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A B S T R A C T 

The c-terminal of the submandibular gland rat 1 polypeptide is the source of a 

group of compounds known as submandibular gland rat 1 c-terminal peptides ( S M R l C t P ) . 

The first of these compounds identified was submandibular gland peptide-T (SGP-T, Seq.: 

T D I F E G G ) and the tripeptide F E G (Seq.: FEG) . These peptides are characterized by potent 

anti-chemotactic and anti-inflammatory properties on both human and rat tissues. 

Identification of a receptor for the S M R l C t P has been encumbered by the absence of amino 

acids that can be labelled for tracking of the peptide. In this study, we synthesized a variety 

of analogues including biotinylated peptide K T , and iodinated derivatives of F E G , as 

trackable probes. Analogues of the tripeptide F E G were synthesized and tested for their 

ability to reduce antigen-provoked contraction of terminal ileum isolated from ovalbumin 

sensitized rats and molecular modeling computed in vacuo. For tripeptides, a combination 

of aromaticity of residue 1, minimal extension of the carboxyl group on residue 2, and 

underivatized N and C termini were essential for biological activity. Dipole moments 

indicated a conformational feature critical to biological activity as an interaction between 

the glutamyl carboxyl group and the phenyl ring. Analysis of Ramachandran plots for 

position 1 sidechains indicated that mobility of the sidechain must be restricted to retain 

biological activity. Subsequent hydrated simulations support the same interactions but 

demonstrated that, in water, the aromatic sidechain may interact with either the glutamyl 

carboxyl or the c-terminus carboxyl while remaining in close proximity to the glutamyl 

carbonyl. Finally, histochemical techniques demonstrated that while B K T can be used to 

label human neutrophils, it was not displaceable at the tested doses with SGP-T. 

Exhaustive conformational searches for SGP-T, B K T , and K T demonstrated highly 

i i i 



homologous structures for B K T and K T , however SGP-T assumed a distinct conformation. 

From a functional perspective the S M R l C t P reduced P A F induced surface expression of 

C D 1 6 b - L N K 1 6 on isolated human neutrophils, suggesting that CD16b may be a putative 

receptor on human neutrophils. As SGP-T did not displace B K T , i f CD16b is a receptor, it 

possesses multiple allosteric binding sites. 
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C H A P T E R ONE: INTRODUCTON AND B A C K G R O U N D 
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1.1 Salivary Glands 

Saliva was long known as a fluid with healing properties [1], but with modern 

medicine this belief was forgotten and salivary glands were viewed primarily as accessory 

digestive glands. However, with the discovery of diverse physiological and immunological 

functions [2], which are mediated by the direct secretion of factors into the saliva and the 

blood, the salivary glands are now recognized as participating in oral and systemic 

homeostasis [3]. These functions include the maintenance of epithelial integrity through 

the secretion of epithelial growth factor (EGF) [4], participation in oral health via the 

actions of antibacterial agents, for example the salivary mucins [5] and the suppression of 

superoxide production by neutrophils by unidentified factors to prevent undue tissue 

damage [6]. The endocrine actions of these factors such as nerve growth factor, whose 

release from the salivary glands was described in the 1970's [7], are involved in 

immunoregulation [3]. More recently, it was found that removal of the submandibular 

glands reduced the ability of rats to respond appropriately to endotoxic and anaphylactic 

hypotension. These observations suggest that the salivary glands plays an integral role in 

the homeostatic balance in response to systemic inflammation that result in hemodynamic 

shock [8] [3] [9]. The amelioration of the hypotensive response to endotoxic and 

anaphylactic shock was localized to a heptapeptide, submandibular gland peptide-T (SGP-

T; Thr-Asp-Ile-Phe-Glu-Gly-Gly) [3][9]. SGP-T is similar to the carboxyl terminus of 

submandibular gland rat 1 (SMR1) polypeptide [10], a gene product of the Variable Coding 

Sequence Subclass A (VCSct l ) [11]. A fragment of SGP-T, composed of the residues Phe-

Glu-Gly (FEG) , displays similar anti-hypotensive properties against anaphylactic shock, 

and also reduces intestinal anaphylaxis both in vivo and in vitro [3] [9]. 
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Submandibular gland peptide-T (SGP-T, Seq: T D I F E G G ) is a potent anti

inflammatory peptide as exemplified by its ability to inhibit endotoxic [3] and anaphylactic 

reactions [12], and neutrophil chemotaxis [13][14]. Like its parent molecule, F E G (Seq: 

FEG) also retains many of the activities of SGP-T although it is unclear whether F E G is 

merely the active fragment of SGP-T or possesses distinct and unique biological activities. 

Together these peptides and their derivatives can be considered as the S M R 1 C-terminal 

peptides.(SMRlCtP) 

Recently, Mathison et al [14]demonstrated that SGP-T related peptides inhibit 

the expression of C D l l b and CD16b on human granulocytes exposed to platelet activating 

factor (PAF) . Granulocytes are comprised of neutrophils, eosinophils, and basophils. From 

these studies it is hypothesized that a S M R l C t P receptor exists on granulocytes, although 

its existence has not been conclusively demonstrated. The effects of peptide treatment on 

C D l l b , a Pz-integrin, and CD16b expression is notable due to the roles these markers play 

in the physiological processes affected by the peptides. 

The p2-integrin family consists of heterodimers each containing C D 18, 

otherwise known as (32, in association with one of a L, a M , and a xsubunits, C D l l a , C D l l b , 

and C D l l c respectively are exclusively found on blood and bone marrow leukocytes. 

L F A - 1 ( C D l l a / C D 1 8 ) is composed of aLf32 and is used for antibody-dependant cellular 

cytotoxicity ( A D C C ) , as well as a adhesion to tissues expressing I C A M - 1 . PI 50, 95 

(CD1 l c /CD18) is integral to complement receptor 4 activity, as well as adhesion to 

endothelium or protein substrates, and also plays a role in chemotaxis and phagocytosis. 

C D C D Mac-1 ( C D l l b / C D 1 8 ) is required for complement receptor type 3 functions, 
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phagocytosis and cyolysis of complement opsonized microorganisms, binding of microbial 

determinants, homotypic aggregation, A D C C , and chemotaxis to name a few of its 

activities[15]. It is this last variant which is affected by treatment with the S M R l C t P . 

During an inflammatory response, epithelial cells lining the compromised 

region become both targets and producers of a variety of cytokines. In response to a 

bacterial infection, LPS, for example, can induce an increase in the expression of adhesion 

molecules like I C A M - 1 (intercellular adhesion molecule 1) on endothelial cells, among 

other markers, as well as on leukocytes in the form of CD11/CD18 . Mac-1 mediates 

adhesion of leukocytes to I C A M - 1 in response to increased exposure to chemotactic 

factors[16]. Once adherent, these same factors are able to stimulate attached neutrophils to 

mediate respiratory bursts which are likewise Mac-1 dependant.[17] In general, Mac-1 or 

C D l l b / C D 1 8 facilitates granulocyte and monocyte adhesion and is required for 

extravasation [18][19] and the general inflammatory response. Inhibition of C D l l b / C D 1 8 

can have numerous consequences including a reduction in the ability of neutrophils to 

secrete large amounts of H 2 0 2 [17]. 

Since leukocytes are highly mobile as they circulate through the blood stream, 

this necessitates exquite control of this adherence system in order that responses remain 

appropriate[15]. Adhesion is typically rapidly inducible and is not dependant on 

mobilization of the intracellular pools of CD11/CD18, rather than the quantity of cell-

surface markers being responsible, it is qualitative changes which mediate biological 

activity. However, a combination of qualitative and quantitative changes in cell-surface 

expression of CD11/CD18 is likely necessary depending on the cell activity sought, such as 

in chemotaxis of neutrophils[15]. Following synthesis of these integrins, they are 



5 

subsequently targeted to secondary and tertiary granules in granulocytes as well as to the 

cell membrane. Upon exposure to appropriate cyotkines, the surface expression of these 

molecules can increase severalfold through translocation of the molecules previously 

localized to the granules[15]. 

CD16b in turn is the low affinity Fc receptor for IgG [20]. This activity is 

required for anaphylactic or allergen based reactivity [21], thus decreasing levels of 

expressed C D 16b would result in less severe responses to allergens [22]. Hence the 

downregulation of either of these cell surface markers indicates potential mechanisms by 

which these peptides function as anti-inflammatory molecules, with consequent benefits in 

the treatment of acute and chronic inflammatory disorders. 

However, because S M R l C t P molecules are peptides, i f given via an oral route, 

they wi l l probably be metabolized prior to exerting their anti-inflammatory effects. For this 

reason it is desirable to construct peptide mimetics, synthetic compounds which retain the 

biological characteristics of the peptides and are not metabolizable in the same manner as 

peptides. Unt i l recently, mimetic synthesis has largely been based on an understanding of 

similarities between amino acids [23], the effects of replacing active residues with a so-

called inert residue like alanine[24][9], or simply by cleaving larger proteins into fragments 

and examining their activities [25] [26]. To deal with the millions of potential 

configurations of peptides, peptide [27] and non-peptide libraries [28] are frequently used 

to define the essential molecular interactions required for activity. However, this approach 

still leaves a myriad of potential synthetic candidates that need to be evaluated not to 

mention the tediousness of deconvoluting a library [29]. With these techniques to achieve 

success, luck and much experimental effort are required. Notably absent among these 
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techniques for designing mimetics are predicative methods which can accurately describe a 

peptide's, or its mimetic's, activity prior to synthesis. A detailed understanding of the 

conformation of the peptides in three-dimensional space as well as the contribution of the 

constituent atoms to biological activity are required to reliably synthesize mimetic 

molecules. N M R [30]and X-ray crystallography [31] have been applied successfully to 

mimetic design, but all the analogues evaluated must be synthesized in order to accurately 

describe the effects of substitutions on a peptide's structure. Hence, a means of predicting 

structures prior to synthesis is required. Using N M R as a first step, followed by detailed 

computational studies has resulted in the synthesis of active peptide mimetics [30]. 

However, this approach requires that a peptide be amenable to analysis by N M R thus, in 

absence of this, computational studies could precede N M R and predict structures of 

analogues for analysis [32]. It is possible to construct analogues using incremental 

optimization at each residue. However, this technique often results in only marginally 

improved drugs and is tedious and experimentally intensive. Hence, molecular modeling 

can fill a particular niche, offering suggested structures for what would otherwise be 

experimentally indescript peptides or compounds [32]. Recently, computational techniques 

have assisted in the identification of additional contact points for gonadotropin releasing 

hormone antagonists[32], improved inhibitors of Ras signal transduction for use as 

antitumor agents[33], and in the generation and refinement of mimetic ligands for 

paratrope-specific purification of monoclonal antibodies [34]. Thus, leads offered by 

molecular modeling offer more rational approaches, bringing us closer to the development 

of potent and beneficial drugs as well as useful tools for examining and evaluating ligand-

receptor interactions and mechanisms of action. 
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1.2 Modeling and Computational Chemistry 

1.2.1 Background 

Molecular modeling has evolved rapidly over the past half-century. With the 

development and the evolution of computers, theoretical modeling issues are now readily 

executed computationally, thus enabling hypothesis testing and model validation. In 

particular, the ability to model large proteins with techniques like comparative modeling 

have facilitated our understanding of large novel proteins based almost purely on sequence 

similarities. With comparative modeling, structural assessment is accomplished through 

iterative processing of target sequences and comparing the results with known sequences of 

similar primary structure. As each novel sequence is added to protein structure datasets 

predictions become more accurate [35]. While comparative modeling allows for significant 

strides in structure determination for large proteins, peptides with less than twenty residues 

have proven difficult to model. Paradoxically, large proteins are easier to study since they 

are more amenable to X-ray crystallography and, to a lesser extent, analysis with nuclear 

magnetic resonance ( N M R ) . These two techniques offer alternatives to ab initio techniques 

in that they help define starting geometries, i f not precise geometries, from which molecular 

modeling calculations can be initiated. In the past decade, several small peptides have been 

successfully crystallized and used in X-ray crystallography [36][37]. However, the 

formation of peptide crystals is more of an art than a science, and no guiding principles 

have emerged that would facilitate the precipitation of crystals. Traditionally, peptides have 

been studied with N M R , which requires defined and predominant atomic interactions. 

With shorter peptides, however, constraints imposed by the peptide backbone decreases. 

Consequently, even though the number of constituents within short peptides are relatively 
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small they possess a continuum of conformations generally not seen with larger proteins 

[38]. The high degree of flexibility, mobility, and vibrational energy reduces the probability 

of a peptide assuming a predominant three-dimensional conformation, which exists in 

dynamic equilibrium with closely related structures. Techniques, such as molecular 

modeling, which can assist in the elucidation of preferred conformations and their 

equilibrium distribution offer significant promise[32][33][34] in elucidating the preferred 

conformation required for biological activity. 
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C H A P T E R T W O : R A T I O N A L E & SIGNIFICANCE - O B J E C T I V E S AND 

H Y P O T H E S E S 
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2.1 Introduction 

Saliva contains a plethora of bioactive factors having a variety of functions, 

including roles in digestion to modulation of immune system function [6][2]. The 

observation that siladenectomy increased the cardiovascular depression of rats challenged 

by injection of lipopolysaccharide (LPS) became the first clue that submandibular glands 

may contain a bioactive factor which assisted in the response to endotoxic shock [8]. 

Subsequent to this observation, attempts to identify the factor responsible were undertaken. 

Submandibular gland extracts were subjected to molecular weight cutoff-filtration and high 

performance liquid chromatography purification and then their ability to reduce the severity 

of LPS induced hypotension was examined [3]. The factor identified was the heptapeptide 

SGP-T which possesses both potent anti-endotoxic [3] and anti-anaphylactic activities[9]. 

A primary initiator of anaphylactic reactions is mast cell degranulation, with the subsequent 

release of histamine, a primary mediator of anaphylactic reactions, the actions of which are 

not blocked by SGP-T [3]. Therefore, the mechanism by which SGP-T mediates its anti-

anaphylactic effects remains unknown, and a novel pathway for controlling anaphylaxis 

likewise cannot be excluded. Critical to understanding the underlying pathway mediating 

the effects of SGP-T is the localization of the receptor for this peptide. 

A n understanding of ligand-receptor interactions is aided by elucidation of the 

dynamics of ligand conformation. A ligand's ability to interact with a docking site is 

intimately dependant on the range of conformations which it is able to adopt. Peptides, 

particularly small peptides, may assume a large array of conformations and although 

computational chemistry, and hence molecular modeling, have progressed rapidly, our basic 

comprehension of the physics governing peptide folding still lies within its infancy and the 
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value of experimental data for understanding ligand-receptor interactions cannot be 

overstressed. Structural information combined with experimental data facilitates a 

knowledge-based, rational approach to the design and synthesis of synthetic compounds 

acting at physiologically relevant binding sites on tissues and cells. 

2.2 Purpose 

The purpose of this study was two-fold: 

1. To design, develop and test analogues of SGP-T and F E G that would be useful in 

identification of their receptors / binding sites. 

2. To develop a firm understanding of the conformational and structural features of the 

S M R l C t P and their analogues so as to facilitate the design and development of a 

second-generation of peptides. 

2.3 Objectives 

1. To characterize the biological activities of some S M R 1 CtP and their analogues. 

2. To prepare analogues of SGP-T and related peptides which possess moieties that can be 

labelled so as to facilitate receptor identification and isolation. 

3. To conduct molecular modeling of the S M R l C t P and analogues in order to identify key 

components critical to their biological activities. 

