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Abstract

The effect of selected anesthetics on hemoglobin was studied by infrared (IR) and
vibrational circular dichroism (VCD) spectroscopy. The absorbance spectra of hemoglobin
do not undergo change with the addition of either ethanol-d or halothane. The VCD spectra
of hemoglobin demonstrate that hemoglobin-anesthetics interactions are dependent on the
interaction time and on the anesthetic concentration. Hemoglobin interactions with
ethanol-d are most noticeable at 3.5% ethanol-d, where there is aloss in the a-helical
content and an increase in 13-sheet content. At other concentrations of ethanol-d there is a
change in the ct-helicity of the hemoglobin from anative to anon-native form.
Hemoglobin-halothane interactions also cause achange in the a-helicity of the hemoglobin
from anative to anon-native form. At aconcentration of 2.75% halothane, the secondary
structure of hemoglobin changes from mainly a-helical to containing alarge amount of [3sheet.
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CHAPTER 1: INTRODUCTION

This thesis describes the application of vibrational circular dichroism spectroscopy (VCD) to
characterize the nature and structural implication of the interaction of hemoglobin with selected
anesthetics. As will be outlined below in greater detail, the mechanism of anesthetics and why
they interact with proteins in mammalian systems in very specific ways is not yet clearly
understood, although anumber of models have been proposed. VCD, on the other hand, has
proven to be particularly sensitive to changes in the secondary structure of large biomolecules
especially nucleic acids but to alesser extent also proteins, so that if there is astructural aspect to
the action of anesthetics, VCD may be able to provide new insights.

VCD offers several advantages over other spectroscopic techniques. For infrared spectroscopy
(IR), which is closely related to VCD, the response to subtle changes in molecular structure is
less pronounced. By comparison, the corresponding spectra appear "better resolved" by VCD
than by JR. The spectral intensity of VCD compared to IR is usually smaller by afactor of iO
thereby posing real challenges for the instrumentation. Another disadvantage, which VCD shares
with IR, is that the diagnostic absorptions one wishes to monitor overlap with strong absorptions
of water, yet it is this medium that is most interesting because the biological activities one wants
to characterize occur in water.

The other dichroic method, namely electronic circular dichroism (ECD), although the same
phenomenon as VCD in principle, monitors dichroism associated with larger sections of
molecules, whereas VCD probes specific characteristic vibrational modes of which there are
relatively many and which are spread over awider spectroscopic range. Nuclear magnetic
resonance (NMR) is another popular technique for investigating the molecular structure and
interactions of proteins. In NMR, the time scale utilized is too low to observe amolecular
conformational change for flexible peptides (Kocak et al. 1998). This problem can be overcome
in principle by VCD where the timescale is more than amillion times less than for NMR (Kocak
et al. 1998). X-ray crystallography has also been used to determine the molecular structure of
proteins and other biomolecules. The major advantage of VCD over X-ray crystallography is the
ability to examine biomolecules in solution rather than as crystals. Moreover, X-ray
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crystallography takes along time to acquire enough data to produce astructure diagram of the
protein, whereas the acquisition time required for VCD spectroscopy is much shorter.

Deutsche and Moscowitz made the first theoretical prediction of vibrational dichroism for chiral
polymers in 1968 (Deutsche and Moscowitz 1968). VCD spectroscopy has progressed along
way since its inception with advances in both instrumentation and theory (Keiderling 1996, Nafie
1997). During the past decade, VCD has been successfully applied to the study of protein
secondary structure (Polavarapu and Zhao 2000, Pancoska et al. 1993, Keiderling 2002,
Keiderling et al. 1999). As will be discussed below in greater detail, each of the three main
protein secondary structures, namely cc-helix, 13-sheet and random coil, have their own
characteristic VCD signal (Polavarapu and Zhao 2000, Keiderling 2002, Pancoska et al. 1993).
A slight change in the conformation of the protein secondary structure alters the VCD signal.
Recently, VCD has been applied for conformational analysis of anesthetics (Polavaiapu et al.
1999, Wang et al. 2002, Polavarapu 2002).

Most of the recent studies performed by VCD in our research group have focused on various
interactions of DNA or oligonucleotides with metal ions (Andrushchenko 2000, Andrushchenko
et al 2003). The addition of Mn2 to (dG-dC) 20 changed the structure of the double helix from the
B- to the Z-form at room temperature (Andrushchenko et al. 1999), while at elevated
temperatures the addition of Mn2 led to DNA condensation and to decreased DNA stability
(Andrushchenko et al. 2003). The effect of other metal ions such as Cu2+ (Andrushchenko et al.
2003), Ni2 (Andrushchenko et al. 2002), and Cr3 (Andrushchenko et al. 2002), on DNA
structure and stability has also been investigated. The binding of the anticancer drug cisplatin to
selected deoxynucleotides as investigated by VCD showed amarked change upon binding of
cisplatin to the double helices, which is in agreement with results obtained by other experimental
methods (Tsanlcov et al. 2003a, Tsankov et al. 2003b). These successful applications of VCD to
the study of DNA interactions raised the interest in determining the applicability of VCD to other
biological systems. VCD was then applied to the study of DNA structure with Mn2
(Polyanichko et al. 2004a) and in the presence of the HMGB-1 protein, which is known to bind
to DNA (Polyanichko et al. 2004b). Most recently our research group has looked at the changes
in secondary structure of calmodulin with the introduction of Ca2 and the changes in calmodulin
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upon interaction with the protein lactoferrin (Pandyra et al. 2004). However, to date no proteindrug interactions have been investigated by VCD spectroscopy.

A general anesthetic is adrug that causes aloss of consciousness from which patients cannot be
aroused even by painful stimulation. Ether, the first 'general anesthetic' utilized for surgical use
since the mid-i 840's, had the serious side effect of causing respiratory distress in patients
(Duncan 1947). The second general anesthetic that became popular for surgery at the end of the
1840's was chloroform, which had atendency to cause cardiac distress (Duncan 1947). These
difficulties led to aflurry of activities in the search for general anesthetics with less harmful side
effects and stimulated the interest of researchers in the mechanisms. Even today, there is no
completely accepted theory for general anesthetics. The two major competing mechanisms,
which are currently accepted, are that general anesthetics interact with membranes and with
proteins. In the first of these two, it is thought that the anesthetic can alter the physical structure
of membranes, such as thickness and surface tension (Urban 2002). This theory corresponds to
the independent discoveries by Meyer and Overton that anesthetic action is associated with the
lipophilicity of the area surrounding the anesthetic drug (Meyer 1899, Overton 1901). This
pointed to membranes being important sites for anesthetic action (Urban 2002). With respect to
the theory that anesthetics interact directly with proteins, there are two possible mechanisms: a
specific binding interaction (Franks and Lieb 1984) and an unfolding of the proteins to a
dysfunctional state (Ueda and Kamaya 1973). The most compelling evidence for the latter comes
from Ueda and co-workers' on firefly luciferase, where they discovered that the addition of the
inhalation anesthetic halothane to aluciferase solution reduced the ability of this protein to emit
light (Ueda et al. 1998).

In the early and mid-i 970's, the effect of this general anesthetic on the secondary structure of
hemoglobin was studied using optical rotatory dispersion (Laasberg and Hedley-White 1971) and
nuclear magnetic resonance (Barker et al. 1975, Brown et al. 1976). More recently, the focus
shifted away from the secondary structure of the protein to changes in oxygen affinity
(Waltemath 1971, Guesnon et al. 1980), protein stability (Tanner et al. 1998), and the nature of
the site of action for the general anesthetic (Urban 2002, Miller 2002). In part this is due to the
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lack of instrument techniques that are sensitive to minute changes in protein secondary structure
in aqueous media.

The main motivation for this current project is to combine the sensitivity of VCD spectroscopy to
changes in the secondary structure of proteins with the knowledge that the action of anesthetics
has an effect on the properties of the protein. If the properties of the protein are altered there
should also be achange in the secondary structure of the protein, which leads to the following
hypothesis:

Changes in the secondary structure of hemoglobin in the presence of the selected
anesthetics can be determined using VCD spectroscopy.

The aim of this study was to investigate the interaction of general anesthetics with proteins,
hemoglobin in particular. The main objectives can be summarized as follows:

• To study the change in the secondary structure of proteins upon interacting with two
general anesthetics, specifically ethanol and halothane.
• To create concentration response curves for the interaction of these anesthetics with
hemoglobin.
• To ascertain the applicability and sensitivity of VCD spectroscopy to study the
interactions of general anesthetics with proteins.

This thesis is divided into five Chapters. Chapter 2provides ageneral introduction to VCD
spectroscopy and protein secondary structure. The rationale for using the hemoglobin model
system is provided, as well as an introduction to the two general anesthetics utilized in this study.
Chapter 3describes the instrumentation, sample preparation, and the materials and methods of
analysis used. Chapter 4contains the principle components of the thesis.. This chapter is divided
into three sections: one for the model protein and one each for the two targeted general
anesthetics. Each of these sections contains the relevant results and pertinent discussion. A
discussion and comparison of the two anesthetic-protein interactions follows in Chapter 5. The
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applicability of VCD to this study will also be discussed. Chapter 6involves abrief summary of
the entire thesis and possibilities for future work.

6
CHAPTER 2: BACKGROUND INFORMATION

2.1 Infrared Spectroscopy
Spectroscopy is the study of the interaction of light with matter. Infrared spectroscopy (IR)
is based on the absorption of IR radiation consisting of wavelengths in the region of 1x10
in to 7x10

7 in.
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This technique involves measuring the amount of radiation transmitted

through the sample and comparing it to the intensity of incident radiation from the IR
source. The IR spectrum is plotted as the absorbed radiation (A) as afunction of energy in
wavenumbers (cm'). From this vibrational spectrum, information about the molecular
structure of acompound such as the symmetry and presence of functional groups can be
obtained. Each functional group absorbs IR radiation at adifferent wavenumber lending
this technique to structure determination. For amathematical description of IR see
Appendix I.

One of the most important equations in spectroscopic research is the Beer-Lambert Law

A=elc

Equation 2. 1. 1,

where A is the absorbance, -is the extinction coefficient (moFL'cm'), 1is the cell
pathlength (cm) and cis the molar concentration of the sample (moles/L). As each sample
has its own unique extinction coefficient, the Beer-Lambert equation relates this unique
property directly to the absorbance of amaterial and makes it possible to determine the
sample concentration.

According to Mantsch (2001), Herschel was the first to discover the infrared region of the
electromagnetic spectrum in 1800. Not much research was performed with IR spectroscopy
until the definitive book by Herzberg appeared in 1945. During World War II, IR
spectroscopy was utilized increasingly to study the "fingerprints" of petroleum
fractionation and hydrocarbon blend in aviation fuels (Mantsch 2001). The first books on
elucidating molecular structure via vibrational spectroscopy were published in 1954 and
1956.
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Elliot and Ambrose (1950) were the first to perform conformational structure studies of
proteins and polypeptides suggesting acorrelation between secondary structure and the
position of certain IR features. At this point, the development of IR spectroscopy for
protein secondary structure lost momentum due to three major limitations for biological
studies, namely, the low sensitivity of the dispersive instruments at that time, the very
strong IR absorption of water, and the intrinsic breadth of individual IR bands. During the
1970's, Fourier Transform (FT) interferometers became more readily available offering
improved accuracy and reproducibility, increased signal-to-noise ratio, and the ability to
perform measurements with strongly absorbing samples. A new era in the IR spectroscopy
of biomolecules had begun.

2.2 Applications of IR Spectroscopy to Biological Molecules
The IR spectra of polypeptides are important for determining the characteristic IR bands of
the different protein secondary structures, and Tables of IR absorption wavenumbers have
been created for proteins (Miyazawa and Blout 1961). Local molecular states in oxygen
binding proteins, such as heme complexes, were studied by IR (Alben and Caughey 1968).
As well, IR spectroscopy was applied to measure hydrogen-deuterium exchange to probe
the tightness of protein folding and protein conformational dynamics (Pershina and Hvidt
1974, Brashnikov and Chiradze 1978). The focus of IR applications shifted in the late
1980's to include comparisons of relative amounts of each secondary structure in a
particular protein complex (Gorga et al. 1989, Mitchell et al. 1988). Mitchell and
coworkers, who were particularly interested in biological systems such as lipids, applied
the Fourier transform (FT) technique to study the effect of temperature on membranebound proteins (Mitchell et al. 1988). Since the start of the present century, at least 50% of
all vibrational spectroscopic studies of biological molecules are performed on proteins and
protein structure (Mantsch 2001).

IR spectra of hemoglobin were routinely utilized to create adatabase of band assignments
for the secondary structure of u.-helical proteins (Susi and Byler 1983, Dong et al. 1990,
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Surewicz and Mantsch 1988). Other researchers focused on characterizing the interactions
that occur upon binding of different compounds to hemoglobin, such as CO 2 (Alben and
Caughey 1968, Potter etal. 1985), nitric oxide (McCoy and Caughey 1970, Sampath et al.
1994), and N3 (McCoy and Caughey 1970). Although most IR protein samples are liquid,
it is also possible to use solids. For example, IR was shown to be aviable method for
determining protein denaturation using films dried from dilute solutions (Ruckebusch et al.
1999), and IR spectra of crystalline hemoglobin were shown to be capable of revealing
structures of ligand sites (Ruckebusch et al. 1999). These results were comparable to those
obtained from liquid hemoglobin samples.

