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Abstract 

The relationship of peptidases and their inhibitors is an area of much medical and 

scientific interest. Many diseases are caused by an imbalance between peptidases and 

their inhibitors that leads to a loss of regulation of the enzyme's activity. In order to 

regain control over these unregulated processes novel inhibitors must be found. 

Although many naturally occurring inhibitors have been discovered the majority of are 

not suitable or are simply not effective enough for use in treatment of disease. Hence 

there is a need to design new inhibitors that are highly effective and can be easily 

delivered where they are needed. A small highly potent peptidic trypsin inhibitor from 

sunflower seeds (Helianthus Annus), Sunflower Trypsin Inhibitor 1 (SFTI-1), has been 

discovered in this laboratory. SFTI-1 is a 14 amino acid peptide with a highly similar 

structure to the reactive-site binding loop of the much larger Bowman Birk family of 

inhibitors, differing only in its highly unusual backbone cyclisation. This unusual three- 

dimensional structure provides a useful basis for the design of new, inexpensive drugs 

as well as furthering the understanding of enzyme-inhibitor interactions. Based on the 

sequence and structure of this inhibitor, two novel disulphide-bond cyclised peptides 

were designed and characterised both structurally and functionally. The peptide that 

best mimicked SFTI-1 was used as the template for the generation of a combinatorial 

library of similar peptides. A novel selection procedure was used to identify new tight- 

binding trypsin inhibitors and rank them in order of potency. Along with an in silico 

combinatorial library method large libraries can be rationally designed for a large 

number of peptidases. 
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1 General Introduction 

Endopeptidases play essential roles in a huge range of processes such as digestion, blood 

coagulation, fibrinolysis, complement activation, reproduction and activation of 

physiologically active peptides. They are implicated in many disease states such as 

chronic obstructive pulmonary disorder, thrombosis, rheumatoid arthritis and 

tumourigenesis. Many are very well characterised and their interactions with inhibitors 

well understood, making them a very attractive target for drug design against a huge 

range of pathological conditions. 

1.1 Peptidases 

Peptidases are enzymes with the ability to cleave peptide bonds. Since the discovery of 

pepsin more than two centuries ago several thousand peptidases have been discovered 

and with 2% of genes coding for peptidases they make up one of the larger protein 

functional groups. (Neurath, 1999; Barrett et al., 1998). 

The term peptidase covers a very large group of proteins with many different 

mechanisms of action and specificities therefore they are classified into smaller sub- 

groups. An important distinction that can be made is between those peptidases that 

cleave internal peptide bonds within a polypeptide chain, endopeptidases (EC 3.4.11-19), 

and those that cleave only near (one or two residues from) the carboxy- and amino- 

termini, exopeptidases (EC 3.4.21-24 and EC 3.4.99) (Barrett, 1977). Exopeptidases are 



classified according to the position, with respect to the termini, at which they cleave. 

Endopeptidases are classified into five major families that are based upon a comparison 

of active site geometries and their mechanistically functional group. These are serine, 

threonine, cysteine, aspartic and metallo- peptidases (NC-IUMB; Neurath, 1989; Beynon 

& Bond, 1989). 

1.1.1 Proteolytic cleavage by endopeptidases 

All five endopeptidase families cleave peptide bonds by the same general mechanism. 

There is a nucleophilic attack on the slightly electrophilic carbonyl group of the target 

peptide bond. The polarization of the carbon-oxygen bond is increased by an 

electrophilic influence exerted by the enzyme towards the carbonyl oxygen making the 

carbonyl more attractive to the nucleophile. The nucleophile in all endopeptidases is an 

oxygen or sulphur atom, which type of atom is determined by the family the enzyme 

belongs to. The nucleophile's proton is removed by general base catalysis. These two 

events make the nucleophilic attack a much more favourable event. After the 

nucleophilic attack a tetrahedral intermediate is formed which is broken down by acid 

catalysis, allowing the free amine product to dissociate. 