4. To examine the effects of water on predictions of molecular conformation of the 

S M R l C t P . 

5. To develop and test an algorithm for searching extended conformational space that 

would significantly reduce computational time and resources. 



C H A P T E R T H R E E : M A T E R I A L S AND M E T H O D S 



This chapter outlines the general methodologies used in the course of this study. Any 

changes to these general methods are noted in subsequent chapters. A l l protocols described 

herein were approved either by the Calgary Regional Health Authority Office of Bioethics 

Committee or the Health Sciences Animal Care Committee of the University of Calgary. 

3.1 Peptide Synthesis and Preparation. 

Peptides were synthesized at the University of Calgary Protein Synthesis Facility (Calgary, 

A B ) , at Core Laboratories, Queen's University (Kingston, ON), and the University of 

Alberta Protein Synthesis Facility (Edmonton, A B ) . G ly -Glu-Gly and Glu-Gly were 

purchased from Bachem (Torrance, C A ) . A l l peptides were water soluble and dissolved in 

double distilled water (1 mg/ml) prior to use. 

Biotinylated K T was prepared using synthesized K T and a biotinylation kit 

BK-200 (Sigma, Oakville, ON) following the included protocol with slight modifications. 

Briefly, K T was dissolved in PBS to which was added a 15M excess of biotin-disulfide N -

hydroxysuccinimide ester dissolved in N.N'-dimethylformamide. Reagents were gently 

mixed for 60 min at room temperature. B K T was purified by H P L C at the University of 

Calgary Protein Synthesis Facility. 

Bolton-Hunter K T (BH-KT) was prepared using the methods of Bolton et al 

[39]. Briefly, this involved the reaction of K T with the N-hydroxysuccinimide ester of 3(4-

hydroxyphenyl)propionic acid (Bolton-Hunter reagent) at room temperature. 1.05mg 

Bolton-Hunter reagent was added to 1.2mg of K T dissolved in 0.5ml of 0.1 M Borate buffer 

at pH8.5. The mixture was agitated for 15 min at 0°C. To terminate the reaction, 0.5ml of 

0.1M Borate buffer containing 0.2M glycine at pH8.5 was added to the reaction vessel and 

was agitated at 0°C for an additional 5 min. The peptide was purified by H P L C at the 
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University of Calgary Protein Synthesis Facility. 

Di-iodo-yeG was prepared using the chloramine-T method of Greenwood et al 

[40] with some modification. Briefly, yeG was dissolved at a concentration of 0.2mg/ml in 

0.05M phosphate buffer (0.05M Na-phosphate, 0.15M NaCl). 5ug of yeG in 25ul of 

0.05M phosphate buffer, pH7.5, was added to 75ul of 0.05M phosphate buffer containing 

50ug of Nal . After thoroughly mixing, lOOug of fresh chloramine-T in 25j.il of 0.05M 

phosphate buffer, pH7.5 was added. Approximately 30 seconds following the addition of 

chloramine-T the reaction was terminated by adding 240ug of Na-metabisulfite in lOOul 

0.05M phosphate buffer pH7.5. Residual iodine was diluted using 200ul of lOmg/ml KI. 

This procedure was repeated in the absence of peptide to allow for use of the reaction buffer 

as a control for unpurified iodo-yeG. 

3.2 In vitro anaphylaxis. 

3.2.1 Animals. 

Male Sprague-Dawley (Life and Environmental Sciences Animal Resource 

Centre, The University of Calgary) weighing 150-200 g were maintained with lights on 

from 7:00 to 19:00 h and given food and water ad libitum. Rats were sensitized to 1 mg 

ovalbumin (OA) with 100 ng pertussis toxin as an adjuvant [41]. 

3.2.2 Isolated Organ Bath 

The procedures described previously by Mathison et al [3] were followed with 

slight modifications. Briefly, Sprague-Dawley rats were sensitized to 1 mg ovalbumin 

(OA) and 50 ng of pertussis toxin (Sigma) [41]. Four to six weeks following sensitization, 

the terminal ileum was excised and 2 cm sections were mounted in 20 ml organ baths under 

0.75g of tension. The isometric force generated by the tissue upon addition of O A and 

http://25j.il
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bethanechol chloride (Urecholine) (URE), a cholinergic agonist, (Frosst, Kirkland, QC) was 

measured using a Grass Force Displacement Transducer FT03(Quincy, M A ) . The tissues 

were washed several times in Kreb's solution and then allowed to equilibrate for 15min. 

Anti-anaphylactic properties of F E G and its analogues were determined by adding 10 ug of 

peptide to a bath and incubating for 10 min. Tissue segments were washed, the baseline re

established, and then challenged with 1 mg of the O A antigen. The O A contractile response 

was measured at peak contraction. Tissues were washed and peak contractile response to 

10" 5M U R E determined. 

Results were expressed as the ratio of O A induced contractile response to U R E 

induced contractile response. To obtain the relative activity, the O A / U R E ratio for each 

peptide was expressed as a percent of control responses. 

3.3 Neutrophil Studies. 

3.3.1 Neutrophil Source 

Blood was drawn from healthy, drug-free, human volunteers and diluted to 40 

ml with P B S . The diluted blood was layered over 10 ml of Lympholyte mammal 

(Cedarlane, Hornby, ON) and centrifuged at 1500 rpm for 15 min at 4°C. The supernatant 

was aspirated and discarded and the pellet resuspended in 50 ml of lysis buffer. The extent 

of lysis was determined visually by noting the change from opacity to translucency, and 

cells were then centrifuged at 1000 rpm for 10 min at 4°C. Lysis was repeated as before 

and neutrophil viability was assessed by Trypan blue exclusion and found to be greater than 

97%. Neutrophils were kept at 4°C in P B S until used. 
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3.3.2 Neutrophil Migration 

Isolated neutrophils were labelled by the procedures of Gallin et al [42]with 

some modification. Briefly neutrophils were brought to 5 x l 0 7 cells per ml in PBS to which 

was added 20uCi of 5 1 C r (American Radiolabeled Chemicals Inc, St. Louis, M O ) for each 

200ul and incubated at 37°C for l h with gentle mixing. The labelling was terminated by 

diluting the cells with 1ml of PBS. The cells were centrifuged and washed 5 times with 

1.5ml of P B S each time. After the final wash the neutrophils were resuspended in Hanks' 

balanced salt solution (HBSS)(Gibco B R L , Burlington, ON) at 5.0x106 neutrophils/ml. 

Transwell filters and plates (Corning Costar Corporation, Cambridge, M A ) 6.5mm diameter 

with 3.0pm pores were coated with PBS containing 1% gelatin for l h prior to experiment. 

Neutrophils were incubated with peptide for 30min at 37°C. lOOul of neutrophils 

containing S.OxlO 1 cells was added to the upper chamber, while 500ul of H B S S containing 

10 ' 9 M P A F was added to the bottom chamber (Figure 3.1). The plates were incubated at 

37°C for 90min. After incubation, 1ml of 2% Triton X-100 ( B D H , Toronto, ON) in water 

was mixed with the contents of the bottom chamber. The bottom chamber contents were 

collected and counted in an automatic gamma counter (1408 Wizard 3", Wallac Oy, Turku, 

Finland). 

3.3.2 Expression of CD16b. 

Neutrophils were isolated as previously described. Cells were then incubated 

with K T at room temperature for 15 min. P A F was then added at 10"9M for 15 min at 37°C 

to stimulate the neutrophils. PBS was added to terminate P A F stimulation and the cell 

suspension was spun at 1300 rpm (approximately 300g) in an Hermle Z 360K centrifuge 

(Mandel Scientific, Guelph, ON) for 6 min at 4°C, and the washing step was repeated. The 
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following antibodies were used mouse anti-human C D 1 6 b - L N K 1 6 IgG-flourescin 

isothiocynate (FITC) (Serotec, Raleigh, NC) , and mouse anti-human C D 1 6 b - l D 3 IgM-

FITC (Immunotech, Burlington, ON). These antibodies were added to minimum volume 

and the cells incubated for 30 min at 4°C. Cells were then washed in PBS and immediately 

assayed by flow cytometry using fluorescence activated cell sorting (FACs). These two 

antibodies were chosen because they bind to distinct sites on C D 16 [43]. 

3.3.3 FACs Analysis. 

The F A C s analysis was performed on a Becton-Dickinson FACScan. (Franklin 

Lakes, NJ). Sample sizes of 150uL were scanned and the data was collected using 

Cellquest (Becton-Dickinson, Franklin Lakes, NJ) on a Powermac 8100 (Apple Computers, 

Cupertino, C A ) . Analysis of data was done on a PC using W i n M D I v2.8 (Scripps Research 

Institute, La Jolla, C A ) . 

3.3.4 In vitro binding. 

Neutrophils ( l .OxlO 6 ) were placed in wells on a 96 well polypropylene plate 

and brought to 2 u M Ca 2*in PBS. Peptide was added to each well as follows: cells alone, 

K T at 10 ' 6 M, B K T at 10" 8M, 10" 1 0M, 1 0 1 2 M , and 10" 6M K T or 10 ' 6 M SGP-T with 1 0 8 M 

B K T . Cells were incubated for with peptide for lOmin at 37°C. A l m i n incubation with 

either 10" 9M P A F or an equal volume of PBS as a control was performed at 37°C. 

Incubation with P A F was done prior to peptide incubation for one group of experiments or 

following peptide incubaton for the second group. Two hundred pi of 2% 

paraformaldehyde was then added to each well and the plate was left to incubate at room 

temperature for lOmin. 5.0xlO D neutrophils were placed on chrome-alum coated slides and 



air dried. The slides were washed in double distilled water followed by a wash in 1% B S A 

for 10 min. Slides were then incubated with streptavidin-PE (Pharmingen, San Diego, C A ) 

for 10 min and examined using fluorescence microscopy on an Olympus B X 6 0 with an 

Olympus mercury lamp BH2-RFL-T3 (Olympus America Inc., Lake Success, N Y ) under 

white light and rhodamine filters. 

3.4 Computational Methods 

Theoretical calculations were performed on an Intel workstation using 

HyperChem version 6.0 (Hypercube Inc., Gainsville, FL). Peptide structures were built 

using the Database Amino Acids option. Extended molecular dynamics simulations were 

performed on the M A C I High Performance Alpha Cluster at the University of Calgary 

(Calgary, A B ) using Gromacs version 3.0 [44][45] (http://www.gromacs.org) 

3.4.1 Molecular modeling, and dynamics. 

Structures at the local minima were determined using Conjugate Gradient 

(CG) and adopted Polak-Ribiere (PR) algorithm. As a final step, simulated annealing[46] 

[47][48][49], a combination of dynamics with minimization was applied to get the lowest 

energy structures. Molecular dynamics were performed using OK starting temperature 

which was rapidly ramped to 1800K over a 20ps period. This was followed by a 300ps 

equilibration at 1800K, which was then gradually ramped down to OK over the subsequent 

680ps for a total simulation time of Ins. Electrostatic and Van der Waal's forces were 

scaled by the recommended factors of 0.833 and 0.5, and no cutoffs were used [50]. As no 

structural experimental data for these peptides were available, we imposed several 

constraints during the dynamics calculations such as no ring deformation, and no alteration 

of peptide bonds. A l l calculations were performed using the Amber96 option. 

http://www.gromacs.org
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3.5 Statistical Analysis. 

Biological and binding data are expressed as mean ± standard error of the 

mean ( x ± S E M ) . The data were analyzed using one-way analysis of variance ( A N O V A ) 

and differences between groups calculated using a two-tailed Student's t-test for unpaired 

samples. P values of less than 0.05 were considered significant. Correlation coefficients for 

biological activity with respect to dipole vectors of the peptides were calculated using a 

multivariate exponential curve fitting function available in Microsoft Excel, and S U N 

Microsystem's Starcalc. 
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Figure 3.1. A diagramatic representation of the neutrophil chemotaxis assay. 
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C H A P T E R FOUR: D E T R I M E N T A L E F F E C T S OF TYROSINE PRESENCE ON 

SGP-T A N A L O G U E A C T I V I T Y 



4.1 Introduction 

One of the keys to identification of the mode of action of any peptide, 

hormone, or signalling molecule is to identify the receptor and site of action. Since SGP-T 

does not possess any endogenous labelling sites, a possible approach was to synthesize an 

analogue which possessed both the biological activity of SGP-T and also a labelling site. 

Thus, a series of analogues containing tyrosine and lysine moieties were developed as 

probes for receptor identification. The first of these analogues prepared were K Y T (Seq: 

NH 3 -Lys-Tyr-[Gly] 6 -Thr-Asp-I le-Phe-Glu-Gly-Gly-COO) and K T (Seq: NH 3 -Lys - [Gly] 6 -

Thr-Asp-Ile-Phe-Glu-Gly-Gly-COO"). Tyrosine and lysine have several sites that can be 

labelled. Tyrosine can be radiolabeled through iodination, while lysine may be 

biotinylated directly and iodinated indirectly through use of N-hydroxysuccinimide. The 

affinity of biotin for avidin is well known and has been used extensively as a means of 

labelling peptides [51][52][53][54] for many biochemical techniques including 

histochemistry [55]. Various N-hydroxysuccinimide esters can be used to modify free 

amino groups and subsequently iodinated [56][39]. The biological activity of analogues 

containing these labelling sites was assayed to determine their usefulness as potential 

ligands. We found that an analogue containing lysine, but not tyrosine, possessed optimal 

biological activity identifying it as a potential ligand for the SGP-T receptor. 

4.2 Results 

General Observations for Antigen Induced Ileal Contraction. The addition of antigen 

(OA) induced a slow tonic contraction of the ileal segments, which peaked within 2 to 3 

minutes before slowly receding to the baseline tension over 4 to 5 minutes. U R E produced a 

rapid tonic contraction that reached its maximum in 10 to 15 seconds. The S M R l C t P did 
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not alter the contractile response to U R E (not shown). Hence, the O A to U R E ratio acts as 

a means to measure antigen induced response while accounting for tissue viability through 

the U R E response. The O A / U R E ratio in untreated tissues was 0.26 ± 0.02, which indicates 

that the sensitizing antigen caused a contractile response that was 26% of that of U R E . 

Effects of SMRlCtP on antigen induced ileal contractility. SGP-T significantly 

attenuated anaphylaxis to 35.9±8.2% of control at 6 .8x lO ' 7 M and to 13.8±5.5% of control at 

1.4xlO" 6M (Table 4.1 and Figure 4.1). N-terminal extension of SGP-T to include lysine and 

tyrosine moieties produced the molecule K Y T which had no significant inhibitory effect in 

the dose range tested (5xlO~ 9M to 5xlO" 6 M). (Figure 4.2) However, omission of the Tyr 

moiety resulted in molecule K T which retained the activity of the native SGP-T at the tested 

doses (Figure 4.3). 

Addit ion of an N-hydroxysuccinimide ester to the s-amino or amino terminus 

of the lysyl residue of K T ( B H - K T ) resulted in a loss of activity. However, biotinylation at 

these same sites ( B K T ) had no adverse effect on the biological activity of K T (Table 4.1, 

Figure 4.4). 