2.3 Vibrational Circular Dichroism Spectroscopy
Vibrational circular dichroism spectroscopy (VCD) is atechnique utilized for structural
studies of chiral molecules, which are molecules that have non-superimposable mirror
images. Absorbing left and right circularly polarized light to adifferent extent, these
compounds are said to be optically active. This optical activity arises from the threedimensional molecular structure and thus the three-dimensional configuration of optically
active molecules can be determined by VCD spectroscopy. The two mirror images of
chiral molecules give circular dichroism spectra of equal intensity but opposite sign.

Although VCD is akin to electronic circular dichroism (ECD), the two techniques differ
depending on the region of the radiation applied, namely, infrared (IR) probes transitions
due to molecular vibrations while ultra-violet (UV) probes electronic transitions. Whereas
ECD has been used extensively for structural determination of biomolecules, VCD has
been applied less frequently for this purpose, even though the latter can overcome some
shortcomings of the former. ECD spectra normally provide but few independent and
unresolved spectral features (Keiderling 1996). As the accessible electronic transitions are
relatively delocalized resulting in broad and overlapping spectral features, vibrational
transitions are generally characteristic of regionalized molecular parts giving rise to
resolvable absorptions arising from bond stretching and angle deformations. Moreover, the
latter are part of the ground state, i.e., the lowest energy conformation of the molecule
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thereby avoiding complications from geometrical changes associated with electronically
excited states.

Nuclear magnetic resonance (NMR) is another frequently used technique for investigating
the molecular structure and interactions of proteins. Unfortunately, the timescale of NMR
is too low to observe conformational rearrangements of proteins, whereas the timescale of
VCD is more than amillion times faster than that of NMR (Kocak et al. 1998). In
principle, therefore, the molecular conformations of proteins can be observed more
specifically by VCD rather than resulting in averages of several different conformations.

X-ray crystallography, which has also been used successfully for determining molecular
structures of proteins and other biomolecules, has the disadvantage of being able to probe
only the crystalline phase. The major advantage of VCD over X-ray crystallography is the
ability to probe molecular structures in the solution phase, which may differ appreciably
from the X-ray structure particularly for flexible proteins. The information obtained by Xray crystallography cannot be easily extrapolated to dynamic properties of proteins in
solution. Moreover, the time to acquire an X-ray structure diagram of proteins is much
longer than for VCD spectroscopy. However, the benefits of VCD are not without some
disadvantages. These include reduced signal-to-noise ratios and often some non-trivial
difficulties in interpreting the VCD spectra as due to band overlap compared to other types
of spectra.

The complete theoretical background of VCD can be found elsewhere (Nafie and Freedman
1987 and Rauk 1991). Formally, VCD is defined as the difference in absorbance (zlA)
between left (AL) and right (A R)circularly polarized JR radiation:

AA

=

AL -AR

Equation 2.3.1.

This difference is normally four to five orders of magnitudes less than both AR and AL. The
VCD spectrum is plotted as LI versus wavenumbers.
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The intensity of aVCD band is directly related to the rotatory strength, R:

R

Equation 2.3.2.

dv
0

where V is the wavenumber.

'R' is determined as the imaginary part of the scalar product of the electronic transition
moment, u, and the magnetic transition moment, m:

R = Jm(u.m),

Equation 2.3.3,

where Tm is the imaginary part of the scalar product.

The rotatory strength can either be positive or negative depending on the angle between the
two transition moment vectors. The VCD signal will be positive if the angle is less than
90°, negative if the angle is greater than

900,

and zero if the angle is 90° (Figure 2.3.1).

M

.

Figure 2.3.1: VCD signals resulting from the different angle between the electric transition
moment, 1u, and the magnetic transition moment, m.
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2.4 Applications of VCD Spectroscopy
Deutsche and Moscowitz (1968) were the first to predict theoretically the vibrational
optical activity of chiral polymers. It was not until 1972 that the first VCD instrument was
built and the first VCD measurements were recorded on nickel and zinc hydrates in the
region of 2000 to 5000 cm' (Chabay et al. 1972). Nafie et al. (1976) reported the first
VCD measurements of chiral polymers, and Annamalai and Keiderling (1987) the first
VCD spectrum of DNA.

During the past decade, vibrational circular dichroism spectroscopy was successfully
applied to the study of protein secondary structure (Polavarapu and Zhao 2000, Pancoska et
al. 1993, Keiderling 2002, Keiderling et al. 1999). There are three main regions of the
spectrum that can be utilized to determine protein structure. The three bands that are
usually analyzed for characterizing the secondary structure of peptides are the Amide I,
Amide II and Amide III bands. Each of these amide bands corresponds to adifferent
vibration within the peptides. The Amide I(in H20) or I' (in D20) band refers to the C0
stretching vibration (Keiderling et al. 1999), while the Amide II (in H20) or II' (in D20)
band is due to the in-phase N-H deformation plus C-N stretch, and the Amide III (in H20)
or III' (in D20) band arises from the oppositely phased N-H deformation plus C-N stretch
(Keiderling etal. 1999). Each of the three main protein secondary structures, a-helix,
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sheet and random coil, have their own characteristic VCD signals (Polavarapu and Zhao
2000, Keiderling 2002, Pancoska etal. 1993). The majority of literature published on the
study of protein secondary structure utilizing VCD spectroscopy has focused on
characteristizing VCD signals for each type of protein secondary structure. Investigations
into secondary structures include 13-turns (Zhao et al. 2000), proteins of amixture of ahelix and 13-sheet (Baello et al. 1997, Keiderling et al. 2002, Polavarapu and Zhao 2000,
Gupta and Keiderling 1992) and 13-barrels (Kubelka and Keiderling 2001). A slight change
in the conformation of the protein secondary structure gives rise to achange in the VCD
signal. Paterlini etal. (1986) have shown this with poly-L-lysine at different pH. The
conformational changes of the protein melittin resulting from different environmental
perturbations, such as pH, salt concentrations and the addition of fluoroalcohols, has
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demonstrated that VCD is indeed apowerful tool for monitoring conformational changes
(Wang and Polavarapu 2003).

VCD spectroscopy has recently been applied as atool for conformational analysis of
anesthetics (Polavarapu et al. 1999, Wang et al. 2002, Polavarapu 2002). Several
anesthetics are chiral molecules whose enantiomers (mirror images) have completely
different pharmaceutical effects. It would be beneficial to study the changes that occur in
the proteins and the anesthetics and their enantiomers to get aclearer view of the possible
mechanisms of anesthesia.

2.5 Protein Secondary Structure
Proteins are biomolecules that are composed of long chains of amino acids, which are
connected to each other via peptide bonds (bonds that attach the carbonyl group of one
amino acid to the neighboring amino acid amide group) (Figure 2.5.1).

H
NH 2

N

HOOC
CH

CH
I/
R3
Amino
terminus

Peptide bonds

Carboxy
terminus

Figure 2.5.1: Diagram of athree amino acid peptide showing the peptide bonds between
the carboxyl (C0) and the amino (N-H) groups. R1,R2 and R3 are the side chains of
amino acids.

It is the order of these amino acids that dictate the secondary structure adopted by the
protein. Although proteins can have several different conformations, there are three main
secondary structures, namely, u.-helix, f3-sheet and random coil.
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An a-helix consists of 3.6 residues per turn in the polypeptide chain, which is equivalent to
a1000 rotation per residue (Figure 2.5.2). In this conformation, hydrogen bonding occurs
within asingle polypeptide chain. The hydrogen bonds are nearly parallel to the helical
axis and occur between the carbonyl oxygen atoms and the amido protons three amino acid
residues along the chain. Proteins such as hemoglobin, myoglobin and calmodulin are
mainly a-helical.

Figure 2.5.2: Representation of cc-helical (left) and 13-sheet (right) secondary structure
(Mathews et al. 2000). Hydrogen bonds are depicted as red dots and 'R' shows the
location of the amino acid groups.

14
A 13-sheet consists of 2.0 residues per turn in the polypeptide chain and atranslation of 3.4°
per residue (Figure 2.5.2). The hydrogen bonds in this conformation are between adjacent
chains and are nearly perpendicular to one another. Depending on the direction of the
nitrogen-carbon bonds, two possible types of 13-sheets are possible. In aparallel 13-sheet,
these bonds are parallel to each other in all of the peptide strands, whereas in an antiparallel f3-sheet, the nitrogen-carbon bonds are in opposite directions within the peptide
chain. Proteins such as concanavalin A and elastase have ahigh 13-sheet content.

The third major type of protein secondary structure is the random coil. It protein lacks any
definite structure and organization within peptide strands by having arandomly varying
geometry. This type of structure is extremely flexible and is commonly seen in denatured
proteins. It is thought that the random coil may actually be aleft-handed helix instead of
just an unorganized structure (Keiderling et al. 1999). The protein a-casein is agood
example of aprotein with ahigh random coil content.

2.6 Characteristic VCD Signals of Proteins
Proteins, like any other optically active molecule, give rise to vibrational circular
dichroism. Each of the three major types of secondary structure has its own characteristic
VCD signal.

Three peaks in the VCD spectrum of an a-helix protein or peptide characterize a-helical
proteins (Figure 2.6.1).

The negative peak at low wavenumber, at 1632 cm', is assigned

to C0 vibrations parallel to the helical axis (Paterlini et al. 1986) and arises from a
symmetric stretch around the chiral atom. The positive and negative higher wavenumber
bands, at 1650 cm"
'and 1665 cm 1respectively, are assigned to vibrations that have split
into two nearly degenerate components (Paterlini et al. 1986), which are perpendicular to
the helical axis (Lipp and Nafie 1985). These vibrations arise from asymmetric bend
around the asymmetric atom.
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Figure 2.6.1: The VCD (top) and absorbance (bottom) spectra of an o-helica1 protein
(Paterlini et al. 1986).

A typical 13-sheet spectrum of the Amide I' region contains two negative VCD bands
(Figure 2.6.2). The strong negative peak at 1611 cm_ Iis assigned to vibrations
perpendicular to the polypeptide chain axis and in the plane of the 13-sheet (Paterlini et al.
1986). The less intense negative peak at 1680 cm-1is assigned to vibrations parallel to the
axis of the polypeptide chain (Paterlini et al. 1986).
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Figure 2.6.2: The VCD (top) and absorbance (bottom) spectra of a 3-sheet protein
(Paterlini et al. 1986).

As with any optically active molecule, there is atypical VCD spectrum also for proteins
with the random coil secondary structure (Figure 2.6.3). Similar to the spectrum of the ahelix, the negative couplet' centered on 1650 cm' is indicative of the random coil. This
couplet has been assigned to vibrations parallel to the helical axis (Birke et al. 1992).

1A VCD feature with one negative and one positive peak for two coupled vibrational modes is commonly
called a"couplet" and is said to be "negative" when the peak at lower wavenumber is negative, and
conversely "positive" when the peak to lower wavenumber is positive.
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Figure 2.6.3: The VCD (top) and absorbance (bottom) spectra of arandom coil protein
(Paterlini et al. 1986).

2.7 The Model System: Hemoglobin
Most biological systems are extremely complex and difficult to examine and interpret. To
overcome this problem, one could first study individual components and then put them
together as awhole. It is also possible to look at proteins that are not involved in the actual
system but are similar to the components. It is this method of using amodel system that
was utilized in this study. Model systems such as the one used here are simpler to use and
understand than the individual components of the biological system itself. However,
because of the similarities to the biological system many of the results can be extrapolated
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to the system of interest. There are problems associated with using model systems as the
components in the biological systems interact with each other and are found under
physiological conditions, while the model system does not exist in such environments.

The model system for this thesis was hemoglobin in D20 for several reasons. Most
importantly it is known that certain anesthetics, such as halothane, affect the oxygen
affinity of hemoglobin (Waltemath 1971, Guesnon et al. 1980). If the anesthetic is able to
change the oxygen affinity of hemoglobin, the oxygen-binding pocket must be affected,
which may be accomplished by altering the secondary structure of hemoglobin. The
second reason is that hemoglobin is known to distribute agents, such as 02(g) and CO 2(g),
throughout the human body. Therefore, it is plausible that hemoglobin could also be
responsible for the transportation of general anesthetic molecules. The last three reasons
why hemoglobin was agood choice as amodel system are more directly related to the
physical properties of the hemoglobin itself. First, hemoglobin's molecular structure is
well documented and acharacteristic VCD signal has been assigned to its secondary
structure. Any changes from this characteristic signal would be indicative of achange in
the secondary structure of the hemoglobin. Secondly, hemoglobin is readily available
leading to an ease of obtaining the protein without having to synthesize it. Last of all,
hemoglobin samples are relatively easy to prepare for spectroscopic measurements. The
samples readily dissolved in D20 and did not require the use of abuffer system.

