 25 µg, this 

would mean on average only ~ 2 µg per individual protein, in a mixture of 14 proteins. 

Loading a sufficient amount of individual proteins from the recombinant protein standard 

was not feasible, and this approach was unlikely to produce a meaningful result.  

Instead, a separate series of isolated protein standards were empoyed (Table 5-3). 

These standards are relatively pure, and thus a large quantity of an individual protein can 

be routinely resolved by 1DE. Several different standards were chosen to provide a range 

of proteins with different characteristics, including molecular mass. The LDR for each 

standard was determined with both of the top-performing CB stains, BioSafe and NG, 

and with SR (Figures 5-12 through 5-16). 

It warrants discussing that there are some interesting consequences to resolving 

and detecting such a large quantity of a single protein in gel. In fact these separations 

involve the type of technical difficulty associated with resolving native proteomes, albeit 

on an extreme scale. That is, the goal is the simultaneous quantitative detection of both 

the highest and lowest abundance proteins in the separation. Unlike in dilution series 

designed to determine threshold sensitivity, separations of high abundance proteins yield 

very strong signals, and the detection instrument simply cannot be pushed to its limits to 

achieve higher sensitivity. Before this point, the strongest signals simply saturate the 

detector. LDR measurements require sub-maximal operation of the detection instrument, 

to ensure that the high abundance signals are quantitatively detected. Otherwise it will not 

be possible to distinguish detector saturation from other effects that reduce LDR for high 

abundance proteins. Thus in these experiments, parameters of signal integration and/or 

the gain on the detector were empirically optimised to provide sub-saturation detection of 

the highest abundance protein (i.e. the largest load) in each separation.  

It was immediately apparent that despite sub-saturation operation of the detection 

instrument, at very high abundance all of the proteins failed to yield fluorescent signal 

with the same linear proportionality at lower ranges in the dilution series (Figures 5-11 to 

5-15). Beyond 1 µg most of the proteins yield a depressed fluorescence signal compared 
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to the signal measured below this quantity of protein (Figures 5-11 to 5-15). Above 

the 1 µg quantity, proteins display a characteristically curved fluorescence response 

(Figures 5-11 to 5-15). If it was possible to assess even larger quantities of protein in 

these experiments, presumably the response would plateau asymptotically to a point after 

which further increases in the quantity of protein would yield no increase in the 

fluorescence signal. 

As discussed, this fluorescence signal plateau effect is not the result of saturation 

of the detector, because this has been strictly controlled. Additionally, it is likely not the 

result of the increased size of the bands in-gel, per se. Notably, large quantities of protein 

resolve in distorted band shapes, and are substantially larger than bands containing lower 

quantities of resolved protein (Figure 5-11 to 5-15). Intuitively it could be said that this 

larger band size would have a tendency to result in reduced signal intensity, because the 

fluorescence signal is spread out over a larger area, and is less focused. Yet this potential 

effect has largely been accounted for by calculating fluorescent signal volumes which 

serve to integrate the signal over the entire area of the band, as opposed to measuring just 

the height of the peak. 

However, band size has one other implication that may contribute to the observed 

signal depression effect, but this requires some additional theoretical knowledge of image 

analysis. Specifically, in a two dimensional image of the gel, a band has both length and 

width; the third dimension in image analysis is peak height, and bands detected in gels 

are roughly Gaussian in shape in three dimensions. That is, any cross section of the three 

dimensional signal is roughly Gaussian, with a central peak, and tails that taper smoothly 

towards baseline. The suggestion is that the distribution of protein through the band is 

also roughly Gaussian. That is, most of the protein is resolved in the centre of the band, 

and the quantity of protein is lower towards the boundaries. The perimeter or 

circumference of the band is the border between signal and non signal, the point at which 

the quantity of protein producing signal in this roughly Gaussian distribution is reduced 

to threshold detection sensitivity. Thus the boundaries of the signal are defined in two 

dimensions. But in reality, detection sensitivity is finite. Theoretically there is protein at 

or beyond this boundary, but since it is below detection sensitivity it is not included in 
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our calculations. Larger quantities of the same protein produce a larger band, and thus 

greater length and width, and greater circumference. Thus, it might be expected that since 

larger bands have a larger boundary, there may be a greater quantity of protein that is 

unaccounted for because it is at or near the detection threshold. Although this possibility 

may seem remote, it bears some consideration.  

Another possibility that cannot be excluded is that at high quantities of protein, it 

may be that a decreasing fraction of the total protein loaded is able to enter the gel. 

Although it is rarely admitted, it is widely understood that in gel electrophoresis the entry 

of protein into the gel matrix is not 100% efficient. That is, some protein is always 

trapped in the sample well, and at the interface between stacking and resolving gels. At 

present no efforts at detailed characterisation of this often unresolved protein have been 

made. Even determining the magnitude of the problem is complicated by technical issues. 

The gel edges where protein appears to be trapped quite often additionally accumulate 

stain, simply by virtue of being a physical edge and as a result it is difficult to accurately 

quantify the amount of trapped protein present, and thus the efficiency of the transition of 

the sample into the gel matrix is not known with any certainty. However, the amount of 

protein thus trapped generally appears to be higher for highly abundant proteins. This 

does not necessarily mean that there is a systematic reduction in the efficiency of sample 

entry between low and high abundance proteins. Rather it may be that the efficiency is 

uniform regardless of the abundance of the protein, but that for high abundance proteins 

the absolute quantity of trapped protein is more likely to be detected, and thus there 

seems to be a bias for lower efficiency in high abundance proteins. Without further data 

to support or deny either possibility, it is difficult to resolve these issues, and speculate on 

their potential effects. However, the possibility that the attenuation of fluorescent signal 

strength at high quantities of protein may be due to poor entry of the protein into the gel 

must at least be admitted.  

However, there are alternate saturation effects that are perhaps more plausible. It 

could be that at very high concentrations of protein in-gel, the dyes have somewhat 

limited access to all of the protein molecules in a given band or spot due to steric 

hindrance. When 25 µg of BSA are electrophoretically forced into a volume of gel only 
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approximately 6 x 4 x 1 mm in size, the concentration of the protein is over 15 µM (1 

mg mL-1). In fact, the actual concentration must be much higher than this because the gel 

is a physical matrix, and not purely a volume of liquid. Protein must be exceedingly 

tightly packed in these bands, and it is not surprising that high quantities of proteins result 

in large and often distorted bands. Thus it is to be expected that at higher quantities and 

greater concentrations of protein in-gel, steric hindrance might impede full access of the 

dye to the protein backbone. This would prevent the staining reaction from going to 

completion, and would be expected to depress the fluorescent signal for very high 

quantities of protein. 

In all likelihood it is some combination of all these effects that ultimately yields 

the observed flattening of the in-gel fluorescence signal at high quantities of protein 

(Figures 5-11 to 5-15). Interestingly, both the degree of curvature and the quantity of 

protein beyond which the response is curved vary somewhat from protein to protein 

(Figures 5-11 to 5-15). The suggestion is that the saturation effects are somewhat 

dependent upon the amino acid sequence and thus chemistry of the protein.  

Furthermore, the degree of flattening for each given protein varies from stain to 

stain, and thus the LDR is dependent on the detection method (Figures 5-11 to 5-15 and 

5-16A). Interestingly, the LDR of CB-IRF exceeds that of SR-VLF for all of the proteins 

tested except BSA, for which SR and CB yield the same LDR (Figure 5-16A). 

Interestingly, BSA is the most commonly applied standard for measurements of LDR in 

the literature, and yet its response does not seem to be representative of most proteins 

(Figure 5-16A). Simultaneously, the LDR of SR is disappointingly low. For one standard, 

CEA, SR yielded essentially no linear quantitative data. That is, no more than 2 points in 

any range of the dilution series of CEA resulted in linearly quantitative data via SR 

staining. These unexpected data suggest that SR may not be as ideal a detection method 

as is generally advertised or perceived.209,210,240,321,322 

Might steric hindrance preventing completion of the stain reaction partially 

explain the difference in LDR between SR and CB? The precise structure of SR is not 

known, but assumed to be similar to that of the closely related RuBP stain. RuBP is 

nearly twice as massive as CB, and thus RuBP and SR might be expected to be more 
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sterically hindered in terms of infiltrating the gel and reacting with densely packed 

protein than CB.363,370 This may explain the greater signal attenuation SR experiences at 

high concentrations of protein, relative to CB. If this is the case, dye size should then be a 

factor favouring CB as a general stain for gel-based proteomics research.  

Alternatively, other components / attributes of SR and CB stain formulations, 

such as organic solvent content, pH, and ionic strength, may contribute to the difference 

in their relative efficacy, although it is difficult to speculate on this subject because the 

precise formulation of SR, and all of the commercially available CB stains, is not known 

with any certainty. Likewise, the difference in LDR between SR and CB may be due to 

fundamental differences in the instruments used for VLF and IRF, respectively. The laser 

illumination used as an excitation source for IRF detection with the Odyssey scanner is 

presumably much more intense than the VLF illumination utilized by the charge coupled 

device (CCD)-based ProXpress imager. Conceivably, laser-based illumination may 

fundamentally provide more thorough illumination of the densely packed protein in-gel 

via its inherent intensity, and thus may be the preferable detection method in general. 

However, a detailed discussion of the potential pitfalls of choosing one type of imaging 

instrument over another will be avoided, because there is no good way to properly 

account for fundamental differences between imagers, and separate these effects from 

differences in dye performance. 

Interestingly both NG and BioSafe CB formulations performed comparably in 

terms of LDR. None of the standard proteins tested yielded a difference in LDR between 

the two formulations. What is not clear is how the other stain formulations might perform 

in this regard. It will be interesting to determine if less sensitive CB formulations yield a 

similar or different LDR, and thus if LDR is in part a function of sensitivity. 

Finally, it should be noted that although CB-IRF yielded a greater LDR than did 

SR-VLF detection in these experiments, SR was significantly more sensitive than CB for 

in-gel detection of several of the isolated standard proteins (Figure 5-16B). That is, 

although the overall range of linearity is greater for CB, the range extends to lower 

abundance proteins for SR. The suggestion is that even though the LDR of SR is low, and 

the sensitivity of the CB and SR are comparable under controlled conditions, it seems 
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that SR may be able to detect lower abundance proteins in situations where the range 

of abundance of different proteins is high.  

5.5.8 Exploring the efficacy of CB-IRF for detection of gel-based proteomes 

Up to this point, the different elements important for protein detection in gel-

based proteomics were separately addressed. Under carefully controlled conditions the 

selectivity (S/N and S2/N), the threshold sensitivity (LLD), IPV, and the LDR of CB-IRF 

were all tested in direct comparison with SR-VLF in order to carefully dissect the 

potential suitability of CB as a detection method for gel-based proteomics. However, as 

yet, no full quantitative analysis comparing gel-resolved native proteomes detected by 

these different methods has been undertaken. Such a comparison of proteomes detected 

by these methods provides data with arguably more real-world relevance than highly 

specialized determination of the individual parameters of detection: the practical 

attributes of the methods as opposed to the pure physical-chemical characteristics. Here, 

detection of the proteome simultaneously involved all three measures: selectivity, 

sensitivity and LDR. It will be the effective detection of native proteomes that will 

ultimately decide if CB-IRF can truly compete with SR-VLF. The performance of a 

method in any or all of the individual components of detection (selectivity, sensitivity and 

LDR) will be irrelevant if the method cannot perform in the detection of proteomes.  

Visually, proteomes detected by CB-IRF and SR are strikingly similar (Figures 5

1, 5-17 and 5-18). However, the eye is notoriously deceiving, and our inability to 

effectively analyse images by visual inspection is well appreciated. The proteomes must 

be compared quantitatively. Here it was determined that there are a large number of 

specific quantitative differences between the CB-IRF and SR-VLF detection methods 

(Figures 5-17 and 5-18). These differences occurred across the full range of MW and pI, 

in both membrane and soluble fractions of the murine brain proteome, and thus it seems 

that the hydrophobicity of the protein is not a factor (Figures 5-17 and 5-18). It is 

nonetheless possible that these differences are due to other underlying differences in the 

chemistry and thus the dye affinity of these specific proteins. That is, CB may be less 

likely to effectively stain these proteins due to some characteristic of their specific amino 
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acid composition. This seems unlikely given that, by all other indications, these two 

detection methods have similar sensitivity and IPV (Figures 5-9 and 5-10). However, it is 

nonetheless simultaneously noted that, for the same quantity of a specific protein, the 

CB-IRF and SR-VLF signals can vary substantially (Figures 5-11 through 5-15). 

Interestingly, among these quantitative differences between CB-IRF and SR-VLF 

detection of the proteomes, there is a large number of proteins detected by CB-IRF that 

yield significantly less fluorescent signal than the corresponding protein detected by SR 

(Figures 5-17 and 5-18, Tables B1 through B4, Appendix B). If the detection methods 

were consistent, and the independent variable was the starting material, we might be led 

to conclude that these proteins were apparently ‘down-regulated’ in this comparison. In 

contrast, only a handful of proteins were apparently ‘upregulated’ in either CB stain, 

relative to SR (Figures 5-17 and 5-18, Tables B1 through B4, Appendix B). That is, there 

is a strong bias towards lower intensity of protein staining by CB-IRF relative to SR

VLF. 

There is one clear explanation for this phenomenon, and it stems from the 

differing LDR performance of CB-IRF relative to SR. With the exception of BSA, for 

every standard protein tested in the LDR determination, SR yielded lower LDR than did 

CB (Figure 5-16). That is, the depression of fluorescent signal for high quantities of 

protein was greater for SR than CB for most proteins. Accepting that this should also 

hold true in the analysis of native protein samples by 2DE (Figures 5-17 and 5-18), then 

if the fluorescence signal for the highest abundance proteins in the resolved proteomes 

was more blunted when detected by SR, than CB, it might be expected that the SR 

images would be integrated longer before saturation of these signals, thus giving SR a 

marked advantage over CB in the detection of low abundance proteins in the same image. 

To elaborate, it is standard practice, and logically so, to adjust the parameters of 

the detector to produce a consistent signal intensity between multiple images. Unless this 

normalization is carried out, small variations in staining could compromise the analysis. 

Ideally, an internal standard can serve this purpose, but more often in gel-based 

proteomics, the peak signal intensity of the highest abundance protein is normalized. This 

ensures that at least the most intense peak in the separation does not saturate the detector, 
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and moreover this serves as a kind of image normalization, to account for small 

differences in protein load or stain duration, for example. In practice, for charge coupled 

device- (CCD-) based instruments such as the ProXpress used in this study for SR-VLF 

detection, this normalization is achieved by adjusting the signal integration time to 

achieve a consistent peak height. For laser / scanner based instruments such as the 

Odyssey, used for all CB-IRF detection in this study, typically the gain on a 

photomultiplier is adjustable for this purpose. For the vast majority of comparative 

purposes, this normalization approach is generally completely satisfactory. However, the 

caveat is this: if for some reason the specific protein generating the signal that is being 

monitored to adjust integration / gain and thus normalize the image differs from one 

condition to the next, the normalization will fail, and the quantitative data will be 

compromised. Essentially, two values that are inherently different are normalized, and 

alter all of the other signals in the image.  

Thus it appears in so normalizing images detected by CB and SR, the latter has 

inadvertently been given a vast and unfair advantage. Due to the low LDR of SR, it 

appears the SR signal is naturally capable of greater integration before saturation of the 

detector, thus increasing the detection of lower abundance proteins. In fact, it is only 

prudent to do so, from the perspective of a fair comparison of the two different staining 

methods and scanning instuments. If such normalization was not carried out, no effective 

comparison of the two different detection methods would be possible. However, due to 

the high LDR of CB, the gain of the detector cannot be increased to achieve the same 

result. The CB-IRF signal yield for high abundance proteins is very linear and less 

blunted at very high quantities of protein, but also thus most representative of actual 

protein quantities. Thus the most highly abundant signals saturate the detector preventing 

us from detecting many lower abundance proteins. The suggestion is that the blunted SR

VLF response for high quantities of protein allows us to push the detection closer to its 

limits without saturating the detector but this nonetheless also leads to a false impression 

of true protein quantities. 

Further evidence of this is apparent when those proteins resolved from complex 

proteomes which yield significantly greater signal by CB-IRF than SR-VLF are 
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examined closely (Figures 5-17 and 5-18). Some of the highest abundance proteins in 

the proteome produce more signal when detected by CB than SR (Figures 5-17 and 5-18). 

This suggests that while the SR-VLF signal for these proteins is highly blunted, a more 

linear, less blunted, and thus more intense signal is yielded by CB-IRF (Figures 5-17 and 

5-18). CB-IRF appears to more accurately reflect true protein quantities across a large 

range of their relative abundance. 

In contrast, most of the proteins that appear to be less well detected by CB-IRF 

than SR-VLF are low abundance molecules; in addition, a few proteins, amounting to 

less than 1% of the proteome, were detected by SR but undetectable by CB. All of these 

proteins are remarkably faint, among the lowest 1/3 of all of the proteins resolved and 

detected in terms of their abundance (Figures 5-17 and 5-18). Moreover, the majority of 

these proteins are somewhat lower molecular mass species (Figures 5-17 and 5-18). Yet it 

has been demonstrated in this study that under controlled conditions the sensitivity of 

CB-IRF detection for extremely low abundance proteins of all molecular weights is 

comparable or superior to SR-VLF detection (Figures 5-9 and 5-10). How can we resolve 

this apparent contradiction? 

Quite simply, conditions for detecting native proteomes in-gel are not ideal 

conditions. Moreover, lower molecular mass implies a shorter peptide backbone and 

inherently lower dye binding capacity per mole of protein. Thus, low abundance, low 

molecular weight proteins could be considered the most difficult detection challenge. 

These are the first proteins that will fail to be detected if the detection method is limited 

or in some way compromised. Given the evidence, it seems most likely that SR-VLF has 

an unexpected advantage over CB-IRF for the detection of gel-based proteomes, by 

virtue of its narrow LDR and its blunted fluorescent response for high quantities of 

protein. By virtue of its larger LDR, the extent to which CB-IRF images could be 

integrated to a maximal sub-saturation fluorescent signal was reduced. Thus, in a small 

but critical way, SR remains unsurpassed as a detection method for gel-based proteomes.  

It could then be counter-argued that CB-IRF actually provides the more accurate 

quantitative image. One of the goals of proteomics is to provide a snapshot of the native 

biological complexity that is as accurately representative as possible. That is, the 



305

305 

proteomic analysis should reflect the native biological complexity of the starting 

material. In this regard, it seems that SR-VLF provides a somewhat skewed version of 

reality, compared with CB-IRF. Arguably CB-IRF provides the more accurate 

quantitative data over a larger range of protein quantities in-gel. It is also apparent that 

for proteins in the mid-to-high range of relative abundance, SR provides a much less 

quantitative, more blunted fluorescent response, which however additionally has the 

effect of enabling us to amplify low abundance signals in the same image. In other words, 

the difference in signal intensity between low and high abundance proteins in SR-VLF 

detection is artificially narrowed by enhancing the low abundance signals relative to the 

high abundance signals. Some might argue that this is a working solution for dealing with 

the very large range of abundance likely to be encountered in a proteomic analysis of 

complex biological material. Others would argue that it is an artificial or perhaps even 

dishonest representation of a given native proteome. In some respects this might be 

thought of as somewhat akin to using non-linear gradients in the first dimension of a 2DE 

analysis which expand the neutral region of the gradient, and shrink the pH extremes: by 

this practice a few additional proteins in a given region of separation may be resolved at 

the cost of poor resolution in other regions. In the end, the decision lies with the user as to 

what they can justify as the most reasonable and useful approach. 

Perhaps it would be fair criticism to suggest that an internal standard should have 

been used to normalize the parameters of image acquisition. In hindsight it should have 

been expected that any protein, including the proteins used to normalize the image 

acquisition, might respond differently to the SR and CB and thus lead to incorrect 

normalization of the images. In Chapter Two this particular complaint was addressed via 

more rigorous volume-based normalization. However, the complication of working with 

two different imaging instruments precluded volume-based normalization in the current 

Chapter. In particular the Odyssey scanner is largely incompatible with such an approach. 

Mainly this is a consequence of the longer time required for multiple image capture 

required for volume-based normalization on the Odyssey relative to the CCD-based 

ProXpress which captures images more quickly. Moreover, while relatively fine 

adjustments to signal intensity via exposure / integration time can be made using the 
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ProXpress, facilitating volume normalization of successive images within a very fine 

tolerance, only relatively coarse adjustments to the gain on the photomultiplier in the 

Odyssey can be made, further precluding such exquisite normalization as can be achieved 

with the CCD-based ProXpress instrument.  

Clearly this needs to be addressed in order to unequivocally determine if CB-IRF 

and SR-VLF might serve as equivalent detection methods for proteomes. However, what 

would we expect to learn if we had adopted such an approach? Even the integration / gain 

parameters were adjusted to achieve normalized signal intensity for an external standard, 

this is still no guarantee that the resulting images can be fairly compared. The two stains 

and moreover their detection instrumentation are fundamentally different. There is no 

straightforward way to guarantee the images are fully and effectively normalized. It may 

be possible to normalize SR and CB-IRF images more effectively than was achieved in 

this study, if an external standard is adopted that can be unequivocally shown to behave 

identically in these two different regimes of in-gel detection. However, in the process, it 

seems that we have stumbled upon an important difference between SR and CB-IRF, 

with profound practical considerations.  

5.6 Concluding Remarks 

Here CB-IRF and SR-VLF have been characterized in detail as methods of in-gel 

protein detection for proteomic applications. It has been determined which CB 

formulations provide the greatest IRF detection performance, and determined that in three 

critical detection parameters, selectivity, sensitivity, and dynamic range, CB-IRF is 

capable of matching or exceeding the performance of SR. Taking into consideration that 

the CB staining conditions may not be optimal, even more substantial differences may 

exist. 