4.3 Discussion 

Anaphylactic responses are those in which an antigen, ovalbumin in this case, 

is able to elicit extreme and often fatal reactions in a sensitized individual. In particular, 

antigen binding to its specific IgE antibody associates with its high affinity receptor, F C E R I , 

on resident mast cells (approximately 29000 cells/mm 3 in the mucosa and submucosa of the 

small intestine[57]) and initiates activation and subsequent mediator generation and 

degranulation. Within the exudate of the mast cells is a variety of factors which are both 

pleiotropic and redundant in function. Histamine is one of these factors and is able to 



mediate increased vascular permeability, mucus secretion, as well as stimulating smooth 

muscle contraction. In conjunction with histamine release, neutral proteases, proteoglycans 

as well as a variety of lipid-derived mediators such as the leukotrienes and prostaglandins 

are also present. The leukotrienes are even more potent at inducing the contraction of 

smooth muscle than histamine [58], while prostaglandin-D-> has the added effect of 

increasing histamine secretion[57]. It is this hypersensitive contractile response which is 

directly observed and modulated. However, it remains unclear precisely how the S M R l C t P 

attenuate this antigen-induced contractility. 

SGP-T's anti-anaphylactic properties make it a potential target for 

pharmaceutical development. In order to elucidate the mechanism of action of SGP-T it is 

necessary to identify the cellular target of the peptide. Since SGP-T does not contain 

endogenous labelling sites we constructed analogues with such sites that still retain 

biological activity. 

The K T peptide differs from K Y T only through the absence of the tyrosyl 

moiety however it retains the parent SGP-T activity (Figure 4.3). This result leads to the 

question, why does the presence of a tyrosine result in a loss of biological activity? The N -

hydroxysuccinimide ester on the N-terminal or e-amino of lysine is essentially identical to 

the sidechain of tyrosine. Since B H - K T was biologically inactive (Figure 4.4) it can be 

concluded that the presence of a tyrosine-like moiety directly causes the loss of activity. 

The mechanism by which the presence of a hydroxybenzene results in a loss of activity is 

unknown, but potentially a stacking interaction occurs between the two ring structures (Phe 

and Tyr). The Phe is essential for the activity of SGP-T [9] and this stacking probably 

results in a peptide conformation incompatible with receptor binding. 



Since biotinylation of the N-terminus resulted in a biologically active peptide 

(Figure 4.4), a tool is available for studying the receptor. The biotin, through its high 

affinity for avidin, allows for visualization of peptide receptor interactions through 

immunohistochemistry, as well as a means of quantification of receptor density and 

identification of cell type through fluorescence based flow cytometry with a suitable avidin 

linked fluorophore. These studies will be discussed in Chapter 9. 



Table 4.1 The effects of various analogues of SGP-T on antigen induced contraction 

of OA-sensitized rat ileal segments in an isolated organ bath. 
Symbol Structure Dose (M) O A T J R E a n b % c 

Control Saline 0 0.28 ± 0.03 14 100 
SGP-T T D I F E G G 6 . 8 x l 0 7 0.10 ± 0 . 0 2 *** g 36 
K Y T K Y G G G G G G T D I F E G G 3.6xl0 ' 7 0.32 ± 0 . 0 3 8 114 
K Y T K Y G G G G G G T D I F E G G 3.6xl0- 6 0.24 ± 0 . 0 1 3 86 
K T K G G G G G G T D I F E G G 4.1xl0 ' 7 0.10 ± 0 . 0 2 34 
B H - K T N-hydroxysuccinimide- {KT} 1.5xl0"7 0.28 0.06 5 100 
B H - K T N-hydroxysuccinimide- {KT} 4.2xlCr 7 0.36 ± 0.08 5 129 
B K T Biot inyl-{KT} 7.9xl0" 7 0.07 ± 0 . 0 3 *** 25 

***: p O . O O l 
a: Ovalbumin to Urecholine contraction ratio expressed as the mean ± standard error 
b : number of tissues 
c : Expressed as percentage of control ratio 
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Control SGP- T SGP- T 

Treatment (M) 

Figure 4.1 The effect of SGP-T on antigen induced contractility of OA-sensitized rat 
terminal ileum expressed as percent of control response. Both doses as shown were 
highly significant at p<0.001 and n=8. 
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Figure 4.2 The Dose response profile of KYT on OA-sensitized rat terminal ileum 
expressed as percent of control antigen induced contractility. None of the tested 
doses were found to be significantly different than control. N-values are 
Control(0)=10, 3.7xlO"8M and 1.7xlO"7M = 4, 3.7xlO"7M = 8, and 1.7xlO"6M and 
3.7xlO~6M = 3. Note: The data points have been connected by an interpolated spline 
and although they represent an observable trend, only the points represent real data. 



29 

0% "I . I 1 . . I , I , ! , | , I I I I 1 I 
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Figure 4.3 The dose response profile of KT on OA-sensitized rat terminal ileum 
expressed as percent of control antigen induced contractility. Levels of significance 
are *:p<0.05, **:p<0.01, ***:p<0.001. N-values are Control(0)=13,4.1xlO"9M=2, 
4.1xlO-8M=5,1.5xl0-7M through 1.5xlO"6M=6, and4.1x106M=7. Note: The data 
points have been connected by an interpolated spline and although they represent an 
observable trend, only the points represent real data. 
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Treatment (M) 

Figure 4.4 The effects of various analogues derived from peptide KT on antigen 
induced contractility of OA-sensitized rat terminal ileum expressed as percentage of 
control response. For reference, SGP-T is shown along with BKT at identical doses. 
Paired dose responses are found for two doses of Bolton-Hunter KT (BH-KT) along 
with the equimolar dose of KT. Of the displayed treatments, SGP-T, BKT, and both 
doses of KT were highly significant with p<0.001. N-values are Control=10, SGP-T 
at 6.8xl07M=8, BKT at 6.8xl0"7M=3, KT at 1.5xl0"7M and at 4.1xl0"7M were n=6 
and n=10 respectively, and BH-KT at 1.5xl0'7M and at 4.2xl0"7M were both n=3. 
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C H A P T E R FIVE: D E V E L O P M E N T OF PROBES F O R F E G 
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5.1 Introduction 

Simultaneously with the development of the B K T , as outlined in the previous 

chapter, we began to suspect that SGP-T and F E G may have similar, but distinct biological 

activities: for example, SGP-T but not F E G reduces endotoxic hypotension [59]. It seemed 

prudent to approach a separate set of analogues for the express purpose of targeting the so-

called F E G binding site. Hence, the analogues of F E G described within this chapter were 

designed to specifically identify a F E G receptor. Chronologically, labelled F E G analogues 

were developed after the extensive testing and screening of F E G analogues but prior to the 

introduction of computational chemistry which are discussed together in chapter 7. 

Specifically, we focused on the use of radiolabeled compounds. Although the 

tripeptides were never tested to determine whether biotinylation would be successful, the 

previously utilized method [Chapter 4] would have severely altered the size and probably 

the nature of the tripeptides. Further, the costs of labelling the whole tripeptide backbone 

with C 1 4 was prohibitive, so we examined the effects of iodination of the aromatic residue 

in S M R l C t P tripeptides. Should these peptides prove to be biologically active, the process 

of radiolabelling could occur on the bench top for a fraction of the cost of custom syntheses. 

Hence, we considered two compounds, iodo-yeG (I-yeG), where the iodine replaced the 

OH" and iodo-feG (I-feG), possessing a para-substituted iodine on the phenylalanine ring. 

5.2 Results 

Intestinal Anaphylaxis. I-feG significantly attenuated antigen induced contraction of the 

OA-sensitized rat terminal ileum, at doses of 5.0xlO" 6M and 1.4xlO" 5M, by 16.3±11% and 

20.9±17% of control respectively.(Figure 5.1) I-yeG also reduced the contractile response 

to O A at doses of 5.0xlO" 6 M and 1.4xlO" 5M to 36.2=12% and 32.2±9.0% (Figure 5.2). 
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Difficulty in isolating I-yeG necessitated the use of the reaction buffer in the controls for 

these experiments. The reaction buffer had no effect on ileal contractility. 

Neutrophil Chemotaxis. Treatment of human neutrophils with I-feG significantly 

decreased chemotaxis in response to I n M P A F . Doses of 1.0xlO" 9M and 1.0xlO' 1 0 M were 

reduced to 60.5±2.5% and 61.4±2.7% of control migration respectively (Figure 5.3). I-yeG 

had no effect on neutrophil chemotaxis in the same dose range used. 

5.3 Discussion 

The sequence similarity between FEG and SGP-T suggests that the former 

may be an active fragment of the latter. Indeed, F E G may be the ultimate form of the 

peptide, with SGP-T serving as a pro-peptide. However, aside from the similarity in the 

observable physiological effects [13] [60][9] between SGP-T and F E G , there is no definitive 

evidence demonstrating that these peptides mediate their effects through the same receptor 

[59]. Thus, the development of receptor probes for both SGP-T and F E G provides an 

additional tool for examining binding sites of S M R l C t P , aside from those developed in 

chapter 4. 

Two radio-labelled probes for F E G binding sites have been synthesized. I-feG 

was active though its activity comes at a cost. The presence of the iodine in the para 

position of the D-Phe resulted in reduced potency of an order of magnitude in comparison 

to feG. Likewise, I-yeG was also active but exhibited a similar loss in potency. Even 

though the presence of an iodine compromises the bioactivity of each of these compounds, 

these studies show that iodinated compounds could be used for receptor identification. 

The demonstration of efficacy on human neutrophils with the chemotaxis 

assay is an important step, since the S M R l C t P peptides were shown to be effective in 
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human cells, an observation of obvious importance in the development of pharmaceuticals. 

What is of note is the lack of activity of the I-yeG in inhibition of neutrophil chemotaxis. It 

should be stressed that the I-yeG was not isolated from the reactants used in labelling the 

yeG with iodine. In effect, these by-products and reactants may have compromised 

chemotaxis, with the neutrophils being more sensitive to their presence than the terminal 

ileum within the organ bath. However, the dose range used for neutrophils was four orders 

of magnitude lower than that used for the ileum as such it is more likely that the neutrophils 

simply do not respond to I-yeG, at least in this chemotactic assay. It would be premature to 

exclude I-yeG as totally inactive on human cells. 

P A F was selected as the chemotactic agent from previous observations that 

among a battery of stimuli, S M R l C t P treatment had a primary inhibitory effect on this 

stimulant. In vivo, P A F is synthesized upon activation of the endothelial cells but is not 

secreted. Rather it is displayed at the cell surface where it is able to stimulate tethered 

neutrophils inducing priming and extravasation of the cells out of the vasculature[61]. This 

activity is mediated through a P A F receptor located on the cell surface of the neutrophil. 

This receptor is a seven transmembrane protein which is associated with two distinct G -

protein pathways [62]; one which was pertussis toxin sensitive, phosphatidylinositol 

turnover was partially inhibited, and the other which was pertussis toxin insensitive, 

intracellular Ca 2^ levels were increased. Furthermore, activation of the P A F receptor results 

in activation of the mitogen actived protein kinase pathway through a Ras-independant 

mechanism[63]. P A F stimulated activation results in priming, CD11/CD18 activation, 

shape change, chemotaxis, degranulation, and oxygen radical formation. The ability of the 

S M R l C t P to alter the response of neutrophils to P A F may allow for refinement of treatment 
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protocols based on selective modulation of P A F induced neutrophil activation. 

A s with the biotinylation of K T in the previous chapter, we have developed 

potential probes for the S M R l C t P receptors. Before I-yeG wi l l become useful 

experimentally, the issues surrounding its synthesis and purification must be resolved. 

Further studies with both B K T and I-feG are required to determine which probe is ideally 

suited for identification of S M R l C t P receptors. It may even be argued that I-feG, owing to 

its much higher degree of homogeneity with F E G and feG, may be a selective probe for a 

receptor distinct from that used by SGP-T. 

The development of receptor probes in the form of B K T [Chapter 4], and I-

feG [Chapter 5] while meeting with initial success, also presented other problems. The use 

of radiolabeled compounds, especially I I 2 D-feG, proved to be prohibitively expensive from 

commercial sources, and the purification of I-yeG was problematic. A t the same time B K T , 

although successfully used to identify binding sites histologically had other problems, as 

wi l l be detailed in Chapter 9. I became increasingly concerned as to whether these 

analogues would identify binding sites related to the parent molecules, SGP-T and F E G . 

Thus, a computational approach was developed to gain a better understanding of the 

analogues, their conformations and hence appropriateness as ligands for identifying 

S M R l C t P receptors. 
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Figure 5.1 Response of OA-sensitized rat terminal ileum to treatment with feG 
(•)and I-feG(B), an all D tripeptide with a para-substituted iodine on the D-Phe 
ring. Note the one order of magnitude shift for optimal doses, from 5x10 7M for feG 
to SxlO^M for I-feG. Each point represents the mean ± standard error. *: p<0.05, 
**:p<0.01, ***: p<0.005. N values for each concentration of I-feG are 
Control(0)=10, and all other doses=3, and for feG are Control(0)=9 with all other 
doses=4. Note: The data points have been connected by an interpolated spline and 
although they represent an observable trend, only the points represent real data. 
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Figure 5.2 Response of OA-sensitzed rat terminal ileum to treatment with feG 
(•)and I-yeG(^), an all D tripeptide. Note the one and a half order of magnitude 
shift for optimal doses, from 5xlO~7M for feG to 1.4xlO"5M for I-yeG. Each point 
represents the mean ± standard error. *: p<0.05, **:p<0.01, ***: p<0.005. N for each 
concentration of I-yeG are Control (0)=7, 5xlO"7M=5,1.4xl06M=7, S x l O ^ M ^ , 
1.4xlO-5M=7. N values for feG are Control(0)=9, with all other doses=4. Note: The 
data points have been connected by an interpolated spline and although they represent 
an observable trend, only the points represent real data. 
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Figure 5.3 The effects of treatment with I-feG, an all D tripeptide with a para-
substituted iodine on the D-Phe ring, on the chemotaxis of isolated human 
neutrophils labelled with C r 5 1 in response to InM PAF on a transwell plate (Left 
Axis)(B). For comparison, the effects of I-feG on antigen induced ileal contractility 
has been included (Right Axis)(^). Control values are seen in yellow for each assay 
and are equivalent to no peptide treatment. The marked shift in sensitivity between 
the two assays is readily apparent with chemotaxis being affected by over 4-orders 
of magnitude less peptide than that required for the ileum. Note the difference in 
scales between the two y-axes as chemotaxis is only reduced to 60% of control 
value. For the chemotactic response, each point represents the mean±standard error 
of the counts of C r 5 1 expressed as percentage of control. *: p<0.05, **:p<0.01, ***: 
p<0.005. Each point represent n=4 with each point being the average of 3 separate 
counts. Note: The data points have been connected by an interpolated spline and 
although they represent an observable trend, only the points represent real data. 



C H A P T E R SIX: M O L E C U L A R M O D E L I N G B A C K G R O U N D 
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Minimal energy structures are viewed as the statistically most frequently occuring 

state of a compound, otherwise known as the ground state [50]. A s such, molecular 

modeling utilizes techniques to search for and minimize the contributions of all the various 

intra and inter-molecular interactions in an attempt to obtain a most frequently occuring 

conformation. Although minimal energy structures are frequently computed in vacuo, i.e. 

in the absence of inter-molecular interactions, most biologically relevant molecules, 

including peptides and proteins, exist in solution. Solvents and other constituents, such as 

salt ions, other proteins and organic molecules interact with the peptide and contribute to 

the final structure of the peptide. Polar or non-polar solvents interact differentially with the 

constituent amino acid residues, depending on their hydrophobicity or polarity, and can lead 

to radical shifts in structure. Furthermore, solvent effects are a dynamic process, and 

peptides existing freely in solution may take on radically different conformations when they 

interact with surface receptors, pass through membrane channels, or indeed in the case of 

particularly hydrophobic molecules, pass through lipid membranes. Each environment 

possesses different properties and hence exerts different forces on the peptide, thus 

changing its conformation. Three points summarize the necessity for including solvent 

effects within any molecular model [50]: 

1) Solvent can strongly effect the conformation of different solute molecules. 