Hemoglobin is an a-helical protein consisting of four subunits (Figure 2.7.1). These
subunits, viz., two a subunits and two Psubunits, each contain aheme group. The blue and
green regions in Figure 2.7.1 are the a subunits, while the yellow and cyan helices are the

i

subunits. The heme groups are depicted as the grey atom with the red atoms being oxygens
and the orange atoms showing the position of the iron atoms in the oxygen binding pocket.
It is due to the binding pocket for the heme group that hemoglobin has the affinity for
binding 02(g). Hemoglobin has allosyteric properties, which means that the binding of one
02(g) molecule increases the rate at which three other 02(g) molecules can bind to the
empty binding pockets. Hemoglobin consists of 80% u.-helix and 20% turns with no
sheet (Dong et al. 1990, Susi and Byler 1983).
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Figure 2.7.1: The secondary structure of hemoglobin. The (X-subunits are shown in yellow
and cyan and the 13-subunits in blue and green. The grey spheres represent the heme
groups, while the red and orange spheres depict the oxygen and iron atoms, respectively.
(http://info.bio.cmu.edulCourses/BiochemMols/BuildBlocks/Hb.html#hbtop)

2.8 Properties and Possible Mechanisms of General Anesthetics
General anesthetics are utilized during surgical procedures to make patients "unaware of,
and unresponsive to, painful stimulation" (Rang et al. 1999). These drugs affect mainly the
central nervous system. For adrug to be useful as an anesthetic it must be readily
controllable to decrease any possible ill side effects. It was for this reason that anesthetics
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were not commonly used in surgical procedures until 1846. In 1800, Davy first suggested
using nitrous oxide for dental work (Rang et al. 1999). Then in 1846, Morton used ether in
surgery and in 1847, Simpson reported the first use of chloroform to relieve the pain of
childbirth (Rang et al. 1999). The use of anesthetics by Queen Victoria in 1853 led to their
general acceptance (Rang et al. 1999).

Rang et al. (1999) distinguished four stages as the concentration of aslow-acting anesthetic
increases in the blood stream. Stage Iis analgesia, which is the reduced response to
painful stimuli while conscious. Stage II is known as excitement when response to all nonpainful stimuli is lost and only reflex responses to painful stimuli occur. This stage may
also include exaggerated reflexes, such as coughing and irregular breathing. In Stage III
called surgical anesthesia, spontaneous movement ceases, breathing becomes regular and
muscles completely relax. Stage IV, medullary paralysis, is avery dangerous stage as
breathing stops and death occurs within minutes. In modern anesthetic procedures these
individual states are seldom observed as generally more than one anesthetic agent is
administered. Hence, for clinical purposes there are three components of the anesthetic
state, namely, loss of consciousness, analgesia and muscle relaxation. By using a
combination of anesthetics, induction and recovery are quicker and Stage II and Stage IV
can be eliminated. One of the common side effects of general anesthesia is the presence of
short-term amnesia for events that occurred while under the influence of the anesthetic.

There are several different classes of anesthetics including barbiturates, inhalation
anesthetics and benzodiazepines. Two different anesthetics were investigated in the present
work to examine the effects of different classes of anesthetics on the hemoglobin model
system. The first of these was ethanol-d and the second halothane, the latter being an
example of an inhalation anesthetic. These two anesthetics will be discussed in greater
detail in Sections 2.9 and 2. 10, respectively.

Even though anesthetics have been administered for almost two centuries, there is no
completely accepted mechanism for general anesthetics. The two major currently accepted
competing mechanisms are that general anesthetics interact directly with membranes or
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directly with proteins. In the first of these two, it is thought that the anesthetic can alter the
physical structure of membranes, such as thickness and surface tension (Urban 2002). This
theory corresponds to the independent discoveries by Meyer (1899) and Overton (190 1)
that anesthetic action is associated with the lipophilicity of the area surrounding the
anesthetic drug. This pointed to membranes being important sites for anesthetic action
(Urban 2002).

There are two possible mechanisms regarding the theory that anesthetics interact directly
with proteins: aspecific binding interaction (Franks and Lieb 1984), and an unfolding of
proteins to adysfunctional state (Ueda and Kamaya 1973). The most compelling evidence
for the latter derives from research on firefly luciferase where it was discovered that the
addition of the inhalation anesthetic, halothane, to aluciferase solution reduced the ability
of this protein to emit light (Ueda et al. 1998). It was also postulated by Tanner et al.
(1998) that inhalation anesthetics can interact with proteins in both of the aforementioned
methods. They discovered that in relatively small proteins the introduction of halothane
caused anet destabilization of the proteins, which they believed to be due to the lack of a
specific binding site for the inhalation anesthetic. However, it was also discovered that
halothane caused protein stabilization in larger proteins such as serum albumin (Tanner et
al. 1998), hemoglobin and myoglobin (Eckenhoff et al. 2001). Evidence for both specific
and non-specific anesthetic interaction with proteins continued to be accumulated in the
past decade. X-ray crystallography has been applied to determine protein structures with
bonded anesthetic molecules showing specific binding of anesthetic molecules. Crystal
structures have been determined of halothane bonded to adenylate kinase (Sachsenheimer
et al. 1977), to serum albumin (Bhattacharya et al. 2000), to cholesterol oxidase (Bertaccini
et al. 1998), and the general anesthetic propofol bonded to serum albumin (Bhattacharya et
al. 2000). However, it has also been found that dissimilar anesthetics can occupy similar or
adjacent site in aspecific protein leading to non-specific interactions (Trudell and
Bertaccini 2002).
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2.9 Ethanol-d
The first 'anesthetic' utilized in this study was ethanol-d (Figure 2.9.1). Ethanol is not a
true anesthetic as it is not readily controllable, however it does have anesthetic-like
properties. These anesthetic-like properties include analgesia, unconsciousness and
amnesia. Persons who have consumed large volumes of ethanol will progress through the
same four stages as for slow-acting anesthetics.

H

H

H

(OD

Figure 2.9.1: Molecular structure of ethanol-d.

Ethanol-d was used in this study instead of normal ethanol to avoid interference in the VCD
spectrum from JR absorptions associated with the 0-H group in the region of interest.

Alcohols are known to alter both the conformation and function of hemoglobin. Alcohols
have been shown to enhance protein stability at low concentrations, but denature the
protein at high concentrations (Asakura et al. 1978, Soltysik-Rasek and Lubas 1986,
Ruckebusch et al. 1999). The smaller the chain and the less branched the alcohol, the
lower is the necessary concentration for protein denaturation (Soltysik-Rasek and Lubas
1986, Pace et al. 2004). It has also been shown that smaller alcohols, such as ethanol, will
increase the a-helix content after denaturation (Pace et al. 2004, Hirota-Nakaoka and Goto
1999), which was claimed to be due to the hydrophobicity of certain amino acid residues
(Hirota-Nakaoka and Goto 1999). By FTIR spectroscopy it was shown by Ruckebusch et
al. (1999) that concentrations of ethanol above 20% caused denaturation in hemoglobin.
Higher concentrations of ethanol are also able to decrease the 02 affinity of hemoglobin
(Cordone et al. 1979 and 1981) and the extent to which hemoglobin will aggregate (Poillon
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1980). It has also been shown that addition of ethanol to hemoglobin leads to changes in
both the electron paramagnetic resonance (EPR) (Brill et al. 1976) and Raman spectra
(Muhoberac and Brill 1980, Muhoberac et al. 1988). These spectral changes are believed
to be due to binding of the ethanol to specific sites of hemoglobin (Muhoberac et al. 1988).
When interacting with hemoglobin, alcohols are thought to associate with hydrophobic
pockets within the protein and are stabilized by the creation of additional hydrogen bonds
(Soltysik-Rasek and Lubas 1986).

2.10 Halothane
Halothane, 1,1,1-trifluoro-2-bromo-2-chloroethane, is an inhalation anesthetic (Figure
2.10.1). Suckling was the first who synthesized this anesthetic in 1951. Of all of the
possible anesthetics he investigated, only halothane met all three of his criteria, viz., the
presence of aCF 3 group, CF 3 connection to aC-H bond, and aFerguson's Relative
Saturation Ratio, the probability that asubstance will induce sleep, of 0.01-0.03.

F
Figure 2.10.1: Molecular structure of halothane, l,1,1-trifluoro-2-bromo-2-chloroethane.

Halothane was first used clinically in 1956. It became apopular anesthetic even without
possessing analgesic properties as it could be easily combined with other drugs that possess
this property and provided asmooth and pleasant induction for the patient. However,
halothane showed major problems in the 1960's in the form of 'halothane hepatitis'. It was
discovered that roughly 20% of halothane is broken down in the liver to trifluoracetic acid
as well as bromide and chloride ions and radicals. This then led to diminishing use of
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halothane in the 1980's. By the early 1990's, halothane use had ceased except for use with
children. Today, halothane use in clinical settings has been replaced by other anesthetics.

Several studies have been done on the effects of halothane on proteins in the past three
decades. Laasberg and Hedley-White (1971) reported that the addition of halothane to
hemoglobin solution raised the mean residue optical rotation as seen by optical rotatory
dispersion indicating aloss of a-helical secondary structure. They proposed that this loss
of a-helical content occurred in the Psubunit of the hemoglobin and that these changes
could also affect inter- and intra-molecular interactions. The effect of halothane on
hemoglobin has also been studied by proton NMR (Barker et al. 1975, Brown et al. 1976).
Small changes were seen in the NMR spectra indicating small conformation changes in
hemoglobin at clinical levels leading these authors to propose that the conformational
change was due to binding of halothane to ahydrophobic area of the hemoglobin.
However, they were unable to determine the nature of the conformational change. In 1976,
Brown etal. (1976) postulated that the main site for halothane interactions with
hemoglobin was within the f3-chains. They also suggested that halothane concentrations
above clinical levels could cause aloss of a-helical content in the hemoglobin.

The focus shifted during the past two decades from determining conformational changes in
hemoglobin upon interaction with halothane to property changes of hemoglobin associated
with the interaction. In terms of the interaction site of hemoglobin with various anesthetics,
Pang et al. (1980) suggested that halothane was stabilized on afinite number of
hydrophobic sites on the hemoglobin surface and that bound halothane molecules are
stabilized by hydrophobic interactions. They also proposed that binding of halothane to
hemoglobin does not occur at identical and independent sites, but that apositive cooperative effect is necessary for this process. This is in direct contrast to the results
published by Guesnon etal. (19 80) who reported that the halothane molecules bind to one
site within the hemoglobin or to several identical sites in the interior of the protein. It has
also been reported that adding halothane to hemoglobin decreases the oxygen affinity of the
hemoglobin (Guesnon etal. 1980, Waltemath 1971).
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CHAPTER 3: METHODS

3.1 Instrumentation
Experimental techniques for measuring VCD spectra of chiral molecules have been
documented in several publications (Gupta and Keiderling 1992, Keiderling et al. 1999,
Keiderling 2002, Nafie 1997, Pancoska et al. 1993, Polavarapu and Zhao 2000). In
principle, either adispersive spectrophotometer or aFourier Transform (FT) interferometer
can be used to measure VCD. The latter has proven to be better suited for recording low
signals, which is due to its higher sensitivity and better signal-to-noise compared to
dispersive instruments. In this study an FT interferometer was used to measure VCD in the
region of 1750 to 800 cm -1.

A Bomem MB 100 interferometer equipped with the additional components necessary for
VCD measurements was used (Figure 3.1.1). A more detailed description of the instrument
can be found in apublication by Tsankov et al. (1995). The optical components of the
VCD instrument are sketched in Figure 3.1.2.

Figure 3.1.1: Experimental VCD set up of interferometer and ancilliary equipment.
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Figure 3.1.2a: Schematic diagram of the VCD instrument showing the optical components
(McCann 1998).

Figure 3.1.2b: Optical components of the VCD instrument. The Bomem MB-100
interferometer is on the right and the MCT detector on the far left.

A parallel beam of IR radiation exits the interferometer through the side-port window. To
prevent detector saturation, the radiation first passes through along wave pass filter
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(Optical Coating Laboratory) with cutoff at 1750 cm 1.The light then travels through a
linear polarizer and aZnSe photoelastic modulator (PEM, Hinds International Inc.), which
modulates the polarization at 37.5 kHz. The optical element of the PEM is an octagonally
shaped ZnSe crystal stressed by apiezoelectric transducer. The circularly polarized beam
passes through the sample, which is enclosed in atemperature-variable chamber. The
transmitted light is focused by aZnSe lens (Aerotech, Inc.) onto aMercury-CadmiumTelluride (MCT) detector (Belov Technology Co., Inc.) with cut-off at 750 cm -1.The MCT
detector is cooled by liquid nitrogen to increase the sensitivity and improve the signal-tonoise ratio. The ZnSe optics limits the transmission below 800 cm -1.The experimental
spectra are displayed in the range of 1700 to 1500 cm -1.
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Figure 3.1.3: Electronic components of the VCD instrument (McCann 1998).