However, these data may not necessarily provide an entirely persuasive motivation 

to adopt CB-IRF as a detection method for gel-based proteomics. It has been 

demonstrated that part of the overall advantage of SR as a proteomic detection 

technology may be unexpected due to its relatively low LDR, and its decidedly blunted 

signal generation for somewhat higher abundance proteins, which has the consequence of 
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enhancing the effective sensitivity of the stain as a detection method for gel-based 

tissue proteomes.  

The effective, rather than the ideal sensitivity of the detection method is of 

paramount importance to most in the proteomics community, even if the analysis does 

not accurately reflect actual native protein densities; to some extent the author simply 

cannot argue with this logic as most proteomic studies are based on differential analyses. 

Nonetheless, it must also be noted that this apparent improvement in detection with SR 

amounts to only 0.6% of all the spots detected in the membrane and soluble proteomes of 

a native brain sample. However, should an important protein alteration be found in this 

tiny fraction of a given proteome, the importance of detecting these proteins is 

unquestionable. Thus, based on overall spot detection, SR provides a small, but 

significant advantage over CB for in-gel proteome analyses. In contrast, CB seems to 

provide the more accurate representation of the native protein quantities in a given gel-

resolved proteome. While some might endlessly debate the relative merits of these in-gel 

detection techniques, it is of note that CB-IRF comes close to the performance of SR

VLF, and even exceeds it in a few encouraging aspects; any gap between these methods 

would appear to be quite narrow and is likely to become even more so (or perhaps even 

nonexistent) as well characterized optimisations to specific CB stain formulations and/or 

staining protocols, and/or more advanced detection instruments optimized for proteomics 

applications are implemented. Certainly in terms of cost-effectiveness, and thus breadth 

of potential users, CB is significantly superior to SR and may eventually prove to be the 

method of choice, as a route to providing a more broadly suitable high-sensitivity 

detection tool across a substantially larger number of labs internationally.  

Overall, although it has not yet unequivocally been demonstrated that CB-IRF is 

the complete equal of SR in terms of its ability to detect total protein spot numbers, it has 

been quantitatively shown that CB-IRF is probably the superior detection technology. 

The difference is a subtle, albeit important one. Thus another small but significant step 

has been made towards mitigating the cost of high sensitivity in-gel detection for 

proteomics applications and a more sensitive detection method for a classical gel stain 

has been characterized. CB is thus another proteomic technology that will not easily be 
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supplanted, and it will undoubtedly continue to have a place in the field for years to 

come.  
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Chapter Six: An initial proteomic analysis of human preterm labour: placental 


membranes.


This Chapter was previously published: 

R. Hussain Butt, Maggie W.Y. Lee, S. Ahmadi Pirshahid, Peter S. Backlund, Stephen 

Wood and Jens R. Coorssen. 2006. Journal of Proteome Research. 5: 3161-3172. 

The author was responsible for all experimental work including sample preparation, gel 

electrophoresis, image analysis, and spot picking. Ms. Lee and Dr. Pirshahid contributed 

to gel electrophoresis and image analysis, respectively. Dr. Backlund was responsible for 

all in-gel tryptic digestions, mass spectrometry and database searching and contributed 

several written sections to the manuscript. Dr. Wood contributed to study concept and 

design and was responsible for collection of the clinical sample. Dr. Coorssen contributed 

to study design and revisions of the manuscript. 

6.1 Introduction 

Spontaneous human preterm labour (PL) remains among the most significant 

problems in modern Obstetrics and Gynaecology.3 As such, premature delivery currently 

constitutes the leading cause of perinatal mortality and morbidity in developed nations, 

and contributes significantly to the incidence of chronic childhood disease.376,377 

Moreover, the rates of PL have steadily increased over the past 10 years, particularly in 

developed nations, currently affecting ~10% of pregnancies worldwide.270,376,378,379 With 

new equipment and advances in obstetric management of preterm delivery and neonatal 

care, survival rates among prematurely delivered infants are higher than ever, and for 

ever earlier stages of gestation. However, reactive management offers only a partial 

solution; PL is a growing burden on limited financial, practical, and human health care 

resources. 
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A variety of screening techniques has been employed for early identification of 

pregnancies at high risk of PL. Traditionally, risk assessments have been the most 

frequently applied predictive criteria of PL378 and include factors such as uterine 

contractions, intrauterine infection, inflammation,379 and cervical shortening,380 as well as 

demographic factors (e.g. socioeconomic status, drug addiction and maternal age).378 

Several biochemical markers diagnostic / prognostic of PL, including beta human 

chorionic gonadotropin, fetal fibronectin and prolactin, have been documented, and 

assays of cervical and vaginal secretions during pregnancy have had some diagnostic 

success.6,266,376,378,380-382 Nonetheless, all such predictive diagnostic measures have had 

mixed results in practice, typically suffering from low sensitivity and selectivity, with 

low positive predictive value, and a high frequency of false positive results.383-385 

Evidence of intrauterine infection is perhaps the most reliable predictive indicator of 

preterm labour but accounts for only a fraction of premature deliveries; infection seems 

to be associated with the earliest PL events and commonly with preterm premature 

rupture of membranes (PPROM).386-388 Thus no single diagnostic tool has been 

demonstrated to uniformly, reliably or consistently predict PL, and vigilant obstetric 

management of all patients deemed at risk continues in the absence of definitive 

diagnoses. In several reports, combinations of multiple biochemical and risk assessment 

diagnostics have been employed, but even barrages of multiple tests provide greater 

negative predictive than positive predictive certainty.377,378,382,387 The majority of PL 

events remain spontaneous and unpredictable: critical care emergencies. Current 

knowledge concerning the pathophysiology of PL is incomplete and currently not 

conducive to the development of predictive tools or preventative therapies; a truly 

comprehensive mechanistic understanding remains elusive.5,384,389 

Here these concerns are addressed by coupling clinical diagnosis with basic 

science in an analysis of the protein complement of placental tissue. To date, the majority 

of research directed to dissecting the molecular mechanisms of PL have involved the 

identification of genetic markers, several of which appear to be of potential 

importance.390,391 However, the practical value of these as clinical markers, targets for 

drug intervention, or the development of therapeutics is limited, as genomics offers only 
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an indirect measure of functional activity at the cellular level. Local protein levels and 

activity often vary substantially from what is measured at the level of transcription; a 

wide variety of post-translational modifications (e.g. cleavage, methylations, oxidations, 

phosphorylations, glycosylations, etc.) markedly impact the activity, localization and thus 

function of proteins. Post-translational effects cannot yet be effectively measured or 

accounted for by genomics. In this Chapter a functional proteomic approach is utilized in 

an initial analysis of human preterm labour, to directly compare term and preterm labour 

events and identify marked protein differences between these conditions. 

A proteomic approach has previously been used to analyze amniotic fluid in cases 

of term and preterm labour, with a focus on inflammation in patients delivering following 

PPROM.392 The rationale for these analyses is clear, as it seems quite likely that amniotic 

fluid, placenta and myometrium are all involved in the physiological processes 

contributing to labour. However, the sampling of amniotic fluid is a process associated 

with a risk of inducing labour. Thus, although the value of amniotic fluid as a diagnostic 

medium is high, it should be considered that the risk of inducing a precipitous labour 

event by this sampling method seems counter to the purpose of these particular 

assessments. In this initial study, designed to identify protein alterations underlying PL, 

placental tissues are analyzed as these are readily available immediately following 

delivery, enabling routine, reproducible, and non-invasive sampling.393 A well-

established strategy coupling highly refined comparative two-dimensional 

polyacrylamide gel electrophoresis (2DE) with tandem mass spectrometry (LC-MS-MS) 

is applied to identify specific protein differences. Here it is proposed that the findings 

described in this initial analysis will serve as a guide for more detailed, long-term studies 

into the pathophysiology of PL. 

6.2 Methods 

6.2.1 Chemicals 

All consumables used were of electrophoresis grade or higher. CHAPS was 

purchased from Anatrace (Maumee OH). Phosphate buffered saline (PBS), glycerol and 
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dithiothreitol (DTT) were from BioBasic (Toronto Ont., Canada). All IPG strips, as 

well as acrylamide, bisacrylamide, low melting agarose, Precision Plus broad range 

molecular weight markers, broad range (3-10) ampholyte solutions, tris-glycine SDS 

buffer, and Sypro Ruby total protein stain were from BioRad Laboratories (Hercules, 

CA). Narrow range ampholytes were purchased from Fluka (Buchs, Switzerland). All 

other chemicals, including urea, thiourea, PIPES, tris, tributyl phosphine, SDS, and 

components of the protease inhibitor cocktail283 and phosphatase / kinase inhibitors were 

purchased from Sigma (St. Louis, MO). 

6.2.2 Study Population 

This study received ethical approval from The University of Calgary Conjoint 

Health Research Ethics Board (Refer to Appendix D). All subjects were the patients of 

SW or his colleagues and represented a largely middle-class population of diverse racial / 

ethnic heritage, with maternal age between 20 and 30 years and no indications of 

infection. For the purpose of this study deliveries between 25 and 32 weeks gestation 

(with intact membranes) were defined as PL events and those at 37 weeks gestation as 

term labour (TL).394 It is believed that PPROM actually represents a separate condition 

from PL, and thus PPROM events were excluded from this initial study.3,377 Samples 

included placenta from PL (n = 4) and TL (n = 3) deliveries providing the minimal 

statistical confidence required for initial / first pass gel-based proteomic analyses.233 

6.2.3 Tissue Collection  

The placenta was collected and dissected immediately following delivery. A 4 

cm2 section of the placental wall was excised from the fundal region: the attachment 

point to the fundal (superior) uterus. Sectioning was uniform to ensure that both fetal and 

maternal membranes were included. Care was taken not to disrupt these distinct yet 

connected layers such that both membranes were included intact and thus in their native 

distributions without further manipulation, except that blood was thoroughly washed 

from both membranes as follows: the sections were rapidly washed twice with gentle 
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agitation in ice-cold saline (0.9% NaCl) supplemented with 20 mM PIPES sodium 

salt (pH = 7.0), protease inhibitor cocktail283 and 1 µM cantharidan, 1 µM staurosporine, 

and 1 mM sodium orthovanadate for broad spectrum protease, kinase and phosphatase 

inhibition. The washed samples were immediately flash-frozen in a dry ice-ethanol slurry 

for storage at -80 °C. 

6.2.4 Sample Preparation 

To maximize reproducibility and reduce inter-sample variability, all samples were 

handled in parallel. 

Tissue samples were homogenized in the deep frozen state using automated 

frozen disruption (AFD), essentially as previously described in Chapter Two.277,282 Each 

deep frozen sample was placed in a self-sealing Teflon sample chamber together with a 

steel ball bearing (pre-chilled with liquid N2) and 45 Hz was applied to the frozen 

chamber for 30 seconds using a Mikro Dismembrator (Braun Melsungen AG, Germany) 

to completely pulverize the placental sample. 

Thus powdered, the samples were prefractionated into integral membrane / 

membrane-associated (henceforth, membrane) and soluble / cytosolic (henceforth, 

soluble) protein fractions essentially as previously described in Chapter Two. The frozen 

powdered tissue samples were subjected to hypotonic lysis as described, in an ice-cold 

solution of 20 mM PIPES (pH = 7.0), supplemented with protease,283 kinase, and 

phosphatase inhibitors as previously described. The hypotonic lysate was combined with 

an equivalent volume of ice-cold 2x PBS with protease inhibitor cocktail to restore 

isotonicity. The isotonic lysate was then ultracentrifuged at 125 000 x g for 3 hours at 4 

°C to isolate total cellular membranes from soluble proteins. The membrane protein 

fraction was solubilized directly in 2DE solubilization buffer consisting of 4% CHAPS, 8 

M urea, 2 M thiourea, supplemented with protease, kinase, and phosphatase inhibitors. 

The soluble protein fraction was concentrated using Nanosep microscale devices 

with 3 kDa size exclusion filters (Pall Life Sciences, East Hills, NY), as previously 

described in Chapter Two. After concentration to a minimal retentate, the sample was 

twice diluted and re-concentrated in 2 M urea containing protease, phosphatase and 
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kinase inhibitor cocktail, to rapidly dialyze the sample and remove residual PBS. The 

dialyzed and concentrated sample was collected and combined, minimally, with a 5-fold 

excess volume of 2DE solubilization buffer.  

A small portion of each sample was reserved for total protein assay using the RC 

DC total protein assay kit (BioRad, Hercules CA) using a bovine gamma globulin 

standard. The remainder of the solubilized sample was flash frozen and stored at -80 °C.  

6.2.5 2DE 

2DE, including postharvest disulfide reduction and alkylation, rehydration, 

isoelectric focusing, equilibration, and 2nd dimension SDS-PAGE were carried out 

essentially as described in Chapter Two, using consistent 100 µg total protein loads for 

mini-format 2DE. Broad range IEF (7 cm IPG strips, pH = 3-10) was carried out for all 

tissue samples and narrow range IEF (7 cm IPG strips, pH = 4-7 or 5-8) was carried out 

in parallel to provide greater resolution in the near neutral region of the proteome. 

Samples were randomly positioned for both 1st and 2nd dimension separations to eliminate 

the possibility of determinate error associated with a specific position in the 

electrophoresis apparatus. 

6.2.6 Digitial Image Capture, Image Analysis and Spot Picking 

All gels were fixed for quantitative total protein staining with Sypro Ruby, and 

imaged using the ProXpress Proteomic Imaging System (Perkin Elmer Life Sciences, 

Boston MA) as described in Chapter Two. Protein spot patterns were compared using the 

Progenesis Workstation software (Nonlinear Dynamics, Newcastle, UK) for automated 

quantitative differential image analyses. 

To enable unbiased, quantitative comparative image analysis, all samples were 

rigorously normalized. First, at the level of 2DE, consistent amounts of total protein were 

loaded. Second, at the level of image acquisition, the Sypro Ruby fluorescence was 

integrated to a consistent maximum intensity. Finally, at the level of image analysis, 

digital images were normalized to the total integrated fluorescence volume (pixel area * 
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pixel intensity), such that for a given protein spot the normalized volume is expressed 

as a fraction of the sum total of all spot volumes in the gel.  

Differential image analysis was carried out on averaged gels created using the 

Progenesis Workstation Average Analysis mode. Every sample was analyzed in a total of 

two independent separations, and data from four different preterm placentae were 

averaged and compared with data from three different normal placentae. Further 

replicates were not possible due to limited sample. 

For this initial analysis, the strictest selection criteria were applied to differential / 

quantitative image analyses comparing the TL with PL placental proteomes. For 

inclusion, detectable protein changes had to be: (1) statistically significant differences in 

the relative abundance based on quantitative Sypro Ruby total protein staining (Student’s 

t-test, p < 0.05, n = 3-4) and (2) 100 % reproducible across the relevant data set.  

Proteins satisfying the criteria for identification, as indicated by automated image 

analysis, were picked directly from the gel using an automated spot picking robot 

(Investigator ProPic, Perkin Elmer Life Sciences, Boston MA) with a standard 1.5 mm 

picking tool. Common spots from multiple gels were pooled in order to increase the 

amount of available material and ensure the highest possible success in protein 

identification by mass spectrometry. 

6.2.7 In-gel digests, mass spectrometry, and protein identification by database 

searching 

*The following section was contributed by Dr. Peter S. Backlund. 

Excised protein spots from the gels were destained and desalted by suspending in 

0.1 M NH4HCO3: CH3OH (1:1) and rocking for 1 hour. This was followed by rocking for 

1 hour in 0.1 M NH4HCO3 and 1 hour in 0.1M NH4HCO3:CH3CN (1:1). The gel plugs 

were then dehydrated in CH3CN and rehydrated in 0.1M NH4HCO3 containing trypsin 

(0.1 mg). Digestion with trypsin was carried out overnight at 37 °C and peptides were 

sequentially extracted into 5% formic acid : acetonitrile (1:1), and 5% formic acid : 

acetonitrile (5:95). The pooled extract volume was reduced by vacuum centrifugation and 

subsequently diluted in 0.1% trifluoroacetic acid (TFA). Contaminating salts and 
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particulates were removed by concentrating peptides with a C18-ZipTip (Millipore, 

MA), washing with 0.1% TFA, and eluting into 0.1% TFA: acetonitrile (1:1). 

Peptides from the tryptic digests were analyzed by tandem liquid 

chromatography/mass spectrometry (LC-MS/MS). Peptides were separated by reversed 

phase chromatography using Vydac C18 resin (5 µm particle, 300 Å pore packing), 

packed into a 75 µm I.D. fused silica capillary (PicoFrit, New Objective, Woburn, MA). 

Peptides were separated at a flow rate of 400 nl/min using a linear gradient from 2-85% 

Buffer B (Buffer A, 5% acetonitrile in water with 0.5% acetic acid and 0.005% TFA; 

Buffer B, 80% acetonitrile, 10% n-propanol, 10% water, with 0.5% acetic acid, 0.005% 

TFA). The LC effluent was electrosprayed directly into the sampling orifice of an LCQ 

DECA mass spectrometer (Thermo Finnigan, San Jose, CA) using an adaptation of a 

microscale electrospray interface395. 

The LCQ DECA was operated to collect MS/MS spectra in a data-dependent 

manner, with up to three of the most intense ions being subjected to isolation and 

fragmentation. MS spectra were collected for a mass range of 400-2000, and the 

threshold for MS/MS isolation was 2 x 106 counts. For MS/MS, the isolation width was 4 

m/z, the normalized collision energy = 30%, activation Q = 0.25, and activation time = 30 

msec. DTA files were created from the RAW data file using an ion intensity threshold of 

5 x 105, and a minimum ion count of 35. The merged DTA files for each LC/MS/MS run 

were used as the input for database searching. 

MS/MS data were analyzed and matched to protein sequences in the combined 

Swissprot and translated EMBL database (mammalian subset) using the MASCOT396 

search program. Protein identification was performed by database searching using an in

house version of Mascot. The mammalian subset of the combined Swiss-Prot/translated 

EMBL (UniProt Knowledgebase) was used for searching, containing 172,383 

mammalian sequences. For some samples, the NCBInr database was also used and gave 

similar results. Mascot searches were performed using trypsin as the cleavage method, 

with up to 2 missed cleavage sites. The amino acid modifications considered included the 

fixed modification of cysteine by propionamide (acrylamide) alkylation, and the variable 

modification of methionine oxidation. Peptide mass tolerance was set to + 2 Da and 
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MS/MS to + 0.8 Da. The peptide matches for the identified proteins are included in 

Table 6-2. For all peptides listed, the sequence shown is the best match from the 

database. When multiple ions were matched to the same peptide, only the highest scoring 

match is shown. Therefore, for many matched peptides, additional data from ions with 

different charge states (i.e. MS/MS data from both +1 and +2 ions) were obtained. With 

the search parameters used, Mascot peptide ion scores >44 indicate identity or extensive 

similarity (p<0.05). 

6.3 Results 

In 2DE of full section human placental tissue (i.e. maternal and fetal membranes), a 

large number of proteins was resolved and detected across the entire pI / MW range of 

the gel (Figures 6-1 and 6-2). In broad range analyses, using pH 3-10 gradients in the first 

dimension, 672 ± 21 membrane proteins and 852 ± 18 soluble proteins were resolved and 

detected (Figure 6-1 and 6-2). The near neutral region of the gel contained the greatest 

density of protein spots in these analyses; a total of 369 ± 19 membrane proteins (4 > pI > 

7) and 429 ± 15 soluble proteins (5 > pI > 8), representing 55 ± 3 % and 50 ± 2% of the 

membrane and soluble proteomes, respectively, were resolved in this region of the gel 

(Figures 6-1 and 6-2). 

To spatially expand upon this region and improve the resolution of potentially 

important proteins, the same protein samples were subsequently resolved using narrow 

range IPGs (Figure 6-1C,D and 6-2C,D). A total of 898 ± 8 membrane proteins (on 

gradients pH = 4-7) and 865 ± 10 soluble proteins (on gradients pH 5-8) were resolved in 

these narrow range gels (Figures 6-1C,D and 6-2C,D, respectively). This represents 243 ± 

13 % and 202 ± 7 % improvements, respectively, in resolution and detection of protein 

spots relative to the broad range analyses. Using automated differential image analysis, 

these proteomic maps of the placental tissue samples were directly compared; tissue 

samples from PL patients were compared with TL controls. For this initial study, strict 

criteria were applied for the assessment of expression changes indicated by the automated 

image analysis software; the detected alteration in spot pattern must be statistically 
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significant (Student’s t-test, p < 0.05, n = 3 for TL, n = 4 for PL) and 100 % 

reproducible across the applicable sample population.233 

Automated image analysis indicated a total of 56 proteins meeting these criteria 

(Figures 6-1 and 6-2). Eleven of these proteins were uniquely present or absent from the 

preterm placenta; by definition these represent infinite changes in abundance, as they are 

effectively undetectable in one gel relative to the other (Figure 6-3, Table 6-1). Of these, 

four were detected in the membrane fraction; two were in the preterm placenta, and two 

were absent from the preterm placenta and detectable only in the term control (Figures 6

1 and 6-3). The remaining 7 proteins that were uniquely present or absent from the 

preterm placenta were resolved in the soluble protein fraction; three in the preterm 

placenta, resolved in broad range gels (Figure 6-2A,B) and four in the term placenta, 

resolved in narrow range gels (Figure 6-2C,D). 

Of the 56 protein changes meeting inclusion criteria, the remaining 45 proteins 

were detectable in both term and preterm placentae but differed significantly between 

conditions in relative abundance (Student’s t-test, p < 0.05, n = 7; Figures 6-1, 6-2 and 6

4). Of these, seventeen appeared in the membrane protein fractions (eight and nine were 

resolved in broad and narrow range separations, respectively), and twenty-eight appeared 

in the soluble protein fractions (thirteen and fifteen were resolved in broad and narrow 

range separations, respectively) (Figures 6-1, 6-2, Table C1, Appendix C). Notably these 

protein differences were broadly distributed across the pI / MW range of the gels (Figures 

6-1, 6-2, Table C1, Appendix C). 

For presentation, representative gels were selected from each group that most 

visibly reflect data derived from these fully automated image analyses, and provide as 

visually satisfying examples as possible. Fully representative images are rarely possible 

due to issues with digital image reproduction and ultra-sensitivity of the image analysis 

algorithms for resolving individual (low abundance) protein spots above local 

background relative to the comparatively poor ability (or complete inability) of the 

human eye to discriminate such differences.  