2) Solvent influences the hydrogen-bonding pattern, solute surface area, and 

hydrophilic and hydrophobic group exposures. 

3) The very nature of solute-solute as well as solute-solvent interactions is 

extremely dependent on the solvent environment. 

The investigation of the effects of solution on the conformation of solutes or peptides is a 
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rapidly growing field, and a variety of techniques and methodologies have been developed 

to more accurately predict the effects of solvents on their solutes [64][50][65]. These can 

be divided broadly into two categories. With one category of techniques it is assumed that 

the solution can be represented by a dielectric continuum which exerts a force on the solute 

and hence affects the conformation that solutes are able to take such that the energy within 

the system is minimized. These techniques or models can be classified as implicit 

solvation models. The second category views each solvent molecule as a distinct entity. 

Rather than treating the solvent as an implicit variable, each solvent molecule is included as 

an explicit entity and as such is free to interact and ultimately to influence the final structure 

of the solute. These models can be termed explicit solvation models. 

6.1 Implicit Solvation Models 

The simplest example of these are in vacuo simulations. Here, the solute is placed 

within a dielectric field possessing a dielectric constant, 8 = 1 . Hence, this is the equivalent 

to placing the solute within a vacuum [50]. This may seem a poor approximation. 

However, in vacuo simulations are comparable to a non-polar environment and are, 

computationally, the least costly method to use. 

In vacuo simulations of conformation are, perhaps, the least accurate. Implicit 

solvation is an extension of in vacuo simulations which has a number of features in its 

favor. First and foremost, it is much less expensive in terms of computational power when 

compared to explicit models of solvation. While on the surface, and in light of advances in 

computational power, this may seem trivial, in practice it must be weighted heavily [66]. 

As each additional atom is specified, the computational difficulty increases exponentially. 

It is for this reason that continuum effects were designed and applied. Any solvent can be 



viewed as a dielectric continuum. In making this approximation, each atom designated 

within the system feels the force of the dielectric continuum exerted on it equally and in all 

directions. With a single atom, this results in a static state, with two atoms this results 

likewise in a static state, however each atom is now exposed to not only the force field of 

the water but also to the force exerted by the second atom. Depending on the nature of the 

atom, the effect may be repulsive, or attractive. As a result, a balance exists between the 

nature of the force between the two atoms and the overall force exerted by the force field of 

the water. Clearly, as the number of atoms increases the effects of neighbouring atoms 

become more relevant. However, in its most basic form, the implicit treatment of the 

solvent does not take into consideration variables such as intermolecular collisions or 

friction. 

One technique which 

acounts for these omissions is 

called Langevin Dynamics. In 

this method, the effects of the 

solvent are modeled through 

random forces applied to the 

molecule of interest thus 

simulating collisions, and 

frictional forces are added to 

simulate dissipative energy losses due to these collisions. Mathematically, this is 

represented as the Langevin equations to motion (Figure 6.1) [50]. Here y, representing the 

frictional coefficient in units of picoseconds"1 (ps"1), is related to the diffusion constant of 

i i ) r = M in) a r ' 
m, ml mD 

Figure 6.1 Langevin equation, 

a, represents acceleration, F* represents the force on 

each atom and is proportional to V , the potential 

energy function of the atom, divided by the 

position, T{, of the atom. (m=mass, T=temperature, 

y=frictional coefficient, D=diffusion coefficient, 

R=random force applied by solvent to solute) 
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Figure 6.2 Computational integration algorithms for the Langevin equation. 

(r=position, t=time, v=velocity, m=mass, F=interatomic force as a function of time) 

the medium by Einstein's relation as seen in equation i i . R; is the random force imparted by 

the solvent on the solute and is randomly generated from a Gaussian distribution with zero 

mean. However, this distribution does not take into account the solvent molecule's 

velocity. The integration, done by the methods of Al len and Tildesley [67] (Figure 6.2), at 

each time point tracks position, r(t), and velocity, v(t), and increments the position and 

velocity accordingly at each successive iteration. The terms, A r G and A v G , are random 

numbers selected from a Gaussian distribution centered at 0 and effect the random forces 

for position and velocity, respectively. At its core, Langevin dynamics can be applied to the 

same problems as molecular dynamics simulations where the solvent is included explicitly. 

In particular, it is best suited to the study of large proteins where explicit solvation becomes 

expensive not just due to the presence of solvent molecules but rather because the the 

number of atoms within the protein is already large. 

6.2 Explicit Solvation 

effects of solvation upon the solute, however, it does not describe the definitive interaction 

and effects of solvent molecules on the solute's conformation. When a solvent is included 

Implicit solvation may spare computational cycles and include the dominant 



implicitly, the presence of a water molecule, for example, interfering with an association 

between two polar residues on a protein is ignored. Hence, the absence of the ability to 

correctly model this type of interference is a strong drawback to implicit solvation. The 

inclusion of solvent molecules, though computationally expensive, is more realistic and a 

more accurate model of the true states of the molecular system. A balance is sought 

between the computational complexity and the 

value of the results obtained. Two of the most 

common approaches used in explicit solvation 

are periodic boundary conditions (PBC) and the 

spherical solvent boundary potential (SSBP). 

6.2.1 Periodic Boundary Conditions (PBC) 

P B C place the solute of interest within a box of 

solvent, typically water. What distinguishes 

this technique from simply adding water 

around the solute is that at each interface of the 

box rather than interact with a vacuum, a 

virtual image of the box exists (Figure 6.3). 

Hence, surrounding our box of interest are 

twentv six boxes which are identical in every 

Figure 6.3 Periodic boundary 

conditions. 

The front right 12 boxes have been 

rendered transparent to allow the 

rear boxes to show through. Each 

box is identical in every regard. 

aspect to our original box. In this way, the vacuum interface is eliminated. Solvent 

molecules are free to cross the boundary into an adjacent box, however, as a molecule exits 

the top of the central core box, the same thing happens in the twenty six virtual boxes, 

hence a solvent molecule enters the bottom of the core box to replace the rogue solvent 
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molecule. P B C is further distinguished as it effectively forms a continuum along each axis. 

When a molecule exits the top of the cube, it enters from the bottom and vice versa. This 

applies to all three axes, and results in a constant number of solvent molecules [50][64]. 

Calculations for explicit solvation are done using molecular dynamics simulations. 

The force is calculated as defined previously in Figure 6.1.iii for each atom. From the force 

it is possible to obtain the acceleration and hence the velocity. The energy (Figure 6.4), 

both total kinetic and total energy for the system are calculated. The Hamiltonian (Figure 

6.4.ii) is a representation of the total kinetic and potential energy within the system [68][69] 

. The integrations in this model are simpler than those of Langevin dynamics, consisting of 

integration of Newtonian equations of motion to determine position, velocity, and 

1 N 

' ) K = - J m i v ? ") H( r ,p )=K(p) + V(r ) 

Figure 6.4 Energy functions used for 

molecular dynamics. 

(m=mass, v-velocity, K=kinetic energy as a 

function of p=atomic momenta, V=potential 

energy as a function of imposition) 

SSBP maintains the peptide at the center of a spherical shell of explicitly defined 

solvent. The shell is restrained by external forces which approximate the mean potential at 

the boundary of the sphere [70]. External to this shell is a continuum in which the solvent 

is treated implicitly, approximating the presence of a continuous solvent space. Thus SSBP 

represents a hybrid compromise, addressing the necessity of including molecules able to 

acceleration for all atoms within the 

system, without any need to apply 

random forces to simulate the 

presence of solvent. 

6.3 Hybrid Solvation: Implicit and 

Explicit Solvation 

6.3.1 Spherical Solvent Boundary 

Potential (SSBP) 



interact with the peptide while minimizing the number of solvent molecules necessary to 

solvate the solute. 

The drawback to this approach typically occurs with large proteins, where the fixed 

spherical constraint imposed upon the solvent does not take into consideration the ability, 

particularly of large proteins, to assume conformations which may be outside of the 

spherical restriction. Hence, while SSBP represents a compromise between two extremes, 

it imposes its own constraints upon the system, restricting molecular changes to those 

which can be encompassed by the sphere. The possibility exists to expand the sphere, 

however, as the sphere expands, the compromise between implicit and explicit solvation is 

lost in favor of explicit solvent and the associated computational expense. 

6.3.2 Primary Hydration Shell [71] 

PHS is similar to SSBP in that it represents a hybridization between the implicit and 

explicit treatments of solvation. Unlike SSBP the rigid spherical shell is replaced with a 

flexible non-spherical solvent restraining potential. Thus, the limitations implicit within the 

rigid sphere of S S B P are lost. Unfortunately, the loss of rigidity comes at a cost. The 

advantage of S S B P over PHS lies in the ability to take the solvent exterior to the shell and 

represent it with a single continuum equation. In PHS, this bulk representation has to be 

replaced by a restraining force. This force has to balance the instantaneous pressure which 

develops inside the shell due to the conformational changes taking place. Further, this 

pressure generated internally is dependent on temperature. The model was developed to 

mimic constant pressure at constant temperature and this is why the restraining force 

instantaneously counters increases in pressure within the shell [71]. 

A s far fewer molecules of water are required to complete solvation of the peptide, 
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f 1 
shell ( rij ^-vdw ^ shell) i f 

i ) U . h e I I ( r l j , R ) = 2 
r „ - R s h e l l 

0 r, - R (j) vdw >R shell 

Figure 6.5 Restraining potential (U S hei i ) energy of PHS. 

r,j is the distance between solvent atom i and solute atom j , R v d w ® is the van 

der Waals radius of the jth solute atom, R 3 h e i i is the radius of the PHS, K S hei i 

is the kinetic energy of the shell. 

computationally this represents a substantial saving in time. These water molecules are 

maintained in close proximity to the peptide through the use of a half-harmonic restraining 

potential and is treated according to the equation in Figure 6.5.i. However, because the 

shell continually expands and contracts, a restraining force must be calculated dynamically 

and is done through a first order dynamics equation [70][71]. 

6.4 Rationale and Approach 

approaches. First, as the least expensive computationally, in vacuo simulations were used 

for the initial foray into modeling [Chapter 7]. This decision came from work which 

suggested that since receptors are typically found in close proximity to the cell membrane 

where a predominantly non-polar environment would be found [72][73], Hence, in vacuo 

simulation offered a computationally simple approximation. 

select one molecule to pursue further. In this manner, we could examine in detail the 

differences, advantages, and disadvantages to the solvated approach. With the diverse array 

of solvation methods, we decided that given the small size of the tripeptide an explicit 

Wi th the mathematical models presented above, we decided on several 

However, the issues of solvation remained important, as such we opted to 



approach would yield the best results. Further, since the system was relatively simple, 

consisting only of a single solute molecule in water, the use of P B C seemed a reasonably 

straightforward approach [Chapter 8]. 
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C H A P T E R S E V E N : SUBMANDIBULAR G L A N D TRIPEPTIDE F E G (PHE-GLU-

GLY) A N D A N A L G O U E S - K E Y S T O S T R U C T U R E D E T E R M I N A T I O N 



7.1 Introduction 

Since the d-enantiomeric form of F E G , the tripeptide feG, exhibited similar 

anti-anaphylactic properties to F E G [60] we became interested in the structural features of 

FEG/feG. The biological activities of FEG/feG were examined in conjunction with 3D 

modeling using mono- and di-substituted analogues. The results lead us to propose a 

preferred three-dimensional conformation of the active tripeptides. 

7.2 Specific Methods 

Molecular modeling and dipole moment calculations. Candidate structures were selected 

based on their energy, and their geometries analyzed in detail to choose the most 

energetically favorable. Selected conformations were fully optimized and dipoles were 

obtained, using semi-empirical A M I calculations [74], which were carried out in vacuo 

(dielectric constant, s = 1) in order to simulate a non-polar lipid environment [75][72][73]. 

Dipoles were calculated with reference to the inertial axes and rotated such that the dipole 

axes were always with reference to the N-terminus amino, the N-terminus hydrogen present 

prior to converting the peptide to zwitterionic form, and the alpha carbon of residue 1 

(Figure 7.1) in order to preserve a consistent axis system throughout analysis. 

7.3 Results 

General Observations for Antigen Induced Ileal Contraction. In this study we made 

extensive use of the antigen induced contraction of isolated intestinal (ileal) segments from 

O A sensitized rats. The features of this model are discussed in Chapter 4. When the F E G 

was added to the bath the O A / U R E ratio was only 0.12 ± 0.04, or 47% of the control 

response. 

Structural Determinants Essential to Biological Activity. Analogues of F E G were 



designed to determine the importance of the carboxyl and amino-terminal groups as well as 

the amino acid in position 2 to biological activity. Acetylation (Ac-FEG) or amidation of 

(FEG-NH2) caused a loss of biological activity (Table 7.1), indicating that a N-terminus 

amide and C-terminus carboxyl groups are required. However, substitution of the C-

terminal glycine with (5-Ala (FE0A) or sarcosine (FESar), which both restrict the mobility 

of the C-terminal but not the presence of the carboxyl group, were tolerated substitutions, 

suggesting that the mobility of the C-terminal carboxyl was not critical to biological 

activity. Substitution of non-aromatic residues in position 1, by substituting the Phe (F) 

with A l a (A) ( A E G ) , Gly (G) (GEG), Leu (L) (LEG) , and norvaline (2-aminopentanoic 

acid) (Nval). (Nval)EG resulted in a loss of biological activity suggesting that the 

aromaticity of the first residue is necessary for biological activity. The distance of the 

carboxyl residue at position 2 was also important as substitution of Asp (D) for Glu (E) in 

F D G , with associated decrease of a single carbon in chain length, caused a loss of 

biological activity. 

Molecular Modeling and Structural Analysis. Although a large number of conformations 

of F E G , and its analogues are possible, the small size of the peptide and the identification 

of the N-terminus amine, C-terminus carboxyl, an aromatic ring at position 1, and the 

carboxyl group in position 2 as residues contributing to biological activity, restricted the 

analysis to conformations consisting of combinations of interactions between these essential 

components. These interactions were: 

Conformation 1: the glutamyl carboxyl group interacts with the phenyl ring, and the 

terminal carboxyl with the N-terminus, 

Conformation 2: the aromatic ring interacts with the terminal carboxyl, while the glutamyl 
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carboxyl interacts with the N-terminus, 

Conformation 3: the terminal carboxyl and the glutamyl carboxyl interact with the N -

terminus. 

Since these conformations possessed very similar minimum potential energies, 

identification of the preferred interactions could not be based on this variable (results not 

shown). However, when the dipole moments of the peptide, F E G , and its analogues: feG, 

F D G , and fdG were calculated a higher degree of correlation with conformation 2 

(R2=0.9467) than with either conformation 1 (R2=0.0805) or conformation 3 (R2=0.6411) 

was found. The relative activities were predicted for aromatic substitutions in position 1, 

consisting of Tip and Tyr, and Asp substitution in position 2 and their D-enantiomers using 

conformation 2. From the predictions, all peptides consisting of X E G and xeG, where X is 

one of Phe, Tyr, or Tip and x is the D-enantiomer of each, should be active while any Asp 

substitutions were predicted to be inactive. These analogues were tested in the sensitized rat 

ileal assay. 