In serine, threonine and cysteine endopeptidases the nucleophile is provided by one of the 

amino acid side chains making up the active site, i. e. the serine, cysteine or threonine side 

chain in the corresponding family. This enables the enzyme to form covalent enzyme- 

substrate complex. By contrast, the aspartic and metalloendopeptidases use an activated 

water molecule as the nucleophile. Due to this they do not form a covalent enzyme- 



substrate complex. In the case of aspartic peptidases a hydrogen bond network within the 

active site activates the water molecule. This increases the nucleophilicity of the water 

molecule enabling it to make the nucleophilic attack. In metalloendopeptidases chelation 

to a metal ion within the active site, usually zinc, provides the electrophilic `pull' needed 

by the water molecule to increase it's nucleophilicity. The residues performing the 

polarization of the substrate carbonyl, base and acid catalysis also vary between, and 

often within, families. Within each family the enzymes are further divided into clans (or 

sub-groups) based upon their tertiary structure and the order in which the catalytic 

residues occur within the amino acid sequence (Barrett et al., 1998; Dunn, 1989). 

1.1.2 Substrate recognition in endopeptidases 
The general mechanism described in section 1.1.1 can confer very little substrate 

specificity itself. Instead specificity is brought about by a large peptide binding site that 

preferentially recognizes certain substrates. Rather than a well-defined cleft or groove, 

the peptide-binding site consists of a series of subsites on the surface of the molecule. 

These are labelled according to the Schechter and Berger (1967) convention (see section 

1.1.2.1) that is widely used to describe peptidase-substrate and peptidase-inhibitor 

interactions. It is the physical properties of individual protein subsites and the residues of 

which they are composed, such as size, charge and hydrophobicity, that provide 

specificity for particular amino acids by preferentially binding certain side chains. A 

classical example of these are the Sisubsites of serine proteases. Both trypsin and 

chymotrypsin have deep Si subsites, however trypsin has a negatively charged 

carboxylate at the bottom of the subsite. This makes trypsin prefer large positively 



charged sidechains at the P, position such as lysine or arginine, whereas chymotrypsin 

prefers large hydrophobic residues such as phenylalanine and tyrosine. 

Often it is the S1 subsite that is predominantly involved in substrate recognition and 

specificity, but in some endopeptidases it may be a subsite slightly more distant from the 

scissile bond. The S, subsite confers the specificity of serine endopeptidases, whereas in 

the papain-like family of cysteine endopeptidases, the S2 subsite primarily controls 

specificity (Berger & Schechter, 1970). 

1.1.2.1 Schechter and Berger Convention 

The Schechter and Berger convention is used to identify substrate/inhibitor amino acid 

residues and their corresponding subsites on the endopeptidase surface. The 

substrate/inhibitor residues from the scissile bond towards the amino-terminal are 

labelled Pi, P25 P3, etc., and the residues towards the carboxy-terminal are labelled P1', 

P2', P3', etc. The complementary subsites on the enzyme surface are labelled 
... S39 SZ, 

S1, Si', S2', S3'... (Schechter & Berger, 1967). 

Enzyme 

1 L_J uuLV L1 L 
u-ýIL(ii-r(, - 

. scissile 1xm(l Stabstratc/Inhibitor 

Figure 1.1 Schechter and Berger convention. Diagram illustrating the Schechter- 
Berger nomenclature for the binding of a peptide substrate/inhibitor to a endopeptidase. 
Si-S1' corresponding to the subsites of the enzyme and Pi-P1' corresponding to the side 
chains of the substrate/inhibitor. (Adapted from Beynon and Bond, 1989) 
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1.2 Serine Endopeptidases 

As described previously serine endopeptidases are so called because they have a serine 

residue as the active site nucleophile. Within this family there are two very different sub- 

groups. Group I comprises the mammalian serine endopeptidases, the best studied of 

these being trypsin, but other very well know examples are chymotrypsin, elastase, and 

factor Xa. Group II comprises the bacterial serine endopeptidases, or subtilisins. These 

two groups have no structural features in common except for the geometry of their active 

sites. 