The electronic components of the VCD instrument are displayed in Figure 3.1.3. The
signal amplified by apreamplifier and transformed (FFT) follows one of two paths. In the
first path, it is sent directly to the analogue to digital (AID) converter as the normal
transmission spectrum designated "dc". In the second path, the signal is passed through a
high pass filter to remove the lower Fourier frequencies and is demodulated by the lock-inamplifier (ITHACO Dynatrack 391A) tuned to the same frequency as the PEM. A low
pass filter removes any residual dc signal. The signal is now sent to the AID converter to
give the normal transmission spectrum designated as "ac". The dc and ac spectra are
collected and stored separately for calculating their ratio to give the 'raw' VCD spectrum,
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AA. This 'raw' spectrum must be corrected for calibration using the equation for the
intensity (I) given by Nafie and Diem (1979):

-

2J1[a (v)] *
'dc

*

1.15 *

Equation 3. 1.1

(i')

The constant term 2J1[a0(v)] is related to the efficiency of the PEM for producing
circularly polarized radiation. The term

e

2'

is related to the exponential attenuation of

the lock-in amplifier. The value of the product of these two constants can be determined by
calibration. This measurement has been described elsewhere (Tsankov et al. 1995). The
VCD spectrum is obtained by plotting the value of

M(v)

after calibration against v with

software acquired from Grams/AT (Thermo Electron Corporation).

3.2 Materials
The concentrations of proteins and anesthetics used in different experiments are
summarized in Table 3.2.1.

Table 3.2.1. Concentrations of Protein and Anesthetics Used.
Experiment

Protein

Anesthetic'

Hemoglobin

Ethanol-d

Number
1

0%-10%
2

Hemoglobin

Halothane
0%

1 The

-

5%

concentration is reported differently for each anesthetic. The concentration of ethanol-d is indicated as

% ethanol-d in solution. The concentration of halothane is indicated in % halothane vapour in oxygen gas
as displayed on the halothane vaporizer.
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Ethanol-d (99.7 atom %D) and D20 (99.96 atom %D) were purchased from Canadian
Isotopes. Bovine hemoglobin, halothane (stabilized with 0.01% thymol) and D20 (99.9
atom %D) were purchased from Sigma-Aldrich Canada.

3.3 Procedures
To prepare the hemoglobin samples for the VCD experiments amulti-step procedure was
followed (Figure 2.3.1). Hemoglobin protein samples were prepared in D20 with an initial
concentration of 54.5 mg/mL lyophilizing and redisolving in D20 three times. The first
exchange period was seventy-five hours, while the final two exchange periods were for
twenty-four hours each. All exchanges took place at room temperature (RT). The sample
was centrifuged before the third lyophilization process to remove any undissolved protein.
As no change was observed in the absorbance spectra of the samples over aperiod of eight
hours and the Amide I' band was seen at 1650 em-1,it was assumed that all the removable
hydrogens were replaced completely by deuterium (Holloway and Mantsch 1989).

RI,

Weigh out 54.5mg
Hemoglobin

Add D20

75 Hours

Put in lyophilizer

Ovcrnigh

Add D20

Overnight

RI,
Put in lyophilizer

4

24 Hours

Add D20

RT, 24 Hours,
Centrifuge
Put in lyophi1izer

Overnight

Overnight

Place D20 in
aglass vial

Bubble Halothane
into D20

30 minutes

Add D20

Add D20
(with Halothane
to hemoglobin
sample

V

Add aknown
volume of
Ethanol-D

Figure 3.3.1: Flowchart of experimental procedure for sample preparation.
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For the protein-ethanol-d samples, the hemoglobin solution was spiked with aknown
volume of ethanol-d. The concentration of ethanol-d was presented as % ethanol-d in
solution. For the protein-halothane samples, the final aliquot of D20 was bubbled for thirty
minutes with 02 gas mixed with apercentage of halothane vapour selected from the
halothane vaporizer (Figure 3.3.2) calibrated to these concentrations. The concentration of
halothane was recorded as the indicated concentration on the instrument dial, not as the %
in solution.

Figure 3.3.2: Halothane vaporizer used in this study.

For spectroscopy, the protein samples were filled into ademountable cell (International
Crystal Laboratories) with BaF 2 windows (Figure3.3.3). A sealed cell with a0.050 mm
lead spacer was used for measurements with halothane, while for ethanol-d measurements
the BaF 2 windows were separated by a0.050 mm Teflon spacer in ademountable cell.
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Figure 3.3.3: BaF 2 cell from International Crystal Laboratories with a0.050mm spacer.

The cell with sample was placed in atemperature controlled chamber. The temperature
inside the chamber was regulated with awater circulated heater (NESLAB Instruments
Inc.) and the temperature maintained at 37.0 ± 0.3°C using acopper constantan
thermocouple (OMEGA Technology Company Inc.).

For each VCD spectrum, 500 dc and 7500 ac single beam scans were run at aresolution of
8cm 1.The D20 background was obtained at the same temperature, resolution and number
of ac and dc scans as the sample. VCD spectra of the individual anesthetics were also
obtained to ensure no VCD signal in the Amide I' region was present in these compounds.

The absorbance spectrum for each sample was obtained by ratioing the dc single beam
scans of the sample to the dc single beam scans of the D2O background according to:

(

A = 10910
\

dC sarnp i
e

dcbac
kground

Equation 3.3.1
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The ac and dc scans were ratioed according to equation 3. 1.1 to obtain the 'raw' VCD
spectrum. The 'raw' VCD spectrum of the D20 background was then subtracted from the
'raw' VCD spectrum of the sample. To produce the final VCD spectrum of the sample, the
previous VCD spectrum was calibrated using the procedure described by Tsankov et al.
(1995). In this procedure, acalibration cell (Figure 3.3.4) consisting of aquarter-wave
plate with an analyzer directly behind is placed in the sample holder. The axis of the
quarter-wave plate is parallel to the strain axis of the PEM. These axes are at a45° angle to
the first polarizer.

Two different sinusoidal waves are produced when the analyzer is

rotated from being parallel to perpendicular to the first polarizer (Figure 3.3.5). The
calibration curve for converting the 'raw' VCD spectra to the final spectra is created by
connecting the intersection points of the two curves with straight lines (Figure 3.3.5). Each
of the sinusoidal curves is composed of 50 'ac' scans and 50 'dc' scans at aresolution of 8
cm

1and

at 37

±

0.3°C.

Figure 3.3.4: The calibration cell consisting of aquarter-wave plate with an analyzer
directly behind.
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Figure 3.3.5: Calibration curve utilized for VCD spectra.
Each anesthetic concentration was run as three different samples and each sample was used
to obtain two different VCD spectra for atotal of six VCD spectra per concentration.

3.4 Analyses
The VCD spectra were analyzed by comparing the shape and intensity of the amide I' band
for the different concentrations of each of the two anesthetics. This region was selected for
analysis because the VCD spectra of the amide I' band differ most noticeably for each
protein secondary structure. Absorbance and VCD spectra were compared for all the
anesthetic concentrations against the hemoglobin spectra at 0.5 and 1.5 hours after addition
of the anesthetic. Each separate anesthetic concentration was also compared for both times.

Concentration response curves show the change in hemoglobin secondary structure with
each concentration of anesthetic as compared to pure hemoglobin. The concentration
response curves for both anesthetics were created using three different methods. The first
method determined the position of each of the three major peaks in the amide I' region and
compared these positions for the different concentrations of the anesthetics. The second
method involved determining the intensities of the three amide I' peaks and comparing
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these intensities at the different concentrations of the anesthetics. The last method
compared the peak-to-peak heights of the three amide I' peaks. These results were then
compared at the different anesthetic concentrations.

All spectra in this thesis are the average of three different runs with 500 dc scans and 7500
ac scans each. These spectra were first created in Excel and exported into CoreiDraw. The
standard deviations of the spectra were computed using Excel and the error bars were set at
10%.
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CHAPTER 4: RESULTS AND DISCUSSION

4.1 Hemoglobin
The JR and VCD spectra of all samples were obtained in the amide I', amide II' and amide
III' regions. As the amide I' band is the least shifted and compromised in D20 it is of the
most interest for the purpose of this study compared to the other two regions (Keiderling et
al. 1999). Indeed, the amide III' band is not observed in D20 due to solvent interference
(Keiderling et al. 1999).

The absorbance and VCD spectra of hemoglobin are shown in Figure 4.1.1. Tables 4. 1.1
and 4.1.2 list the assignments of the major features in these spectra. The absorbance
spectra contain two maxima, one at 1647 cm' and one at 1580 cm 1.Several shoulders can
also be seen at 1659, 1545 and 1516 cm'. The maximum at 1647 cm' has been assigned
to the cx-helical secondary structure, while the shoulder at 1659 cm

1can

be attributed to the

turns within the protein (Dong et al. 1990, Ruckebusch et al. 1999). The three remaining
bands correspond to N-H bending modes (Ruckebusch et al. 1999).

Wavenumber (cm')

Assignment

1659

turns

1647
1580
1545
1516

cx-helix
N-H bending modes
N-H bending modes
N-H bending modes

Table 4.1.1: Wavenumbers and assignments for the major features in the absorbance
spectrum of hemoglobin.

The experimental VCD spectra of hemoglobin strongly resemble those of atypical (Xhelical protein. The experimental and published hemoglobin spectra are compared in Table
4.1.2.
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Figure 4.1.1: Absorbance spectra (500 scans) and VCD spectra (7500 ac and 500 dc scans)
of hemoglobin with time, 8cm 1resolution.
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Experimental
(cm')

Literature
(cm')

Assignment

(-)

1665

Vibrations perpendicular to a-helical axis

1647(+)

1650

Vibrations perpendicular to a-helical axis

(-)

1632

Vibrations parallel to a-helical axis

1557(+)

N/A

Unknown

(-)

N/A

Unknown

1663

1636

1549

Table 4.1.2: Experimental and literature peak positions for VCD spectra of hemoglobin and
their assignments (Pancoska et al. 1991).

"+"

and

"-"

indicate positive and negative peaks

respectively.

In the region of interest, the observed VCD spectra of hemoglobin show two prominent
negative peaks and one positive peak. The first and most intense negative peak is located at
1663 cm'. The small positive peak is found around 1647 cm 1,while the less intense
negative peak is located at 1636 cnf 1.In the amide II' region there is apositive -negative
feature found at 1557 and 1549 cm 1,respectively. The negative peak at 1663 cm' and the
positive peak at 1647 cm' are caused by vibrations that are perpendicular to the a-helical
axis of the hemoglobin, while the negative peak at 1636 cm' is due to vibrations that are
parallel to the a-helical axis of hemoglobin. This positive-negative feature shows up in all
spectra, but at this point an assignment of this feature to aparticular vibration is not certain.
There is asmall shoulder around 1675 cm' on the negative peak, which could possibly be
due to the a-helix content of the protein (Pancoska et al. 1993). Many a-helical proteins
display apeak at 1674± 3cm

1 suggesting

that this shoulder is an additional indicator of a-

helical content in the secondary structure, although it is also possible that this shoulder is
due to vibrations that are perpendicular to the helix axis.

The experimental VCD spectra of hemoglobin show only small changes over time with the
major change being aslight increase in intensity of the positive peak. Therefore any
differences seen in the hemoglobin spectra upon the addition of the anesthetics are not
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caused by denaturation or aggregation of the hemoglobin but are due to interactions
between the hemoglobin and the anesthetics.

4.2 Ethanol-d
In the descriptions to follow, peak positions are summarized together in Tables 4.2.1 to
4.2.6 below, while figures are inserted as needed to support the discussions.

Concentration
(% ethanol-d)

Wavenumber
(cm 1)

(AA* 10 -5 )

Intensity

0.0

1663

-8.77

2.5

1663

-6.08

3.0

1667

-6.70

3.5

1659

-7.31

4.0

1663

-6.51

4.5

1663

-7.60

5.0

1663

-5.20

Table 4.2.1: Positions and intensities of the first negative peak in the VCD spectra of
hemoglobin with different concentrations of ethanol-d, 0.5 hours after addition of the
anesthetic.

Concentration
(% ethanol-d)

Wavenumber
(cm-')

Intensity
(A* 10)

0.0

1647

0.57

2.5

1647

4.47

3.0

1647

5.76

3.5

1647

2.42

4.0

1651

3.85

4.5

1647

6.33

5.0

1651

1.02
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Table 4.2.2: Positions and intensities of the positive peak in the VCD spectra of
hemoglobin with different concentrations of ethanol-d, 0.5 hours after addition of the
anesthetic.

Concentration
(% ethanol-d)

Wavenumber
(cm')

Intensity
(A* 10-)

0.0

1636

-2.73

2.5

1632

-0.40

3.0

1636

0.27

3.5

1628

-1.98

4.0

1632

-2.50

4.5

1636

1.50

5.0

1643

-0.93

Table 4.2.3: Positions and intensities of the second negative peak in the VCD spectra of
hemoglobin with Iifferent concentrations of ethanol-d, 0.5 hours after addition of the
anesthetic.