Substitutions in Position 1 and 2 and D-Enantiomeric Substitutions. F E G , and its d-

enantiomer feG both significantly attenuated the antigen induced contraction of the terminal 

ileum (Table 7.2). Five of the eight peptides behaved as predicted by the equation derived 

from conformation 2. The substitution of Tip (W) for Phe, in the analogue W E G , 

significantly reduced antigen induced contractility, but unlike feG and contrary to 

prediction, the d-enantiomer of W E G , weG was inactive. The substitution of Tyr (Y) for 

Phe, giving the analogue Y E G , resulted in a loss of biological activity, which was also not 

predicted. yeG was as potent as F E G in inhibiting antigen induced contractions of the 

ileum. Both F D G and Y D G were inactive, whereas W D G was active contrary to 
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prediction. A l l analogues containing the D-enantiomer of Asp (fdG, ydG, and wdG) were 

inactive. 

The addition of the predicted analogues' biological activities resulted in a decrease 

in the regression correlation coefficient between the activities of the tripeptides and the 

dipole moments of conformation 2 from an R2=0.9467 to R 2=0.260 indicating that this 

structure is probably not assumed by F E G and its analogues. Subsequent analysis of all 3 

conformations yielded a higher correlation for conformation 1 (R2=0.515) than either 

conformation 2 or 3. Furthermore, when active peptides and inactive peptides were 

considered independently, conformation 1 resulted in a very high correlation for the active 

peptides (R 2=0.999, F o b s=4379.80, F c„,=34.1 for a=l%) as well as for the inactive peptides 

(R2=0.908, F o b s=49.62, F c r i t=16.3 for a=l%). 

Ramachandran Plots. Based on the dipole analysis, conformational energy maps ( C E M ) 

were generated through rotation of the position 1 side chain around Xi and jj (Figure 7.2). 

Regions of preferred conformational space can be identified by the depth and size of the 

wells. With multiple wells present, the relative populations of a peptide in a given 

orientation depend on the depth and the extent of a well. Analysis of 2D and 3D graphics 

(not shown) reveals that the active peptides had the same overall behavior exhibiting 

relatively restricted ranges of conformationally available space for ring rotation (Figure 

7.3a, F E G ; Figure 7.3c, W D G ) . Conversely, the inactive peptides (Table 7.2; Figure 7.3b, 

Y E G ; Figure 7.3d, weG) did not display well-defined energy minima and possessed very 

wide unrestricted wells indicating large ranges of available space for rotational movement 

of the ring. 
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From considerations of dipole moments and energy maps, conformation 1 probably 

represents the biologically relevant conformation, as shown stereoscopically for F E G in 

Figure 7.4 

7.4 Discussion 

Optimizing peptide to receptor interaction is of critical importance in the 

development of pharmaceuticals. Chirality often plays a crucial role in the biological 

activity of the peptide, which has made the study of D and L enantiomers of peptides 

particularly relevant as one enantiomer is not guaranteed to be active simply because it is 

chemically the same compound [76]. This variation in biological activity of chemically 

identical, but isomerically distinct compounds is strongly supported by our results where D 

and L enantiomeric forms of F E G and its analogues possess varying degrees of biological 

activity. The D enantiomer of an analogue can be rendered completely inactive as in weG, 

or, can be as active as with feG. D-enantiomeric forms of amino acids are incorporated into 

peptides to make them more resistant to proteolytic degradation [77]. However, this ability 

of chirally distinct peptides to act at the same site contrasts sharply with the belief that 

receptors are generally stereoselective. 

Numerous studies have shown that receptors and enzymes exhibit stereoselectivity for 

their ligands. A n example of this is seen in the chemical synthesis of the D-form of human 

immunodeficiency virus type 1 protease that was found to be highly specific for the D-

enantiomer of its peptide ligand [78]. Antibodies raised against polymers of L or D amino 

acids are generally stereospecific, however cross-reactivity has been found in various cases, 

such as the ability o f an IgG3 antibody to react with either the D or L form of its target 

peptide [76]. Furthermore, the D-isomeric forms of several peptides possess biological 



activity, despite the fact that most naturally occurring peptides, including receptors, are 

composed of L-amino acids [76]. The D-enantiomeric form of a peptide based on a 

conserved peptide region of the lectin domain of E-, L - and P-selectin, Y Y W I G I R K - N H 2 , 

for example, displays an increased ability to inhibit neutrophil infiltration in the 

thioglycolate-induced mouse peritonitis model than did the L-isomer [79]. The D-

enantiomeric form of F E G likewise exhibits slightly elevated biological activity (Table 7.2). 

D-peptides may be constructed with an inverted sequence (retro) consisting of all D 

residues (inverso); these peptides are called retro-all-D peptides or retro-inverso (Rl) 

peptides [80]. RI peptide sidechains take up a conformation, which appears essentially 

identical to the L-enantiomer. Perhaps with shorter sequences, such as in all-D-tripeptides 

like feG and other analogues discussed herein, the construction of inverted sequence 

peptides may not be necessary to cause the L-type presentation of sidechains. 

From structure-activity considerations five components of the tripeptide F E G 

were found to be essential for the biological activity of this peptide: 

1. the aromatic ring in position 1, 

2. a carboxylic acid on the side chain of position 2 that is separated from the peptide 

backbone by two methyl groups 

3. a free amino terminus, 

4. a free carboxyl terminus, and 

5. a restricted range of motion of the position 1 sidechain. 

The only exception to these general rules was with the substitution of an Asp for a Glu in 

position 2 in the analogue W D G (Table 7.2; see below). Another feature of the active 

peptides was that combination of D-amino acid substitutions at position 1 (D-Phe and D -
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Tyr) and at position 2 (D-Glu) as in feG and yeG were tolerated while the D-Asp 

substitution at position 2 resulted in inactive analogues (Table 7.2). 

These structural features, essential for biological activity, can be understood when 

two conformational features of the peptides are considered: the interaction of the position 2 

carboxylic acid group with the phenyl ring, and the terminal-amino group interacting with 

the terminal carboxylic acid group. The dipole moment data strongly supports this 

configuration as the best conformation for both active and inactive peptides. Further, 

Ramachandran plot analysis (Figure 7.3) demonstrates a relatively restricted range of 

motion for the Phe sidechain of F E G (Figure 7.3a) and feG (Not Shown) as well as for the 

Tip sidechain of W D G (Figure 7.3c). This relatively restricted range of motion for the Phe 

side-chain (Figure 7.3a), although unusual in a small peptide, is similar to that seen with the 

tetrapeptide Ser-Pro-Phe-Arg [81]. In a non-polar environment the sidechains of Phe and 

Arg of this tetrapeptide exhibited marked rigidity, whereas in an aqueous environment, the 

tetrapeptide took up an essentially random conformation. In contrast to this, F D G and fdG 

(Not Shown) retained high degrees of mobility for the Phe sidechain similar to that 

observed for the position 1 residues in Y E G and weG (Figure 7.3b, 3d respectively) and 

also lacked biological activity. Cursory examination of the Ramachandran plot for F E G 

(Figure 7.3a) may seem to indicate high mobility for the Phe side chain; indeed the opposite 

is true. Phe is symmetrical about %2 hence the 4 wells are actually indicative of 2 sets of 

identical wells; weG (Figure 7.3d) does not possess this symmetry and thus possesses 

greater mobility than F E G . This trend was observed consistently with the active peptides 

being constrained energetically in the movement of the residue 1 sidechain while inactive 

peptides lacked this restriction. It appears that confinement of residue 1 results in an ability 
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to retain the biologically active state, whereas peptides unrestricted in the orientation of the 

aromatic residue are inactive since key interactions wil l no longer be maintained, as in 

Y E G , weG and F D G . 

The general lack of activity of analogues containing an Asp in position 2, with the 

exception of W D G , is probably due to an inability of the essential carboxyl residue to 

interact effectively with the position 1 aromatic residue. The activity of W D G , however, 

may be attributable to the increased size of the Trp that compensates for the decreased 

aspartic-carboxyl separation from the peptide backbone; With the exception of yeG, (not 

shown) in no other peptide is the restricted movement of the position 1 sidechain more 

evident than in W D G (Figure 7.3c) wherein the Trp is tightly constrained to a very deep and 

narrow well occurring at [xi, X2] of [180°, 240°]. Hence, W D G is unique among all Asp 

substituted compounds in that all other Asp substituted peptides display a high degree of 

rotationally available space which probably decreases the probability of assuming the 

biologically relevant state. Similarly, yeG displays a highly constrained energy minima at 

[Xi, X2] of [180°, 90°] which is notably absent in its biologically inactive isomer - Y E G . 

(Figure 7.3b) 

By combining biological assay data with molecular modeling, we have identified a 

preferred conformation of the tripeptide F E G and its active analogues. Indeed, by analyzing 

features of the peptides from molecular modeling we have been able to predict with 

reasonable accuracy, the relative activities of potential analogues of the tripeptide. This 

identified conformation of F E G may be the biologically relevant for the peptide-receptor 

interactions. Confirmation of this proposed conformation requires that the receptor for 

F E G be isolated and the essential amino acids at the active site be identified. This study 
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further illustrates the remarkable flexibility of tripeptides, which permits D-isomeric forms 

of peptides to retain biological activity, provided the essential active elements are 

conserved. 



Table 7.1 Effects of C-terminus, N-terminus, and position 2 

substitution in F E G on inhibition of intestinal anaphylaxis in vitro. 

Abbreviation Structure O A / U R E 0 % Control nb 

Control Saline 0.27 ± 0.02 100 41 
F E G F E G 0.12 ± 0.04 * 44 4 
F D G [D 2 ]FEG 0.26 ± 0.04 96 4 
A E G [AiJFEG 0.25 ± 0.11 93 4 
G E G [Gi ]FEG 0.20 ± 0.08 74 6 
L E G [L i ]FEG 0.20 ± 0.05 74 10 

(Nval )EG [Nvali]FEG 0.25 ± 0.08 93 6 
A c - F E G Acetyl -FEG 0.17 ± 0.05 63 5 
F E G - N F L F E G - N H , 0.26 ± 0.11 96 4 
F E p A [ P - A l a 3 ] F E G 0.09 ± 0.01 *** 33 4 

FESar [Sarcosine 3]FEG 0.16 ± 0.03 * 59 4 
a O A / U R E : contractile response to ovalbumin (OA) divided by 

contractile response to Urecholine (URE) 
fcn: Number of rats 
* :p<0 .05 * * * : p < 0.001 



Table 7.2 Effects of aromatic substitution at position 1, and Asp 

substitution at position 2 in both L and D forms in F E G on 

inhibition of intestinal anaphylaxis in vitro 

Abbreviation 3 Structure O A / U R E ' 1 % Control n c 

Control Saline 0.27 ± 0.02 100 41 
F E G F E G 0.12 ± 0.04 * 47 4 
feG [ fe 2 ]FEG 0.07 ± 0.03 *** 25 4 
F D G [D 2 ]FEG 0.26 ± 0.04 98 4 
fdG [ fd 2 ]FEG 0.40 ± 0.12 148 7 
W E G [W,]FEG 0.13 ± 0.05 * 48 5 

weG [wie 2 ]FEG 0.20 ± 0.05 75 4 
W D G [ W ^ F E G 0.12 0.03 *** 46 10 
w d G [w,d 2 ]FEG 0.20 ± 0.04 75 7 
Y E G [ Y J F E G 0.31 ± 0.03 115 4 
yeG [yie 2 ]FEG 0.13 — 0.03 50 4 
Y D G [ Y i D 2 ] F E G 0.22 ± 0.11 83 3 
ydG [yid 2 ]FEG 0.21 ± 0.08 78 3 
"Abbreviation: One letter amino acid codes are used. Capitalized letters 

are indicative of L-amino acids while lower case letters are used for 

D-amino acids, i.e. Y = L-Tyr, y = D-Tyr 
b O A / U R E : Contractile response to ovalbumin (OA) divided by 

contractile response to Urecholine (URE) 
c n: Number of rats 
* :p<0 .05 * * : p < 0.005 ***: p < 0.0005 



Figure 7.1. Reference axes for dipole moment calculations. Dipoles were calculated with 
reference to the inertial axes and rotated such that the dipole axes were always with 
reference to the N-terminus amino, the N-terminus hydrogen present prior to converting 
the peptide to zwitterionic form, and the alpha carbon of residue 1. 



Figure 7.2. Drawing of the peptide feG. Indicated are the X i and x 2 torsional 
angles. X i is defined by vertices at 1 - 2 - 3 - 4, which defines rotation about the 
segment 2 - 3 . Similarly, x 2 is defined by vertices at 2 - 3 - 4 - 5, defining rotation 
about segment 3 - 4. Rotation about these segments results in the Ramachandran 
plots in Figure 7.2. 
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Figure 7.3. Ramachandran plot for peptides derived through rotation of the aromatic 
sidechain about %i and %2. FEG (a), Y E G (b), WDG (c), and weG (d). Outlined in 
black is a 3.75 kcal window to more clearly indicate the expanse of the minimum 
energy well. Note how F E G and WDG are energetically constrained in the motion of 
the sidechain and are biologically active, whereas the unrestricted range found in Y E G 
and weG results in biologically inactive peptides. Energy scale is kcal/mol; all plots 
have been adjusted to Okcal minimum energy. 
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Figure 7.4. Stereoscopic image of F E G in its most probable conformation for 
biological activity. The glutamyl carboxyl group interacts with the phenyl ring, and 
the terminal carboxyl with the N-terminus. 
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C H A P T E R E I G H T : S O L V A T I O N AND ITS E F F E C T S O N T H E S T R U C T U R E OF 

feG 



66 

8.1 Introduction 

Molecular dynamics (MD) simulations are an effective means of exploring and 

attempting to predict the behaviour of molecules. In many cases, it may offer answers to 

puzzles which defied explanation, as we wil l see in the next chapter. However, the 

discipline remains in its infancy. We exist in a world which talks in hours, minutes, 

seconds, and sometimes milliseconds. Computational chemistry, despite recent advances in 

computational power, remains several orders of magnitude below that, examining motions 

in femtoseconds [64]. For relatively small systems, such as that presented below, two 

months were necessary to simply simulate a duration of four hundred nanoseconds, less 

than half a microsecond. Systems containing greater numbers of molecules, solute and 

solvent, can take years to complete [82]. 

Chapter 7 examined the behaviour of numerous analogues of F E G using the 

least costly of computational techniques, in vacuo simulations. The question becomes, does 

the absence of water invalidate the conformations obtained using in vacuo simulations? 

The short answer would be a definitive no. Despite the absence of solvent the fact remains 

that a very high degree of correlation was obtained using conformations determined in 

vacuo with the biological data. However, it is indisputable that in any in vivo setting, a 

peptide wil l spend a great deal of time in a solvated state. Effectively, the range of 

conformations available to a peptide within a solvent wi l l determine the capacity of the 

peptide to adopt a suitable structure as it binds its receptor. Hence, it becomes necessary to 

examine the effects of solvation on peptide conformation. 

With these factors in mind, the number of analogues which were presented in 

chapter 7 alone would necessitate between three and four years to simulate all of them for a 



duration of 400ns, assuming no change in the capabilities of computer speed and power. 

Hence, of necessity, only one peptide, feG, was selected for the solvated simulation. 

However, it remains to be seen whether a single 400ns simulation is the best technique. 

Although a single simulation provides a continuous, unbroken sampling of the 

conformational space available to the peptide, it is desirable to find an alternative analytical 

approach which would reduce the time required to perform long duration simulations. 

Hence, I propose a simulation "tree" consisting of numerous 10ns simulations in order to 

directly observe whether the conformational space available to feG can be adequately 

sampled using numerous shorter duration simulations which are executed in parallel. 