1.2.1 The Catalytic Triad 

A characteristic of serine endopeptidases is the geometry of three of their active site 

residues, the so-called `catalytic triad'. Even though there are differences in specificity, 

primary sequence and overall three-dimensional structure within the family, they all with, 

very few exceptions, act via this catalytic triad. It consists of a nucleophilic serine; a 

proton acceptor, usually a histidine and another residue that is responsible for correctly 

orienting the histidine residue and stabilising it in its protonated form, almost always an 

aspartate, but occasionally another histidine. A small number of serine endopeptidases, 

involved in cleavage of bacterial cell wall cross-links, have now been characterised with 

a lysine playing the role of proton acceptor, in which case there is no third residue. 

However by far the most common active site residues are the serine-histidine-aspartate 

catalytic triad, and unless otherwise stated these will be the reactive site residues referred 
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to throughout this thesis. They are identified by the chymotrypsin numbering system of 

Serine195, Histidine57 and Aspartate102 (Rawlings, 1998). 

1.2.2 Mechanism of action. 

The identical reactive site geometry of nearly all serine endopeptidases means that they 

act by a general mechanism of peptide hydrolysis common to all endopeptidase families 

(section1.1.1). This mechanism is described below and shown diagrammatically in figure 

1.2. 

The substrate binds to the enzyme via the reactive site cleft to form a Michaelis complex. 

Ser195 nucleophilically attacks the carbonyl carbon of the PI residue releasing a proton 

and forming the tetrahedral intermediate transition state. His57 takes up the released 

proton, forming an imidazolium ion that is stabilized by the unsolvated carboxylate group 

of Asp102. Asp102 is believed to stabilise the correct Hiss7 tautomer (Craik et al., 1987). 

The formation of the tetrahedral transition state causes the now negatively charged 

substrate carbonyl oxygen (the `oxyanion') to move deeper into the active site (into the 

so-called `oxyanion hole') making hydrogen bonds with two main chain NH groups of 

glycine 193 and serine 195. This conformational distortion allows the P2 residue to form 

an otherwise unsatisfied hydrogen bond with glycine 193, making binding of the 

tetrahedral transition state more favourable than that of either the Michaelis complex or 

the following acyl-enzyme intermediate. Once the tetrahedral transition state is formed 

then Hiss7 is able to donate a proton to the P1 amine group forming the acyl-enzyme 
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intermediate. This state is highly susceptible to hydrolytic cleavage leaving the new N- 

terminus of the polypeptide chain hydrogen bonded to His57and the acid peptide group is 

esterified to Ser195. Once cleavage has occurred the polypeptide chain hydrogen bonded 

to Hiss? can diffuse away completing the acylation stage of the mechanism. A water 

molecule then moves in to replace it, starting the second stage deacylation. Deacylation 

is, in essence, the reverse of acylation with a water molecule taking the place of the N- 

terminal portion of the released polypeptide to form another acyl-enzyme intermediate. 

After the water molecule has bound, Hiss? draws a proton away from the water leaving an 

Off ion that immediately attacks the carbonyl carbon belonging to the remaining portion 

of the Pt residue bound to Ser'95. A transient tetrahedral intermediate is again formed. 

Hiss then donates a proton to Ser195, thus enabling it to release the new C-terminal of the 

polypeptide chain. The enzyme is then ready to accept another peptide substrate (Stryer, 

1995). 
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Figure 1.2 Diagrammatic representation of the mechanism of serine endopeptidases. 
Step 1. The enzyme and substrate come together to form a non-covalent Michealis complex held together by the 
physical forces of attraction. The hydroxyl of Ser195 then carries out a nucleophilic attack on the scissile peptide's 
carbonyl to form the I" tetrahedral intermediate. 
Step 2. The tetrahedral intermediate then decomposes to give the acyl-enzyme intermediate releasing the amine. 
Step 3. The amine diffuses out of the active site and is replaced by a water molecule from the solvent. 
Step 4. The acyl-enzyme intermediate is then hydrolysed by the nucleophilic attack forming the 2"d tetrahedral 
intermediate. 
Step 5. The 2"d tetrahedral intermediate then collapses releasing Ser195 in it's original form and a cleaved 
polypeptide chain. Q 