In order to focus this initial analysis on those changes detected most consistently 

and representing the most substantial alterations in relative protein abundance, those 
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proteins uniquely present or absent from the preterm placenta will be considered. By 

definition, these proteins represent 100% changes in protein abundance (Figure 6-3, 

Table 6-1). As such, these proteins represent relatively large changes in abundance, in 

comparison with the proteins common to both the preterm and term placentae, many of 

which represent very small, though significant changes (Tables 6-1 and C1). Although 

this criterion is in part a product of the sensitivity of the protein detection method used, 

the refined Sypro Ruby protocols described in this thesis provide the most consistent, 

highest-sensitivity detection available,240 and thus, for an initial analysis, these changes 

represent some of the most important of the detected protein alterations. LC-MS-MS and 

Mascot database searching successfully identified these eleven proteins (Table 6-2). 

Significant Mascot scores were found for all protein identifications; in one case, however, 

protein spot viii (Figures 6-2 - 6-3) was identified as Endoplasmin / Grp94 (accession No. 

P14625) based on a single, albeit significant peptide hit (Table 6-2). All MS/MS 

sequence data, including peptide ion scores are reported in detail in Table C-2, found in 

Appendix C. 

It should be noted that there were a number of proteins that significantly differed 

in relative abundance between term and preterm placentae, but were not 100 % 

reproducible across the entire sample set (Table C1, Appendix C). A total of 50 proteins 

(18 membrane, 42 soluble) were reproducibly detected in 70% of the gels, with the 

majority of these being undetectable in only a single gel (Table C1, Appendix C). This 

subset of protein abundance changes may very well represent important changes in the 

preterm relative to the term placenta. However, results of this nature (i.e. less than 100 % 

reproducibility) are best left to be verified in substantially expanded analyses that can 

more effectively deal with the potentially high sample-to-sample variability expected 

with human tissue samples.  
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Figure 6-1. Comparative 2DE and quantitative / differential image analysis of 

human placental membrane proteins following delivery. 

Broad range (pH = 3-10) 2DE of total placental membrane protein fraction: A. at term; B. 

preterm and narrow range “zoom” analysis (pH = 4-7) of total placental membrane 

protein fraction, C. at term; D. preterm. Differential image analysis indicates protein 

spots that are consistently present or absent across the full data set (labelled RED). 

Quantitative image analysis indicates protein spots that differ significantly in abundance 

(increased abundance labelled BLUE; reduced abundance labelled GREEN) between the 

preterm placenta and term controls (Student’s t-test, p < 0.05, n = 4).  
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Figure 6-1 
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Figure 6-2. Comparative 2DE and quantitative / differential image analysis of 

human placental soluble proteins following delivery. 

Broad range (pH = 3-10) 2DE of total placental soluble protein fraction: A. at term; B. 

preterm and narrow range “zoom” analysis (pH = 5-8) of total placental soluble protein 

fraction, C. at term; D. preterm. Differential image analysis indicates protein spots that 

are consistently present or absent across the full data set (labelled RED). Quantitative 

image analysis indicates protein spots that differ significantly in abundance (increased 

abundance labelled BLUE; reduced abundance labelled GREEN) between the preterm 

placenta and term controls (Student’s t-test, p < 0.05, n = 4).  
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Figure 6-3. Detailed view of specific differences in the placental proteome at term 

and preterm labour. 

Detailed view of specific areas of 2DE gels in which proteins are uniquely present 

(labelled RED) or absent (labelled BLACK) from the preterm placenta (labelled RED in 

Figures 6-1 and 6-2) with 100% reproducibility (n = 3-4). Brightness and contrast have 

been optimized for visualization of the specific gel region, and magnification increased to 

allow an uncompromised view of the identified proteins.  
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Figure 6-4. Quantitative differences in the abundance of specific proteins between 

term and preterm labour.  

Normalized fluorescence volumes of protein spots that appear in both the preterm and 

term placentae, but differ significantly in relative abundance between conditions with 100 

% reproducibility (increased abundance labelled BLUE, reduced abundance labelled 

GREEN in Figures 6-1 and 6-2). Error bars represent standard deviation.  
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Table 6-1. Summary of the largest quantitative changes in the placental proteome in

term and preterm labour.  
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Table 6-2. Summary of the mass spectrometric identification of the largest quantitative changes in 
the placental proteome between term and preterm labour.

329 



330

330 

6.4 Discussion 

There is clearly a large and growing movement toward dissecting the molecular 

mechanisms underlying parturition5,389 as our current understanding of these events is 

strikingly limited. As such, our understanding of disorders involving parturition, 

including PL and delivery are similarly rudimentary. Consequently our ability to treat, 

cure, or even accurately predict PL events is limited. Thus, although great strides in 

neonatal care have been made, and infant survival rates are higher than ever, PL remains 

a profound and growing health care concern. PL is the current single greatest cause of 

perinatal morbidity and mortality, imparting a significant risk of other childhood diseases 

/ disorders among surviving infants. Thus proteomic analyses of PL have been initiated, 

to further ongoing investigations into the underlying molecular pathophysiology. At 

present, this particular approach to the clinical problem of preterm labour has not yet 

been adopted in the field. As such, this report is designed to demonstrate the feasibility of 

this approach, and make the initial findings widely available; the long-term goal is a more 

detailed identification of associated molecular components following large scale, high 

resolution analyses. Here, eleven potentially important protein differences between PL 

and TL placentae were identified. 

6.4.1 Proteins Meeting Inclusion Criteria 

For the purpose of this initial proteomic analysis of PL strict selection criteria 

were applied during automated digital image analyses to include not only significant 

protein differences between conditions but to limit these to the most significant 

differences detected with complete reproducibility across the sample set. Specifically, for 

inclusion a protein must be significantly different in either the term labour placenta 

relative to the preterm placenta or vice versa, and this difference must be 100 % 

reproducible across the sample set. Thus, condition-dependent changes in relative 

abundances of a total of 50 specific proteins, of less than 100% reproducibility were 

noted, but excluded from detailed analysis (Table C1, Appendix C). A total of 56 proteins 
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met the inclusion criteria; 45 of these were detected in both preterm and term 

placentae, differing significantly in relative abundance between conditions, with 100% 

reproducibility across the entire sample set (n = 7). The remaining 11 proteins were either 

uniquely present in the preterm placenta (not detectable in the term controls) or absent 

from the preterm placenta (detectable only in the term controls) with 100% 

reproducibility across the relevant sample sets. In this initial study, the focus was directed 

towards these 11 proteins for identification by mass spectrometry. 

There are a limited number of physiological and biochemical explanations for the 

appearance (or lack thereof) of condition-dependent proteins. First, the unique presence 

of a protein in one sample relative to another may be the result of altered expression of 

that protein. When physical prefractionation into membrane and soluble fractions is 

carried out, a uniquely detected protein could indicate transfer of a given protein from 

one physically defined fraction to the other, in a condition-dependent manner. A uniquely 

detected protein could also represent a functional mutation of a native allele and its 

corresponding gene product, the ‘normal’ parent protein. Single amino acid substitutions 

could simultaneously impact function and the surface charge (pI) of a protein, changing 

its position in the proteomic map. Alternatively, a uniquely present protein could be the 

result of a condition-dependent post-translational modification. For example, enzymatic 

cleavage would cause a shift in the relative molecular weight of a protein. 

Phosphorylations, oxidations, methylations and glycosylations are all localization- and 

activity-defining post translational modifications that alter the surface charge of proteins, 

and therefore alter pI.397 Moreover, phosphorylation and glycosylation are examples of 

post-translational modifications that are known to alter the relative mobility of proteins, 

even in SDS-PAGE, by virtue of creating kinks or bends even in a heat- and detergent

denautured, linearized protein, and thus simultaneously alter both pI and apparent 

molecular weight. Collectively then, post-translationally modified variants of proteins 

may appear as uniquely present spots, localized differently in the gel relative to the parent 

protein. 

It should be noted that many of these proteins are of relatively low abundance, 

several being on the threshold of minimal detection sensitivity (Figures 6-1 through 6-3). 
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Thus some of these proteins are just detectable above background. As such it is 

impossible to differentiate whether the absence of a protein in one condition relative to 

another is ‘complete’ or whether it represents a reduction of abundance below detection 

sensitivity. While this possibility cannot be excluded, it should nonetheless be 

remembered that in addition to the sensitivity of the staining method and satisfying the 

stated inclusion criteria, the presence or absence of these proteins was determined by a 

completely automated spot detection technology. Thus, although proteins indicated as 

present or absent may not be ‘uniquely’ so, they remain the largest discernable fold 

changes in these analyses. Additionally, it should be noted of proteomic analyses that, 

despite altering the size and resolving power of the gel, the amount of total protein loaded 

and the sensitivity of the protein detection method used only change the level at which 

this ambiguity occurs. That is, regardless of the analytical paradigm, this limitation at the 

threshold of minimal detection will always exist. 

Finally, the possibility that identified alterations in the proteome are, in part, due 

to inherent differences in placental maturation in PL relative to TL samples cannot be 

excluded at this stage. Although this possibility exists for any such analysis, controlling 

for this effect proves difficult in practice. Clearly this possibility must be addressed and 

examined in more detail in future studies. 

6.4.2 Identified Proteins Fall into 3 Functional Classes  

From the eleven proteins identified, three distinct functional classes or categories 

emerge: (i) Structural / Cytoskeletal components; (ii) ER lumenal proteins with 

enzymatic or chaperone functions; and (iii) proteins with anticoagulant properties.  

6.4.2.1 Structural / Cytoskeletal components 

A majority of the proteins identified were structural / cystoskeletal components 

(Table 6-1). Among them, actin was identified in both PL (present in the membrane 

fraction) and the TL (present in the soluble fraction) conditions (Figures 6-1 - 6-3 and 

Table 6-2). This is perhaps not surprising as cytoskeletal thin filaments are in a state of 
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dynamic equilibrium between free G-actin and filamentous F-actin. It is possible that 

this equilibrium may be in a state of imbalance in the PL placenta relative to the TL 

controls. There appear to be two processes occurring simultaneously. First, specific forms 

of actin appear uniquely in both PL and TL placentas, suggesting that a transition 

involving modulation of expression, mutation, or PTM defines the PL placenta relative to 

the TL tissue. Secondly, this transition parallels a change in localization of the protein, 

from the soluble fraction in the TL placenta to the membrane fraction in the PL placenta. 

Thus, there seems to be a transition of freely soluble G-actin in the TL placenta into F-

actin cytoskeletal components associated with the cellular membranes in the PL placenta 

(Figure 6-1, Table 6-1). 

An alternate possibility is that each actin pool represents a unique expression of 

beta- and gamma-actin isoforms. An alteration in some modulatory processes could shift 

actin pools in the PL placenta relative to the TL condition.398,399 By such a mechanism, it 

is possible that gamma-actin is overexpressed in PL and, by gene regulation, beta-actin 

expression (abundant in the TL placenta) is suppressed.400 

Clearly actin in its cytoskeletal arrangements and associations with the membrane 

has profound impact on cellular structure and function, controlling shape, defining 

specialized membrane domains, and regulating cell / cell interactions.399,401 Disruption of 

this arrangement would have widespread consequences for the tissue as a whole.  

It should be noted that of three proteins identified in this study as actin, two were 

resolved in the soluble protein fraction at or very near the theoretical pI and molecular 

weight (Figures 6-1 and 6-2, Table 6-1). However, actin identified in the membrane 

protein fraction was found at a more alkaline pI and a higher molecular weight, ruling out 

the possibility of a proteolytic or chemical cleavage product (Figures 6-1 and 6-2, Table 

6-1). Notably, actins are subject to several PTMs which impact the charge properties of 

the protein (changing the position of the resolved molecule in 2DE) and measurably 

impact the function of the molecule. Such PTMs include phosphorylation, nitrosylation, 

glutathionation, acetylation / methylation, and glycation.402-408 Changes to serine and 

threonine phosphorylation states have been demonstrated to modulate actin 

polymerization rates and play a role in significant cytoskeletal rearrangements.402 It was 
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recently reported that non-muscle actin additionally undergoes nitrosylation of serine 

residues in vivo,403 and glutathionation of cysteine residues has recently been 

characterized as a PTM associated with oxidative stress.404 It is perhaps not surprising 

that actin was identified as a potentially glutathionated protein in these reports, as such a 

high abundance protein is perhaps the most likely target for this type of oxidative damage 

and simultaneously the most readily identified.403,404 Finally, actin is also subject to 

lysine acetylation / methylation in vivo.405 At present, none of these PTMs have been 

shown to alter the apparent molecular weight of actin in SDS-PAGE to a degree observed 

in this analysis (Figures 6-1 and 6-2).404,405 However, actin can also be glycated at 

glutamine and asparagine residues, and this modification is known to impact the ability of 

actin to polymerize and to activate myosin ATPase; this PTM has also been associated 

with oxidative stress and diabetic pathogenesis.406-408 Such glycation of actin also results 

in reduced electrophoretic mobility and increased apparent molecular weight.406-408 In 

fact, depending upon the extent of glycation, both apparent MW and pI could be 

significantly altered from that expected of the parent molecule. It is thus quite likely that 

a combination of PTMs yields a higher apparent molecular weight and more alkaline 

subpopulation of actin that is membrane-associated in PL.  

Alternatively, it must be considered that one of the proteins identified here as 

potentially important to PL was methyl-glyoxal lyase (Section 6.4.2.2 below). A 

deficiency in the activity of this enzyme could result in some level of ketoaldehyde 

toxicity, causing irreversible cross-linking of proteins; cross-linking of actin (specifically 

or non-specifically) to other protein species could thus also potentially account for the 

altered electrophoretic mobility of the protein.  

It appears that the observed shift in actin pools coincides with other cytoskeletal 

rearrangements; in addition to actin, transgelin was also identified in these analyses 

(Table 6-2). Commonly present in smooth muscle, transgelin binds to both G-actin 

monomers and F-actin filaments, and is thought to be a stabilizing component of the 

cytoskeleton.409-411 Interestingly transgelin was detected in the PL placental soluble but 

not the membrane fraction (Figure 6-2). Thus, a large pool of transgelin, available for 

rapid incorporation into membrane associated cytoskeletal filaments, may be 
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differentially modified or expressed in the PL condition. By virtue of this 

modification, transgelin may not properly target to the cytoskeleton or bind to actin 

forming bundles, remaining primarily in the cytosol.  

Several components of intermediate filaments were also identified. Vimentin was 

detected in the PL membrane fraction, and specific keratins were detected in both the PL 

and TL membrane fractions. Keratins typically form type I intermediate filaments 

common in epithelia, and vimentins form type III filaments in endothelial cells.412,413 As 

the placenta is a highly vascularized system of epithelial membranes, the presence of 

these components is expected. Furthermore, as intermediate filaments are relatively 

stable, it is not surprising that they were identified uniquely only in the membrane 

fraction. 

It is interesting that intermediate filament-forming keratins met inclusion criteria 

in the TL placenta (Figure 6-1, Table 6-1). Although the prospect of keratin 

contamination must be considered in all proteomic analyses, especially those involving 

human tissues, it is unlikely here as a contaminant would be expected to be uniformly 

present, as all samples were handled in parallel. In addition, a contamination during gel 

processing or trypsin digestion would be expected to generate contamination with 

multiple types of keratin, yet peptides from only one type (type I, cytoskeletal 19) were 

identified (Table 6-2). Thus, keratin contributing to cytoskeletal filaments associated with 

the membrane appears to undergo a PL-associated alteration. 

The finding of intermediate filament forming species among the identified 

proteins is consistent with the finding that microtubule proteins may be important to the 

PL condition. Both vimentin and keratins are known to independently form cytoskeletal 

networks and interactions between intermediate filaments and microtubules have been 

characterized.414-416 Collectively, the suggestion is that there may be significant 

reorganization of the placental cytoskeleton associated with human PL relative to TL. 

Such cytoskeletal rearrangement may contribute to an altered tissue structural capacity 

for stretch; this interpretation is consistent with the higher incidence of PL during 

multiple vs. single gestations.385 
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6.4.2.2 ER lumenal proteins with enzymatic or chaperone functions 

Other identified proteins are largely known to be localized to the lumen of the 

endoplasmic reticulum, and have been implicated in enzymatic, packaging or post

translational processing of other proteins. These include ERp29, endoplasmin / tumor 

rejection antigen I (grp94), 78 kDa glucose-regulated protein (grp78), and 

lactoylglutathione lyase (Table 6-2).  

ERp29 was presumed to have classical chaperone activity based on a propensity 

to form multimeric complexes similar to known chaperones.417,418 Additionally, ERp29 

shares a high degree of sequence similarity, characterized by a thioredoxin-box motif, 

with a family of proteins known as protein disulfide isomerases (PDI).417,418 These 

proteins are thought to act in concert with chaperones and other ER proteins to ensure 

correct configurations of reactive cysteines and disulfide bonds, aiding in correct protein 

folding.419 Together these proteins may also serve to block export of incorrectly 

processed proteins from the ER.419 It is thus notable that this molecule was undetectable 

in PL placenta.  

Both Grp78 and Grp96 (Endoplasmin) share close sequence similarity with a 

number of ER lumenal chaperones.420 These stress-response proteins have been 

implicated in protein folding activities and the assembly of multimolecular (quaternary) 

protein structures in the ER as preprocessing steps prior to protein secretion from the ER. 

Interestingly, Grp78 was detectable only in the PL placenta, and Grp96 only in the TL 

placenta, yet the genes share regulatory sequences and these two proteins appear to be co

regulated.420 

Although not necessarily active in the ER, lactoylglutathione lyase (also known as 

glyoxalase I and methylglyoxal lyase) is an enzyme that functionally impacts other 

proteins much as do chaperones and related ER proteins.421-423 Catalytically, 

lactoylglutathione lyase is involved in the cellular metabolism of α-ketoaldehydes, 

mediating the conversion of these molecules to hydroxycarboxylic acids as part of the 

glyoxalase system.421,423 Although the enzyme has broad substrate specificity for 

glyoxals, perhaps the most commonly encountered substrate is methylglyoxal, a 
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continuous by-product of glycolysis.424 Methylglyoxal is notorious for somewhat 

non-specific reactivity with proteins and nucleic acids.421 Alterations of the cellular 

detoxification machinery have become increasingly implicated with disease, including 

diabetes mellitus and cellular proliferative disorders.421 As lactoylglutathione lyase was 

uniquely present in the PL placenta, the data suggest that PL may involve increased 

generation of glyoxals or similar ketoaldehydes, and that enhanced expression of this 

gene follows to manage this insult. Alternatively, any alterations to this protein that 

impact its function may prevent the normal detoxification of constantly produced cellular 

wastes, inducing or contributing to the PL condition.  

It should be considered that all the proteins discussed in this sub-section act either 

directly or indirectly on protein substrates. Thus changes in this machinery may, in part, 

be responsible for alterations or malfunctions in the other proteins identified as 

potentially important in this study. Moreover, these activities, or failures thereof, could 

have tremendous impact on what is potentially a much larger number of downstream 

protein activities. Disseminated in this way, the effects of alterations to this subset of 

proteins may cumulatively have a much more profound and widespread impact on 

cellular activity, and thus substantial impact on normal physiology.  

6.4.2.3 (Anti)coagulative proteins 

Annexin IV was identified among proteins that were absent from PL placenta 

(Figure 6-1, Table 6-1). The annexin IV gene product has been implicated in several 

different physiological processes, including putative roles in exocytosis425-427 and 

intracellular Ca2+ modulation.428 Functionally, annexin IV binds to anionic phospholipids 

in the plasma membrane in the presence of Ca2+, and functions to inhibit both the 

extrinsic and intrinsic pathways of blood coagulation.428 Annexin IV isolated from human 

placenta, commonly known as placental anti-coagulation factor II, has been characterized 

to some extent as an important component of biological cascades regulating coagulation. 

As such the annexins, including annexin IV, have been characterized as factors important 

for the maintenance of pregnancy.427 It is thus conceivable that alterations in annexin IV 

levels may contribute to a failure of placental anti-coagulation. Could such a disruption to 
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the delicate epithelial membranes contribute to the occurrence of spontaneous PL in 

humans? Inflammation and infection have both been attributed to increased incidence of 

PL in humans. It remains possible that differing influences act similarly through a 

common point in the cellular machinery, such as annexin IV. 