Furthermore, on initial setup of the simulations a periodic boundary conditions (PBC) were 

implemented with a rectangular box [Chapter 6]. Using this approach approximately 1100 

molecules of water were necessary to solvate the peptide, but with approximately the same 

dimensions, a rhombic dodecahedron required only 68% or 741 molecules of water. With 

significantly fewer water molecules a significant savings in computational complexity was 

achieved, and thus the rhombic dodecahedron periodic boundary condition was used. 

8.2 Specific Methods 

Molecular Dynamics. A l l simulations were performed with Gromacs v3.0 [44][45]. The 

peptide was created in an extended conformation (all backbone torsions were set to the 

trans-configuration). The peptide was placed in a rhombic dodecahedron with 741 water 

molecules necessary to fill the container. The container size was such that the peptide 

would not see itself in an adjacent container during the course of the simulation [64]. This 

was followed by energy minimization using steepest descent algorithm in order to remove 

any close contacts resulting from solvation of the peptide. The peptide position was then 
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restrained and the water allowed to equilibrate around the peptide, in order to allow the 

solvent to form a continuous bath without any holes. The resultant system formed the 

starting position for all subsequent simulations. In order to ensure a constant temperature 

of 300K for the duration of the simulation, peptide and solvent were weakly coupled to a 

temperature bath with a relaxation time of O.lps at 300K [44][83]. Initial molecule 

velocities for the simulations were taken from a Maxwell-Boltzmann distribution at 300K. 

These initial setup simulations produced a peptide structure in water, which 

wil l be referred to as the "seed structure." This structure is the starting point for both the 

initial 10ns tree simulation, referred to as the seed trajectory or seed simulation, as well as 

the 400ns simulation. It forms a common reference point and comparison structure for 

subsequent analysis of the trajectories. 

A single 400ns simulation was processed and took approximately 2 months to 

complete. Simultaneously a 10ns trajectory "tree" was also begun. As the simulations 

could be conducted in parallel, the simulations were completed in approximately 10 days, 

with 3 sets of 15 parallel simulations conducted in series. 

For the 10ns trajectory tree, an initial 10ns trajectory was done using the 

methods described above. Subsequently, a R M S D of the trajectory with respect to the 

initial seed structure was conducted. The five frames which showed the smallest deviation 

were used as starting structures for trajectories SO, SI , S2, S3, and S4. The five frames 

exhibiting the greatest deviations were used as starting structures for trajectories S5, S6, S7, 

S8, and S9. Finally, the five frames which were found to be between the two extremes of 

least and most deviated were used as the starting structures for trajectories, S A , SB, SC, 

SD, and SE . Each of these 10ns trajectories were allowed to complete, and R M S D of the 
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trajectories was again conducted. The most deviated structure as compared to the initial 

seed structure was used to begin the final trajectory termed S#A, while the least deviated 

structure was used to begin a trajectory termed S#B where "#" indicates the source 

trajectory, i.e. i f the source trajectory were SO than "#" would become 0 and the trajectories 

would be names SOA and SOB. In total this format yielded 45 distinct 10ns trajectories, 

exclusive of the initial 10ns seed run. This format is illustrated in Figure 8.1. 

Clustering. The gromos clustering algorithm described by Daura et al [84] was used to 

determine cluster membership. A 0.05nm R M S D of the backbone was used to determine 

cluster membership. The structure with the greatest number of neighbours was used as the 

center of a cluster. A l l clusters are mutually exclusive, so a structure can only be a member 

of a single cluster. 

8.3 Results 

400ns Simulation. Figure 8.2 shows the backbone atom root mean square deviation 

( R M S D ) for feG over the course of the 400ns simulation. It should be noted that all the 

R M S D of all trajectories are done with respect to the seed structure. 

10ns Simulation Tree. Figure 8.3 shows the backbone R M S D for trajectories SO, SOA, and 

SOB. These trajectories are representative of what is observed in all R M S D calculations for 

the remaining trajectories within the tree. Again the R M S D s are taken with respect to the 

original seed structure. 

Clustering. A s evidenced by the overlay of all conformations which are representative of 

cluster 1 (Figure 8.4) feG maintains a distinct and highly conserved structure. The 400ns 

simulation provided 23 distinct clusters, while 10ns simulations produced an average of 15 

clusters ranging from 11 to 22 clusters. Regardless of the length of the simulation, feG was 
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observed to exist within cluster 1 for approximately 84%, cluster 2 for - 7 % , cluster 3 ~4%, 

cluster 4 - 2 % , with all other conformations occurring no more frequently than 1% of the 

time of any given simulation.(Figure 8.5) A pairwise comparison of the structures within 

the trajectory indicated that the most common structures are highly conserved throughout 

the simulations. However, less conservation of conformation between simulations is 

observed as the frequency of a cluster decreases. This is a result of the different 

conformational space sampled by each individual trajectory. 

O f note is the effect of a given trajectory's source structure deviation from the 

initial seed structure on the number of clusters obtained. Trajectory SO through S4 (Table 

8.1) exhibited the smallest deviations from the source structure and resulted in the greatest 

number of clusters. The trajectories with the greatest deviation, S5 through S9, from the 

seed structure produced a slight though significant decrease in identified clusters, while 

those trajectories which were most centralized, S A through SE, produced the fewest 

number of clusters. 

Structure. A representative conformation from cluster 1 can be seen in Figure 8.6, this is 

the central structure seen in Figure 8.4. The conformation is characterized by the position 1 

aromatic group remaining in close proximity to the carbonyl of the position 2 glutamic acid. 

Conformations where the aromatic ring shifts from an interaction with the glutamyl 

carboxyl and c-terminus carboxyl are both observed. No interaction is observed between 

the carboxyl and amino termini, with the amino termius pointing off into the solvent. A l l 

structures found in cluster 1 from all simulations exhibit a very high degree of homogeneity 

in the peptide backbone (Table 8.2, Figure 8.7) 
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8.4 Discussion 

Although in vacuo modeling is often considered to be adequate for simulations 

of peptide structure [72][73], the fact remains that peptides, and indeed, any molecule found 

in vivo is in a solvated state whether this solvation consists predominantly of water or of 

lipid. Despite the conjecture that regions in close proximity to the cell membrane, a 

predominantly non-polar environment, may approximate an in vacuo state, what is 

indisputable is that this particular approximation was made to favour computational 

simplicity rather than physical reality. However, our own extensive modeling of 

tripeptides, as presented in the previous chapter, demonstrated a very high degree of 

correlation with biological activity. The model was unable to completely explain the 

activities of all molecules, hence, it can be concluded that the in vacuo model is incomplete. 

It is for this reason that we turned to solvated simulations. 

The conclusions of in vacuo simulations support a conformation wherein an 

arrangement of the position two glutamic carboxyl remains in close proximity to the 

aromatic ring of position one as well as a head to tail arrangement consisting of carboxyl 

terminus with the amino terminus [Chapter 7, Figure 7.2]. On initial analysis of the 

clustering of feG, (Figure 8.4) it seems that the former may be true, but the later is not the 

case in water. In the in vacuo simulations, the absence of solvent resulted in no dielectric 

masking of the point charges of the carboxyl terminus COO" and the amino terminus NH 3 ~. 

Hence, the two acted to distort the highly flexible backbone into a head to tail arrangement. 

Clearly, the presence of water prevented the head to tail interaction, seen in vacuo, from 

occurring. However, despite the presence of water, the interaction of position 1 and 

position 2 remains strong (Figure 8.4, 8.6). However, without the head to tail interaction, 
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their is less restriction on the positioning of the aromatic side-chain and the glutamic-

carboxyl. Although the residue 1 and residue 2 interaction is present, the peptide is no 

longer locked into this as the sole interaction. While having an ability to assume this 

interaction, it is also possible to find the C-terminus carboxyl interacting with the aromatic 

side-chain in place of the glutamyl carboxyl. The closest interaction appears to be the 

aromatic side-chain of residue 1 with the glutamyl carbonyl, found usually within a range of 

2.5A to 3.5A, for approximately 90% of cluster 1 structures, from the phenylalanine ring. 

Hence, it appears that the ring predominantly favors a conformation wherein it remains 

within a close proximity to one of the carboxyl groups and to the glutamyl carbonyl. The 

predominant feature emerging from these studies is the high degree of backbone overlap 

found in all the simulations. (Figure 8.7) The overlap leads to a suggested structure for the 

peptide scaffold on which mimetic synthesis could be based (Figure 8.7, Table 8.2). 

O f importance is the differences in simulation length. Previously it has been 

proposed that in order to adequately sample the conformational space available to short 

peptides, lengthy simulations were necessary [83]. Herein we present an alternative to 

single long simulations which are computationally intensive and which can take months and 

even years to complete [82]. The simulations were divided into a series of shorter 

simulations where the first 10ns trajectory was used as a "seed trajectory." This trajectory 

can be thought of as the trunk of the tree with subsequent trajectories representing the 

branches of this tree. Despite the markedly shorter length of each simulation, the overall 

distribution of clusters remains similar. Indeed, the primary cluster is consistently found to 

account for -84% of the conformations identified in any given simulation. However, the 

similarity between simulations begins to degenerate as the cluster index increases, i.e. as we 



move further from the most common structures in a given simulation the variability in 

peptide conformations which characterize clusters begins to increase. This is probably 

indicative of each trajectory sampling its own conformational space. 

Interestingly, when trajectories were initiated with the least or most deviated 

structures as compared to the original seed structure, the number of identifiable clusters 

increased (Table 8.1). This increase was statistically significant and proved to be greater 

for those trajectories initiated by the least deviated structures. The initial purpose for 

selecting the starting points of trajectories in this manner was to promote a bias towards 

more deviated structures such that it could be appreciated whether the observed clusters 

were indeed the predominantly occurring conformations. This is precisely what occurred 

with the tree. Despite the observation of a greater number of clusters the predominantly 

occurring cluster conformation remained identical in all trajectories. Thus, this technique 

allowed for a greater sampling of the conformational space available to the peptide. It may 

be argued that the selection of deviated structures only served to bias the conformational 

space analysed towards deviated conformations. This is true, but by selecting 

conformations on both ends of the spectrum, i.e. most and least deviated, as well as 

sampling the domain within the center, an adequate statistical sampling has been achieved 

as evidenced by the identification of clusters (Figure 8.5). In fact, of all the simulations, 

only those which were initiated with the central structures, S A through SE, actually 

classified the first structures of the trajectories as belonging to cluster 1 as well as 

identifying the lowest number of clusters overall. Indeed, the number of trajectories 

utilized was selected in order to compare and contrast the efficacy of this technique with 

that of the single extended simulation. For all intents, the computational power required 
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was identical to that required for a single extended simulation the only advantage being the 

parallel processing of these simulations. In practice, however, this technique can be applied 

with far fewer simulations. The reason for using a simulation tree consisting of 45 separate 

trajectories was so that a comparison between the length of the single extended duration 

simulation could be drawn with the total time within the tree. Both the tree and the 

extended duration simulation represent the same computational complexity but vary in their 

distribution. Thus, fewer simulations within the tree are necessary to adequately sample the 

conformational space offered by a longer duration simulation. However, the number of 

separate trajectories required must be identified for each peptide, at least initially. 

Furthermore, the likely explanation that observable clusters increased with the least 

deviated structures is that the seed structure itself deviated highly from the optimal cluster. 

In summary, the presence of water around the tripeptides seems to act to break 

associations based solely on point charges, hence, the head to tail arrangement present in 

the in vacuo simulations is no longer present. The predominant interaction appears to be 

the aromatic ring remaining in close proximity to the position 2 carbonyl with interactions 

with one of the two carboxyl groups present. Furthermore, we have also presented an 

alternative to what are often prohibitively long simulations of peptides. In order to 

adequately sample the conformational space for a given peptide, it seems that by actively 

biasing the simulations by seeding with highly deviated structures that a sampling of 

conformational space similar to that obtained through extended duration simulations is 

achieved. This remains true provided that biasing is done in a manner which allows for 

conservation of the equilibrium of conformations. This was accomplished by simulating 

structures which tended to represent the global average alongside those conformations 



which were most and least deviated as compared to the seed structure. The merit of a single 

simulation can not be discounted, as it offers a means of understanding continuous 

behaviour of the peptide especially when examining the approach and docking of a peptide 

to its receptor [83][32]. However, in examining only conformation, just as it is often 

difficult to sample every member of a population a statistical cross-section of that same 

population often suffices to make educated conclusions as to the nature of that group as a 

whole. This is what the tree representation accomplished. 
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Table 8.1 Number of clusters identified by the first branches of the simulation tree, 

trajectories SO through SA, as grouped by starting structure deviation from the seed 

structure of the tree 

R M S D 

Grouping 

Trajectories Average Clusters 

Identified3 

Standard Deviaton of 

Identified Clusters 

Leasf SO, S I , S2, S3, S4 16.8 1.1 

Average 0 S5, S6, S7, S8, S9 12.2 0.45 

Most/1 S A , SB, SC, SD, SE 14.6 0.89 
a: A l l categories are significantly different from each other group (p<0.001) 
b : Starting structure R M S D for SO through S4 < 0.0lnm 
c: Starting structure R M S D for S5 through S9 between 0.05nm and O.lOnm 
d : Starting structure R M S D for S A through SE > 0.15nm 
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Table 8.2 Average Measurements of Cluster 1 Backbone overlay 

Angle (°) a Torsional Angle (°) a Distance (A) b 

1 - 4 114.5 1 - 6 146.6 1 - 14 7.25 

2 - 6 117.0 2 - 7 -179.5 2 - 1 3 5.91 

4 - 7 126.8 4 - 1 0 -80.4 4 - 1 2 3.51 

6 - 1 0 116.5 6 - 1 2 83.0 6 - 1 0 2.46 

7 - 1 2 114.8 7 - 1 3 173.2 1 - 7 4.89 

1 0 - 1 3 127.0 1 0 - 1 4 -178.4 7 - 1 4 4.87 

1 2 - 1 4 108.1 
a: A l l angles as given start at the first atom in a pair as defined by the figure and end at 

the second atom in the pair 
b : The distances as given are those for a straight line drawn from the first atom in the 

pair to the second atom in the pair 



Figure 8.1 A graphical representation of the simulation tree. The tree as 
displayed is incomplete. Each bar represents a 10ns simulation period. 
The bars in red represent starting structures which exhibited the greatest 
deviation as compared to the start of the Seed Run. Dark Blue bars 
represent starting structures which were least deviated from the start 
structure of the seed run. The image does not show an additional set of 5 
simulations originating from the seed run which were started with 
structures that represented the average of the seed run. Furthermore, each 
of these branch runs possesses two additional runs denoted by an A or B 
appended to their source trajectories representing least deviated and most 
deviated structures with respect to the original seed structure. 
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Figure 8.2 The backbone root mean square deviation ( R M S D ) of feG 
during the 400ns, extended duration trajectory as compared to the seed 
structure. The R M S D is with relation to the backbone position. Although 
quite compressed, it is clearly evident that feG spends the greatest part of 
the simulation within a very narrow range, between a backbone R M S D of 
0.05nm andO.lOnm. 
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Figure 8.3 Representative backbone root mean square deviation 
( R M S D ) for trajectories SO, SOA, and SOB. Each trajectory is 10ns in 
duration. Although some fluctuation occurs, it is evident in these traces 
that feG spends the majority of the simulation within a narrow range of 
conformations found between 0.05nm and 0.1 Onm. This range of 
conformations is what is classified as cluster 1 (Figure 8.4) 
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Figure 8.4 Stereoscopic image of feG in cluster 1. The central structure for 
each trajectories' cluster 1 have been overlayed. What is immediately apparent 
is the high degree of similarity over the extent of the backbone. The only 
differences between these structures is the rotation of each side-chain about % u 

X, and • Q However, even these rotations are minor in comparison to the 
similarity between the structures. 
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Figure 8.5 Percentage of cluster occurrence for all simulations. In blue is the 
occurrence of each cluster over the full 400ns duration. In maroon is the 
aggregated results of the tree simulation, representing a total time of 450ns. As 
can be seen, both sets of simulations yielded nearly identical occurrence of any 
given cluster. Only clusters above number 5 possessed greater than 1 % of the 
cluster distribution. All remaining clusters are observed less than 1 % of the 
time in any given simulation. 
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Figure 8.6 Central structures of each trajectory cluster 1 as seen in Figure 8.4. 
Note the close proximity of the Glu carbonyl to the Phe ring. This is similar to 
previous observations resulting from in vacuo simulations. However, in 
solvated simulations the aromatic sidechain is able to take a conformation 
which involves either an interaction with the Glu-carboxyl, as in in vacuo, or 
with the Gly-carboxyl. 
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Figure 8.7 The overlayed backbone of all feG cluster 1 central structures. The 
measurements of the backbone are summarized in table 8.2. Note the very 
high degree of overlap between all structures. This backbone is likely the 
necessary scaffold structure required for a biologically active compound. 