1.2.3 Substrate specificity 

As in other peptidases the specificity of serine endopeptidases is conferred by a series of 

subsites arranged along a cleft on the enzyme's surface. Serine endopeptidases cleave the 

peptide substrate on the carbonyl side of the scissile (P1) residue. It is the S1 subsite 

(which binds the Pi residue) that confers the primary residue specificity of the enzyme. It 

is the shape and charge (or lack of it) of the S1 subsite that is responsible for this selective 

ability. For example, the S1 subsite of chymotrypsin is a well-defined, uncharged pocket 

in the enzyme surface that is specific for a bulky Pl residue such as leucine, 

phenylalanine or tyrosine. Trypsin has a very similar pocket with a carboxylate at the 

bottom that confers specificity for the carbonyl side of positively charged lysine or 

arginine residues (Laskowski & Kato, 1980; Lu et al, 1997; Qasim et al 1997). 

Using synthetic inhibitors that are thought to act as substrate mimics other subsites have 

also been shown to have some specificity towards certain amino acid residues (McBride 

& Leatherbarrow, 2001). The S2 subsite of chymotrypsin has been shown to prefer 

threonine (McBride et al., 1998) and the S2' subsite of trypsin to prefer isoleucine 

(Gariani et al., 1999). 

1.2.4 Trypsin 

Trypsin is a pancreatic serine endopeptidase involved mainly in digestion in animals. 

Trypsin is the most studied of the serine endopeptidases and much of our fundamental 

knowledge of these enzymes has been derived from it (Perona & Craik, 1995). It is 
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considered to be the quintessential serine endopeptidase and hence serves as a useful 

model for serine endopeptidases. 

Trypsin is produced in by the acinar cells in the pancreas and is stored there, as the 

inactive precursor trypsinogen, in secretory granules. Once released into the gut it is 

cleaved by enteropeptidase, released in response to hormonal stimuli, or by autolysis to 

form active ß-trypsin. Here it is not only involved in the digestion of consumed protein 

but also the activation of the other proteolytic enzyme. The cleavage of trypsinogen to 

trypsin is brought about by the cleavage of the Lysl5-I1e16 amide bond releasing the N- 

terminal hexapeptide. The new N-terminus then makes a salt bridge with Asp 194, which 

rotates and allosterically generates the open, functional binding site. Once active trypsin 

continues to cleave yet more trypsinogen, there is also an autolysis site within (3-trypsin 

that can be cleaved to form the less active a-trypsin. Calcium ions form a complex with 

trypsin causing a conformational change that leads to a more compact ß-trypsin structure 

that is less susceptible to proteolysis and promotes the cleavage of trypsinogen (Sipos & 

Merkel, 1970). 

Amide and ester bonds are both cleaved by trypsin. Towards amide substrates trypsin is 

highly specific cleaving only on the carbonyl side lysine or arginine residues, the P1 

residue. However towards ester substrates trypsin is less specific. Amide substrates 

containing arginine show a catalytic efficiency (kcat/KM) 2 to 10 fold higher than that of 
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lysine-containing substrates (Craik et al., 1985). The S1 subsite is the major specificity 

determining subsite, although subsites Si', S2 and S3 of trypsin from Periplaneta 

americana (American cockroach) have been shown to be involved with the binding of 

substrates in the Michaelis complex and/or the transition state (Marana et al., 2002) 

1.2.5 Physiological roles of Serine Endopeptidases 

Serine endopeptidases play critical roles in many physiological processes. Cleavage of 

precursors by serine endopeptidases to form active enzymes is important during digestion 

and many of the cascade processes. Many of the enzymes involved in blood coagulation, 

such as factor Xa and thrombin, are serine endopeptidases. Fibrinogen is responsible for 

the digestion of fibrin during fibrinolysis. Serine endopeptidases such as cathepsin G and 

elastase have been shown to play roles in the inflammatory response. Others are 

involved in the processes of reproduction and development (Neurath, 1989). Precursor 

cleavage also is important in the processing of protein hormones (Neurath, 1989). 