Nonetheless, implication of coagulation factors in the genesis of PL is not without 

precedent. The coagulative disorder, antiphospholipid antibody syndrome, has been 

associated with increased incidence of pregnancy complications, including PL.429 Several 

examples of increased polymorphism rates in genes related to coagulation have also been 

associated with premature birth, including methylenetetrahydrofolate reductase, 

angiotensin reducing enzyme, and plasma protein Factors VII and XIII.430,431 Finally, 

decidual haemorrhage (placental abruption) is associated with 40% of preterm births and, 

correspondingly, multiple independent analyses have indicated that levels of serum 

thrombin are enhanced in women in PL relative to TL.432,433 However, while the role of 

thrombin in coagulation is well characterized, the enzyme has many effects and may also 

be involved in the pathogenesis of PL via other mechanisms.434 

6.5 Concluding Remarks 

The data presented offer potentially fundamental insights into molecular 

mechanisms of PL, a condition of substantial and growing clinical relevance. Here it has 

been demonstrated that 2DE enables the routine analysis of very high resolution 

proteomic maps, and the comparison of clinically relevant tissue proteomes. Isolation of 

physically defined membrane and soluble protein extracts from the tissue samples is here 

shown to have dual utility. First, it provides a routine prefractionation strategy, allowing 

higher loads and enhanced detection and identification of even relatively low abundance 

proteins. This approach simultaneously provides data concerning protein associations, 

either with cellular membranes or soluble compartments. By applying very strict 

selection criteria for the determination of potentially important proteins, a small number 

molecules is defined and identified. Moreover, this substantially simplifies the analysis, 

relative to the myriad of possible expression changes likely in human samples with a high 

probability of inter-sample variation. Interestingly, several functional commonalities are 
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recognized among identified proteins; all proteins seem to belong to one of three 

functional classes: (i) structural / cytoskeletal; (ii) chaperones / enzymes with protein 

substrates; and (iii) anti(coagulative). Among the identified proteins are some already 

implicated in different disease states; all could have their own implications in physiology 

and health. As an initial probe, this study was designed to investigate the feasibility of 

applying such a translational proteomic approach. The results clearly show advantages to 

this approach, but a more comprehensive analysis will require large scale verification for 

the most rigorous interpretation. Moreover, large scale analyses will most certainly be 

required if predictive markers and / or targets for therapeutic drug intervention are to be 

comprehensively identified and further developed. With the continued integration of 

clinical and basic research endeavors, future proteomic analyses of PL in humans will 

more fully define the molecular mechanisms underlying this condition.  
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Chapter Seven: General Discussion 

7.1 Summary of the Major Findings 

The ultimate goal of this work is the application of gel-based proteomics 

technology as an optimized, high sensitivity and broadly applicable analytical tool to 

identify the critical components of molecular mechanisms in processes of interest to 

Basic and/or Clinical Sciences. In this vein, the hypothesis that specific protein changes 

in human placental membranes correlate with the occurrence of preterm labour (PL) has 

been tested, and the first gel-based proteomic analysis of human PL physiology has been 

reported (Chapter Six). Several proteins that distinguish the placental membranes in PL 

from term labour, and thus that potentially characterize or even underlie PL have been 

identified. Among the proteins identified are several that have not as yet been considered 

as potential candidates for study, and yet could quite conceivably contribute to PL 

considering their known functions. However, the results of this analysis are far from 

conclusive. This is an exciting first discovery and demonstration that in principle the 

method can be used as an analytical tool for dissecting this and other molecular 

mechanisms or dysfunctions. The feasibility of this approach in assessing differences 

between different labour conditions has been demonstrated, but this is a far cry from 

answering how these alterations (or others) might result in a PL event. Rather, the 

groundwork has been laid for proteomic analyses of greater scope and detail. Our 

understanding of human labour mechanisms, particularly labour initiation and PL remain 

somewhat incomplete from a molecular perspective.5,377,383,384,386,388 Although the 

remaining mysteries are currently being attacked from several different directions,435,436 

proteomics clearly provides a fundamentally unique perspective. If there is genuine 

interest in addressing and solving clinical problems of the magnitude of PL, we should 

leave no stone unturned, and proteomics in particular is a suitably powerful, discovery-

directed tool. 

However, towards achieving this objective the initial position was that the known 

and suspected limitations of gel-based proteomics technology are potentially 
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insurmountable and thus may ultimately confound any proteomic analysis of biology. 

That is, a number of known and suspected limitations of the technology might 

considerably impede us from achieving the ultimate objectives of this research. For 

instance, if we are fundamentally unable to resolve and detect membrane proteins by gel-

based proteomics, our ability to use this technology for molecular analyses of biological 

import will be severely restricted.23,162 Unless these limitations are adequately and 

quantitatively addressed, the confidence and certainty in our analyses will remain low. 

Moreover, one of the pillars of the proteomic discipline is providing analyses that 

are representative of the underlying native biological complexity; these analyses should 

effectively reflect nature, otherwise the relevance of what can be learned is limited in 

reality. The degree to which this ideal can be achieved with suboptimal methods at best, 

or irresponsibly errant methods at worst, is questionable. Of course, in practice our ability 

to resolve and detect proteomes is limited. The proteome is substantially larger in size 

and complexity than can be handled by existing methods. However, if we acknowledge 

that our proteomic analysis cannot currently be complete, but we have nonetheless agreed 

that an analysis on an incomplete level is still potentially valuable, we must at least strive 

to account for as much of the native biological complexity as possible. This means doing 

the best we can with existing technology, and evaluating the potential of new technology. 

For example, if it might be possible to detect more of the proteome with a more sensitive 

detection method, this alternative should be evaluated, its potential benefits 

systematically explored and considered, and ultimately it should be adopted if it can 

provide higher quality of analysis and greater coverage of the proteome. We must 

continuously strive to ensure that our methods provide analyses of the highest possible 

quality, especially considering the potential pitfalls of the alternative. 

Thus, in this thesis an approach of continuous methods development has been 

adopted. Wherever possible the known and the suspected, the mythical and the 

documented limitations of proteomic analyses have been addressed. At the very least, the 

goal has been to characterize these limitations from an honest and unbiased perspective. 

The author firmly believes in openly discussing and assessing the limitations of these 

methods. The limitations of gel-based proteomics have been characterized with a level of 
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thoroughness so as to provide a level of detail sufficient both to satisfy the gel-based 

proteomics community, and beyond this, possibly even the detractors of the technology.  

Where the suspected limitations of gel-based proteomics have proven dogmatic, 

the goal has been to provide sufficiently satisfying evidence of this. Where the limitations 

of the technology prove more substantial, the goal has been to provide working solutions. 

Thus innovative methods have been developed which individually have contributed to 

improving the overall quality of data in proteomic analyses.  

Briefly the complaint that proteomes are difficult or even impossible to reproduce 

has been addressed. It has been exhaustively demonstrated that, although there is 

variation in two dimensional gel electrophoresis (2DE) separations of proteins, this 

variation is mitigated by relatively straightforward means. It appears that like any 

scientific method, substantial attention to specific details is absolutely required, and that 

the technique is largely unforgiving of carelessness. While different methods vary in the 

attention to detail required, and the degree to which carelessness may be tolerated, it has 

been demonstrated that reproducible gel-based proteomics is by no means an 

impossibility; indeed, the technique can be carried out routinely on a large scale in 

reality. 

Moreover, methods of handling, resolving and detecting membrane proteins in 

gel-based proteomic analyses have been contributed. Although at this point, extensive 

mass spectrometric characterization of proteins resolved from physically defined 

membrane protein isolates has not been carried out, and thus far no transmembrane 

proteins were identified in these analyses, the limited evidence presented in this thesis 

suggests that these membrane protein isolates contain membrane and membrane 

associated proteins. Moreover, it appears that, at the very least, these isolates are not 

extensively contaminated with soluble proteins. A stain selective for hydrophobic 

proteins suggests that these isolates do indeed contain many transmembrane proteins, 

however, in and of itself this staining approach is relatively insubstantial evidence of the 

true nature of the isolate. Extensive cataloguing of all of the proteins resolved from these 

membrane protein isolates, coupled with grand average hydropathy analysis would 

provide much more convincing evidence that the gel-based methods described in this 
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thesis are in fact capable of resolving transmembrane proteins.437 At present, the term 

‘membrane’ is used assuming a mixture of membrane and membrane associated proteins, 

as defined in Chapter Two, and taken with the potential caveats listed here. Thus, it has 

been demonstrated that resolving and detecting these physically defined membrane 

protein isolates using gel-based proteomics is in fact not only possible, but requires no 

substantial extension of the methods required to resolve and detect soluble proteomes. 

Rather, the suggestion is that careful attention to sample preparation and electrophoresis 

conditions can overcome many of the traditionally noted roadblocks to analyzing 

membrane proteins. 

In this vein, it has been demonstrated that sample preparation, in particular tissue 

homogenization, is critically important for proteomics and is, in hindsight, likely to be 

equally important for other proteomic methodologies. Thus, what appears to currently be 

the optimal tissue homogenization strategy for gel-based proteomics has been developed 

and characterized. This technique has proven applicable for a wide variety of different 

biological materials, including very small, very dense, very fibrous, or otherwise difficult 

tissue samples (Chapters Two and Three). 

Another chapter has been added in the long standing debate of organic solvent 

extraction / delipidation / denucleation vs. native extraction of proteins for proteomics. 

Here what proves to be among the most capable, yet least explored solvent extraction 

methods (because the method is primarily directed towards nucleotide extraction and 

purification), a TRIzol extraction, has been characterized as a sample preparation method 

for proteomic purposes. Simultaneously optimal methods for coupled proteomic and 

RNA microarray expression analyses from the same tissue sample are described, even 

from an exceedingly scarce and/or expensive biological starting material, laying the 

groundwork for quantitative coupled expression analyses of spinal injury (Chapter 

Three). 

Although the resolving power of 2DE is high, it is acknowledged that in practice 

the resolution of specific proteins in proteomics may be fundamentally limited due to 

their somewhat similar pI and MW, particularly where hyper-abundant protein species 

are concerned.21,129 Thus routine and rapid methods of achieving higher resolution of 



344

344 

specific proteins resolved by 2DE have been developed without resorting to 

potentially selective sample preparation methods,157,165-167,222,238,241,243,244,438 addressing 

specific trouble areas or areas of particular interest, and applying further resolving power 

to these specific regions in isolation. Thus the resolution of specific proteins is enhanced, 

without requiring changes to the established gel electrophoresis protocols, and thus 

avoiding altering the resolution or impeding detection of otherwise well resolved proteins 

(Chapter Four). 

Finally, some of the long standing issues of in-gel detection, issues that have 

remained limitations of proteomics for years, are addressed. In particular, the first 

detailed characterisation of infrared fluorescent detection of Coomassie Blue stained 

proteins for gel-based proteomics applications is provided. Herein, the benefits of a new 

detection method for a stain long thought to be past its prime are described in detail. In 

this thesis it was demonstrated that Coomassie Blue can compete quite effectively with 

current industry leading in-gel detection methods, including achieving detection 

sensitivity an order of magnitude greater than what was thought possible, bringing this 

retro dye back to the cutting edge. 

Collectively these methods have made a small but significant contribution to the 

expansive and growing gel-based proteomics toolkit. Ultimately it is hoped that this 

collective experience will continue to serve the electrophoresis community and beyond, 

to help our colleagues to save money, save time, and improve data quality in analyses of 

biological complexity. Providing exhaustive and systematic methods validation has been 

a primary objective of this work, such that the potential applicability of new techniques is 

most convincingly demonstrated. It is hoped that this will help take the guesswork out of 

method selection. Moreover, this work represents an attempt to encourage a critical, yet 

constructive attitude towards methods development. It is hoped that the wealth of 

available methods will serve to provide other users with options for troubleshooting 

problems and further optimizing their own methods of analysis. Within the growing and 

increasingly diverse field of proteomics, the methods development community is also 

growing. It is imperative that this growth be encouraged, to ensure not only continued 

innovation but also retention of tried and true techniques. Moreover, we must be certain 
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that, as new technologies become available, they are similarly systematically 

evaluated, instead of being accepted outright simply because they are new or fashionable. 

7.2 Summary of the major confounds and problems 

Although this work represents a small but significant contribution to the field in 

addressing several dogmatic issues, and providing working solutions to several more 

substantive limitations of the technology, there are several fundamental limitations of the 

work described in this thesis that perhaps bear some further introspection. 

7.2.1 Gel-based proteomic analyses continue to rely on relative quantification 

Out of necessity, the majority of current gel-based proteomic analyses are strictly 

comparative analyses, relying on relative rather than absolute quantification. This has 

been a recurring theme in this thesis, but has not yet been discussed at length, nor have 

possible alternatives been explored. In effect, the problem stems from the scale on which 

these analyses are carried out, and the fact that the identity of components of the analyte 

are not known with any certainty from the outset. Individually, neither of these are 

unsolvable problems, but combined as they currently are in proteomics, a substantial 

analytical hurdle results, leaving relative quantification as the only current solution. That 

is, we are unable to precisely or absolutely quantify components of the proteome on the 

scale required for a discovery directed analysis, and instead rely on comparative analyses 

wherein the relative quantities of specific proteins are compared between conditions. 

Thus the precise stoichiometry of a change in the abundance of a specific protein is never 

known at this level, but rather data regarding the relative change in abundance are 

generated. The imprecision of this method is exacerbated by the demonstrable inter-

protein variability of protein detection, which is actually large even for detection methods 

previously believed to be highly invariant from protein to protein (Chapter Five). To 

guard against this imprecision, and limit the rates of false positive discovery, often only 

the largest changes between two conditions are considered to be meaningful, regardless 

of their statistical significance. A difference in abundance of proteins far smaller than 
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might be detectable by relative quantification could have profound functional 

consequences. The result is limited capacity for discovery.  

Currently no good alternatives to relative quantification for gel-based proteomics 

exist. Most of the available detection methods are likely capable of very accurate 

quantification, if an appropriate standard could be generated or isolated in purity. 

However, this currently is difficult or impossible to carry out even on a very limited 

scale. Perhaps quantitative western blotting could be carried out as a means of verifying 

specific differences identified in large scale proteomic analyses.67 However, even this 

approach proves a challenge in practice. Though ubiquitous, western blotting depends 

entirely on the availability and quality of the antibody. Moreover, the efficiency of 

electrotransfer remains questionable. In theory, the transfer efficiency should be 

consistent, for the same protein, between different conditions, but in reality this merely 

implies a different kind of relative quantification. Moreover, applied as a means of 

validation, absolute quantification may help to reduce false positive discovery rates, by 

identifying specific errors based on relative quantification. However, absolute 

quantification on a larger scale will be required to greatly enhance the potency of 

proteomics for discovery.  

Towards developing tools for quantification of proteins, on a proteomic scale, 

several liquid separation / mass spectrometry-based quantification techniques, such as the 

isotope coded affinity tag (ICAT) system and its derivatives, have been developed, 

investigated, and improved over the years.75,76,439 Herein, substantial progress has been 

made towards addressing the limitations of gel-based quantification.75,76,439 These 

methods are claimed to provide more absolutely quantitative measurements than in-gel 

detection, however, the extent to which these ‘more quantitative’ alternatives actually 

provide enhanced data quality is not clear. In particular, issues of incomplete reactivity of 

the label with peptides, and issues of reproducibility of resulting mass spectra are 

technical challenges that, although likely not insurmountable, remain issues of substantial 

concern. Moreover, as these alternatives to in-gel detection are primarily designed for 

liquid-based proteomics applications, they represent an option that is, at least in terms of 

the cost of instrumentation, vastly out of reach of most independent laboratories. It is 
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important to consider that gel-based proteomics offer solutions that can be carried out 

more or less routinely in independent laboratories, and thus despite the advent of ICAT 

and its evolutionary derivatives, developing more quantitative methods of in-gel 

detection might nonetheless be a meaningful pursuit. However, at present no single 

strategy can definitively claim to provide optimal results and there remains substantial 

room for improvement in detection and quantification technology for all proteomics 

applications. 

7.2.2 Automation in gel-based proteomics 

The scale of what is being attempted when proteomes are compared requires a 

minimal degree of automation and throughput to generate these data in a timely manner. 

Yet automation is very much a double edged sword in practice. Without these tools, 

human beings could not hope to tackle the kinds of problems now being routinely 

analyzed by machines. Likewise, machines are capable of a minute level of 

discrimination far beyond the capability of the human senses. Moreover, machines are 

free of the bias that affects human decision making, and thus arguably machines are the 

better analytical tools, except that they may inherit the bias of their human designers. In 

many respects, proteomic analyses would not be possible without some level of 

automation. Surely these analyses would be vastly more time consuming. And yet, 

although automated tools have evolved rapidly, and are continually being refined, they 

remain primitive and imperfect, and in some cases arguably far less so than even human 

beings. Machines are prone to the kind of determinate error that can often be caught by a 

human operator, but are as often not identified because catching these mistakes would 

require the constant attention and micromanagement of the human operator, which is 

exactly the kind of obligation automation is attempting to relieve.  

In this thesis, the primary reliance on automation was in the form of automated 

image analysis, and herein the potential for error must be admitted. Automated image 

analysis does make mistakes. Occasionally the software fails to discriminate between two 

closely resolved proteins. Occasionally the software detects proteins where, under 

detailed examination by the operator, no proteins are found to exist. Occasionally protein 
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spots are mismatched between conditions. In many cases obvious errors can be 

identified and corrected. However, in all analyses presented in this thesis this type of 

manual input has been explicitly avoided. In particular, all image analysis was carried out 

without extensively correcting the automated software. Instead, the standard practice has 

been to present the software with proteomic images that are prepared as reproducibly as 

possible. This greatly mitigates the frequency of inconsistencies in the image analyses. 

Additionally, quantitative comparisons appearing in this thesis have largely been made 

within the bounds of criteria excluding obvious inconsistencies (such as proteins that are 

not present in replicate gels from the same sample) to explicitly minimize the 

contribution of such errors in the data. Beyond this operator input during automated 

image analysis has been kept strictly to a minimum, from the perspective of limiting the 

introduction of bias into the results. Currently it is not possible to comment on the 

frequency of errors included in the automated image analyses, although such an estimate 

is currently being preparing by our laboratory. For the moment, all we can do is admit the 

possibility of such error and be mindful of this in interpreting our results. Unfortunately, 

the alternative to this automation does not really bear consideration. It would not have 

been possible to achieve a fraction of what has been accomplished here without this 

minimal level of automation. Quite likely a greater frequency of errors would enter into 

the comparative analyses if images were compared visually, although the type of error 

would necessarily be different.  

7.2.3 False Positive Discovery 

The potential rates of false positive discovery are a constant source of concern in 

proteomic analyses. Typically, ‘false positive discovery’ in proteomic analyses is taken to 

mean the incorrect identification of a protein by MS. However, the possibility for false or 

incorrect measurements in image and data analysis stemming from error associated with 

gel electrophoresis must be acknowledged. It may be that as a result of experimental 

error, real differences between proteomes are excluded based on rigid statistical criteria 

and summarily ‘missed.’ Conversely, variation between proteomes could conceivably 
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result in apparently significant differences between proteomes that are not in fact real 

differences; that is, a result is detected were there should be no result.  

The latter, gel ‘false positive discovery’ – henceforth simply false positive 

discovery – is considerably more readily addressed than the former, but even so is rarely 

considered in the proteomics community. This type of false positive discovery is the 

result of all types of error encountered in gel-based proteomics, including those from the 

limitations of relative quantification, and limitations in the quality of heavily automated 

analyses, as described above. It is difficult to estimate the frequency of error-induced 

false positive discovery in gel-based proteomic analyses of native samples, but an 

estimation under controlled conditions would be extremely valuable. Specifically, it 

might be interesting to assess the rates of discovery through a series of comparisons of 

increasingly different samples. Initially, the discovery rate in a comparison of identical 

samples should be assessed. If the two samples are really and truly identical (i.e. aliquots 

of the same sample), no significant difference between the proteomes should be detected. 

If significant differences between what should be identical gel-based proteomes are 

detected, this will be indicative of false positive discovery, and the methods will need to 

be adjusted to identify and correct the source of error. Once the false positive discovery 

rate between replicates of a single sample has been determined to be acceptably low, the 

discovery rate between two different samples prepared under identical conditions would 

be assessed. Again, if false positive discovery is encountered, the sample preparation and 

handling methods should be adjusted to determine where error enters the analysis and if 

possible eliminate the source. In this way, the baseline level of false positive discovery to 

be expected in comparison of gel-based proteomes can be determined systematically. If 

the sources of false positive discovery in gels can be identified and eliminated, progress 

will have been made towards eliminating the overall rate of false positive discovery in the 

proteomic analysis. As an additional approach, a series of very artificial differences 

between two identical samples could be studied to validate the accuracy of gel-based 

methods. For instance, carefully controlled ‘proteomes’ could be designed from a series 

of protein standards, and used as a quality control device to ensure that quantitative gel-

based proteomic assessments are returning the correct answers. Alternatively, a wild 
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proteome from a native biological sample could be augmented with a specific set of 

protein contaminants to determine if the methods of analysis are capable of finding these 

proteins and accurately quantifying these controlled differences, and therein determine 

the rate of false positive discovery relative to the ability to discover expected differences 

in the proteome. This kind of method validation is rare in the gel-based proteomics 

community, but the prospect is intriguing, as are the potential implications.440,441 In the 

absence of this kind of analysis, we can only speculate about the true extent of error-

induced false positive discovery, and can only accept its possibility. 

However, from a purely statistical standpoint it is routinely assumed that a certain 

amount of false positive discovery is possible. For instance, by the majority of statistical 

tests we (arbitrarily) define statistical significance as a 5 % probability (p < 0.05) that the 

null hypothesis that the difference is due to random chance is rejected. In doing so, we 

are in essence accepting a 1 in 20 chance that the observed difference is in fact due to 

random chance. For very large data sets, such as those encountered in proteomic 

analyses, we might expect a substantial number of false positive discoveries based purely 

on probability. 441,442 

Of course it is possible to mitigate the false positive discovery rate by increasing 

the threshold for statistical significance. In many disciplines it is standard practice to 

consider only differences with far smaller tolerances than 5%. However, it is currently 

unclear how this might affect the ability to detect small, but nonetheless important 

changes in the proteome by gel-based assessments. As an alternative, in this thesis the 

practice of considering only 100% reproducible proteins as candidates for immediate 

analysis has been demonstrated. That is, a protein alteration must be detected in every 

replicate of the relevant dataset in order to be considered. However, this too has its 

drawbacks. Consider the inter-sample variability of human tissues, for instance (Chapter 

Six). A given protein may only be present in 10 out of 12 patients, yet might nonetheless 

be critical to underlying mechanism. Again, it is difficult to predict how these measures 

of significance might impact the ability to detect important differences between 

proteomes. Yet they are required to guard against potential false positive discovery. It is 

extremely difficult to strike a balance between these two confounding problems. It seems 
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more and more likely that a systematic analysis of baseline false positive discovery 

will be a reasonable starting point, so that informed decisions regarding data inclusion 

and exclusion criteria can be made.  

7.2.4 Improving coverage of the proteome 

Despite efforts to be inclusive of as much of the proteome as possible in the 

analyses presented in this thesis, the possibility that some proteins are being excluded 

cannot be dismissed. Very large proteins are an obvious problem, as these proteins may 

simply be too large to enter the gel matrices.443 A matrix can be manipulated to assist in 

the uptake and resolution of very large proteins, albeit at the expense of the resolution of 

smaller proteins.52,99,102,316 To some extent gradient gels,122 or alternate matrices such as 

mixed agarose-acrylamide gels,100 can alleviate this problem; that said, gradients yield 

limited results, and dramatically altering the gel matrix, such as by the inclusion of 

agarose, is typically accompanied by a reduction in the quality of the separation. Very 

large proteins remain an extreme challenge, to the point that we may never be able to 

consistently resolve these species by gel electrophoresis. Perhaps a matrix devoted to 

large proteins will be designed. Perhaps a controlled pre-digestion of very large proteins 

into smaller fragments might serve to facilitate their analysis by gel-based proteomics. 