C H A P T E R NINE: K T AS A R E C E P T O R P R O B E F O R SGP-T 
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9.1 Introduction 

The discovery of K T as a biologically viable analogue of SGP-T and the 

ability to biotinylate the molecule at either the a or s amino sites provided a tool for 

identifying a target binding site for the S M R l C t P peptides [Chapter 4]. Hence, B K T could 

be used as a tool for receptor localization and isolation in a manner similar to that used for 

other peptides such as endothelin [85], gonadotropin releasing hormone [86], and 

insulin[87]. 

Molecular modeling offered a great deal of insight into the nature of the 

conformations of the S M R l C t P , especially feG [Chapters 7, and 8]. It was decided to 

examine the originally designed receptor probe, B K T [Chapter 4], using molecular 

modeling so as to determine i f this technique could offer a rationale to aspects of its 

behaviour detailed below. Since B K T retained the biological activity of SGP-T [Chapter 

4], this peptide was tested to determine i f it bound to human neutrophils using 

histochemical procedures. However, as described below, attempts at displacing the binding 

of B K T using SGP-T were unsuccessful, and thus raised the question as to whether these 

peptides bound to the same receptor. Through application and refinement of the 

computational approach applied previously [Chapter 7] we examined whether differences in 

conformation could account for the observation that SGP-T could not prevent the binding 

of B K T . 

Recently, Mathison et al [14] demonstrated that SGP-T related peptides inhibit 

the expression of CD1 l b and C D 16b on neutrophils exposed to P A F . From these 

observations it was hypothesized that a receptor exists on neutrophils for SGP-T. In this 

study, we show that B K T binds specifically to neutrophils, however, this binding site 



appears to be distinct from that used by SGP-T. Further, we show that SGP-T, K T , and 

B K T affect CD16b in a manner resulting in the masking of the F G loop and hence the 

L N K 1 6 epitope. 

9.2 Specific Methods 

Molecular modeling and Exhaustive Conformational Search. A n exhaustive 

conformational search was performed using the methods of Kolossvary et al [88] with 

modification. A l l torsional angles within the peptides, consisting of all atoms excluding 

hydrogen, were selected and named. Torsional angles were allowed to vary ±180° and all 

torsions were allowed to be distorted simultaneously. Aromatic ring torsional angles were 

also defined but were excluded from deformation. A usage directed method was applied 

for selecting initial structures used for each successive iteration [89]. Pre-optimization 

conformations were skipped i f atoms were found to be closer than 0.5A or i f the torsions 

were within 15° of the previously attempted conformation. Post-optimization 

conformations were discarded i f any of the chiral centers had been changed within the 

conformation. Conformations were then analyzed to determine i f they were duplicates of 

previously identified structures. If the energy was within 0.05 kcal/mol, or the all atom 

root mean squared deviation (RMSD) , excluding hydrogen, was within 0.5A of a previously 

defined conformation, the two conformations were deemed to be the same. 

Energy minimization was performed using the A M B E R 9 6 force-field and the 

C G and adopted PR algorithm. Further, minimization was carried out in vacuo (dielectric, 

s = 1) in order to simulate a non-polar lipid environment such as that present in the vicinity 

of a membrane receptor [75] [72] [73]. Electrostatic and Van der Waal's forces were scaled 
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by a factor of 0.5 with no cutoffs used. Minimization was allowed to proceed for 10000 

cycles in order to ensure that most conformations would converge to a gradient of less than 

lx lO" 3 kcal / (A mol). The criteria for terminating the search was either l x l O 6 iterations 

(attempted conformations), or l x l O 5 completed optimizations of proposed structures. 

Resultant structures were ranked by potential energy from lowest to highest. Only 

conformations which were 24 kcal/mol or less above the minimum energy structure were 

kept and indexed. Low energy is directly equivalent to low index number. 

Subsequently, a pair-wise comparison of all derived K T conformations with all 

B K T structures was performed. This was a variation on R M S D comparisons done to 

analyze trajectories [83] [64]. Clusters of structures are defined by their R M S D [83], by 

comparing distinct molecules for similarities in R M S D and structure. The optimal pair as 

evaluated by conformational potential energy and an all-atom R M S D , exclusive of 

hydrogen, was determined. From this pair the best B K T conformation, with respect to K T , 

was used as the comparison structure for the other peptides. Briefly, the equivalent atoms 

were extracted from the B K T structure and a R M S D determined. In this way the structure 

of SGP-T, which would correspond to the optimal structure of B K T , could be identified and 

compared to determine whether they possess similar conformations. Further, the sequence 

Thr-Asp-Ile-Phe-Glu, defined as the key sequence as these were the non-Gly residues 

present in all three peptides, was used as the comparison sequence and R M S D ' s were 

performed using only these residues. The two Gly residues located at the c-terminus were 

excluded based on observations of the reported structures which showed that there was little 

constraint on the motion of these two-residues. Hence, their inclusion only served to 

increase the magnitude of the reported R M S D . 



9.3 Results 

Histochemical labelling. Maximal binding of B K T to neutrophils was observed at a 

concentration of 10"8M (Figure 9.1c, 9.2), and levels of observable binding decreased in a 

dose dependant manner down to 10" 1 2M (Figure 9.2). B K T binding was displaced by a 100-

fold excess of K T (Figure 9. Id, 9.2), and did not occur in the absence of biotinylated-

peptide (Figure 9.1a, 9.2), nor with K T alone (Figure 9.1b, 9.2). However, binding of B K T 

was not affected by the presence of a 100-fold excess of SGP-T (Figure 9.2). Neutrophils 

incubated without streptavidin-PE displayed negligible auto-fluorescence, and the order of 

addition of P A F and its presence or absence had no effect on binding (not shown). 

Binding of the CD16b antibodies LNK16 and 1D3. To determine whether K T and B K T 

had similar biological properties to SGP-T, we examined their effects on the binding of two 

antibodies with different binding epitopes to isolated human neutrophils. SGP-T is known 

to reduce, exclusively, the binding of the L N K 1 6 antibody and not that of 1D3 antibody 

[14] as stimulated by 10" 9M P A F . SGP-T, K T and B K T were effective at reducing L N K 1 6 

binding at a dose of 10" 1 3M (Table 9.1). However, none of the peptides altered the binding 

of the 1D3 antibody (not shown). 

Exhaustive Conformational Search. The pair-wise comparison of 252 identified K T 

conformations with 594 oc-BKT structures yielded a mutual R M S D distance matrix of 

149688 members. O f these comparisons, the lowest overall R M S D of 2.42A indicated 

conformation 207 of K T and 482 of a - B K T were the most closely related structures. 

However, the lowest key sequence R M S D (TDIFE, see Chapter 3.4.2) of 1.21 A indicated 

conformation 1 of K T and 6 of a - B K T . This later pairing is likely the most biologically 



relevant pairing of K T (Figure 9.3a) and a - B K T (Figure 9.3b). Although this pairing 

exhibited an all-atom R M S D , exclusive of hydrogen, of 2.95A (Figure 9.3c), it, 

nonetheless, presented a decrease in free energy, and hence more stable structures, by 22.6 

kcal/mol for K T and 19.7 kcal/mol for a - B K T from that of the most closely related pairing 

by R M S D , conformations 207 and 482 respectively. The lowest R M S D and key sequence 

R M S D for SGP-T from the equivalent sequence of B K T was index 158 of SGP-T (Figure 

9.4b) followed by indices 753 and 513. These conformations correspond to 3.00, 5.82, and 

4.89 kcal/mol above the best conformation identified. The R M S D and key sequence 

R M S D are summarized in Table 9.2. 

The exhaustive conformational search of e -BKT yielded only 49 

conformations in a window extending 24 kcal above the optimal structure. Index 1, the best 

of these conformations, was found to be approximately 60 kcal/mol less favorable than the 

optimal a - B K T conformation. This result suggests that e -BKT is probably not present in 

solution to any great extent as biotinylation of the a-amino is the energetically more 

favorable modification site. 

9.4 Discussion 

It has been previously demonstrated that neutrophil functions such as chemotaxis and 

superoxide anion production [13] as well as leukocyte rolling [90] are inhibited by SGP-T. 

We have demonstrated that the receptor-probing analogue B K T binds to neutrophils, 

confirming these cells as potential targets for these peptides. This binding is displaceable 

by K T demonstrating specificity of binding (Figure 9.1). The lack of a detectable effect of 

P A F on B K T binding is of note when considered that changes in the binding of L N K 1 6 
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antibody induced by these peptides is only observed in the presence of P A F . A n original 

aim of the histological binding studies was to determine whether P A F served to prime the 

cells and to enhance the binding of B K T , this does not seem to be the case. Indeed, 

histology indicates that P A F is not involved with the binding of B K T to isolated 

neutrophils. In contrast, modification of L N K 1 6 antibody binding was dependant on 

stimulation by P A F . In its absence, treatment with any of the peptides had no observable 

effect. But with stimulation by 1 n M P A F , doses as low as 1 0 1 3 M SGP-T (Table 9.2) were 

able to attenuate the P A F induced increase in cell surface expression. When this dose is 

considered, there only exists 62 molecules of peptide per neutrophil as compared to the 

approximately 100000 to 200000 CD16b molecules found on the surface of these cells [91] 

[92], hence making it unlikely that the observed decreases in CD16b cell surface expression 

are attributable to direct binding of peptide to this cell surface marker. Further, the key 

differences in dose response observed between the techniques is that histological optical 

assessment assay directly detects binding of biotinylated ligand, whereas fluorescence based 

F A C s assay measures the binding of antibody to C D 16b. It would appear that B K T binding 

is unaffected by P A F stimulation, although for the peptide to prevent binding of the L N K 1 6 

antibody P A F stimulation is required. Thus, P A F stimulation may in some manner induce a 

conformational change in CD16b which may expose the L N K 1 6 binding site. However, in 

neutrophils which have been exposed to S M R l C t P , the CD16b molecule is unable to 

undergo the necessary conformational change, thereby preventing the binding of the L N K 1 6 

antibody. 

Despite the ability of a 100-fold excess of K T to abolish observable binding of 

B K T , a 100 fold excess of SGP-T was ineffective. This apparent lack of competition 
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suggests that the two peptides may actually interact with different binding sites. Despite 

this, it remains unknown as to whether the decrease in B K T binding observed when co-

incubated with K T is due to competitive or non-competitive inhibition. Both methods of 

inhibition result in decreased binding at the primary binding site, however, they utilize 

distinct binding sites. In order to distinguish the nature of this interaction, the effects of a 

fixed concentration of the inhibitory molecule (KT) against varying concentrations of the 

agonist ( B K T ) would need to be conducted. If the binding curve exhibited a simple shift in 

its dose response profile without a decrease in maximal binding, the two peptides could be 

described as competitive. If there was a decrease in maximal binding, non-competitive 

binding/inhibition would be described. Although the determination of competitiveness was 

not conducted for K T vs B K T , it remains probable that they are competing for the same site 

when the structural data is considered. Furthermore, the inability of SGP-T to inhibit B K T 

binding at the tested dose may be attributable to decreased affinity of SGP-T for the 

receptor in relation to K T and B K T . Further tests are required to more accurately describe 

the observed differences in binding. However, as noted in Table 9.1, SGP-T, K T , and B K T 

all attenuate L N K 1 6 antibody binding. Hence, this apparent discrepancy may be due to 

binding of K T and B K T to a site distinct from that to which SGP-T binds, although all three 

molecules are capable of hindering the binding of L N K 1 6 antibody. 

In humans, CD16 is expressed in two distinct but highly homologous forms. 

[93] CD16a, expressed predominantly on monocytes, N K cells, macrophages and other 

cells [43][94], is transmembrane-linked receptor which associates with a number of 

subunits to exert its effects. Conversely, CD16b is truncated resulting in a 

glycosylphosphatidylinositol anchored form, which does not require association with 



intracellular subunits to exert its actions. It is this later form which is found exclusively on 

neutrophils [93]. The antibodies used in this study bind to two distinct sites. L N K 1 6 

recognizes a sequence in the F G loop, found at residues 160-163 in CD16b, of both CD16a 

and CD16b [94]. On the other hand, the 1D3 binding site is located in the extracellular 

domain close to the membrane anchor at a site which appears specific for CD16b. The use 

of the 1D3 epitope afforded an opportunity to determine whether decreases in observed 

L N K 1 6 binding was due to shedding of the CD16b into the soluble form [95] or whether 

the peptides were modifying antibody binding to intact, surface-bound, CD16b on 

neutrophils. The later seems to be the case as peptide treatment exerts no effect on 1D3 

binding which occurs closer to the carboxyl-terminal of CD16b than the L N K 1 6 binding 

site, but distal to the serine protease cleavage site that generates soluble C D 16b [96]. 

Hence the binding of the peptides, either directly to C D 16b or to another molecule which is 

able to interact with CD16b,probably induces a conformational change masking the L N K 1 6 

epitope from its antibody. 

As discussed previously [Chapter 7], we were able to achieve very high 

correlation between the biological activities of submandibular gland tripeptides related to 

SGP-T and conformations simulated in vacuo. However, in the current study by 

completing an exhaustive search of the conformational space available to each of the 

peptides, key conformations were identified. O f particular note is the relationship between 

the minimum energy structure of K T (Figure 9.3a) and its small R M S D as compared to a 

low energy conformation of a - B K T . Although the minimal energy structure found for K T 

corresponded to the sixth best a - B K T structure (Figure 9.3b) and not to the minimum, the 

relative position of the biotin spacer arm is the key contributor to the differences in the low 
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energy B K T structures. In fact when only the key sequence (Thr-Asp-Ile-Phe-Glu) is used 

for comparison, the R M S D between these molecules is the closest fit at only 1.22A, and 

this deviation is attributable to small rotations in the sidechains with an almost perfect 

backbone overlay. This pairing, energetically the most relevant, indicates that the sixth 

conformation of B K T is likely the active form of the peptide. Pairwise comparison of this 

structure with all of the obtained SGP-T conformations indicated that the lowest energy 

structure was a poor fit to that of B K T . Indeed, the best fits were obtained with structures 

which were between 3 and 6 kcal/mol or more above the optimal conformation. As can be 

seen in the overlay (Figure 9.4c) of a - B K T (Figure 9.3b) and the best SGP-T conformation 

(Figure 9.4a), the backbones interweave such that side chains of residues like He and Asp 

are pointed in diametrically opposed directions between peptides and possess an overall 

R M S D o f 3 . 1 4 A . When only the key sequence is used for comparison, the resultant R M S D 

only falls to 2.80A. In contrast, the overlay of the best fitting SGP-T structure, (Figure 

9.4d), which gives a good fit with an overall R M S D of 1.95A and a key sequence R M S D of 

1.43A, lies approximately 3 kcal/mol above the best SGP-T conformation. There are 157 

SGP-T conformations of lower energy than this optimal fit structure making it improbable 

that this relatively high energy structure is maintained. Thus, it is not difficult to understand 

why SGP-T is unable to displace bound B K T . 