One of the most important serine endopeptidase functions is zymogen activation, often by 

the cleavage of a single peptide bond. Many peptidases are synthesized as inactive 

precursor proteins that are only activated when or where they are needed. For example, 

duodenal digestive enzymes, such as trypsin, chymotrypsin, elastase and 

carboxypeptidase are secreted from the pancreas as the inactive zymogens (pro- 

enzymes), trypsinogen, chymotrypsinogen, proelastase and procarboxypeptidase 

respectively. These are cleaved, initially by enteropeptidase and then once active, by ß- 

trypsin. The activation of several zymogens by ß-trypsin ensures that the digestive 
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enzymes in the duodenum all act at the same time and only when and where they are 

needed. Digestive activities are not just involved in the digestion of protein in the 

digestive tract, but are also important in other environments. Foreign materials are 

digested inside phagocytes (leukocyte elastase; cathepsin G) and in the blood other 

proteases and enzymes, that are no longer functional or are not needed anymore, are 

degraded, often by autolysis. 

1.2.6 Control of Proteolysis 

Without any means of controlling proteolysis there is a risk that proteolytic enzymes 

could degrade their local environment. There are several ways in which organisms can 

achieve control over their peptidases, for example regulation of their expression or 

secretion, selective activation of zymogens, specific degradation of mature enzymes or by 

inhibition of the mature enzyme. In many cases they are regulated by inhibition. Nearly 

all naturally occurring inhibitors that act against endogenous peptidases are proteinaceous 

and all seem to act by blocking access to the enzyme binding via steric hindrance (Bode 

& Huber, 2000). 

The involvement of serine endopeptidases has been implicated in many disease states. 

Proteolytic enzymes are potentially very hazardous to their natural environments, so the 

activity of these enzymes must be tightly regulated. Many disease states arise from an 

imbalance between a peptidase and its inhibitors, usually due to a lack of effective 

inhibitor. This can be due to a gene mutation causing an inhibitor not to be produced or 

to be ineffective; the inhibitor may be cleared too quickly from the system or not 
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transported to where it is needed. If the peptidase is not cleared properly from the system 

then levels may become increased compared to those of an inhibitor. If uncontrolled 

proteolysis does occur then it can lead to conditions such as rheumatoid arthritis (Busso 

& Hamilton, 2002), pancreatitis (Singh, 1992) and emphysema (Stockley, 2001), where 

the local environment becomes degraded by the proteases. Proteolytic activity is also 

thought to have a role to play in tumour invasion and viral transformation (Powers & 

Harper, 1986). This makes the study of not just serine endopeptidases but also their 

inhibitors medically highly valuable and a good starting point in the design of novel 

drugs. Some cases of chronic obstructive pulmonary disorder (COPD), a disorder that 

encompasses diseases causing obstruction to air flow to the lungs, especially in 

emphysema are known to have a deficiency in, a known inhibitor for leukocyte elastase, 

cathepsin G and proteinase 3. All three are serine endopeptidases that have been shown 

to generate features of COPD in animals (Stockley, 2001). It is thought that when these 

enzymes are released from neutrophils there is too little a-1 antitrypsin to regulate them 

and to stop the degradation of the lung tissue itself. al-trypsin has been linked to the 

formation of senile plaques and the pathogenesis of Alzheimer disease (Smith et al., 

1993) 

1.2.7 Importance of studying serine endopeptidases 

Serine endopeptidases are not only important medically in the search for new drugs, but 

also in scientific research. Study in relation to substrates provides an insight into general 

mechanisms of catalysis and substrate recognition. However, far more detailed and 

varied information can be obtained by studying their interactions with non-reactive 
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inhibitors. This can be used for functional and structural studies. Enzyme-substrate 

complexes cannot be used for x-ray crystal analysis, so enzyme-inhibitor complexes, in 

which the inhibitor is a substrate mimic, are much more amenable to high resolution 

analysis. Enzyme mechanisms can be broken down and studied using synthetic 

molecules that in some way mimic reaction intermediates in conjunction with functional 

studies. 