Although this practice is less than ideal, it may nonetheless be preferable to excluding 

these proteins from analysis altogether. In this regard, it may be that these proteins will 

be better handled by a LC-MS shotgun proteomics approach.  

Similarly, it remains likely that very small proteins / peptides, on the order of 10 

kDa and below, are routinely ignored by gel-based proteomic analyses, as these 

molecules are poorly resolved by gel electrophoresis. Although rarely used, methods of 

separating very low molecular weight proteins / peptides as small as 1 kDa have also 

been described.52,99 Despite attempts to improve the resolution and detection of peptides 

in gel-based proteomics by the development of tris-tricine 3rd electrophoretic 

separations52,99 it must be admitted that the ability to resolve and detect such low 

abundance, low molecular weight molecules in-gel is severely limited. Dedicated 

peptidomics strategies, relying on capillary zone electrophoresis, or liquid 
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chromatographic separations coupled with mass spectrometry are capable of 

resolving and detecting several thousands of peptides in a single analysis.444 Thus, these 

dedicated peptidomics approaches are currently the most effective methods of analysis of 

this subset of the proteome, achieving a level of coverage of peptides that cannot be 

attained with gel electrophoresis. 

Very large proteins and very small proteins (peptides) aside, gel-based proteomics 

has made substantial advances towards minimizing the exclusion of specific proteins 

from comparative analysis. Methods of handling and resolving membrane proteins have 

been developed, and continue to evolve.41-43,102,110,113,161,162,181,185,186,190 Very alkaline 

proteins, quite substantially prevalent in mammalian tissue samples, can be routinely 

resolved with broad range IPG that can resolve proteins with pI as high as 

12.130,148,168,189,192 

However, what is less clear is the extent to which proteins might be excluded 

from gel-based proteomic analyses, despite these advances. Some effort has been made to 

determine the magnitude of the problem by quantitatively accounting for protein loss at 

each stage in the process of 2D gel electrophoresis.443 However, this accounting process 

will have to be repeated in substantially greater detail for us to effectively address this 

problem. And the protein losses will need to be characterized. If the protein losses that 

occur in the course of gel electrophoresis are systematic and representative of the whole 

proteome, these losses are considerably less of a problem than might be expected, and 

could be considered a kind of unfortunate, but uniform inefficiency. More likely, 

however, there is some specific physical or chemical property of these proteins that 

elevates the inefficiency of their handling, and limits their inclusion in gel-based 

proteomic analyses. Understandably, the effective characterisation of these ‘lost’ proteins 

will be difficult because by their nature these proteins defy characterization by gel 

electrophoresis. Nonetheless the proteins must somehow be accounted for. Otherwise it 

will be impossoible to make any directed effort to improve their handling and analysis by 

gel-based proteomic methods.  
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7.3 Future Directions 

Ultimately, the data presented here have made a small, but significant contribution 

to the field. Moreover, the groundwork has been laid for substantial expansion and 

further exploration of both methodological / analytical issues, and of protein changes 

underlying native functions/dysfunctions of immediate clinical relevance. 

7.3.1 Coupled Gel- and Liquid-Based Proteomics 

Despite the advent of alternative, more heavily automated, more sensitive, and 

higher throughput proteomics technologies, gel-based proteomics currently remains the 

mainstay of the field. It is generally agreed that although LC-MS has some promising 

attributes, and may well be the method of choice in the future, currently there are 

drawbacks to both approaches, which have thus far prevented gel-based proteomics from 

being entirely replaced.445 In the interim, the advantages and disadvantages of both 

techniques are debated. However, as a potential compromise between gel- and liquid-

based approaches, the value of coupling parallel gel- and liquid-based proteomic analyses 

might be worth consideration.446 This coupled approach is slowly but steadily gaining 

momentum in the field and there is a growing number of reports detailing the relative 

strengths and weaknesses of gel- and liquid-based analyses in coupled analyses.445-447 

Traditional problem areas in gel-based proteomics, such as resolving very large proteins, 

are among the strengths of a shotgun proteomics approach. Proteins that prove difficult to 

handle via liquid-based separations can be more routinely separated by gel 

electrophoresis. That is, coupling gel- and liquid-based analyses may provide greater 

overall coverage of the proteome than either technology alone.227 Although currently the 

atmosphere in the field tends to be one of promoting a ‘pet’ methodology while trying to 

actively demonstrate the shortcomings of competing technologies, perhaps a co-operative 

rather than competitive approach might prove a more constructive use of our time.  

One obvious difficulty with a coupled gel- and liquid-based proteomics analysis 

will be agreeing on the source and form of the starting material. It will be imperative that 

the sample is sufficiently randomized such that both halves of the coupled analysis 
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receive an equally representative portion of the starting material. This will be 

necessary to ensure that both methods are given the same proteome to resolve and detect, 

and make certain that the results can be fairly compared between methods. Furthermore, 

it will be important to ensure that the handling of the starting material does not 

specifically favour one method over the other. That is, a sample preparation that is 

optimal for gel electrophoresis, but deleterious for liquid chromatography, must be 

avoided, and vice versa. Some middle ground will need to be reached that will provide 

acceptable results for both gel- and liquid-based analyses and satisfy both analyses as 

optimally as possible.  

In this thesis it was demonstrated that in principle these types of issues can be 

overcome. Here a coupled approach to expression analysis in the form of coupled 

genomic and proteomic analyses of the same tissue sample is demonstrated (Chapter 

Three). Importantly, it is noted that such an approach can optimally satisfy both parties. 

Are rigorous coupled gel- and liquid-based proteomic analyses any less feasible? The 

potential benefits of such a coupled approach are intriguing. Beyond providing greater 

coverage of the proteome, which is after all a central theme of proteomics, a coupled 

approach might provide the best forum in which to further optimize and refine gel- and 

liquid-based technologies. That is, unless parallel analyses of satisfying quality are 

performed, the relative capabilities of the two methods are always in question. A coupled 

approach, designed to provide high quality for both gel- and liquid-based analyses may 

be difficult to achieve in practice, but it would provide an environment in which to 

identify and potentially address the specific weaknesses of each technique.  

7.3.2 Applying optimal methods of analysis 

The goal of refining and optimising methods of analysis is the application of these 

techniques towards improving our understanding of biology. To a great extent this thesis 

work was directed towards specific challenges posed by certain biological problems, and 

the required target tissues or biological materials. This is perhaps most true for 

development of optimal methods of analysis for rat spinal cord segments (Chapter 

Three). In this study efforts were directed towards developing optimal methods for 
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downstream analyses. It will be important to fully characterize this spinal injury 

model by comparing the injured and non-injured spines. Furthermore, it will be critical to 

determine the extent of the effects of injury beyond the injury zone itself. That is, the 

effects of injury in the spine distal to the injury focal point are being examined. Initial 

experiments suggest that the effects of the injury are not localized to the injury focal 

point, but rather extend several millimeters from the injured tissue. This is potentially an 

exciting development that needs to be explored in detail. Furthermore, what other effects 

on the animal might spinal injury invoke? It will be interesting to determine the extent to 

which injury effects are disseminated in the animal, and analyses of the cerebrospinal 

fluid and blood will be logical next steps. Finally, the ultimate objective of this research 

is the application of proteomic approaches to characterising spinal injury, and eventually 

assessing potential avenues for repair and recovery. This research avenue serves as 

another example of the exciting promise of the application of a proteomic approach to 

basic science research, potentially with clinically-relevant outcomes.  

7.3.3 Following up on proteomic discovery 

To maintain perspective, we should recall that proteomics is really one very 

specialized tool in the protein biochemistry repertoire. Proteomics is a tool to be used 

with a specific purpose: to identify targets of potential interest in delineating mechanism. 

However, proteomics offers no means to delineate mechanism itself. Proteomic discovery 

is exciting and important, but it must be validated and explored in further detail by means 

of traditional protein biochemistry and physiology. In the absence of this validation, 

proteomic discovery is little more than an interesting observation with limited relevance 

in the real world.  

However, the capital investment required for large scale proteomics is enormous. 

High start-up costs and a considerable amount of specialized expertise are required. Thus 

a situation has developed in which proteomics is seen as highly specialized and quite 

technical, and specialized proteomics laboratories and facilities have developed out of 

necessity. In this environment the tendency is for the situation to develop in which we 

treat proteomics as if it is a discipline that is self-justifying, but this is not the case. 
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Collaboration is critically important in this climate to bring the proteomic machine to 

bear on problems of real biological importance. It is critical that we recognize the value 

of this discipline within the context of learning something about underlying biology. Real 

effort must be made to ensure that proteomic analyses do not stagnate as mere 

observations. If our goal is really to apply our tools to learn something about biology, 

then post-proteomic validation and more detailed subsequent investigations of 

mechanism are critical. 

7.3.4 Expanding and validating analyses of labour physiology  

Despite the necessity of validation in proteomic discovery via traditional methods 

of protein biochemistry, to provide more meaningful conclusions about underlying 

molecular processes, at this point substantially more thorough proteomic analyses of 

labour physiology will be required before such an investment can be made. Specifically, 

although the initial proteomic analysis of preterm labour presented in this thesis has 

provided some potentially fascinating insights into this condition, these findings need to 

be substantially expanded. For instance, in this initial study, the sample size remained 

small; as a result, only proteins meeting the strictest inclusion criteria were identified. 

Moreover, proteins that were present in both preterm labour and control placentae, but 

that differed significantly in relative abundance between these conditions went 

unidentified in favour of proteins that were present in one condition and completely 

absent (undetectable) in the other. 

While these provisions were necessary at the time, to restrict the scope of the 

study to a manageable size deemed appropriate to establish the feasibility of the 

approach, a more comprehensive proteomic analysis is clearly necessary. For instance, 

larger gels with greater resolution (two- to three-fold greater than mini-gels, per 

dimension), and a larger number of technical replications will go a long way towards 

improving the coverage of the proteome, and ensuring confidence in differences observed 

between preterm and term labouring placentae, thus alleviating the need to establish 

overly restrictive data inclusion criteria. Additionally, a larger sample size will greatly 

help in determining the magnitude of inter-patient variability in the target tissues, and this 
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will then enhance the ability to include potentially important proteins that are detected 

in a subset of the population in our analyses. Finally, the scope of analysis must be 

expanded to include proteins that are detected in both preterm and term labour, but differ 

significantly between conditions. There is a strong indication that some of these 

differences are substantial (2-fold and greater) and thus may have a profound impact on 

function. We cannot afford to exclude these potentially critical proteins in future 

analyses. Overall, substantially more comprehensive analyses with greater coverage of 

the proteome than that presented in this thesis will be required in the near future.  

Additionally, it is expected that developing a more thorough understanding of 

normal labour may be advantageous in attempts to delineate the causes of preterm labour.  

Importantly, our understanding of human labour activation remains somewhat 

incomplete. And yet, it is demonstrated in this thesis that gel-based proteomics can 

provide fundamental insights into the molecular events underlying human labour. 

Specifically, detailed proteomic analyses of human labour are underway, comparing 

labouring tissues from non-labouring Caeserian-section controls.  

Moreover, the scope of the coming analyses of labour physiology will be 

expanded to include additional tissues of interest. The initial analyses of placental tissue 

presented in this thesis have, in the interest of simplicity, not discriminated fetal and 

maternal membranes, but rather have included equal contributions of both tissues in each 

sample from each patient. With relatively minor inconvenience these tissues can be 

separated for independent study. Of course, the consequence of this approach is a 

doubling of the size of the proteomic analysis. Nonetheless, the potential benefits may 

justify the additional expenditure and analytical complexity. Separate analysis of fetal 

and maternal membranes will permit greater detection of proteins from both tissues. At 

consistent (optimal) total protein loads, separate analyses will allow substantial 

concentration of tissue specific proteins, allowing greater detection of low abundance 

proteins in each tissue fraction. Moreover, separate analysis of fetal and maternal 

membranes will allow us to discriminate the molecular contributions of each of these 

tissues to the (preterm) labour mechanism. 
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Finally, of the target tissues, the placental membranes were a logical first 

choice for initial analysis because the tissue can be sampled completely and non

invasively following delivery. However, analyses of the uterine smooth muscle will be 

critical for a truly comprehensive investigation of labour physiology. Sampling this tissue 

is complicated by greater practical and ethical considerations. However, in the absence of 

truly appropriate animal models of human labour, this additional complication will have 

to be managed.  

However, as discussed above, without more detailed investigations to delineate 

the potential roles of specific proteins of interest in molecular mechanisms, proteomic 

data are little more than catalogues of somewhat limited relevance. Exploring proteomic 

findings in greater detail to determine the actual roles of potentially important molecules 

is critical. Yet identifying potentially critical molecules using a proteomics approach, as 

described in this thesis, is relatively straightforward. By comparison delineating the roles 

of these ‘discoveries’ in the molecular mechanisms of labour physiology will be difficult 

and time consuming in practice. Experimental research in human patients will be out of 

the question, and in vivo models of labour remain fundamentally limited in their 

application. There are fundamental physiological differences between rodent and human 

labour rendering rodents poor models for experimental validation of these initial 

proteomic data.266,267,448-451 Primates may present more appropriate models of human 

labour initiation,452 but primate research is complicated, expensive, and time consuming. 

To some extent the roles of specific proteins may be investigated in vitro using human 

myometrial smooth muscle cell lines or primary tissue isolates.267,435,453 Of course, the 

conclusions that can be drawn from in vitro work remain somewhat limited, and require 

substantial additional verification in vivo (if practical). Overall, the suggestion is that the 

proteomic data presented in this thesis regarding human labour physiology may be 

difficult to verify independently. Future proteomic analyses should be inclusive of all of 

the proteins that may contribute to a more comprehensive knowledge of labour 

physiology, but place some emphasis on the most important proteins, for instance the 

largest changes between term and preterm labour, such that their contributions to 
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mechanism might be investigated in greater depth, in as timely and efficient a manner 

as possible. 

7.3.5 Addressing the remaining issues of gel-based proteomics  

As long as it can be assumed that gel-based proteomics has a future in the 

scientific landscape, efforts to ensure analyses of the highest possible quality must 

continue. New and gel-based proteomics technologies must continually be evaluated and, 

where possible, strategies for dealing with remaining limitations of these approaches 

should be identified. 

7.3.5.1 Detection is an important limiting factor for gel-based proteomics 

Everyone knows detection is one of the major limitations of proteomics, and gel-

based proteomics are no exception. In this thesis, the author attempts to address this long 

standing problem, but in reality the work presented here barely scratches the surface of 

the overall issue, and limited detection sensitivity in gel-based proteomics remains a 

substantial concern. No technology has yet been able to dramatically improve in-gel 

detection sensitivity beyond what is achieved with silver stain or Sypro 

Ruby.203,207,217,240,312,365,368 In fact, the in-gel detection sensitivity of proteins has 

remained almost constant for the past twenty years, since the advent of silver stain. 

Certainly leading edge in-gel detection has become more convenient, more reproducible, 

less temperamental, less toxic, and recently, at least somewhat less expensive. However, 

sensitivity, the most critical attribute of a detection method, has yet to be substantially 

improved. Despite the concerted efforts of our colleagues, and the substantial weight put 

behind this problem in the industrial setting, no substantial ground has been gained in 

improving in-gel detection sensitivity in recent years. Might we have reached a 

fundamental limitation of in-gel detection sensitivity? 

In the absence of an obvious way to systematically test this possibility, the 

development of new gel-staining technology continues. The obvious tactic of developing 

and employing more sensitive dyes has as yet yielded no massive improvements in 
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detection sensitivity. However, the prospect of working in the infrared range of the 

spectrum is becoming an increasingly promising possibility. Many of the newly 

characterized infrared sensitive dyes have quantum yields that greatly exceed dyes that 

fluoresce in the visible range of the spectrum,454 and instruments such as the Li-Cor 

Odyssey have paved the way for the development of a range of infrared imaging 

instruments. 

Another possible tactic directed towards improving the sensitivity of in-gel 

protein detection may lie with expanding the reactivity of protein dyes. Currently, the 

most successful in-gel detection stains rely on primary amine reactivity.206,322,324 Early 

data suggest that alternate dyes that bind cysteines, for instance, have proven less 

sensitive in practice. In part it seems that the preponderance of amines in the protein 

backbone confers a high level of sensitivity on detection methods relying on this 

chemistry. However, by this rationale, simultaneously applying multiple dyes reactive 

with different functional groups should provide greater sensitivity than chemistry directed 

at any one functional group alone.  

However, if we are working against fundamental limitations of in-gel detection 

sensitivity, these efforts may be wasted. It may, ultimately, be necessary to consider 

completely alternate and radical methods of detection of proteins resolved by gel 

electrophoresis. 

Certainly the initial investigation of Coomassie Blue infrared fluorescence 

detection presented in this thesis as a more cost effective alternative to other fluorescent 

in-gel detection methods, warrants further exploration. From a certain perspective, at the 

very least, a more sensitive detection method for Coomassie Blue stained gels has been 

characterized. The suggestion is that for those operators currently utilizing this stain, 

infrared fluorescence is a means of achieving performance comparable with industry-

leading, next generation fluorescent stains, such as Sypro Ruby, at a fraction of the cost. 

However, there remains the possibility that Coomassie Blue infrared fluorescence 

appears superior to Sypro Ruby in only the criteria assessed. First, if Coomassie Blue 

infrared detection actually provides more accurate quantitative data than Sypro Ruby, this 

effect will have to be verified, and explored in greater detail. A single demonstration of 
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this effect is insufficient to dislodge twenty years of entrenched opinion in the field 

that Coomassie Blue is a fundamentally poor detection method (albeit when utilised in 

densitometric detection). Moreover, if Sypro Ruby is nonetheless able to detect more 

proteins in native proteomes, it will be difficult to fully justify the re-adoption of 

Coomassie despite its apparently superior quantitative accuracy, afforded by infrared 

fluorescence detection. Minimally, these effects should be verified for a wider range of 

different proteins, and if possible native proteomes. Specifically, 2DE separations of wild 

biological material with a diverse range of different amounts of total protein starting 

material could be compared. Thus, it would be possible to determine if Coomassie Blue 

infrared fluorescence in fact outperforms Sypro Ruby in terms of linear dynamic range 

across a diverse spectrum of different proteins likely to be encountered in analyses of 

biological material, as opposed to arbitrary standards. Moreover, it will be interesting to 

determine if the limited linear dynamic range observed for Sypro Ruby in controlled 

conditions actually has relevance in the analysis of tissue proteomes. The range of 

abundance tested in the experiments presented in this thesis was extreme, and these tests 

were designed to test the efficacy of the different staining methods under worst-case 

conditions. It will be interesting to determine to what extent tissue proteomes present a 

similar challenge.  

Additionally, it would be of interest to determine, for comparative analysis of two 

different biological samples, if Sypro Ruby and Coomassie Blue Infrared-fluorescence 

detection methods would yield the same result. That is, although there are clearly some 

technical differences between the two detection methods under relatively controlled 

conditions, it would be informative to determine if there is a practical difference between 

these stains for real-world comparative analyses. If both Coomassie Blue infrared 

fluorescence and Sypro Ruby yield sufficiently similar results for most gel-based 

comparative proteomic analyses, arguably there would be no reason not to consider 

adopting Coomassie Blue in place of the more expensive Sypro Ruby stain.   
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7.3.5.2 The linear dynamic range of gel-based proteomic analyses remains limited 

While strictly speaking detection sensitivity is a major limitation of gel-based 

proteomics, it is substantially exacerbated by the limited dynamic range of detection, and 

the vast range of protein abundance encountered in biological material. As has been 

demonstrated throughout this thesis, high abundance proteins restrict the degree to which 

low abundance proteins can simultaneously be resolved and detected in gel-based 

proteomics. In fact, despite the obvious impact of the other limitations of gel-based 

proteomics, the problem of limited dynamic range is probably simultaneously the most 

profound, and the most difficult to address.  

The most common solution to the limited dynamic range in modern proteomic 

analyses is pre-fractionation. If the most abundant proteins can be relatively selectively 

removed from the sample, lower abundance proteins can be concentrated to a point that 

they are detectable, even with a detection method of limited 

sensitivity.157,222,238,241,243,244,438 However, the potential pitfalls of this approach are rarely 

considered. No pre-fractionation technique is completely specific, and the concern is that 

by removing high abundance proteins, simultaneously some low abundance proteins will 

be non-specifically or unintentionally excluded from the analysis.  

Currently one alternative to pre-fractionation is a post-fractionation strategy 

(Chapter Four). As a routine method, post-fractionation is clearly limited in terms of its 

throughput, and does not enhance the concentration of low abundance proteins in the 

sample. However, in future analyses this method has a clear utility, especially for samples 

containing very highly abundant proteins. For example, the plasma proteome is 

interesting from a number of standpoints, among them biomarker discovery. Yet 

resolving and detecting low molecular weight components of the plasma proteome is 

restricted by the sheer abundance of albumins and, to a lesser extent, immunoglobulins 

and other proteins in the starting material. Post-fractionation strategies can serve as a 

useful alternative to pre-fractionation in analyses of plasma. Alternatively, if pre-

fractionation and depletion of albumin are considered mandatory, in the interest of 

thoroughness, the albumin-enriched fraction should be analyzed in parallel with the 
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albumin-depleted sample. In such experiments, post-fractionation will greatly 

enhance the ability to resolve and detect proteins in albumin-enriched fractions.  

Although the challenge of limited dynamic range in gel-based proteomics is 

substantial, this problem must be addressed. Taking small but significant steps towards 

improving the dynamic range of gel-based proteomic analyses will yield marked gains 

towards improving other limitations of this technology. Both the resolution and detection 

sensitivity of the method impinge on the limitations of dynamic range and, on the whole, 

our coverage of the proteome will not substantially improve unless more effective means 

of improving the dynamic range of the method are realized. 