When taken in context of the observed decrease in detectable L N K 1 6 binding 

coupled with the absence of an affect on 1D3 binding, the computational data suggests that 

the binding of the peptides induce a conformational change at the binding site of the 

L N K 1 6 epitope which results in reduced binding of L N K 1 6 to CD16b. Further, SGP-T 

may bind to an allosteric site distinct from that used by K T and B K T and thus SGP-T 



cannot displace the B K T , although all peptides mask, in some manner, the L N K 1 6 epitope 

and thereby prevent the binding of the L N K 1 6 antibody. Further studies are required to 

determine i f CD16b is the actual binding protein for SGP-T and its analogues, or whether 

they are binding to another protein which interacts with C D 16b so to cause the masking of 

the L N K 1 6 binding site. 
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Table 9.1 Effects of peptide administration on 10_ 9M P A F induced increases in 

CD16b-LNK16 expression in human neutrophils.3 

SGP-T (n=3) K T (n=4) B K T (n=5) 

Dose [M] % Control A M F I b % Control A M F I % Control A M F I 

10"9 -7.3 ±5.1 -36.9 ±22.6 -2.5 ±4.1 6.7 ±16.9 0.1 ±9.9 -3.9 ± 29.2 

10"11 -11.9 ±3 .7 -76.8 ±25.5 * -10.7 ± 5.5 -47.6 ± 24.4 * -18.7 ± 6.7 -49.2 ± 22.6 * 

1 0 1 3 -11.8 ±2 .7 -76.6 ±18.9 * -52 ± 5.0 -19.3 ±17.1 -2.0 ± 4.6 -5.6 ±31.2 

a : A l l values are expressed as mean ± standard error 
b : Change in Mean Fluorescence Intensity 

* :p<0 .05 **: p<0.001 
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Table 9.2 Root mean square deviation (RMSD) of the equivalent sequences found in 

the reference peptide and the comparison peptide shown for optimal conformations 

of a given peptide as well as the closest fitting conformations. The Key Sequence 

(Seq: TDIFE) RMSD values are also given for each pairing. 

Reference Comparison Peptide Index R M S D (A) b Key Sequence 

Peptide (R) Peptide (C) (R C) a R M S D (A) c 

K T a - B K T 207, 482 2.42 1.82 
K T a - B K T 1,1 5.22 3.06 
K T a - B K T 1,6 2.95 1.22 

a - B K T SGP-T 6,1 3.14 2.8 

a - B K T SGP-T 6, 158 1.95 1.43 

a - B K T SGP-T 6, 753 2 1.46 
:Peptide index obtained from the exhaustive conformational search, lower indices are 

indicative of lower energy structures. Index are given as Reference peptide (R) 

followed by the Comparison peptide (C ). 
b : R M S D obtained from comparison of equivalent sequence found in both peptides only. 
c: R M S D obtained from comparison of the key sequence of Thr-Asp-Ile-Phe-Glu only. 



Figure 9.1. Streptavidin-PE labeled neutrophils with neutrophils alone (a), 
neutrophils plus K T at 10^M (b), neutrophils with BKT at 10"8M (c), and 
neutrophils with BKT and K T at the previously mentioned doses (d). 



Control KT1E-6 BKT IE-8 BKT IE-10 BKT IE-12 SGPT 1E-6 : K T 1 E - 6 : 
BKT1E-8 BKT IE-8 

Treatment 

Figure 9.2 Percentage of cells labeled by streptavidin-phycoerythrin for 
Control, K T at lO^M, B K T at 10-8M, 10"10M, 10" ,2M, and KT and BKT at the 
competition doses of lO^M and 10~8M respectively (e), * indicates p < 0.01. 
n=3. 



100 

Figure 9.3 Stereoscopic images of the best K T conformation (a), and the 
closest fit a-BKT conformation index 6 (b). The two structures have been 
overlayed (c) to determine their total root mean square deviation, the backbone 
overlay is displayed to the right of the overlay. KT is displayed in red while 
a-BKT index 6 is displayed in blue. 
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Figure 9.4 Stereoscopic images of the best SGP-T conformation (a), and the 
conformation yielding the closest fit to a-BKT index 6, SGP-T index 158 (b). The 
first structure has been overlayed with a-BKT (c) while the optimal fit structure 
from (b) is overlayed in (d) to determine their total root mean square deviation, the 
backbone overlay is displayed to the right of the overlay. K T is displayed in red 
while a-BKT index 6 is displayed in blue. Note in (c) the interweaving of the 
backbone which is notably absent in (d). 



C H A P T E R T E N : S U M M A R Y 
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The purpose of this study was to develop analogues and ligands that could be 

used to identify receptors for S M R l C t P . En route to achieving this objective it was 

recognized that an understanding of the conformational and structural features of these 

peptides was essential to facilitate and optimally design analogues which could target the 

S M R l C t P receptor. As noted previously, "the beginning of understanding of ligand-

receptor interactions lies with a firm understanding of the dynamics of ligand 

conformation"[Chapter 2], In addition, conformational analysis can be used to facilitate 

rational approaches to the synthesis of peptide mimetics which can be used therapeutically 

in the treatment of a variety of conditions, such as inflammation. Recognition and 

identification of the key structural differences between the members of this peptide family, 

and how these differences affect biological activity may facilitate the synthesis of mimetics 

which have enhanced therapeutic activity with negligible side-effects. 

The identification of binding sites or receptors for molecules, peptides or 

otherwise, is of critical importance in the understanding of mechanisms of action. The 

current status of technology, both computational and biological, allows for more rational, 

targeted approaches. This study shows how initial hypotheses can be refined and improved 

upon through the use of molecular modelling. 

Chapter 4 introduced the synthesis of B K T as a potential receptor probe for 

SGP-T. We observed the negative impact that tyrosine exerted on the activity of SGP-T. 

This was of particular note since in vivo tests of the originally designed receptor probe 

peptide, K Y T , were found to possess biological activity. This contrasted dramatically with 

in vitro tests which failed to demonstrate that K Y T possessed any biological activity. By 

omitting the Tyr moiety (KT) biological activity was restored only to be lost when a Tyr-
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like moiety was introduced to K T ( B H - K T ) to facilitate iodination. This suggested that 

some processing of K Y T was occurring in vivo which rendered it biologically active, a 

phenomenon which did not occur in vitro. However, the significance of the synthesis is 

that B K T was the first molecule that could effectively be used for receptor identification 

studies. 

Chapter 5 examined the initial hypothesis that F E G and SGP-T may mediate 

their biological activities through distinct binding sites. With this hypothesis in mind, two 

potential alternative receptor probes were proposed and synthesized. Although I-yeG has 

not been fully examined due to difficulties isolating the iodinated compound, it was tested 

as an active analogue in one of the assay systems. I-feG was found to be active in two assay 

systems: reduction in antigen induced contractility of rat terminal ileum; and inhibition of 

P A F induced chemotaxis of human neutrophils. Hence, a second receptor probe became 

available to assist in the elucidation of the binding site of the S M R l C t P . Furthermore, 

where iodination had failed in the K T class of analogues of SGP-T probably due to stacking 

of the benzyl rings, precluding use of radio-iodination, iodination was quite successful with 

the tripeptide analogues. 

From these studies [Chapter 4, 5] tools to identify and potentially isolate the 

S M R l C t P binding site were developed. However, due to the prohibitive costs associated 

with radiolabelling, development and refinement of these tripeptide analogues ceased. 

Initial results with B K T , where SGP-T was unable to compete off the B K T peptide from 

binding sites on human neutrophils [Chapter 9], suggested that these two molecules may 

have distinct preferred conformations and bind to different sites. This observation directed 

my studies to understanding the structure and conformation of S M R l C t P , and the 
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development and application of a molecular modeling approach. 

Chapter 7 detailed an array of tripeptide analogues, assaying biological activity 

and relating their biological data to peptide conformations as revealed by molecular 

modeling. From these studies, a strong correlation between biological activity and peptide 

conformation was obtained suggesting a preferred peptide conformation. However, this 

modeling was conducted in vacuo which is not an accurate description of the environment 

of the peptides in any biological context. As such, despite the high degree of correlation 

between activity and conformation, this necessitated an examination of peptide 

conformation in water. The proposed conformation described in vacuo probably represents 

a transition or receptor bound state of the S M R l C t P tripeptides. 

Chapter 8 expanded upon the conformational analysis from the previous 

chapter and focused on feG since it exhibited enhanced biological activity over the parent, 

F E G . Furthermore, to address the issues surrounding the inadequate environmental 

description offered by in vacuo modeling, the effect of water on the conformation of feG 

was examined. In addition, I explored a new algorithm for determining peptide 

conformation in water which is normally a computationally demanding exercise. The 

predominant school of thought in simulations of this nature is that very long, 200ns or 

longer, were necessary to fully explore the conformational space available to molecules 

[83][97]. I proposed a method which explored multiple, shorter duration, simulations 

which were purposely biased away from the most frequently occurring cluster of 

conformations. Not only was this method successful, at least for feG, but also all of the 

clusters identified from the extended duration simulations were also identifiable from the 

multiple short simulations. Furthermore, the conformation identified by the solvated 
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simulations refined that proposed by in vacuo simulations of chapter 7, consisting of a 

predominant interaction between the carbonyl of the position 2 glutamic acid residue with 

the aromatic ring of the position 1 residue. While the conformation suggested by in vacuo 

was shown to occur, it formed only one of a equilibrium of conformations where the 

aromatic ring fluctuated between the two carboxyl groups of the peptide. This was 

somewhat consistent with what had been described in vacuo, with the notable exclusion of 

an amino interaction with a carboxyl as is evidenced in Figures 7.2 and 8.6. The presence 

of water acted to prevent the interaction of point charges, something which the in vacuo 

environment favoured. 

The final chapter applied molecular modeling techniques to B K T in an attempt 

to determine, "Why was SGP-T unable to displace observed B K T binding to human 

neutrophils?" This chapter introduced a refinement on the previous modeling techniques by 

using exhaustive conformational searches to accurately predict structures. The number of 

conformations obtained for each peptide using this technique was extensive, and without 

the use of biological data it would have been difficult to identify biological relevant 

structures. The inability of SGP-T to displace B K T could be resolved since each molecule 

assumes very distinct optimal conformations. These conformations, coupled to the 

inhibition of CD16b antibody binding to human neutrophils, suggested that the peptides 

may mediate some of their biological affects by altering the conformation of CD16b in a 

manner which compromises the F G loop. Furthermore, these peptides probably bind at 

distinct sites, but nonetheless they have the same effect in masking of the L N K 1 6 epitope of 

CD16b. 

To summarize, at least two receptor probes have been synthesized for receptor 
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identification and isolation of S M R l C t P peptides. I have identified that changes in the FG 

loop of the low affinity IgG receptor CD16b is one of the mechanisms by which the 

S M R l C t P mediate their biological actitvity on neutrophils, though whether they are directly 

binding to CD16b has yet to be determined. Key structural features contributing to the 

biological activity of the tripeptides have been elucidated. Furthermore, a likely 

conformation for one of these peptides in a solvated system has been found to maintain 

conformational features consistent with those found in in vacuo simulations, strongly 

suggesting the veracity of these potential structures. Finally, at least for this class of 

tripeptides, we have also demonstrated that a number of shorter duration simulations run in 

parallel, behaved as well as a single extended duration simulation at sampling the 

conformational space available to a peptide. 



C H A P T E R E L E V E N : F U T U R E DIRECTIONS 
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1. With the identification of CD16b as a putative receptor on neutrophils for the S M R l C t P , 

subsequent studies could directly test this hypothesis. More stringent testing of peptides 

against this target must now be undertaken to confirm the identity of this molecule as the 

SGP-T binding site. Proposed tasks to be completed include: 

• Using a wider array of antibodies against human neutrophil C D 16b. 

This wi l l allow for more specific targeting and identification of the binding 

site on this molecule. 

• Attempting double labelling experiments using B K T and an appropriate antibody 

• Alternatively, with appropriate resources, I-feG may be used as a binding ligand. 

Receptor distribution and binding coefficients are data classically obtained 

through the use of radioprobes. Hence, classical biochemical and 

pharmacological techniques could be applied to this problem. 

• Transfection studies using C D 16b and other neutrophil cell surface markers in 

appropriate expression systesm, such as Chinese Hamster Ovarian cells. 

This would provide more direct evidence of binding against cells enriched 

with the potential receptor. 

2. With the initial successful use of the tree approach to the molecular dynamics 

simulations of feG, the analogues as presented in Chapter 7 should also be simulated to 

determine i f indeed the conformations predicted in vacuo hold true within the solvated 

environment. 

• A more complete set of non-aromatic substitutions in position 1 of the tripeptide 

should also be tested in this manner. 

This would expand and refine the database on the conformational features of 
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these peptides allowing for further refinement of the suggested models. 

Although the non-aromatic substitutions tested in chapter 7 were biologically 

inactive, this does not preclude the possibility that other substitutions may 

result in biologically active analogues. Furthermore, residues like leucine 

have similar biochemical characteristics to phenylalanine, such as 

hydrophobicity, simulations may be able to suggest whether similar 

substitutions wi l l work, or why they do not work as is the case with leucine 

(Table 7.1). Further biological testing could confirm predicted activities and 

result in a more refined model for mimetic synthesis. 

• Dipeptides such as FE should also be simulated. 

The prediction would be that biological activity would be retained as the 

glutamyl carboxyl would still be present to interact with the aromatic ring of 

position 1, as would the C-terminal carboxyl in place of the glutamyl-

carbonyl of the tripeptide. What impact the decreased backbone length 

would have on activity remains unclear. 

• Simulations should also be carried out with SGP-T, K T , and B K T in water. 

Simulations for these peptides have been done using an exhaustive 

conformational search. Solvent may interfere with the ability of these 

peptides to assume the suggested conformations, hence, these experiments 

would serve to confirm or reject the conformations predicted to date. 

3. The results from 2 above would help define a more complete series of analogues 

containing substitutions of one or two residues should be considered and synthesized to 

complement and confirm the computational studies suggested in 2 above. 
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This would act to confirm predictions of the computational modeling and 

allow for better predictions on the activities of future compounds. Since 

these compounds may not be amino acid based, a more complete 

computational model wil l serve as a means of better predicting the next 

generation of analogues. 

4. Finally, with conformational data in hand, peptide mimetics could be synthesized, 

modeled and evaluated for biological activity in view of testing the conformations 

revealed by molecular modeling. These mimetics may be amenable to N M R analysis 

providing a more rigourous verification of the proposed molecular structures. 

5. With identification of a putative receptor, modeling studies examining the interaction 

between S M R l C t P and CD16b should be conducted. The F G loop and residues in close 

proximity are likely target sites to examine direct masking of the L N K 1 6 epitope. 
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