Concentration
(% ethanol-d)

Wavenumber
(cm')

Intensity
(AA* 10)

0.0

1663

-7.13

2.5

1663

-6.85

3.0

1667

-7.30

3.5

1663

-8.63

4.0

1663

-8.34

4.5

1667

-7.70

5.0

1663

-5.57

Table 4.2.4: Positions and intensities of the first negative peak in the VCD spectra of
hemoglobin with different concentrations of ethanol-d, 1.5 hours after addition of the
anesthetic.
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Concentration
(% ethanol-d)

Wavenumber
(cm 1)

Intensity
(
z A* 10 -i )

0.0

1651

1.50

2.5

1647

6.27

3.0

1651

3.12

3.5

1643

-0.25

4.0

1640

1.94

4.5

1651

4.81

5.0

1647

3.93

Table 4.2.5: Positions and intensities of the positive peak in the VCD spectra of
hemoglobin with different concentrations of ethanol-d, 1.5 hours after addition of the
anesthetic.

Concentration

(% ethanol-d)

Wavenumber

Intensity

(cm=1)(AA* 10)

0.0

1636

-2.81

2.5

1636

0.79

3.0

1636

-1.66

3.5

1632

-4.77

4.0

1632

-2.41

4.5

1632

-1.80

5.0

1628

-2.10

Table 4.2.6: Positions and intensities of the second negative peak in the VCD spectra of
hemoglobin with different concentrations of ethanol-d, 1.5 hours after addition of the
anesthetic.

The absorbance spectra of hemoglobin with ethanol-d do not show any differences when
compared to the absorbance spectra of hemoglobin alone (Figure 4.2.1). The former
contain two maxima, one at 1651 cm-1and one at 1582 cm'. Several shoulders are also
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visible at 1659 and 1547 cm'. The peak at 1651 cm 1has been assigned to the a-helical
secondary structure, while the shoulder at 1659 cm 1can be attributed to turns within the
protein (Dong et al. 1990, Ruckebusch et al. 1999). The two remaining bands at 1582 and
1547 cm-1are due to N-H bending modes (Ruckebusch et al. 1999). As there are no
observable changes in the absorbance spectrum of hemoglobin upon addition of ethanol-d,
JR spectroscopy would not be an appropriate tool to study the interactions of ethanol-d with
hemoglobin.

Large changes are observed in the VCD spectra of hemoglobin upon the addition of
ethanol-d (Figures 4.2.2

-

4.2.5). Figures 4.2.2 and 4.2.3 display the changes in the

hemoglobin spectra with different concentrations of ethanol-d at 0.5 hours after ethanol-d
addition. The overall shape of the spectra shows that hemoglobin retains amainly a-helical
structure under these conditions, but there are subtle changes in the spectra when ethanol-d
is added. These changes show up in several ways. There is an increase in the intensity of
the positive peak, which can be attributed to stabilizing interactions between the
hemoglobin and the anesthetic as ethanol-d itself does not have aVCD signal in this region.
The peak positions for these spectra are relatively stable (Tables 4.2.1

-

4.2.3). Major

differences in the hemoglobin spectra occur with respect to the positive peak and the
second negative peak.upon adding ethanol-d. As the concentration of ethanol-d increases
from 2.5% to 3.5% the positive peak broadens, and with subsequent further increases to 5%
ethanol-d, the peak narrows.

The effect of ethanol-d on hemoglobin varies even more 1.5 hours after the addition of
ethanol-d (Figures 4.2.4 and 4.2.5). After this time interval, the intensity of the negative
peak at 1663 cm' has increased. This is most pronounced at 3.5% and at 4% ethanol-d.
Also at these two concentrations the lower wavenumber negative peak has increased in
intensity. By examining these two figures one can see that the effects of ethanol-d are
concentration dependent as the changes in the spectra increase with concentrations of
ethanol from 2.5% to 3.5% and then decrease as the ethanol-d concentrations are raised
from 4% to 5%. The concentration of 3.5% ethanol-d has the largest impact on the shape
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of the hemoglobin VCD spectra. The peak positions (Tables 4.2.4

-

4.2.7) remain

reasonably stable over the entire concentration range of ethanol-d.

1.5 hours
0.8.

3.5% ethanol-d

Absorbance

0.6.

0.5 hours
0.4

0.0% ethanol-d
0.2

0.5 hours
0.0
1700

.
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.

1650

.

.

1625
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.

1575
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.

1550

.

1525

1500

1

Figure 4.2.1: Absorbance spectra of hemoglobin with aconcentration of 3.5% ethanol-d at
0.5 hours and 1'.5 hours after ethanol-d addition, 500 do scans, 8ciii' resolution.
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It is known that alcohols alter the stability of proteins, first decreasing the stability of the (Xhelix secondary structure and denaturing the protein, and then reforming the a-helix
structure at higher concentrations (Ruckebushe et al. 1999, Soltysik-Rasek and Lubas
1986). Figures 4.2.2

-

4.2.5 display the fact that hemoglobin interactions with ethanol-d

are dependent on the concentration of ethanol-d; it has been shown previously that adding
up to 30% ethanol to hemoglobin decreases the a.-helix content. Beyond this concentration,
there does not appear to be any additional loss of a-helicity and no change was seen in the
secondary structure with 0% to 10% ethanol (Ruckebusch et al. 1999). However, no
concentrations below 10% were examined in the previous work. It is plausible that there
could be subtle changes occurring below 10% ethanol that could not be observed by IR.
This is possible as there were no changes observed in JR in the present study, but the more
sensitive tool of VCD detected slight changes in the secondary structure of hemoglobin. It
is probable that 3.5% ethanol-d is the right concentration needed to interact directly with
the hemoglobin. At this concentration there are just enough ethanol-d molecules to fit into
the hydrophobic pockets of the hemoglobin. At the lower concentrations of ethanol-d there
are not enough molecules of the anesthetic to fully interact with the hemoglobin, therefore
not creating alarge change in the secondary structure. At the higher concentrations of
ethanol-d, it is possible that ethanol-d interacts with itself and D20 first as the ethanol-d
molecules compete for the few binding available binding sites. They may also form a
hydrogen-bond network that is too large to interact easily with hemoglobin.

All of the VCD spectra of hemoglobin with ethanol-d have ashoulder to the left of the
negative peak at 1663 cm-1.As with the VCD spectra of hemoglobin with 0% ethanol-d,
this shoulder can be assigned to the a-helix content of the protein (Pancoska et al. 1993).
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Figure 4.2.2: VCD spectra of hemoglobin with different concentrations of ethanol-d, 0.5
hours after ethanol-d addition, 7500 ac and 500 dc scans, 8cm' resolution.
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Figure 4.2.3: VCD spectra of hemoglobin with different concentrations of ethanol-d, 0.5
hours after ethanol-d addition, 7500 ac and 500 dc scans, 8cm 1resolution.
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Figure 4.2.4: VCD spectra of hemoglobin with different concentrations of ethãnol-d, 1.5
hours after ethanol-d addition, 7500 ac and 500 dc scans, 8cm-1resolution.
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Figure 4.2.5: VCD spectra of hemoglobin with different concentrations of ethanol-d, 1.5
hours after ethanol-d addition, 7500 ac and 500 dc scans, 8cm 1resolution.
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There is atemporal change associated with the addition of ethanol-d to hemoglobin (Figure
4.2.6). VCD spectra of hemoglobin with 2.5% ethanol-d did not alter much with time, as
the only difference is aslight intensity increase of the positive peak at 1647 cm-1.With
3.0% ethanol-d this positive peak decreases in intensity and becomes narrower. After 1.5
hours upon adding ethanol-d, amore noticeable change occurs in the shape of the VCD
spectra, particularly at 3.5% ethanol-d when positive peak is no longer visible and the
overall spectral shape suggests af3-sheet structure. It is more likely that the change in VCD
with 3.5% ethanol-d can be attributed to aslight decrease in the amount of a-helical
content, an increase in denatured protein, and possibly asmall amount of 13-sheet as
suggested by the shape of the spectrum. The VCD spectra of hemoglobin with 4.0%
ethanol-d also show drastic changes with time. After 0.5 hours following ethanol-d
addition the main peaks are at 1663, 1651 and 1632 cm 1with two shoulders at 1670 and
1643 cm 1.The shape of these spectra represents the known spectral shape of amainly ahelical protein. The shoulders in these spectra may be due to remnants of hemoglobin that
has slightly unfolded from its usual quaternary structure and thus has vibrations that are not
perfectly parallel or perpendicular to the helical axis. After 1.5 hours following the
addition of ethanol-d, the main peaks are at 1663, 1640 and 1632 cm', while the shoulders
have moved to 1651 and 1682 cm"'. The two negative peaks have stayed at the same
position, while the positive maximum has switched positions with its shoulder. All these
peaks and shoulders are characteristic bands of an a-helical protein (Pancoska et al. 1993).
The appearance of these shoulders could be an indication of slight differences in the
secondary structure of the a-helix. As the peak shifts to other bands, the a-helix of
hemoglobin may be reforming and stabilizing at this ethanol-d concentration. At 4.5%
ethanol-d the same type of spectral changes are noticed, except that at this concentration the
positive peak shifts back from 1647 to 1651 cm-1at 1.5 hours after the addition of the
ethanol-d. This may be an indication that the native form of hemoglobin is the dominant
structure in solution at 1.5 hours but not at 0.5 hours after ethanol-d addition. At 5.0%
ethanol-d the protein appears initially to be denatured slightly to include more random coil
and some 13-sheet content. This is expressed by the presence of anegative-positive feature
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at 1643 cm 1and 1640 cm_ iin between the positive maximum at 1651 cm-1and the
negative maximum at 1632 cm' in the spectra obtained 0.5 hours after the ethanol-d
addition. The VCD spectrum of hemoglobin with 5.0% ethanol-d at 1.5 hours after the
addition of ethanol-d is similar in appearance to the hemoglobin VCD spectrum indicating
that the protein has astable native a-helical secondary structure with 5.0% ethanol-d
present. It is possible that what is observed with the time changes in the spectra of
hemoglobin with ethanol-d is that the changes to the secondary structure of the hemoglobin
do not happen all at once, but that there is atime factor that should be taken into account
when preparing concentration response curves or when discussing what happens to the
hemoglobin upon the addition of the anesthetic. As there is more change in the hemoglobin
secondary structure after 1.5 hours it would seem to be more accurate to look at each time
frame separately and not to average VCD spectra over atwo hour period. The spectra in
Figure 4.2.6 indicate that ethanol-d does not interact completely with hemoglobin right
away and that several changes occur in the secondary structure of hemoglobin from
denaturation to increased stabilization.

Concentration response curves for hemoglobin with ethanol-d are plotted in Figures 4.2.7
to 4.2.9. In each figure the graph on the top (A) refers to the first negative peak at 1663
cm 1,the graph in the middle
bottom

(+) to the positive peak at

1651 cm 1,and the graph on the

() to the negative peak at 1636 cm 1.The concentration response curves for

hemoglobin as afunction of wavenumber position at 0.5 and 1,5 hours after ethanol-d
addition (Figure 4.2.7) does not yield any reliable information as the peak positions appear
to remain fairly constant or only fluctuate slightly at different concentrations and no pattern
is evident. This result is reasonable as there is only aslight change in the secondary
structure of hemoglobin, and the peak positions will not change greatly unless there is a
drastic change in the secondary structure. As the content of hemoglobin remains primarily
a-helical, the shift in peak positions will not be large or else the graph would show a
definite pattern if there were complete changes in the secondary structure.
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Figure 4.2.6: VCD Spectra of hemoglobin with different concentrations of ethanol-d, 0.5 hours and 1.5
hours after addition of ethanol-d, 7500 ac scans and 500 dc scans, 8cm 1resolution.
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When intensity is utilized as the measure for the concentration response curves amore
noticeable change takes place depending on the ethanol-d concentration (Figure 4.2.8). The
results are more definitive at 1.5 hours after ethanol-d addition than at 0.5 hours. The
intensity of the first negative peak at 1663 cm-1 does not show much response to the
presence of ethanol-d in either concentration response curve (A). However, the positive
peak and negative peak at the lower wavenumbers both show amarked change in their
intensity with different ethanol-d concentrations. In the intensity concentration response
curve for 0.5 hours the positive peak

(•) shows aminimum at 3.5% ethanol-d.