7.3.5.3 Resolution remains a limiting factor in two-dimensional gels 

Despite the high resolving power of 2DE, and the claim that detection rather than 

resolution is currently the most significant remaining limitation of gel-based proteomics, 

the resolution of 2DE is limited, and increasing the resolution of the technique must be a 

priority. Although proteins have diverse pI, the number of proteins with near neutral pI is 

very large and resolution in this region of the proteome must be improved. The degree to 

which important differences can be effectively detected in this crowded region of the 

proteome is currently debatable; the author strongly suspects that this is a cause for 

concern. To some extent the tools for improving the resolution of gel-based proteomics 

have already been developed and characterized. As discussed, the resolution of 2DE can 

be improved to some extent by increasing the physical dimensions of the 1st and 2nd 

dimension separations. Very large gels are cumbersome to handle but demonstrably 

resolve more proteins than smaller gels, and gels simultaneously resolving and detecting 

10000 proteins have been reported.107,134,152 Beyond this, the resolution of specific 

regions of the proteome can be rapidly improved using narrow range “zoom gels” in 

2DE, to narrow the focus on proteins within a discreet pI range (Chapters Four and 

Six).53,132,133,148,153 Liquid phase preparative isoelectric focusing techniques are capable of 

pre-fractionating a sample into discreet fractions based on pI, which greatly concentrates 

specific proteins within these fractions and enhances the ability to resolve and detect 

these molecules in narrow range gels.60,158,271 When coupled, these approaches provide a 
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dramatic improvement to the resolution of specific proteins from exceedingly 

complex biological materials. Yet these measures are strikingly rarely employed, to their 

maximum effect, today. Despite their potential, the simple fact is that individual zoom 

gels provide less overall coverage of the proteome in a single separation. Multiple zoom 

gels will need to be prepared from a single sample in order to achieve more complete 

coverage of the proteome. Thus if our goal is improving the resolution of the total 

proteome, and not just a specific subset of the proteome, this particular ‘divide and 

conquer’ strategy greatly increases the workload and reduces throughput, to a degree that 

already large proteomic analyses become untenably so. Moreover, these strategies are 

fraught with other potential problems. Pre-fractionation can greatly enhance the detection 

of specific proteins, but it also necessitates the generation of a greater quantity of starting 

material. Additionally, it is widely suspected that liquid-phase isoelectric focusing in 

particular excludes membrane proteins, yet this effect has not been characterized in any 

detail. 

If the potential pitfalls of this technology are uncertain, these limitations need to 

be systematically characterized and addressed. Perhaps if a concerted effort is made to 

address the practical shortcomings of the technology, and the technique is streamlined 

and refined, our colleagues may be more willing to invest the required time and money to 

adopt these methods. The potential gains in resolution are substantial, and these 

innovative tools should be capitalized upon if at all possible.  

Currently few alternatives to improving the resolution of two dimensional gels 

that do not concomitantly increase workload and / or reduce throughput merit much 

consideration. As discussed, simply increasing the size of the gels yields limited 

improvements beyond a certain point. Coupling multiple sequential separations, such as 

double SDS-PAGE,109 three-dimensional gel electrophoresis (isolating protein complexes 

resolved by preparative Blue Native PAGE, and then resolving these complexes by 

standard 2DE)455-457 or multiple sequential IEF separations458 are fascinating attempts to 

routinely improve the resolution of gel-based proteomics methods and though labour 

intensive deserve further exploration. 
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In this vein, one alternative possibility for increasing the resolution of 

standard 2DE should be considered: by partitioning the proteome into size fractions, and 

resolving these independently on gels optimized for proteins within a particular 

molecular weight range, one could expect substantial improvement in spatial resolution 

over standard 2DE. This type of technology would be analogous to 1st dimension zoom 

gels, and will require multiple gels for each sample for full proteome coverage. For 

example, proteins can routinely be separated into size fractions by centrifugal column 

devices with a series of size exclusion filters, and then separated using gels having 

compositions designed to maximize resolution for a discreet molecular weight range. As 

an alternative, it may be possible to use the 2nd dimension itself as a size fractionation 

technology. If the 2nd dimension gel was dissected into discreet ranges based on 

molecular weight, each range could be further resolved in a 3rd separation optimized for 

the resolution of proteins within these specific molecular weight ranges.  

In principle these technologies can dramatically improve the resolution of two 

dimensional gel electrophoresis, and improve coverage in proteomic analyses. Coupling 

size and pI fractionation technologies could conceivably yield massive improvements in 

the ability to resolve and detect proteins. Moreoever, these technologies are 

straightforward, available and usable today. However, all of these methods require 

substantially more time and monetary investment than standard two dimensional gel 

separations. Their inconvenience has thus greatly limited their application in the field. 

We will have to develop the wherewithal to accept a reduction in throughput to 

capitalize on these technologies. Improving the resolution of 2DE requires more a 

revolution in our thinking than our methods.  

7.3.5.4 Improving the throughput of gels 

There is no arguing with the fact that, compared to the alternative proteomics 

technologies, gel-based proteomics is inconvenient. Quite bluntly 2DE is a hassle, 

generating all manner of wet bench mess, and requiring substantial hands-on input and 

careful attention from a trained human operator. We have all at some point or another 

wished that we didn’t need gels anymore, or that the process could be automated. In some 
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respects the advent of shotgun proteomics represents an attempt by our colleagues to 

realize this dream.  

Yet for a variety of reasons, many are still unwilling to abandon gels, and so 

apparently the inconvenience of the method is manageable, or at least tolerable given the 

advantages of the technique. Nonetheless, if there are steps that can  be taken to increase 

the convenience of the method, without reducing the quality of the analysis, they should 

be explored. Although throughput cannot take precedence over data quality, this does not 

mean obvious options for streamlining methods should be ignored. To some extent, it 

will be very difficult to reduce the amount of human input required for 2DE. Completely 

automated robots capable of gel electrophoresis, including 2DE have been designed and 

implemented.459-461 These devices are fascinating, but barring a dramatic improvement in 

their reliability, which is not entirely unfathomable, the future of this kind of automation 

is clearly limited. Certainly it is difficult to foresee robots carrying out 2DE in its entirety 

in the reasonably near future. In the absence of this kind of automation, the field has 

adopted large scale gel electrophoresis instrumentation, capable of the electrophoretic 

separation of several dozen or more gels simultaneously. However, the consequences of 

this approach to high throughput is often reduced quality of data. Although scaling up the 

electrophoretic apparatus is straightforward in theory, in practice a number of practical 

considerations come into play, and often the expected gains in reproducibility and 

convenience are not achieved. A real concerted effort to improve electrophoresis 

equipment must be made, so that this infrastructure is efficient and effective on a large 

scale, by design. 

7.4 Final Concluding Remarks 

As long as we are willing to step back from our methods and be critical of their 

analytical limitations we are carrying out the best tradition of scientific enquiry. It is thus 

important to continue to ensure that analyses are of the highest possible quality. 

Nonetheless, the future cannot be foreseen to determine if a method will be rendered 

obsolete in a week or a year, or ever. The only reasonable course of action is to do the 

best we can with the tools available. Thus, the development of new technologies and the 
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refinement of existing methods for gel-based proteomics will continue in parallel and 

preferably in concert with one another. The best available optimised methods of analysis 

must be applied in ongoing efforts to understand molecular mechanisms that underlie 

problems of biomedical importance.          
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APPENDIX A: ENABLING COUPLED QUANTITATIVE GENOMIC AND 


PROTEOMIC ANALYSES FROM RAT SPINAL CORD SAMPLES – 


SUPPLEMENTARY DATA FOR CHAPTER THREE 


Table A-1. Homogenization-dependent differences in the rat spinal cord proteome. 

Rat spinal cords were homogenized either by AFD or SH with mortar and pestle followed 

by TRIzol extraction, isolation of protein by solvent precipitation, and 2DE (Figure 3-7) 

Only statistically significant differences (Student’s t-test, p < 0.05, n = 3) in fluorescent 

signal volume (FV) that are additionally 100% reproducible are reported. 

AFD SH 
Spot 
No. 

Mean 
FV SD 

Mean 
FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

1 5.55 1.89 14.24 4.45 0.0358 2.6 4.9 47 
2 1.51 0.34 4.28 0.72 0.00381 2.8 6.4 36 
3 2.38 1.03 0.52 0.4 0.043 4.6 4.9 37 
4 0.74 0.49 2.13 0.67 0.044 2.9 8.7 34 
5 3.4 1.21 12.68 2.56 0.00478 3.7 8.5 28 
6 1.24 0.41 0.33 0.34 0.0418 3.8 5.7 15 
7 3.777 1.748 - - - - 5.6 94 
8 2.025 0.834 - - - - 4.7 93 
9 8.091 1.904 - - - - 4.4 59 

10 3.553 0.255 - - - - 5.4 51 
11 - - 3.007 0.374 - - 6.4 43 
12 1.188 0.029 - - - - 5.8 30 
13 0.323 0.149 - - - - 3.8 30 
14 2.134 0.506 - - - - 6.1 29 
15 - - 0.289 0.093 - - 7.9 23 
16 0.876 0.608 - - - - 5.7 15 
17 0.339 0.214 - - - - 6.7 15 
18 0.333 0.021 - - - - 5.3 15 
19 0.348 0.221 - - - - 6.2 12 
20 1.04 0.153 - - - - 6.9 15 
262 2.86 1.63 6.77 1.8 0.0499 2.4 7.8 47 
263 1.86 0.33 4.04 0.61 0.00543 2.2 6.7 36 
264 4.7 0.7 9.13 0.43 0.000726 1.9 7.5 38 
265 0.55 0.2 1 0.08 0.022 1.8 8.0 27 

Continued. . . 
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Table A-1 Continued 

AFD SH 
Spot 
No. 

Mean 
FV SD 

Mean 
FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

266 0.59 0.14 1.07 0.17 0.0213 1.8 7.0 33 
267 2.13 0.25 3.78 0.42 0.00408 1.8 8.2 41 
268 1.63 0.04 2.71 0.16 0.000334 1.7 7.2 27 
269 1.72 0.55 2.8 0.1 0.0284 1.6 7.0 34 
270 0.4 0.03 0.63 0.07 0.00562 1.6 7.4 35 
271 2.37 0.48 3.51 0.25 0.0227 1.5 4.5 15 
272 5.55 0.74 7.99 1.14 0.0359 1.4 5.4 30 
273 21.73 3.5 30.23 1.16 0.0163 1.4 6.4 34 
274 19.98 3.49 27.71 2.64 0.0376 1.4 8.2 73 
275 1.71 0.26 2.33 0.21 0.03 1.4 5.5 29 
276 6.27 0.91 8.13 0.65 0.0449 1.3 7.0 54 
277 9.57 0.63 11.89 1.27 0.0462 1.2 6.5 33 
278 9.22 0.91 11.45 0.26 0.015 1.2 6.8 31 
279 7.66 0.48 9.21 0.74 0.0388 1.2 6.7 41 
280 2.44 0.06 2.93 0.19 0.0135 1.2 7.0 28 
281 3.99 0.22 4.78 0.3 0.0201 1.2 5.3 30 
282 40.04 0.95 47.36 2.87 0.0137 1.2 5.0 52 
283 2.16 0.19 2.52 0.11 0.0481 1.2 4.6 38 
284 2.71 0.11 3.05 0.15 0.0319 1.1 7.4 29 
285 4.86 0.3 3.98 0.42 0.0415 1.2 6.6 63 
286 6.06 0.55 4.74 0.59 0.0473 1.3 6.4 29 
287 3.02 0.26 2.26 0.4 0.0487 1.3 6.2 29 
288 6.34 0.35 4.51 0.69 0.0148 1.4 6.3 40 
289 12.38 0.44 8.73 1.97 0.0355 1.4 6.2 131 
290 6.01 0.46 3.91 0.3 0.0026 1.5 6.7 14 
291 3.82 0.34 2.37 0.23 0.00354 1.6 4.5 63 
292 1.44 0.24 0.85 0.18 0.0254 1.7 7.4 102 
293 8.96 1.22 5.13 1.76 0.0361 1.7 8.0 74 
294 90.69 11.67 51.22 17.44 0.0312 1.8 5.5 67 
295 11.91 0.38 6.71 2.32 0.0186 1.8 7.1 61 
296 19.78 2.24 10.89 3.88 0.0263 1.8 5.4 74 
297 6.11 0.44 3.28 0.2 0.000529 1.9 5.0 95 
298 6.66 0.92 3.46 1.08 0.0175 1.9 5.6 88 
299 10.65 1.54 4.9 2.47 0.0269 2.2 7.5 15 



403

403 

Table A-2. Extraction-dependent differences in the rat spinal cord proteome. Rat 

spinal cords were homogenized by AFD and either extracted directly for protein using 

standard methods (AFD-D) or extracted first for RNA / DNA using TRIzol followed by 

isolation of protein by solvent precipitation (AFD-T), and both samples subsequently 

resolved by 2DE (Figures 3-8 and 3-9). Only statistically significant differences 

(Student’s t-test, p < 0.05, n = 3) in fluorescent signal volume (FV) that are additionally 

100% reproducible are reported. 

AFD-D AFD-T 
Spot 
No. 

Mean 
FV SD 

Mean 
FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

21 10.58 3.48 1.12 0.23 0.0424 9.4 5.9 222 
22 6.96 0.65 1.29 0.4 0.000212 5.4 5.6 219 
23 1.44 0.91 5.01 0.52 0.00413 3.5 6.0 205 
24 1.6 0.32 0.36 0.13 0.00331 4.4 6.8 175 
25 0.19 0.09 0.6 0.15 0.0158 3.2 4.1 156 
26 3.57 1.88 12.38 0.44 0.00139 3.5 6.2 136 
27 2.27 0.63 0.62 0.02 0.0458 3.7 4.3 126 
28 0.46 0.19 1.4 0.5 0.039 3 8.1 103 
29 26.89 4.1 9.99 2.54 0.00373 2.7 5.9 97 
30 0.59 0.33 2.98 0.78 0.00804 5.1 7.3 93 
31 5.63 3.79 14.96 2.36 0.0223 2.7 5.3 73 
32 5.7 2.01 19.78 2.24 0.00127 3.5 5.4 73 
33 3.45 1.02 9.69 0.96 0.00153 2.8 7.7 72 
34 3.34 0.5 11.47 0.27 1.58E-05 3.4 7.5 72 
35 7.44 1.21 2.7 0.54 0.00341 2.8 6.4 66 
36 0.81 0.42 4.37 1.98 0.0381 5.4 8.5 47 
37 2.23 0.51 5.7 1.26 0.0115 2.6 7.6 44 
38 2.78 1 8.83 0.5 0.000721 3.2 7.1 44 
39 12.41 1.1 3.38 0.96 0.000433 3.7 5.9 41 
40 1.25 0.24 3.94 0.93 0.00833 3.1 6.2 40 
41 6.93 0.76 1.67 0.39 0.000447 4.1 6.4 39 
42 11.31 1.51 1.86 0.33 0.000455 6.1 6.9 36 
43 19.35 3.11 4.06 0.62 0.00113 4.8 6.8 34 
44 3.19 0.16 0.59 0.14 2.78E-05 5.4 7.3 33 
45 0.11 0.03 0.3 0.03 0.0011 2.7 8.3 31 
46 5.07 1.34 1.19 0.03 0.0377 4.3 5.9 31 
47 14.83 2.12 4.2 0.41 0.00103 3.5 5.8 30 
48 29.07 6.19 8.3 1.53 0.00486 3.5 5.0 29 
49 4.8 0.66 1.69 0.22 0.00146 2.8 6.9 29 

Continued. . . 
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Table A-2 Continued 

AFD-D AFD-T 
Spot 
No. 

Mean 
FV SD 

Mean 
FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

50 5.73 0.38 1.15 0.65 0.000449 5 8.6 28 
51 6.16 0.52 1.69 0.29 0.000204 3.6 7.4 26 
52 1.65 0.24 0.55 0.2 0.00376 3 8.3 26 
53 2.47 0.45 0.13 0.05 0.0122 19.3 8.5 25 
54 4.84 1.16 1.48 1.1 0.022 3.3 6.2 25 
55 17.09 3.84 3.98 0.14 0.0275 4.3 6.5 24 
56 3.62 0.03 0.11 0.1 4.90E-07 31.6 7.2 24 
57 14.71 0.95 2.34 0.31 2.77E-05 6.3 7.7 24 
58 9.3 3.31 3.29 0.88 0.0383 2.8 5.1 22 
59 7.83 0.97 3.03 1.41 0.00818 2.6 6.4 21 
60 3.2 0.05 0.5 0.19 1.79E-05 6.4 7.4 19 
61 0.92 0.25 0.29 0.04 0.0488 3.2 6.2 18 
62 0.2 0.08 0.58 0.13 0.0128 2.9 7.8 17 
63 15.3 2.62 3.85 0.61 0.0018 4 4.2 16 
64 0.29 0.16 0.82 0.11 0.00889 2.8 6.3 16 
65 5.43 0.61 0.88 0.61 0.000789 6.2 5.8 16 
66 6.72 2.21 1.77 0.57 0.0198 3.8 5.5 16 
67 1.66 0.31 0.3 0.05 0.0017 5.5 7.0 16 
68 0.51 0.41 1.74 0.14 0.0076 3.4 6.4 16 
69 3.88 1.21 1.54 0.32 0.0318 2.5 6.1 16 
70 1.84 0.56 0.34 0.21 0.0124 5.4 7.0 16 
71 5.32 1.16 1.75 0.3 0.00665 3 6.1 15 
72 13.38 2.33 2.69 0.34 0.0158 5 4.2 15 
73 11.9 2.67 2.37 0.48 0.00369 5 4.7 15 
74 11.44 2.76 0.48 0.15 0.0206 24 4.8 15 
75 1.27 0.26 0.23 0.02 0.0208 5.6 4.3 14 
76 10.02 0.79 2.91 0.62 0.000252 3.4 5.8 14 
77 1.425 1.019 - - - - 4.4 231 
78 2.249 1.589 - - - - 6.7 228 
79 1.33 1.302 - - - - 6.2 218 
80 - - 1.752 2.09 - - 7.4 123 
81 1.038 1.046 - - - - 4.3 79 
82 2.234 1.548 - - - - 4.7 78 
83 4.902 0.272 - - - - 5.4 71 
84 - - 3.761 0.99 - - 7.5 65 
85 - - 18.133 5.525 - - 5.0 61 
86 - - 6.827 3.215 - - 4.4 59 
87 1.035 0.378 - - - - 8.2 58 
88 - - 1.794 0.647 - - 7.6 56 
89 1.925 0.48 - - - - 7.5 55 
90 3.839 1.427 - - - - 9.6 53 
91 - - 4.853 0.493 - - 7.1 55 
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Table A-2 Continued 

AFD-D AFD-T 
Spot 
No. 

Mean 
FV SD 

Mean 
FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

92 2.754 1.243 - - - - 6.7 54 
93 3.023 0.967 - - - - 7.1 53 
94 - - 34.315 11.026 - - 8.7 46 
95 8.631 1.845 - - - - 6.7 45 
96 2.007 0.226 - - - - 6.4 43 
97 5.702 0.89 - - - - 6.5 41 
98 2.366 0.258 - - - - 6.2 40 
99 0.576 0.313 - - - - 3.9 40 

100 1.285 0.583 - - - - 7.4 36 
101 1.577 0.731 - - - - 7.1 36 
102 10.447 3.484 - - - - 9.4 32 
103 4.026 2.733 - - - - 9.0 32 
104 - - 0.516 0.42 - - 5.8 32 
105 3.574 1.007 - - - - 5.6 32 
106 0.761 0.24 - - - - 6.3 31 
107 2.696 0.251 - - - - 5.8 30 
108 0.68 0.08 - - - - 7.6 30 
109 0.544 0.28 - - - - 3.6 31 
110 1.493 0.098 - - - - 7.1 30 
111 - - 0.323 0.149 - - 3.8 30 
112 - - 1.339 0.626 - - 7.5 30 
113 - - 0.759 0.352 - - 7.7 29 
114 1.066 0.286 - - - - 2.8 29 
115 - - 0.979 0.151 - - 5.6 29 
116 4.194 1.055 - - - - 4.7 28 
117 - - 0.294 0.151 - - 4.1 29 
118 - - 2.633 0.794 - - 6.7 28 
119 - - 0.351 0.518 - - 3.5 28 
120 3.212 0.635 - - - - 6.6 26 
121 1.483 0.943 - - - - 5.5 26 
122 0.44 0.147 - - - - 4.9 26 
123 1.317 0.432 - - - - 6.1 24 
124 3.399 0.145 - - - - 8.5 24 
125 0.312 0.05 - - - - 4.8 23 
126 - - 2.489 0.86 - - 6.3 24 
127 1.084 0.802 - - - - 5.7 20 
128 0.27 0.145 - - - - 5.2 20 
129 0.258 0.151 - - - - 5.8 19 
130 1.614 0.489 - - - - 5.1 17 
131 0.33 0.125 - - - - 6.5 17 
132 - - 6.615 1.137 - - 4.8 15 
133 0.343 0.282 - - - - 5.8 16 
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Table A-2 Continued 

AFD-D AFD-T 
Spot 
No. 

Mean 
FV SD 

Mean 
FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

134 - - 1.313 1.198 - - 6.9 15 
135 1.589 0.179 - - - - 8.8 16 
136 1.705 0.856 - - - - 8.5 16 
137 - - 0.888 0.758 - - 6.9 15 
138 - - 2.005 1.478 - - 7.3 15 
139 2.384 1.526 - - - - 5.4 15 
140 3.747 3.108 - - - - 8.4 15 
141 3.598 4.704 - - - - 10.0 14 
142 2.93 1.849 - - - - 6.4 13 
143 28.566 1.113 - - - - 9.2 13 
144 4.31 2.025 - - - - 6.7 13 
145 10.497 3.84 - - - - 5.7 37 
146 7.081 1.437 - - - - 5.6 33 
147 5.07 1.342 - - - - 5.9 31 
148 4.839 1.16 - - - - 6.2 25 
149 3.62 0.025 - - - - 7.2 24 
150 0.244 0.104 - - - - 8.5 24 
151 - - 1.698 1.054 - - 3.8 29 
152 - - 3.776 1.456 - - 6.1 24 
153 36.64 4.56 14.93 10.28 0.0288 2.5 9.2 53 
154 2.44 0.56 1.02 0.13 0.0122 2.4 6.4 33 
155 3.54 0.9 1.51 0.34 0.0217 2.3 6.5 36 
156 10.53 2.29 4.5 0.82 0.0127 2.3 6.6 47 
157 6.11 1.21 2.62 0.27 0.00833 2.3 5.9 28 
158 0.67 0.15 0.29 0.13 0.0296 2.3 4.1 65 
159 3.63 0.22 1.57 0.8 0.0128 2.3 6.7 32 
160 8.41 2.84 3.68 0.81 0.0498 2.3 5.2 30 
161 3.71 0.17 1.63 0.04 2.99E-05 2.3 7.5 25 
162 14.67 1.91 6.46 1.81 0.00568 2.3 5.4 14 
163 11.6 1.77 5.19 0.98 0.00533 2.2 4.5 16 
164 4.94 1 2.23 0.58 0.0154 2.2 4.6 102 
165 2.63 0.22 1.21 0.26 0.00183 2.2 8.0 26 
166 7.07 0.43 3.36 1.48 0.0141 2.1 6.7 56 
167 2.03 0.21 0.98 0.07 0.00114 2.1 4.6 27 
168 19.02 1.72 9.19 1.37 0.00151 2.1 5.6 34 
169 2.48 0.55 1.32 0.36 0.0373 1.9 6.0 31 
170 7.13 1.17 3.84 0.57 0.012 1.9 6.0 43 
171 2.38 0.41 1.3 0.2 0.0147 1.8 7.5 34 
172 35.67 1.88 19.51 5.98 0.0112 1.8 4.6 30 
173 8.45 0.79 4.7 0.7 0.00351 1.8 7.7 37 
174 41.26 5.62 23.15 4.76 0.0131 1.8 4.9 30 
175 3.49 0.31 1.97 0.28 0.00313 1.8 6.3 28 
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Table A-2 Continued 

AFD-D AFD-T 
Spot 
No. 

Mean 
FV SD 

Mean 
FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

176 5.5 0.94 3.14 1 0.0412 1.8 7.3 22 
177 1.48 0.05 0.85 0.23 0.0102 1.7 6.2 35 
178 3 0.71 1.74 0.12 0.0387 1.7 4.7 16 
179 8.23 0.52 4.77 0.36 0.000695 1.7 6.0 40 
180 5.98 1.01 3.49 0.7 0.0245 1.7 5.3 34 
181 6.66 1.28 3.89 0.86 0.0361 1.7 6.7 104 
182 8.2 0.82 4.85 0.84 0.00775 1.7 4.4 107 
183 2.89 0.11 1.71 0.26 0.00184 1.7 5.7 29 
184 3.35 0.3 1.98 0.21 0.00299 1.7 7.4 30 
185 2.82 0.24 1.68 0.48 0.0209 1.7 6.9 26 
186 4.33 0.37 2.61 0.32 0.00357 1.7 6.4 37 
187 13.91 0.61 8.4 1.91 0.00894 1.7 4.7 48 
188 12.39 1.45 7.5 2.35 0.0373 1.7 6.6 54 
189 2.83 0.19 1.72 0.55 0.0295 1.6 7.2 34 
190 0.64 0.13 0.4 0.03 0.0358 1.6 7.6 35 
191 11.57 1.68 7.41 1.33 0.0284 1.6 5.1 42 
192 9 0.41 5.82 0.74 0.00287 1.5 4.9 34 
193 33.51 5.59 21.73 3.5 0.0365 1.5 6.5 34 
194 3.22 0.43 2.14 0.23 0.019 1.5 7.6 32 
195 22.72 3.15 15.12 0.74 0.0154 1.5 4.3 73 
196 13.7 2.06 9.22 0.91 0.0263 1.5 7.0 31 
197 4.59 0.48 3.14 0.49 0.0217 1.5 6.0 109 
198 3.44 0.59 2.36 0.21 0.0388 1.5 6.5 78 
199 0.79 0.08 0.58 0.05 0.0208 1.4 6.9 30 
200 2.46 0.04 1.85 0.17 0.00389 1.3 4.6 65 
201 10.44 1.55 7.88 0.37 0.0496 1.3 6.3 46 
202 55.43 3.85 42.44 6.54 0.0413 1.3 6.0 36 
203 22.78 1.22 17.93 1.69 0.0156 1.3 5.1 32 
204 8.07 0.64 6.5 0.29 0.0187 1.2 5.8 40 
205 6.2 0.64 5.02 0.11 0.0337 1.2 5.1 43 
206 63.35 4.79 52.29 0.82 0.0169 1.2 5.2 49 
207 24.74 1.23 20.6 1.76 0.029 1.2 4.7 29 
208 12.38 0.73 10.74 0.48 0.0313 1.2 6.9 71 
209 3.78 0.19 4.26 0.16 0.0277 1.1 6.0 121 
210 8.6 0.28 10.22 0.65 0.0168 1.2 5.3 53 
211 3.23 0.43 3.98 0.09 0.0409 1.2 6.0 39 
212 5.37 0.48 6.96 0.67 0.029 1.3 8.1 82 
213 6.04 0.34 8.09 1.11 0.0373 1.3 7.5 30 
214 4.47 0.17 6.11 1 0.0496 1.4 7.2 57 
215 8.15 0.75 11.23 1.38 0.0275 1.4 5.5 63 
216 20.91 2.02 28.97 3.55 0.0269 1.4 6.3 16 
217 3.96 0.26 5.54 0.79 0.0294 1.4 6.7 41 
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Table A-2 Continued 

AFD-D AFD-T 
Spot 
No. 

Mean 
FV SD 

Mean 
FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

218 4.92 0.58 6.94 0.64 0.0157 1.4 7.3 41 
219 1.55 0.07 2.21 0.2 0.00507 1.4 4.7 35 
220 3.57 0.39 5.12 0.41 0.00885 1.4 8.3 28 
221 8.27 0.66 11.91 0.38 0.00114 1.4 7.2 61 
222 10.89 1.97 15.73 2.26 0.0489 1.4 7.6 85 
223 22.06 1.27 32.45 5.57 0.0345 1.5 5.3 22 
224 4.11 0.23 6.06 0.55 0.00493 1.5 6.6 29 
225 1.17 0.21 1.75 0.16 0.0193 1.5 7.7 75 
226 4.12 0.34 6.3 0.49 0.0031 1.5 5.5 31 
227 2.13 0.41 3.26 0.56 0.0486 1.5 4.2 34 
228 2.03 0.52 3.12 0.34 0.0387 1.5 6.8 40 
229 4.47 1.29 6.99 0.6 0.0376 1.6 8.0 64 
230 12.26 1.27 19.31 2.23 0.00894 1.6 7.4 53 
231 17.13 5.84 27.09 1.03 0.0437 1.6 8.1 36 
232 8.1 0.62 12.86 1.5 0.00701 1.6 6.2 86 
233 2.92 0.72 4.7 0.42 0.0204 1.6 7.1 52 
234 1.17 0.14 1.89 0.14 0.00328 1.6 4.3 33 
235 4.03 1.1 6.54 0.87 0.0361 1.6 8.7 39 
236 7.14 1.49 11.61 0.6 0.00847 1.6 6.5 68 
237 4.71 0.26 7.71 1.24 0.0149 1.6 7.2 29 
238 3.23 0.29 5.33 1.01 0.0261 1.6 7.9 103 
239 1.92 0.14 3.17 0.73 0.0431 1.7 8.6 30 
240 2.22 0.28 3.69 0.49 0.0107 1.7 7.2 28 
241 1.09 0.29 1.82 0.24 0.0284 1.7 8.5 27 
242 11.56 2.99 19.55 3.42 0.0383 1.7 8.1 51 
243 5.06 0.74 8.65 0.2 0.00127 1.7 6.9 37 
244 2.57 0.48 4.43 1.01 0.0455 1.7 8.6 29 
245 1.75 0.07 3.02 0.26 0.00121 1.7 6.4 27 
246 8.62 1.17 14.96 2.28 0.0128 1.7 8.3 22 
247 4.13 0.9 7.19 1.01 0.0174 1.7 7.6 77 
248 7.32 1.22 12.79 1.19 0.00516 1.7 5.4 50 
249 1.91 0.32 3.37 0.68 0.0273 1.8 8.0 29 
250 1.3 0.12 2.34 0.45 0.0178 1.8 7.0 30 
251 6.83 0.87 12.56 1.95 0.00961 1.8 8.0 88 
252 1.32 0.17 2.44 0.06 0.000452 1.8 7.2 27 
253 1.95 0.21 3.59 0.17 0.000458 1.8 6.0 83 
254 3.03 0.31 5.67 0.43 0.00099 1.9 7.1 29 
255 7.55 0.65 14.32 1.8 0.00359 1.9 6.5 25 
256 5.51 1.09 10.65 1.54 0.00926 1.9 8.0 16 
257 3.01 1.48 6.35 0.24 0.0183 2.1 7.0 92 
258 0.26 0.12 0.59 0.06 0.0129 2.2 6.3 15 
259 2.27 0.39 5.53 0.47 0.00076 2.4 5.3 41 
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Table A-2 Continued 

AFD-D AFD-T 
Spot 
No. 

Mean 
FV SD 

Mean 
FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

260 8.27 1.63 20.5 5.54 0.0214 2.5 7.0 57 
261 4.24 0.54 10.54 2.28 0.00964 2.5 7.6 36 
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APPENDIX B: COST EFFECTIVE SUB-NANOGRAM SENSITIVITY 

IN GEL-BASED PROTEOMICS MADE POSSIBLE: INFRARED 

FLUORESCENCE DETECTION ELEVATES COOMASSIE BRILLIANT 

BLUE STAINING TO THE CUTTING EDGE AND BEYOND  – 

SUPPLEMENTARY DATA FOR CHAPTER FIVE 

Table B-1. Comparing mouse brain membrane proteomes detected with Sypro 

Ruby and BioSafe Coomassie with Infrared Fluorescence Detection. 2DE and 

quantitative / differential image analysis indicate mouse brain membrane proteins that are 

detected by both SR visible light fluorescence detection and BioSafe Coomassie infrared 

fluorescence detection, but differ significantly in fluorescent signal volume (FV) between 

methods (Figure 5-18). Only significant differences (Student’s t-test, p < 0.05, n = 4) that 

were additionally 100% reproducible throughout the entire dataset are presented. 

SR BioSafe 
Spot 
No. FV SD FV SD 

T-test 
(p) 

Fold 
Difference pI 

MW 
(kDa) 

1 41.13 9.57 2.14 2.53 0.03075 19.2 8.3 18 
2 4.71 0.47 0.48 0.27 0.00816 9.8 6.2 23 
3 12.00 0.92 1.37 1.07 0.00867 8.7 5.9 17 
4 4.39 0.35 0.59 0.52 0.01318 7.5 6.2 37 
5 4.55 0.70 0.70 0.12 0.01674 6.5 5.9 23 
6 6.93 0.71 1.14 0.44 0.01033 6.1 4.3 59 
7 9.59 0.08 1.73 1.29 0.01320 5.6 7.2 24 
8 6.25 1.62 1.15 0.28 0.04808 5.4 7.1 16 
9 25.55 1.68 5.15 1.04 0.00465 5.0 5.5 173 

10 3.15 0.02 0.66 0.01 0.00003 4.8 5.8 22 
11 6.18 0.58 1.35 0.34 0.00965 4.6 4.7 15 
12 5.77 0.19 1.30 0.66 0.01145 4.5 5.2 23 
13 4.47 0.60 1.03 0.46 0.02320 4.4 5.6 18 
14 7.93 0.05 1.88 0.56 0.00422 4.2 6.2 14 
15 10.59 1.27 2.76 0.21 0.01324 3.8 4.9 21 
16 7.03 0.14 1.86 0.23 0.00140 3.8 4.4 20 
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SR BioSafe 
Spot 
No. FV SD FV SD 

T-test 
(p) 

Fold 
Difference pI 

MW 
(kDa) 

17 5.20 0.31 1.44 0.30 0.00646 3.6 6.2 28 
18 7.59 1.32 2.12 0.42 0.03043 3.6 4.6 25 
19 14.78 0.52 4.18 3.29 0.04595 3.5 4.2 28 
20 11.27 0.10 3.53 0.38 0.00129 3.2 3.7 45 
21 6.69 0.74 2.14 0.49 0.01844 3.1 6.5 29 
22 4.04 0.09 1.31 0.44 0.01305 3.1 6.1 32 
23 2.83 0.22 0.92 0.11 0.00800 3.1 4.4 21 
24 4.02 0.51 1.33 0.04 0.01749 3.0 4.1 63 
25 2.01 0.23 0.67 0.26 0.03216 3.0 4.0 17 
26 11.46 1.71 3.88 1.54 0.04323 3.0 7.0 15 
27 5.65 0.38 1.93 0.21 0.00682 2.9 7.6 16 
28 11.90 0.07 4.08 0.01 0.00004 2.9 6.2 27 
29 4.17 0.32 1.43 0.39 0.01647 2.9 3.8 39 
30 11.06 0.12 3.81 0.22 0.00060 2.9 5.9 27 
31 3.63 0.12 1.29 0.06 0.00169 2.8 7.6 49 
32 8.30 1.38 2.97 0.28 0.03327 2.8 4.9 24 
33 3.22 0.37 1.20 0.35 0.02975 2.7 4.1 87 
34 5.20 0.16 1.95 0.61 0.01829 2.7 6.3 34 
35 4.30 0.33 1.62 0.80 0.04836 2.7 6.2 40 
36 17.85 2.60 6.86 1.98 0.04135 2.6 5.2 206 
37 12.70 1.85 5.34 0.65 0.03378 2.4 5.2 29 
38 22.13 1.20 9.70 0.07 0.00462 2.3 5.1 24 
39 8.08 0.36 3.59 0.14 0.00374 2.2 4.2 26 
40 6.07 0.33 2.77 0.46 0.01427 2.2 4.0 20 
41 3.76 0.07 1.72 0.63 0.04478 2.2 6.4 26 
42 5.76 0.13 2.69 0.24 0.00390 2.1 8.0 55 
43 2.56 0.04 1.22 0.03 0.00066 2.1 7.4 38 
44 3.06 0.37 1.48 0.18 0.03197 2.1 6.2 42 
45 20.65 1.00 10.17 1.98 0.02160 2.0 7.2 68 
46 8.19 0.88 4.05 0.53 0.02932 2.0 4.8 39 
47 6.30 0.88 3.13 0.54 0.04918 2.0 7.0 28 
48 0.65 0.08 0.33 0.04 0.03652 2.0 6.9 23 
49 7.27 0.33 3.79 1.00 0.04259 1.9 6.6 41 
50 3.35 0.43 1.77 0.14 0.03894 1.9 7.0 25 
51 9.81 1.12 5.19 0.62 0.03645 1.9 4.4 64 
52 84.51 15.59 159.10 15.82 0.04159 1.9 5.5 92 
53 11.90 0.81 6.67 1.02 0.02974 1.8 4.7 19 
54 5.64 0.77 3.18 0.24 0.04989 1.8 5.7 39 
55 15.37 1.99 8.69 0.69 0.04621 1.8 5.9 244 
56 18.65 1.06 11.56 0.45 0.01286 1.6 4.9 19 
57 3.68 0.04 2.38 0.09 0.00264 1.5 7.9 56 
58 26.05 2.70 17.41 0.59 0.04761 1.5 7.2 30 
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Table B-1 Continued 

SR BioSafe 
Spot 
No. FV SD FV SD 

T-test 
(p) 

Fold 
Difference pI 

MW 
(kDa) 

59 8.82 0.13 5.99 0.80 0.03852 1.5 7.4 60 
60 141.86 11.66 205.41 0.88 0.01651 1.4 5.7 45 
61 6.17 0.07 4.30 0.03 0.00076 1.4 3.9 34 
62 7.29 0.21 5.17 0.09 0.00588 1.4 6.5 55 
63 8.30 0.42 6.10 0.34 0.02855 1.4 6.2 52 
64 5.18 0.15 3.97 0.15 0.01486 1.3 6.2 45 
65 22.99 0.71 17.78 1.01 0.02674 1.3 5.9 63 
66 10.42 0.44 12.90 0.15 0.01717 1.2 6.6 77 
67 21.95 1.09 18.36 0.39 0.04806 1.2 5.8 30 
68 28.24 0.34 25.30 0.28 0.01127 1.1 5.5 42 
69 29.74 0.31 27.12 0.34 0.01499 1.1 7.3 56 
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Table B-2. Comparing mouse brain membrane proteomes detected with Sypro 

Ruby and NG Coomassie with Infrared Fluorescence Detection. 2DE and quantitative 

/ differential image analysis indicate mouse brain membrane proteins that are detected by 

both SR visible light fluorescence detection and NG Coomassie Blue infrared 

fluorescence detection, but differ significantly in fluorescent signal volume (FV) between 

methods (Figure 5-18). Only significant differences (Student’s t-test, p < 0.05, n = 4) that 

were additionally 100% reproducible throughout the entire dataset are presented. 

SR NG 
Spot 
No. FV SD FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

70 6.93 0.71 1.42 0.24 0.00918 4.9 4.4 60 
71 14.93 1.29 3.81 1.31 0.01339 3.9 9.4 46 
72 4.86 0.28 1.54 0.21 0.00556 3.2 5.0 12 
73 2.03 0.04 0.66 0.01 0.00050 3.1 6.1 22 
74 4.71 0.47 1.53 0.66 0.03120 3.1 6.1 24 
75 2.36 0.08 0.77 0.14 0.00508 3.1 5.1 15 
76 3.63 0.06 10.66 0.21 0.00047 2.9 5.0 200 
77 9.03 0.71 3.23 0.71 0.01470 2.8 8.1 80 
78 4.39 0.35 1.71 0.35 0.01673 2.6 6.1 33 
79 4.17 0.32 1.74 0.35 0.01847 2.4 3.8 39 
80 3.87 0.48 1.67 0.39 0.03701 2.3 6.3 148 
81 2.93 0.34 1.31 0.07 0.02167 2.2 4.1 120 
82 4.98 0.71 2.26 0.21 0.03527 2.2 8.1 102 
83 4.04 0.09 1.85 0.62 0.03864 2.2 6.1 30 
84 7.03 0.14 3.26 0.54 0.01090 2.2 4.4 20 
85 11.06 0.12 5.15 0.29 0.00137 2.1 5.8 27 
86 11.27 0.10 5.27 0.76 0.00803 2.1 3.8 48 
87 2.40 0.04 1.15 0.07 0.00173 2.1 6.4 14 
88 5.20 0.31 2.50 0.23 0.00998 2.1 6.1 28 
89 8.29 0.31 4.00 0.63 0.01301 2.1 5.9 75 
90 22.99 0.71 11.08 3.67 0.04585 2.1 5.9 63 
91 7.46 0.22 3.60 0.86 0.02566 2.1 4.2 142 
92 2.83 0.22 1.40 0.36 0.04051 2.0 4.3 21 
93 7.93 0.05 3.94 0.91 0.02507 2.0 6.1 13 
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Table B-2 Continued 

SR NG 
Spot 
No. FV SD FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

94 20.65 1.00 10.53 1.59 0.01676 2.0 7.2 68 
95 12.38 0.41 6.45 1.39 0.02855 1.9 8.0 27 
96 7.60 0.96 4.06 0.14 0.03565 1.9 8.0 64 
97 3.68 0.04 1.98 0.21 0.00807 1.9 7.9 53 
98 9.59 0.08 5.18 0.60 0.00940 1.9 7.2 24 
99 6.18 0.58 3.39 0.24 0.02471 1.8 4.7 14 
100 8.67 0.47 4.76 0.43 0.01314 1.8 8.0 59 
101 4.30 0.33 2.40 0.29 0.02605 1.8 6.1 35 
102 5.69 0.56 3.24 0.18 0.02718 1.8 5.9 29 
103 25.55 1.68 15.03 0.68 0.01449 1.7 5.5 142 
104 3.76 0.07 2.29 0.47 0.04850 1.6 6.4 27 
105 5.20 0.16 3.35 0.49 0.03692 1.6 6.3 31 
106 6.07 0.33 4.17 0.21 0.02022 1.5 4.0 19 
107 13.09 0.99 9.03 0.54 0.03643 1.4 5.5 27 
108 22.13 1.20 15.28 1.48 0.03631 1.4 5.0 24 
109 31.49 0.33 21.80 2.97 0.04422 1.4 5.9 69 
110 11.90 0.81 8.42 0.38 0.03143 1.4 4.6 18 
111 7.97 0.51 11.03 0.12 0.01445 1.4 7.0 90 
112 71.81 1.72 81.09 1.19 0.02456 1.1 5.6 61 
113 29.74 0.31 32.17 0.42 0.02189 1.1 7.3 56 
114 30.64 0.07 32.67 0.33 0.01326 1.1 7.2 90 
115 24.09 0.03 25.11 0.11 0.00545 1.0 6.5 62 
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Table B-3. Comparing mouse brain soluble proteomes detected with Sypro Ruby 

and BioSafe Coomassie with Infrared Fluorescence Detection. 2DE and quantitative / 

differential image analysis indicate mouse brain soluble proteins that are detected by both 

SR visible light fluorescence detection and BioSafe Coomassie Blue infrared 

fluorescence detection, but differ significantly in fluorescent signal volume (FV) between 

methods (Figure 5-19). Only significant differences (Student’s t-test, p < 0.05, n = 4) that 

were additionally 100% reproducible throughout the entire dataset are presented. 