negative peak at 1636 cm-1on the other hand

The

() shows an increase in intensity at 4.0%

ethanol-d. Although at first these results appear to be conflicting, it is reasonable that at 0.5
hours after the addition several changes in the secondary structure of hemoglobin may still
be occurring. To get amore accurate picture of the intensity concentration response, it
would be necessary to look at another time frame. If one concentration of ethanol-d were
to cause more change in the secondary structure, all of the intensity curves should show a
minimum at this concentration indicating aloss of a-helicity. Such minima would reveal
the concentration where the a-helix content is being lost and replaced by other secondary
structures like f-sheet. Indeed, this is the shape of the lines in the intensity concentration
response curves for hemoglobin with ethanol-d after 1.5 hours. All three characteristic
peaks of a-helix show aminimum at aconcentration of 3.5% ethanol-d. Therefore, from
these intensity concentration response curves aconcentration of 3.5% ethanol-d has the
most impact on the secondary structure of hemoglobin. It is also important to note that as
the ethanol-d concentration increases from 2.5% to 3.5%, the change in the hemoglobin
secondary structure increases, and as the ethanol-d concentration increases from 3.5% to
5.0% the change is reduced (Figure 4.2.8). In previous studies, ethanol has been shown to
have differing effects on the cc-helical content in aprotein depending on concentration
(Ruckebush et al. 1999, Soltysik-Rasek and Lubas 1986). This may be what is occurring in
the present system only with lower ethanol-d concentration.
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Figure 4.2.8: Concentration response curve of hemoglobin with ethanol-d in terms of peak
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The final concentrafion response curves examined in this study involved peak-to-peak
intensities (Figure 4.2.9) as the hemoglobin response. It was thought that the changes in
the peak-to-peak intensities of the VCD spectra would be apowerful measurement of the
change in the secondary structure of the hemoglobin. This did not turn out to be the case.
The lines that were obtained for the peak-to-peak heights in the VCD spectra of
hemoglobin with ethanol-d fluctuated greatly. The peak-to-peak concentration response
curve for 0.5 hours is characterized by two main minima. One of these occurs at an
ethanol-d concentration of 3.5%, while the second appears to occur with 5.0% ethanol-d.
From these curves it appears that two concentrations have alarge impact on the secondary
structure of hemoglobin. The minima at 3.5% ethanol-d were expected as this is the same
concentration that showed the most change in the intensity response curves. The minima at
5% were unexpected. At aconcentration of 5.0% ethanol-d, the hemoglobin was in astate
of change from adenatured protein to the more stable form of the native a-helix. Since this
change was occurring at atime of 0.5 hours after adding the anesthetic, these minima
would not be expected to appear on the peak-to-peak intensity response curves for 1.5
hours after the addition of ethanol-d, as it is believed that the protein has stabilized at this
point. Also unexpected was the minimum for the peak-to-peak intensity between the
positive peak at 1651 cnf' and the negative peak at 1636 cm' as the positive and negative
peaks both become more negative at the same time as the amount of the a-helix secondary
structure decreases and therefore this curve would be closer to astraight line. This is
actually what was observed in the peak-to-peak intensity response curve for 1.5 hours
(Figure 4.2.9). The minimum for the peak-to-peak intensity of the negative peak at 1663
cm' and the positive peak is at aconcentration of 3.5% ethanol-d. This would be the
concentration that caused the most change in the secondary structure of the hemoglobin.
There is aminimum expected for this curve as the positive peak loses more intensity with
changing secondary structure than the negative will gain as it is originally astrongly
negative peak.

Even though these results were obtained using bovine hemoglobin there is evidence that
alcohol-induced effects on hemoglobin are not species specific as similar changes have
been recorded on horse and human hemoglobin (Mohoberac et al. 1988). This makes sense
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as there are only minor differences in the protein sequence of different hemoglobins. It is
therefore plausible that these VCD results can be expanded to human hemoglobin.
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Figure 4.2.9: Concentration response curve of hemoglobin with ethanol-d in terms of peak
to peak intensity, 0.5 and 1.5 hours after ethanol-d addition: A
•

-

1651(+) cm-1 to 1636(-) cm'.

-

1663(-) to 1652(+) cm',
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4.3 Halothane
As for the foregoing section, peak positions are summarized together in Tables 4.3.1 to
4.3.6 below, while figures are inserted as needed to support the discussions. With the
addition of halothane the absorbance spectrum of hemoglobin does not undergo any visible
changes (Figure 4.3.1). Hemoglobin with halothane has two maxima in absorbance at 1651
and 1582 cm'. In addition, there are also two shoulders at 1547 and 1659 cm-1.The peak
at 1651 cm' has been assigned to the x-helical secondary structure, while the shoulder at
1659 cm' can be attributed to turns within the protein (Dong et al. 1990, Ruckebusch et al.
1999). The two lower wavenumber bands can be assigned to N-H bending modes
(Ruckebusch et al. 1999). As the absorbance spectra of hemoglobin without halothane and
with 2.75% halothane show no differences, IR spectroscopy is again not an appropriate tool
for examining interactions of hemoglobin with anesthetics.

There are notable changes in the VCD of hemoglobin upon adding halothane. Each
concentration of halothane affects the VCD of hemoglobin in different ways. Figure 4.3.2
displays the VCD spectra of hemoglobin with 1.5%, 2.0%, and 2.25% halothane at 0.5
hours after halothane addition. With 1.5% halothane the spectrum reveals ashoulder on the
negative peak at 1674 cm' and ashoulder on the positive peak at 1651 cm' suggesting that
the sample is amixture of two different a-helix structures with vibrations of slightly
different energies. This could be asign of beginning denaturation of the native hemoglobin
as all of the shoulders and peaks in VCD of hemoglobin with 1.5% halothane are
characteristic bands of an a-helical protein (Pancoska et al. 1993). At 0.5 hours after
adding 2.0% halothane to hemoglobin, alarge intensity increase of the negative peak at
1663 cn-i' ensued and the positive peak lost almost all of its intensity.
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Figure 4.3.1: Absorbance spectra of hemoglobin with different concentrations of halothane
at 0.5 hours and 1.5 hours after halothane addition, 7500 ac and 500 dc scans, 8cm'
resolution.
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Figure 4.3.2: VCD spectra of hemoglobin with different concentrations of halothane, 0.5
hours after halothane addition, 7500 ac and 500 dc scans, 8cm' resolution.

59

215% halothane
2.0
0.0
-2.0

2.5% halothane

2.0
0.0 -2.02.0

2.25% halothane

0.0
-2.0

L

0% halothane

0.0.

-4.0
-6.0

1700

1675

1650

1625

1600

1575

Wavenumber/cm

1550

1525

1500

1

Figure 4.3.3: VCD spectra of hemoglobin with different concentrations of halothane, 0.5
hours after halothane addition, 7500 ac and 500 dc scans, 8cm-1resolution.
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Figure 4.3.4: VCD spectra of hemoglobin with different concentrations of halothane, 0.5
hours after halothane addition, 7500 ac and 500 dc scans, 8cm 1resolution.
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Judging by the shape of the spectrum, which implies an increase in 13-sheet and random coil
content, there seems to be aloss of a-helicity of hemoglobin at this concentration. At
2.25% halothane, the only visible change in the observed VCD spectrum is an increase of
intensity of the positive peak. This could be attributed to an increased stability of the ahelix secondary structure of hemoglobin in the native form. At 2.5% halothane, the VCD
spectrum of hemoglobin displays asharp positive peak at 1651 cm' and abroad shoulder at
1682 cm-1(Figure 4.3.3). At this particular concentration, the halothane appears to be
destabilizing the native a-helical form as the presence of this shoulder indicates asecond
form of an a-helical structure. The shape of the VCD spectrum with 2.75% halothane
suggests ashift from the a-helix to a13-sheet. The spectrum has abroad negative feature at
1628 cm' with ashoulder at 1640cn1'. As there is still apositive peak at 1651 cm 1,afair
amount of the original a-helical hemoglobin must still be in the sample, i.e., there could be
amixture of u.-helix and 13-sheet at this concentration. With 3.0% halothane (Figure 4.3.4),
the VCD of hemoglobin has adoublet on the first negative peak at 1663 cm
1.As

1and

1667 cm

all of the bands are characteristic of an a.-helix, this concentration of halothane

denatures part of the a-helical structure to form new cc-helical content with vibrations of
different energies leading to different a-helical peaks. With 3.5% halothane there is not as
much change in the VCD spectrum as with the other concentrations (Figure 4.3.4). The
first negative peak at 1663 cm 1is identical to hemoglobin without halothane, whereas the
positive peak with halothane is at 1647 cm 1instead of at 1651 cm'. This spectrum appears
to have mainly native hemoglobin with asmall amount of denatured u.-helical content.
Figures 4.3.2

-

4.3.4 indicate that the concentration of halothane does affect the degree of

change in the hemoglobin secondary structure. Halothane concentrations between 2.0%
and 2.75% seem to have the most impact at 0.5 hours after the addition of the anesthetic.

Figures 4.3.5

-

4.3.7 display the interactions of different concentrations of halothane with

hemoglobin 1.5 hours after the addition of the anesthetic. The following concentrations of
halothane, 1.5%, 2.0%, 2.25%, 2.5%, 2.75% and 3.0%, all have the same shape as the pure
hemoglobin, therefore all display a-helical secondary structure.
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Figure 4.3.5: VCD Spectra of hemoglobin with different concentrations of halothane, 1.5
hours after addition of halothane, 7500 ac scans and 500 dc scans, 8cm' resolution.
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Figure 4.3.6: VCD Spectra of hemoglobin with different concentrations of halothane, 1.5
hours after addition of halothane, 7500 ac scans and 500 dc scans, 8cm 1resolution.
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Figure 4.3.7: VCD Spectra of hemoglobin with different concentrations of halothane, 1.5
hours after addition of halothane, 7500 ac scans and 500 dc scans, 8cm-1resolution.
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The intensities of the peaks are different and all of the positive peaks have shifted to a
lower wavenumber, with ahalothane concentration of 1.5% at 1640 cm', and 2.0%, 2.25%,
2.5% 3.0% and 3.5% at 1647 cm-1.Theshift of the peaks demonstrates that the a-helical
content of the hemoglobin has been denatured and reformed slightly different helical
structure. It also suggests that this new a-helical structure is stabilized by these
concentrations of halothane 1.5 hours after the halothane addition. The VCD spectrum of
hemoglobin with 2.75% halothane shows aconsiderable change from pure hemoglobin
spectra (Figures 4.3.6 and 4.3.7) being totally devoid of any positive peak in the amide I'
region and instead has two intense negative peaks at 1663 cm 1and 1636 cm'. At this
concentration it appears as though all of the a-helical content of the hemoglobin has been
changed from an a-helical to j-sheet secondary structure. It is possible that the observed
n-sheet signal can be attributed to the formation of asingle strand of anti-parallel n-sheet
(Kubelka and Keiderling 2001). These three figures demonstrate that the changes observed
in the hemoglobin VCD spectrum with the addition of halothane are dependent on the
concentration of the halothane with aconcentration of 2.75% halothane having the greatest
effect.

Previous studies have shown that the addition of halothane to hemoglobin samples changes
NMR spectra (Barker et al. 1975, Brown and Halsey 1976) and optical rotatory dispersion
spectra (Laasberg and Hedley-White 1971). These results hinted at apossible structural
change in the hemoglobin, but were unable to determine exactly what was occurring in the
protein. The results presented in this thesis support the previous results in that astructural
change in the hemoglobin was observed as aloss in the a-helicity of the protein thereby
expanding on the earlier results by applying adifferent technique and suggesting that the
secondary structure changes from a-helix to amixture of random coil and f3-sheet.

As with ethanol-d, addition of halothane to hemoglobin solutions also has atemporal aspect
associated with it. The VCD spectrum of hemoglobin with 1.5% halothane at 0.5 hours
after the addition of the anesthetic has ashoulder on the negative peak at 1674 cm 1and a
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shoulder on the positive peak at 1651 cm-1 (Figure 4.3.8). This spectrum looks like a
mixture of two different u.-helix structures with vibrations of slightly different energies.

Concentration
(% halothane)

Wavenumber
(cm)

Intensity
(A* 10)

0.0

1663

-8.77

1.5

1663

-6.00

2.0

1663

-10.36

2.25

1663

-7.22

2.5

1667

-6.11

2.75

1663

-9.48

3.0

1663

-6.23

3.5

1663

-8.84

Table 4.3.1: Positions and intensities of the first negative peak in the VCD spectra of
hemoglobin with different concentrations of halothane, 0.5 hours after addition of the
anesthetic.

Concentration
(% halothane)

Wavenumber
(cm')

Intensity
(.A* 1Ø5)

0.0

1647

0.57

1.5

1640

2.54

2.0

1647

0.46

2.25

1647

7.12

2.5

1647

5.99

2.75

1647.

2.19

3.0

1651

4.70

3.5

1643

1.27

Table 4.3.2: Positions and intensities seen for the positive peak in the VCD spectra of
hemoglobin with different concentrations of halothane, 0.5 hours after addition of the
anesthetic.
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Concentration
(% halothane)

Wavenumber
(cm)

Intensity
(A* 10-)

0.0

1636

-2.73

1.5

1628

-0.90

2.0

1632

-2.49

2.25

1636

0.76

2.5

1632

-0.32

2.75

1628

-4.32

3.0

1628

-1.93

3.5

1624

-2.87

Table 4.3.3: Positions and intensities of the second negative peak in the VCD spectra of
hemoglobin with different concentrations of halothane, 0.5 hours after addition of the
anesthetic.