SR BioSafe 
Ref. 
Spot FV SD FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

116 21.14 0.16 22.39 0.33 0.04048 1.1 6.9 96 
117 11.80 0.15 12.92 0.22 0.02675 1.1 6.3 52 
118 54.59 2.21 63.02 0.36 0.03362 1.2 7.5 67 
119 23.12 0.50 19.95 0.87 0.04691 1.2 4.8 101 
120 2.88 0.00 3.48 0.03 0.00135 1.2 5.7 166 
121 14.85 0.49 12.11 0.61 0.03841 1.2 4.5 39 
122 25.48 0.17 19.31 1.33 0.02288 1.3 6.5 63 
123 22.41 0.34 16.93 0.56 0.00702 1.3 8.6 28 
124 3.49 0.06 2.62 0.09 0.00731 1.3 8.8 56 
125 5.19 0.34 3.76 0.08 0.02794 1.4 7.0 23 
126 7.72 0.33 5.51 0.06 0.01165 1.4 6.8 126 
127 68.45 6.27 97.29 4.84 0.03565 1.4 5.6 40 
128 10.28 0.31 7.18 0.19 0.00671 1.4 7.0 24 
129 5.38 0.54 7.85 0.43 0.03653 1.5 7.3 64 
130 8.77 0.29 5.94 0.48 0.01914 1.5 6.1 14 
131 62.35 2.02 93.01 5.43 0.01740 1.5 6.2 36 
132 51.30 3.47 32.90 4.23 0.04144 1.6 8.8 26 
133 1.29 0.02 0.82 0.09 0.01841 1.6 6.3 17 
134 9.59 0.27 5.95 0.21 0.00439 1.6 5.4 26 
135 11.99 0.30 19.37 0.34 0.00189 1.6 6.2 79 
136 1.90 0.07 3.07 0.31 0.03562 1.6 7.8 62 
137 7.29 0.56 4.49 0.68 0.04583 1.6 6.3 23 
138 17.90 0.76 11.01 0.27 0.00671 1.6 7.7 15 
139 28.17 0.88 17.32 0.19 0.00345 1.6 5.3 24 
140 24.18 1.29 14.76 0.51 0.01063 1.6 4.3 26 
141 114.32 4.46 67.66 11.19 0.03176 1.7 8.6 14 

Continued. . . 



416

416 

Table B-3 Continued 

SR BioSafe 
Ref. 
Spot FV SD FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

142 9.01 0.84 5.22 0.34 0.02732 1.7 3.9 19 
143 20.58 2.36 11.62 0.24 0.03323 1.8 7.1 22 
144 2.07 0.23 3.75 0.05 0.00936 1.8 6.7 28 
145 3.46 0.34 1.87 0.26 0.03447 1.9 7.5 21 
146 328.13 4.74 623.56 24.25 0.00348 1.9 5.1 51 
147 9.23 0.67 4.85 0.21 0.01269 1.9 5.5 16 
148 64.47 3.49 33.88 9.05 0.04675 1.9 9.5 16 
149 34.98 1.27 18.31 2.21 0.01145 1.9 5.8 11 
150 1.31 0.16 0.68 0.02 0.03030 1.9 6.6 22 
151 9.08 0.50 4.67 0.86 0.02450 1.9 5.9 12 
152 0.68 0.16 1.34 0.07 0.03221 2.0 6.5 271 
153 8.51 0.36 4.33 1.19 0.04154 2.0 8.8 31 
154 4.48 0.24 2.27 0.49 0.02877 2.0 7.6 23 
155 10.45 0.27 5.12 0.82 0.01269 2.0 4.8 22 
156 1.49 0.13 0.72 0.18 0.04016 2.1 6.2 13 
157 1.89 0.23 0.89 0.05 0.02738 2.1 8.0 97 
158 11.16 0.24 5.09 1.64 0.03534 2.2 5.8 13 
159 6.33 0.28 2.79 0.41 0.00981 2.3 5.5 22 
160 7.59 0.54 3.30 1.01 0.03376 2.3 5.5 108 
161 1.41 0.32 3.26 0.05 0.01475 2.3 7.4 92 
162 13.17 0.36 5.67 0.21 0.00152 2.3 8.0 16 
163 8.31 0.47 3.47 0.60 0.01233 2.4 5.1 12 
164 0.62 0.06 0.24 0.01 0.01017 2.6 5.1 14 
165 3.26 0.33 1.15 0.19 0.01579 2.8 4.1 15 
166 7.41 0.22 2.52 1.13 0.02654 2.9 4.0 39 
167 10.05 2.02 3.38 0.39 0.04428 3.0 8.8 12 
168 0.49 0.05 0.17 0.02 0.01331 3.0 9.1 29 
169 10.70 0.74 3.56 2.10 0.04548 3.0 5.3 16 
170 2.03 0.56 6.11 0.24 0.01100 3.0 7.3 116 
171 2.21 0.13 0.73 0.42 0.04157 3.0 6.4 15 
172 2.45 0.08 0.80 0.13 0.00441 3.1 8.6 19 
173 3.08 0.16 0.92 0.40 0.01948 3.3 4.5 15 
174 10.74 1.92 3.21 0.46 0.03268 3.3 7.0 14 
175 5.11 0.51 1.47 0.70 0.02728 3.5 5.3 14 
176 4.12 0.82 1.18 0.43 0.04647 3.5 6.7 12 
177 10.19 0.62 2.79 1.14 0.01496 3.7 8.0 14 
178 2.03 0.16 0.55 0.06 0.00683 3.7 5.9 16 
179 1.52 0.07 0.41 0.29 0.03449 3.7 3.6 29 
180 2.53 0.39 0.44 0.28 0.02565 5.7 5.5 13 
181 0.31 0.06 0.05 0.00 0.02871 6.0 7.6 13 
182 8.14 0.86 1.14 0.29 0.00832 7.1 8.7 13 
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Table B-4. Comparing mouse brain soluble proteomes detected with Sypro Ruby 

and NG Coomassie with Infrared Fluorescence Detection. 2DE and quantitative / 

differential image analysis indicate mouse brain soluble proteins that are detected by both 

SR visible light fluorescence detection and NG Coomassie Blue infrared fluorescence 

detection, but differ significantly in fluorescent signal volume (FV) between methods 

(Figure 5-19). Only significant differences (Student’s t-test, p < 0.05, n = 4) that were 

additionally 100% reproducible throughout the entire dataset are presented. 

SR NG 
Spot 
No. FV SD FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

183 21.14 0.16 19.07 0.46 0.02592 1.1 6.9 96 
184 20.69 0.50 18.18 0.54 0.04016 1.1 5.7 73 
185 13.17 0.36 11.03 0.25 0.02010 1.2 7.9 17 
186 10.28 0.31 8.43 0.45 0.04125 1.2 7.0 25 
187 4.27 0.19 5.30 0.22 0.03827 1.2 6.7 71 
188 13.79 0.78 10.94 0.32 0.04138 1.3 8.2 58 
189 7.08 0.57 9.05 0.21 0.04375 1.3 7.4 52 
190 65.51 2.50 50.97 2.78 0.03148 1.3 8.5 57 
191 10.45 0.27 8.06 0.68 0.04329 1.3 5.0 22 
192 6.02 0.05 7.89 0.40 0.02246 1.3 6.8 70 
193 193.29 12.73 254.66 13.03 0.04134 1.3 4.7 67 
194 34.11 1.80 25.74 0.89 0.02757 1.3 7.5 65 
195 28.17 0.88 21.22 0.58 0.01137 1.3 5.4 24 
196 2.47 0.18 1.85 0.03 0.03834 1.3 6.6 37 
197 29.23 1.79 21.78 1.17 0.03869 1.3 5.2 114 
198 22.68 0.72 16.66 1.45 0.03436 1.4 8.4 63 
199 34.98 1.27 25.40 2.62 0.04320 1.4 5.9 11 
200 2.76 0.13 1.99 0.05 0.01654 1.4 5.3 22 
201 9.59 0.27 6.90 0.72 0.03876 1.4 5.6 26 
202 11.66 0.29 16.69 0.75 0.01259 1.4 4.8 34 
203 5.99 0.18 4.19 0.06 0.00562 1.4 6.6 52 
204 11.93 0.85 17.34 0.64 0.01889 1.5 5.4 157 
205 4.48 0.24 2.82 0.29 0.02494 1.6 7.5 24 
206 28.88 0.31 18.15 1.98 0.01700 1.6 6.9 76 
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Table B-4 Continued 

SR NG 
Spot 
No. FV SD FV SD T-test (p) 

Fold 
Difference pI 

MW 
(kDa) 

207 15.04 0.68 9.34 1.45 0.03704 1.6 6.7 97 
208 12.70 0.15 7.74 0.59 0.00745 1.6 5.5 52 
209 3.08 0.16 1.86 0.06 0.00981 1.7 4.6 15 
210 6.33 0.28 3.80 0.05 0.00626 1.7 5.6 23 
211 10.06 0.35 5.93 0.53 0.01173 1.7 8.5 23 
212 25.48 0.17 14.65 0.23 0.00035 1.7 6.5 68 
213 2.74 0.21 1.58 0.17 0.02605 1.7 7.8 44 
214 5.28 0.29 2.98 0.50 0.02993 1.8 5.6 101 
215 74.41 9.57 132.06 12.38 0.03492 1.8 3.2 16 
216 5.38 0.54 9.58 0.02 0.00815 1.8 7.2 68 
217 1.90 0.07 3.45 0.42 0.03542 1.8 7.8 65 
218 3.10 0.45 5.75 0.36 0.02281 1.9 7.0 53 
219 2.45 0.08 1.32 0.09 0.00540 1.9 8.5 20 
220 8.74 0.08 16.50 1.50 0.01816 1.9 5.7 54 
221 8.89 0.87 4.66 0.57 0.02876 1.9 5.9 27 
222 7.72 0.33 3.88 0.34 0.00757 2.0 6.8 129 
223 1.89 0.23 0.92 0.14 0.03702 2.1 7.9 94 
224 2.34 0.34 1.08 0.15 0.04005 2.2 6.4 25 
225 2.07 0.23 4.63 0.13 0.00509 2.2 6.7 31 
226 5.40 0.58 2.35 0.07 0.01786 2.3 5.9 88 
227 2.53 0.39 0.90 0.06 0.02807 2.8 5.6 13 
228 2.19 0.39 0.71 0.19 0.04045 3.1 8.0 87 
229 2.03 0.56 6.62 0.49 0.01296 3.3 7.2 117 
230 2.21 0.13 0.62 0.33 0.02356 3.6 6.3 15 
231 2.03 0.16 0.49 0.33 0.02667 4.1 5.9 17 
232 0.89 0.50 7.34 0.03 0.00302 8.2 4.1 64 
233 8.91 2.68 0.49 0.49 0.04871 18.1 9.3 98 
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APPENDIX C: AN INITIAL PROTEOMIC ANALYSIS OF HUMAN 

PRETERM LABOUR: PLACENTAL MEMBRANES – SUPPLEMENTARY 

DATA FOR CHAPTER SIX 

Table C-1. Quantitative differences between placental proteomes at term and 

preterm labour. 2DE and quantitative / differential image analysis indicate proteins are 

present in both term and preterm placentae but significantly differ in relative abundance 

between conditions (Figures 6-1 and 6-2). All differences in fluorescent signal volume 

(FV) with p < 0.05 are presented regardless of the reproducibility of detection of the 

protein between replicates / patient samples.  

Spot 
No. 

Term 

Mean 
FV SD 

Preterm 

Mean 
FV SD 

T-test 
(p) 

Fold 
Difference pI1 

MW 
(kDa)1 

% 
Reprodu-
cibility2 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

3.439 1.181 
2.775 0.87 
1.612 0.286 
1.923 0.356 
0.657 0.389 
0.475 0.024 
0.346 0.201 
0.232 0.007 
0.617 0.593 
0.752 0.066 
7.994 1.529 
0.175 0.205 
1.961 0.327 
0.913 0.162 
1.436 0.134 
1.525 0.567 
0.657 0.289 
0.715 0.151 
0.964 0.287 

1.231 0.501 
1.057 0.328 
0.231 0.099 
1.159 0.368 
1.695 0.395 
0.309 0.088 
0.969 0.375 
0.119 0.049 
4.703 0.313 
1.077 0.022 
4.034 0.258 
0.82 0.048 
1.01 0.219 
1.557 0.143 
0.798 0.112 
3.43 0.784 
1.412 0.1 
0.313 0.136 
0.503 0.177 

0.0186 0.4 5.6 153 100 
0.0139 0.4 5.3 33 100 
0.0003 0.1 6.3 34 100 
0.0402 0.6 6.7 49 100 
0.018 2.6 7 45 100 
0.0262 0.7 7.5 41 100 
0.0497 2.8 7.7 41 100 
0.0199 0.5 7.1 15 100 
0.0032 7.6 4.4 51 100 
0.0076 1.4 6.5 91 100 
0.0409 0.5 5.2 41 100 
0.0251 4.7 6.5 42 100 
0.0387 0.5 6.8 39 100 
0.0203 1.7 4.6 30 100 
0.0119 0.6 5.1 27 100 
0.0485 2.2 5.3 24 100 
0.0424 2.1 4.6 16 100 
0.0139 0.4 4.5 150 100 
0.0452 0.5 6.8 290 100 

Continued. . . 
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Table C-1 Continued 

Term Preterm 
% 

Spot 
No. 

Mean 
FV SD 

Mean 
FV SD 

T-test 
(p) 

Fold 
Difference pI1 

MW 
(kDa)1 

Reprodu-
cibility2 

20 0.606 0.082 0.151 0.123 0.0027 0.2 7.6 210 100 
21 0.936 0.202 0.259 0.235 0.0105 0.3 6.1 142 100 
22 2.059 0.577 0.663 0.25 0.0068 0.3 6.8 104 100 
23 0.819 0.282 0.111 0.032 0.0495 0.1 7.5 121 100 
24 0.428 0.181 1.05 0.183 0.0065 2.5 6.2 43 100 
25 0.607 0.162 0.99 0.092 0.01 1.6 7.7 36 100 
26 1.983 0.56 0.823 0.48 0.0316 0.4 6.6 21 100 
27 1.525 0.321 2.701 0.611 0.0305 1.8 5.8 18 100 
28 1.114 0.174 2.118 0.508 0.0235 1.9 8.2 17 100 
29 2.737 0.451 4.897 0.673 0.0051 1.8 4.2 12 100 
30 0.738 0.663 5.527 1.803 0.0077 7.5 5.7 13 100 
31 0.318 0.094 0.55 0.112 0.0344 1.7 5.4 107 100 
32 0.206 0.065 0.511 0.184 0.0425 2.5 5.4 92 100 
33 0.302 0.108 1.153 0.416 0.0196 3.8 5.7 104 100 
34 0.717 0.268 1.966 0.59 0.0202 2.7 5.4 70 100 
35 0.832 0.163 0.431 0.146 0.0186 0.5 5.9 52 100 
36 3.59 1.956 0.606 0.514 0.0299 0.2 6.2 43 100 
37 0.559 0.605 5.346 1.386 0.0027 9.6 5.2 32 100 
38 0.973 0.288 1.588 0.267 0.0328 1.6 5.6 31 100 
39 0.301 0.168 0.895 0.341 0.0414 3 5.7 34 100 
40 3.416 0.911 1.858 0.595 0.0396 0.5 6.2 25 100 
41 1.272 0.117 1.777 0.144 0.0044 1.4 6.5 23 100 
42 3.419 0.469 1.416 1.098 0.0333 0.4 7.3 25 100 
43 1.595 0.258 0.317 0.153 0.0004 0.2 7.6 29 100 
44 2.584 0.272 1.186 0.791 0.0348 0.5 7.8 28 100 
45 1.551 1.474 4.763 1.161 0.0228 3.1 6.2 18 100 
46 2.316 0.655 0.72 0.661 0.0411 0.3 6.9 232 86 
47 0.781 0.044 1.252 0.071 0.0011 1.6 6.2 210 86 
48 0.328 0.001 0.08 0.029 0.0014 0.2 7.6 173 71 
49 0.027 0.002 0.117 0.037 0.0334 4.3 8.6 193 86 
50 0.111 0.108 0.307 0.063 0.0422 2.8 3 177 86 
51 0.097 0.001 0.023 0.008 0.001 0.2 8.3 109 71 
52 0.315 0.05 0.131 0.081 0.0457 0.4 9.8 91 86 
53 0.218 0.044 1.172 0.177 0.0021 5.4 7 74 86 
54 0.118 0.091 0.431 0.123 0.0356 3.7 8.3 39 86 
55 0.911 0.069 0.335 0.188 0.0076 0.4 6.8 37 86 
56 2.842 0.647 0.585 0.464 0.0072 0.2 5.2 34 86 
57 3.202 0.394 1.045 0.084 0.0007 0.3 5.6 34 86 
58 0.258 0.009 0.109 0.055 0.0365 0.4 7.6 32 71 
59 0.602 0.161 0.149 0.181 0.0318 0.2 6.4 29 86 
60 0.371 0.12 0.626 0.097 0.0465 1.7 6.3 28 86 

Continued. . . 
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Table C-1 Continued 

Term Preterm 
% 

Spot 
No. 

Mean 
FV SD 

Mean 
FV SD 

T-test 
(p) 

Fold 
Difference pI1 

MW 
(kDa)1 

Reprodu-
cibility2 

61 0.099 0.042 0.356 0.073 0.0113 3.6 9 28 86 
62 0.125 0.039 0.035 0.016 0.0208 0.3 8.6 16 86 
63 0.412 0.178 0.125 0.068 0.0361 0.3 2.6 10 86 
64 0.308 0.11 0.117 0.038 0.0467 0.4 5.8 262 86 
65 0.224 0.072 0.032 0.027 0.0126 0.1 9.5 121 86 
66 0.166 0.024 0.106 0 0.0499 0.6 3 123 71 
67 0.654 0.195 0.274 0.141 0.0487 0.4 6.1 111 86 
68 0.953 0.268 0.383 0.115 0.0275 0.4 5 77 86 
69 0.332 0.142 0.719 0.082 0.015 2.2 9 62 86 
70 0.33 0.016 1.44 0.279 0.0129 4.4 6.7 46 71 
71 1.777 0.146 0.929 0.421 0.0302 0.5 7.4 42 86 
72 1.86 0.379 0.464 0.208 0.005 0.2 6.9 42 86 
73 1.702 0.25 0.041 0.01 0.003 0 10 35 71 
74 1.027 0.291 0.316 0.117 0.0172 0.3 7.6 34 86 
75 0.297 0.368 1.47 0.41 0.0478 4.9 9 35 71 
76 0.445 0.135 0.194 0.025 0.0341 0.4 7.7 26 86 
77 2.083 0.665 0.423 0.017 0.0496 0.2 7.6 24 71 
78 1.843 1.229 5.167 1.174 0.0319 2.8 7.3 23 86 
79 1.887 0.192 0.57 0.265 0.0036 0.3 9.4 19 86 
80 0.264 0.028 0.058 0.035 0.0065 0.2 5 19 71 
81 0.259 0.045 0.451 0.07 0.0446 1.7 5.9 16 71 
82 0.195 0.044 1.09 0.31 0.031 5.6 8.9 16 71 
83 0.866 0.219 0.223 0.179 0.0173 0.3 4.9 11 86 
84 0.509 0.196 0.143 0.05 0.0446 0.3 5.3 233 71 
85 0.392 0.029 0.122 0.035 0.003 0.3 5.2 191 71 
86 0.08 0.038 0.321 0.133 0.0386 4 5.4 185 86 
87 0.31 0.114 0.089 0.034 0.0429 0.3 6.2 177 71 
88 0.069 0.009 0.249 0.046 0.0026 3.6 5.6 135 86 
89 0.324 0.168 1.014 0.293 0.0403 3.1 6.3 86 71 
90 1.863 0.168 0.572 0.107 0.0025 0.3 5.5 55 71 
91 1.945 0.93 0.274 0.28 0.0407 0.1 5.3 54 86 
92 1.011 0.298 0.302 0.212 0.0285 0.3 6 51 86 
93 0.352 0.07 0.722 0.084 0.0123 2.1 6.6 47 71 
94 1.423 0.444 4.178 1.281 0.0483 2.9 5.5 44 86 
95 0.553 0.037 0.248 0.17 0.0382 0.4 7.3 38 86 
96 0.192 0.004 1.203 0.301 0.0067 6.3 5.2 32 86 
97 0.435 0.134 1.052 0.19 0.0222 2.4 5.5 28 71 
98 1.014 0.284 0.276 0.023 0.04 0.3 5.9 28 71 
99 1.918 0.068 1.604 0.155 0.0324 0.8 5.6 25 86 
100 3.349 0.275 3.906 0.056 0.0264 1.2 6.8 25 86 
101 1.154 0.209 0.316 0.304 0.033 0.3 7 24 71 
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Table C-1 Continued 

Term Preterm 
% 

Spot 
No. 

Mean 
FV SD 

Mean 
FV SD 

T-test 
(p) 

Fold 
Difference pI1 

MW 
(kDa)1 

Reprodu-
cibility2 

102 0.252 0.148 1.513 0.554 0.04 6 5.7 24 86 
103 0.408 0.101 1.765 0.392 0.0044 4.3 5.9 15 86 
104 0.124 0.062 1.338 0.189 0.0011 10.8 6.8 14 86 
105 2.51 0.324 1.518 0.235 0.0127 0.6 5.7 7 86 

1 Empirical pI and molecular weight derived from 2DE experiments. 


2 Defined as % of the relevant data set in which the indicated protein was detected.  
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Table C-2. Details of MS/MS data identifying placental proteins isolated in 

proteomic analyses of preterm labour. Details of individual peptide sequence and 

Mascot ion scores from analysis of MS/MS data are provided for human placental 

proteins that differ significantly between term and preterm labour, as indicated in Figures 

6-1 through 6-3, summarized in Tables 6-1 and 6-2, found in Chapter Six.  

          Continued. . . 
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Table C-2 continued 

Continued. . . 
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Table C-2 continued 
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APPENDIX D: NOTICE OF ETHICAL APPROVAL FOR HUMAN 

RESEARCH 
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