Concentration
(% halothane)

Wavenumber
(cm')

Intensity
(.A* i0 -)

0.0

1663

-7.13

1.5

1663

-9.74

2.0

1659

-7.04

2.25

1667

-5.54

2.5

1667

-7.19

2.75

1663

-7.09

3.0

1663

-7.09

3.5

1667

-7.72

Table 4.3.4: Positions and intensities of the first negative peak in the VCD spectra of
hemoglobin with different concentrations of halothane, 1.5 hours after addition of the
anesthetic.
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Concentration
(% halothane)

Wavenumber
(cm 1)

Intensity
(AA* 10-)

0.0

1651

1.50

1.5

1640

2.42

2.0

1647

3.05

2.25

1647

7.93

2.5

1647

1.74

2.75

1643

0.23

3.0

1647

4.02

3.5

1647

5.28

Table 4.3.5: Positions and intensities for the positive peak in the VCD spectra of
hemoglobin with different concentrations of halothane, 1.5 hours after addition of the
anesthetic.

Concentration
(% halothane)

Wavenumber
(cm')

Intensity
(AA* 10-)

0.0

1636

-2.81

1.5

1628

-2.65

2.0

1640

-1.31

2.25

1632

1.18

2.5

1632

-2.25

2.75

1636

-2.21

3.0

1640

-3.27

3.5

1632

-1.16

Table 4.3.6: Positions and intensities of the second negative peak in the VCD spectra of
hemoglobin with different concentrations of halothane, 1.5 hours after addition of the
anesthetic.
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This could be asign of denaturation of the native form of hemoglobin as all of the
shoulders and peaks in the VCD spectra of hemoglobin with 1.5% halothane are
characteristic bands of an cc-helical protein (Pancoska et al. 1993). The VCD spectrum at
1.5 hours after the addition of the 1.5% halothane (Figure 4.3.8) no longer has the large
shoulders that were seen in the earlier spectra. Therefore as time progresses, the non-native
form of the a-helix has become the dominant species in solution and has stabilized at this
concentration and time frame. When 2.0% halothane is added to hemoglobin at 0.5 hours
(Figure 4.3.8) alarge negative peak at 1663 cm-1and asmall positive peak with almost no
intensity appear. At this concentration, hemoglobin appears to loose a-helicity and
experiences instead an increase in 13-sheet, according to the shape of the observed spectrum,
and random coil content. The VCD spectrum for this concentration at 1.5 hours after
halothane addition (Figure 4.3.8) has the shape of mainly an a-helical structure. What
might be occurring at this concentration of halothane is that the signal for the 13-sheet at 0.5
hours is an intermediate step in the denaturation of hemoglobin from its native a-helix to a
non-native a-helical structure. Figure 4.3.8 shows the observed VCD spectra for 2.25%
halothane at 0.5 and 1.5 hours after halothane addition. There do not appear to be any
prominent changes in the observed VCD spectra for the two time periods suggesting that
the a-helix secondary structure of hemoglobin is relatively stable at this halothane
concentration. Also seen in Figure 4.3.8 are the VCD spectra for hemoglobin with 2.5%
halothane at 0.5 and 1.5 hours. A real sharp positive peak at 1651 cm 1and abroad
shoulder at 1682 cm' appear prominently in the VCD spectrum at 0.5 hours (Figure 4.3.8).
At this particular concentration, halothane appears to be destabilizing hemoglobin's native
cc-helical form as the presence of the shoulder at 1682 cm' suggests the formation of a
second form of a-helical structure. The VCD spectrum obtained 1.5 hours after the
addition of halothane no longer has the large shoulders seen in the earlier spectra.
Therefore as time progresses, the non-native form of the a-helix has become the dominant
species in solution and has stabilized at this concentration and time. Many changes are
associated with time in the VCD of hemoglobin with 2.75% halothane (Figure 4.3.8). The
shape of the VCD spectrum at 0.5 hours suggests ashift from the a-helix to the 13-sheet.
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Figure 4.3.8: VCD Spectra of hemoglobin with different concentrations of halothane, 0.5
hours and 1.5 hours after the addition of halothane, 7500 ac scans and 500 dc scans, 8cm-1
resolution.
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This spectrum has abroad negative feature at 1628 cm 1with ashoulder at 1640cm 1.As
there is apositive peak at 1651 cm' and an appreciable amount of the original a-helical
hemoglobin still remains, it is likely that amixture of cc-helix and 3-sheet content exists at
this halothane concentration. The VCD spectrum of hemoglobin at 1.5 hours with 2.75%
halothane shows adrastic change from the spectrum at 0.5 hours. This spectrum is now
totally devoid of any positive feature in the amide I' region but instead has two relatively
strong negative peaks at 1663 and 1636 cm-1.At this halothane concentration and time
period it seems like all of the a-helical content of the hemoglobin has been changed to

13-

sheet secondary. It is possible that the observed 13-sheet structure signal can be attributed to
the formation of asingle strand of anti-parallel f3-sheet (Kubelka and Keiderling 2001).
The hemoglobin VCD spectrum at 0.5 hours with 3.0% halothane has adoublet on the first
negative peak at 1663 and 1667 cm

1(Figure

4.3.8). As all of the bands are characteristic

of asecondary a-helix, this concentration of halothane denatures part of the a-helical
structure to form new a-helical content with vibrations of different energies leading to
different a-helical peaks. The VCD spectrum obtained 1.5 hours after adding 3.0%
halothane no longer has the shoulder evident in the earlier spectra. Therefore as time
progresses, the non-native form of a-helix has become the dominant species and has
stabilized at this concentration and time. Figure 4.3.8 displays the VCD spectra for 3.5%
halothane at 0.5 and 1.5 hours. There do not appear to be any changes in the observed
VCD spectra for the two periods suggesting that the a-helix secondary structure of
hemoglobin is stable at this halothane concentration. These results suggest that time must
be taken into account when dealing with interactions of anesthetics with proteins.

The change in the secondary structure of the hemoglobin can be attributed to the binding of
halothane to the protein. Halothane has been shown to bind in the hydrophobic pockets of
several other proteins such as adenylate kinase (Sachsenheimer et al. 1977) and serum
albumin (Bhattacharya et al. 2000). Molecular dynamics stimulations have been utilized to
demonstrate that halothane binds to the hydrophobic center of asynthetic four-U.-helix
bundle (Davies et al. 2000). With the results obtained for the interactions of hemoglobin
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with halothane it is possible that the changes observed at 0.5 hours after adding halothane
are caused by halothane beginning to bind in the hydrophobic core of hemoglobin.

The VCD spectra 1.5 hours after the addition display ashape characteristic of an a-helical
protein, which has peaks at different frequencies than those seen for native hemoglobin. At
this time it is probable that the halothane has bound to the hydrophobic core, slightly
rearranging the a-helical secondary structure and leading to the observed shift in
wavenumbers.

The concentration response curves for halothane with hemoglobin are similar to those for
ethanol-d. Using peak position as the response, they do not show apattern related to
changes in the secondary structure of hemoglobin (Figure 4.3.9). The peak positions
fluctuate but do not change giving insight into the degree of change in the hemoglobin
structure, or achange from an a-helical form. This is logical as the positions of the VCD
peaks will not change with only small differences in hemoglobin, but the peak position
would only be affected if there were acomplete change in the secondary structure of the
protein. Therefore, peak position as the hemoglobin response for concentration response
curves is not avery useful method.

When graphing peak intensities as the hemoglobin response for the concentration curves a
definite shape of the curve is obtained for each time period (Figure 4.3.10). At 0.5 hours
after halothane addition, there are two minima for each line, one at 2.0% halothane and the
other at 2.75% halothane. The largest change in the a-helicity of hemoglobin is observed in
the spectra at each of these two concentrations reinforcing what the intensity concentration
response curves show. From these it can be noted that adecrease in the intensity of the
three main peaks can be attiibuted to aloss in the a-helix content of hemoglobin
accompanied by aprobable increase in the f3-sheet and random coil contents. However, if
the cc-helix content were being converted to random coil, the intensity concentration
response curves for the two negative peaks would become positive rather than more
negative in intensity: Thus, the change in the VCD spectra of hemoglobin could be
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attributed to aloss of a-helix and an increase in 13-sheet. The intensity concentration
response curves for the addition of halothane to hemoglobin 1.5 hours after halothane
addition show adifferent type of pattern than those at 0.5 hours where only one minimum
occurs among the three peaks. This minimum occurs at ahalothane concentration of 2.75%
for the positive peak at 1651 cm 1.With the loss of the positive peak in the VCD spectrum
of hemoglobin it is most likely that the secondary structure of the hemoglobin has
undergone atransformation from an a-helix to a13-sheet. The curves for the two negative
peaks do not contain much information that would be useful for determining a
concentration response using intensity as the hemoglobin response to halothane.

It was thought that these two curves would be similar in shape to the curve obtained for the
positive peak, in that aminimum would be shown for the concentration that changed the
secondary structure and the VCD spectra of hemoglobin the most. In the VCD spectra
utilized for the intensity response curves the negative peaks were all very intense indicating
astable a-helix structure. This would lead to few changes being observed in the negative
peaks with the only the positive peak changing as the hemoglobin secondary structure was
changed. Intensity concentration response curves are useful tools for analyzing the
response of hemoglobin secondary structure to halothane. The positive peak at 1651 cm

1

displays the greatest change. Therefore, the most reliable information about the
concentration response of the secondary structure can be obtained by examining the curve
for this particular peak.
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The final concentration response curves involved the peak-to-peak intensities (Figure
4.3.11) as the hemoglobin response. It was expected that the changes in the peak-to-peak
intensities of the VCD spectra would be agood indicator of the change in the secondary
structure of the hemoglobin. This did not turn out to be the case, although at 0.5 hours after
the halothane addition as the lines for the peak-to-peak heights in the VCD spectra of
hemoglobin fluctuated greatly. The response curve at 0.5 hours exhibits no pattern at all.
Using this curve to determine hemoglobin response to different concentration of halothane
would not be advantageous as the data conflicts greatly and fails to define aminimum. At
1.5 hours there is aminimum in each of the two curves at 2.75% halothane. It was not
expected that there would be aminimum for the peak-to-peak intensity between the
positive peak at 1651 cm 1and the negative peak at 1636 cnf 1as the positive peak and
negative peak both become more negative at the same time as the amount of the a-helix
secondary structure decreases. Rather, it was thought that this curve would be closer to a
straight line. The minimum for the peak-to-peak intensity of the negative peak at 1663 cm
1and

the positive peak was expected as the positive peak loses more intensity as the

secondary structure changes than the negative peak will gain as it is originally very
negative. Using peak-to-peak intensities as the hemoglobin response for concentration
response curves is therefore not areliable measure unless there is alarge change in the
VCD spectra of the protein.
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CHAPTER 5: COMPARISON OF ETHANOL-D AND HALOTHANE

5.1 Comparison of Anesthetics
Two general anesthetics were studied in the project. Namely, ethanol-d and halothane.
Both anesthetics changed the VCD spectrum of hemoglobin upon their addition to the
hemoglobin samples. Ethanol-d and halothane interactions with hemoglobin depended
on the time the anesthetic was allowed to interact with the substrate and on the
concentration of the anesthetic. Otherwise, ethanol-d and halothane differed appreciably
in how they appear to interact with hemoglobin.

The VCD spectra of hemoglobin with ethanol-d and with halothane both show changes at
different concentrations of the anesthetics. Both elicit changes in the hemoglobin
secondary structure at aspecific concentration of the anesthetic. The change in the
protein structure is thought to be aloss in the a-helix content leading to an increase in the
random coil and possibly 13-sheet as the anesthetic is beginning to bind to the
hydrophobic pocket of hemoglobin. However, halothane appears to cause changes in the
hemoglobin structure earlier than the ethanol-d. In the halothane and hemoglobin
interactions at atime of 0.5 hours after halothane addition, the VCD spectra show several
shoulders, and at 1.5 hours, they all have the shape of an a-helical protein with the
positive peak at 1651 cm-1and the negative peak at 1636 cm' shifted to lower
wavenumbeis. These shoulders do not show up in the VCD spectra of hemoglobin with
ethanol-d until 1.5 hour after the addition of the anesthetic. However, both anesthetics do
have acharacteristic concentration that causes amore visible effect on the VCD spectra
by changing the band shapes from the characteristic signal for an a-helical protein to that
of a13-sheet protein. For ethanol-d this concentration is 3.5% and for halothane it is
2.75%.

The two anesthetics give rise to concentration response curves that are similar in
appearance, and neither has meaningful concentration response curves when peak
position is used as the hemoglobin response to the anesthetics and no apparent patterns
for the positional changes were evident. However, the concentration response curves that
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utilized peak intensities and peak-to-peak intensities proved to be agreat deal more
useful for both anesthetics. When peak intensity was examined as the hemoglobin
response, the concentration response curves for both ethanol-d and halothane yielded a
minimum, which was at 3.5% for ethanol-d and 2.75% for halothane. For ethanol-d this
minimum did not materialize until 1.5 hours after addition, while for halothane this
evolved at 0.5 hours and remained at 1.5 hours. The peak-to-peak intensity response
curves for both anesthetics did not give any concrete results at 0.5 hours, but at 1.5 hours
yielded aminimum for both ethanol-d and halothane. For ethanol-d this minimum
occurred at 3.5% and 4% ethanol-d and for halothane at ahalothane 2.75%.

The results clearly show that while ethanol-d and halothane both interact with
hemoglobin in similar ways, there is adifference in the time needed for binding of the
anesthetic to take place. For ethanol-d, there is no major change in the VCD spectra until
1.5 hours after addition, but for halothane, the changes are noticed already at 0.5 hours.
If ethanol-d interacts with hemoglobin in the same manner as the halothane only at a
slower rate, thete should be more noticeable changes in the VCD spectra of hemoglobin
with ethanol-d if allowed to interact for alonger time period.

It was necessary to compare the VCD results obtained for hemoglobin with ethanol-d to
those obtained with halothane. If the results were similar it may have been appropriate to
suggest that the types of interactions are applicable to all general anesthetics. However,
as the results differ from each other, it is not possible to determine if the results can be
applied to other anesthetics belonging to the same class, or if the results are unique to
interactions for that particular protein-anesthetic system.

5.2 Applicability of VCD Spectroscopy
The results of this study verify that anesthetics do alter the secondary structure of
hemoglobin as observed by VCD spectroscopy. This technique has proven to be more
sensitive to subtle changes in protein structure than JR spectroscopy is. In fact, JR would
not be beneficial for astudy of this nature as no changes were observed in the JR spectra
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of hemoglobin upon the addition of the two anesthetics. VCD spectroscopy was able to
display subtle changes in the VCD spectra of hemoglobin with relatively small
concentrations of ethanol-d and halothane.

By utilizing the technique of VCD spectroscopy we were able to obtain new insight into
the interactions of hemoglobin with two selected general anesthetics. In previous studies
of hemoglobin with halothane by NMR (Barker et al. 1975, Brown and Halsey 1976) and
by optical rotatory dispersion (Laasberg and Hedley-White 1971) aloss of a-helicity was
observed. However, it was unknown what happened to the secondary structure of the
hemoglobin. This study showed that when interacting with halothane there are several
stages that the hemoglobin goes through. At first there is aloss of a-helical content
accompanied by an increase in f3-sheet content or other forms of a-helices depending on
the concentration of the halothane. Upon probable binding of the halothane to the
hydrophobic core, astable non-native a-helical form of hemoglobin seems to be created.
It is possible that if the interactions of hemoglobin with 2.75% halothane were followed
for alonger period of time that asubsequent VCD spectrum would show the formation of
an a-helical complex. Since VCD spedtroscopy was able to provide more answers about
the interactions of hemoglobin with halothane, this technique has proven to emore
appropriate for these types of studies than either NMR or optical rotatory dispersion
spectroscopy.

Even though VCD spectroscopy has proven to be apotentially useful tool for
investigating the interactions between hemoglobin and the two anesthetics ethanol-d and
halothane, the observed spectra are difficult to analyze and understand. The many
shoulders present can lead to problems in interpretation and can disguise the actual shape
of the VCD spectra. As VCD spectrometers are improved and the fields of study and
research have widened to include protein interactions, the interpretation of the spectra
may become easier and allow easier procurement of more and better information.

Several difficulties were encountered with this research project. Hemoglobin is avery
flexible protein; this led to complications in obtaining spectra that were completely
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reproducible with respect to both spectral shape and spectral intensity. It was also
discovered that the flexibility of the protein induced changes in the VCD spectra of the
hemoglobin over time. It was realized that the best method for analyzing VCD spectra of
the hemoglobin system was to utilize the shape of the spectra as the criterion as it was the
most reproducible ''ariab1e.
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CHAPTER 6: SUMMARY AND FUTURE WORK

The main goal of this study was to investigate the changes in the secondary structure of
hemoglobin in the presence of selected anesthetics using VCD spectroscopy. First the
VCD spectra of hemoglobin with ethanol-d and with halothane were collected and analyzed
and concentration response curves were created. These were then used to examine the
•applicability of VCD spectroscopy to study the interaction of general anesthetics with
•
proteins.

6.1 Summary of Ethanol-d
The interactions of hemoglobin with ethanol-d were determined using IR and VCD
spectroscopy. Concentrations of ethanol-d ranged from 2.5% to 5.0%. The absorbance
spectra of hemoglobin did not change with the addition of ethanol-d. However, the VCD
spectra displayed several informative changes. Hemoglobin interactions with ethanol-d
were dependent on the concentration of ethanol-d in solution and on the length of time that
ethanol-d was allowed to interact with the hemoglobin. At atime of 0.5 hours after the
addition of ethanol-d, not much change in the VCD spectra of the hemoglobin was evident.
The protein retained its a-helical structure with only minor changes in the shape of the
single positive peak at 1651 cnf'. However, at atime of 1.5 hours after ethanol-d addition
more changes were noticed in the VCD spectra. Specifically, the appearance of several
shoulders indicated achange in the kind of a-helical secondary structure from native to
non-native hemoglobin. Moreover, alarge change in the VCD spectra occurred for 3.5%
and 4.0% ethanol-d with hemoglobin. At these concentrations, the shapes of the VCD
spectra begin to resemble the characteristic VCD spectra of af3-sheet protein.

Concentration response curves were created for the interaction of hemoglobin with ethanold. Concentration response curves in terms of peak position did not prove useful as there
was no apparent pattern to the changes in wavenumbers. With peak intensity as the
measure and at 0.5 hours after ethanol-d addition, there is not much information that can be
obtained from the intensity concentration response curves. However, at 1.5 hours there is a
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minimum in the concentration response curves at 3.5% ethanol-d. This indicates that
hemoglobin secondary structure undergoes the most distinct change of secondary structure
at this concentration. The final concentration response curves involved using the peak-topeak intensities as the hemoglobin response. These curves provided conflicting results. At
0.5 hours after ethanol-d addition response curve showed aminimum at 3.5%, and at 1.5
hours aminimum of 4.0% ethanol-d emerged. Therefore, the most conspicuous change in
the VCD spectra of hemoglobin was observed at these two concentrations.

6.2 Summary of Halothane
The interactions of hemoglobin with halothane were examined using IR and VCD
spectroscopy. Dial concentrations of halothane studied ranged from 1.5% to 3.5%. No
changes were observed in the absorbance spectrum of hemoglobin with addition of
halothane. Again, the addition of halothane to the hemoglobin solution caused several
prominent and informative changes in the VCD spectra of hemoglobin. The interactions
between the halothane and hemoglobin were dependent on the concentration of the
anesthetic and the length of time that halothane interacted with the hemoglobin. The VCD
spectra showed several prominent shoulders at 0.5 hours after halothane addition. These
shoulders are most likely caused by aloss of a-helicity of the hemoglobin as the halothane
begins to bind to the hydrophobic core of the protein and by the creation of non-native (Xhelix secondary structure. At 1.5 hours, the VCD spectra all have the shape of an a-helical
protein spectrum. The positive peak at 1651 cm -1and the negative peak at 1636 cm-1have
been shifted to lower wavenumbers. During this time period, the hemoglobin has returned
to being amainly a-helical, but one that is not thought to be its native a-helical structure.
At aconcentration of 2.75% halothane, the hemoglobin VCD spectrum does not follow this
pattern but rather changes from indicating asecondary structure with a-helical to one with
f3-sheet content.

Concentration response curves were also created for the interaction of hemoglobin with
halothane. The peak position concentration response curves again did not prove useful,
lacking any apparent pattern for the positional changes. When peak intensity was used as
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the hemoglobin response adefinite pattern emerged for the curve. Halothane at 2.75%
yielded adefinite minimum showing this concentration to cause the most distinctive change
in the secondary structure of hemoglobin. Peak-to-peak intensities as the hemoglobin
response again gave little information about the effect on hemoglobin. At 0.5 hours this
concentration response curve gave results which were inconclusive. However at 1.5 hours,
the peak-to-peak concentration response curves showed aminimum at ahalothane
concentration of 2.75% demonstrating the largest change in the VCD spectrum of
hemoglobin.

6.3 Conclusions
The research for this thesis demonstrated that general anesthetics do have an effect on the
secondary structure of hemoglobin. Although it is still unknown exactly how and where
ethanol-d and halothane interact with hemoglobin, the changes observed in the VCD
spectra of hemoglobin with the anesthetics indicated that there is aconcentration and atime
component for interaction, which must be studied separately for each of the anesthetics.
This thesis also demonstrated clearly and for the first time that VCD spectroscopy can be a
useful tool for investigating interactions of anesthetics with proteins.

6.4 Future Work
The results of this work show the applicability of VCD spectroscopy to this type of multidisciplinary studies. The next practical continuation of the research would be to investigate
the structural changes in hemoglobin upon the addition of selected and different classes of
anesthetics, such as barbiturate pentobarbital for example. This kind of investigation will
most likely lead to better understanding of possible mechanisms of general anesthetics and
simultaneously determine if the results presented in this study are applicable to awider
variety of anesthetics or are unique to the ones studied in this thesis.

Another continuation of this study could be to utilize asecond protein with the same
anesthetics under identical conditions. One possibility would be serum albumin, which like
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hemoglobin is mainly an a-helical protein. This would allow researchers to determine if
the results presented here are typical of all a-helical proteins or if the structural changes are
unique to hemoglobin. Studies have been conducted looking at the binding sites within
serum albumin to determine where halothane binds and how (Bhattacharya et al. 2000,
Johansson et al. 1995). However, these previous studies have failed to determine if there
were any changes in the secondary structure of the protein upon halothane binding.

An important next step in this project would be to determine the 'in solution'
concentrations of the halothane in the hemoglobin samples. This would lead to more
accurate information and analysis of the halothane spectra making the concentration curves
more reliable and more meaningful. There are several possible ways to do that, but perhaps
the best method would be to use gas chromatography.

It will also be interesting to study the same systems by NMR and ECD spectroscopy.
These methods could help determine if the results presented in this thesis truly represent
structural changes. The same two methods may also prove that VCD spectroscopy is not
only one but perhaps amore practical, powerful and sensitive experimental technique for
these types of systems as NMR and ECD spectroscopy probe different physical/chemical
phenomena than VCD spectroscopy. NMR and ECD spectroscopy would also help
determine what the structural changes might be.

Another possible extension to the current study would be to revert to smaller concentration
differences in the anesthetics. This would give greater insight and better definition to the
concentration response curves. As well, it would be beneficial to look at anesthetic
concentrations closer to clinical levels to find out if the structural changes in hemoglobin
presented in the thesis are applicable at clinical concentrations. By looking at smaller
concentration intervals of the anesthetics more accurate concentration response curves
could be created.

The system utilized in this study was not in abuffered system, which begs the question
what would be found under physiological conditions. To perform the same experiments
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using abuffered system closer to human conditions would be another and the next logical
step. This could include utilizing aphosphate based buffer and pH monitoring of the
samples.

As hemoglobin is atetrameric structure composed of two f3-chains and two a-chains it is
not known from the present results recounted in this thesis on which location in
hemoglobin the interaction with the anesthetics occurs. It has been suggest by NMR
(Brown and Halsey 1976) and by optical rotatory dispersion spectroscopy (Laasberg and
Hedley-White 1971) that halothane may cause adecrease in the amount of U.-helical
secondary structure found in the f3-chains of hemoglobin. If each component of the
hemoglobin was studied separately by VCD it could be possible to determine which of the
tetrameric components undergoes changes upon the introduction of ethanol-d, halothane or
other anesthetics to the living system.
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Appendix I

There are two requirements that must be fulfilled before an JR spectrum can be acquired.
First, the energy of incident radiation must be equal to the energy between two
vibrational levels for an JR spectrum to be obtained.

E=h v=—
he
2
Equation 2. 1.1

where E is the energy of the radiation, his Planck's constant, vis the frequency of the
radiation, cis the speed of light and 2is the wavelength of the radiation. As well, the
oscillation in the dipole must be accompanied by achange in dipole moment. The
transition dipole moment, R, for atransition between lower and upper states is given by:

R

dx

=

Equation 2.1.2

where

/v

and

/'v

are the vibrational wavefunctions of the upper and lower states

respectively and u is the dipole operator. The dipole strength, D, of atransition from the
ground state to an excited state is proportional to the square of the dipole transition
moment along the normal coordinate,

Q.

2

Doc
Equation 2.1.3

The dipole strength is then related to the intensity of an JR absorption band through the
extinction coefficient,

.
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Doc
band

Equation 2.1.4

where

v

is the energy of the transition in wavenumbers. Beer's Law then relates the

extinction coefficient (in M' cm') to absorbance, A:

A=e*l* c
Equation 2.1.5

where 1is the pathlength (in cm) and cis the molar concentration (in mollL) of the
sample solution.
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