Most naturally occurring inhibitors are substrate mimics and bind in the same manner. 

However, for varied reasons they are not cleaved or are cleaved very slowly and do not 

rapidly dissociate. The study of enzymes and inhibitors helps increase our understanding 

of molecular recognition in protein-inhibitor complexes and thus protein-substrate 

interactions. Studying serine endopeptidases in this way is very useful in understanding 

how binding events occur and in particular the specificities of the serine endopeptidase 

subsites and the importance and roles of individual residues within the inhibitors and 

their interactions. 

The use of serine endopeptidases as a test-bed for evaluating protein-ligand interactions is 

especially useful when the inhibitor structure can be freely varied and the effects 

evaluated. Leatherbarrow and co-workers have made many synthetic mimics of the 

Bowman-Birk inhibitor reactive binding loop (Brauer et al., 2001 & 2002, McBride et 

al., 1996,1998,2000,2001, & 2002). The study of these synthetic inhibitors is discussed 

extensively in section 1.3.2. They have studied the effects of mutations on the inhibitory 

ability of these inhibitors. NMR techniques to study the solution structures of peptides 
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along with X-ray crystallographic studies of the full-length inhibitors bound to the active 

site by many other groups have been used to characterise the importance and interactions 

of most residues within the inhibitor reactive site. Studies such as this can readily give 

information on the specificity preferences of the endopeptidase subsites. NMR studies 

can show how the inhibitor exists in solution and, combined with X-ray crystallography, 

structural changes that occur upon binding can be studied. Crystal structures also show 

interactions such as hydrogen bonding and ionic interactions between the enzyme and the 

inhibitor and within the inhibitor itself and can be used with mimics of reaction 

intermediates to determine mechanisms of catalysis. These techniques can also show the 

importance of secondary structure in an inhibitor, for example the smallest member of the 

Bowman-Birk inhibitor family, Sunflower Trypsin Inhibitor-1 (SFTI-1; see section 1.3.3) 

has been found to exist as a stable ß-hairpin in solution and is structurally almost 

identical to the bound molecule. 

An important and widely studied area of research is the `minimal requirement' for an 

inhibitor, in terms of overall size and structure and essential amino acid residues. This is 

especially important in drug design as it is necessary for drugs to be below a certain size 

to increase bioavailability and for ease of synthesis. 

The similarity of peptidases within and between families means that information from the 

study of a particular peptidase will often not only be relevant to the peptidase being 

studied but also has wider reaching implications for the interactions of many other 

peptidases. So far there is a large amount of structural information on only the most 
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commonly studied endopeptidases, such as trypsin, chymotrypsin and papain, so the more 

that is known about the mechanisms by which specific and high-affinity binding occurs 

in individual peptidases the more can be deduced about their relatives. Understanding 

how the endopeptidases interact with both their substrates and inhibitors leads to a better 

understanding of how to design molecules to be potential drugs for endopeptidases that 

are unregulated. In the search for new inhibitors to be used as drug treatments for a huge 

number of conditions a full understanding of the factors that contribute to inhibitor 

binding and to what extent these can be manipulated is essential. 
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1.3 Protein Endopeptidase Inhibitors 

Endopeptidase inhibitors are found in every aspect of nature. All inhibitors that are 

active against endogenous enzymes are protein-based themselves. They can range in size 

from short peptides to complex molecules that are larger than the enzyme they are 

inhibiting. The majority of inhibitor families are highly specific for a single 

endopeptidase family (Bode and Huber, 2000). The exception being al-macroglobulins 

that can inhibit any endopeptidase by a `trap' mechanism in which the enzyme is 

completely surrounded by macroglobulin blocking the active site to all but small 

molecules. Most inhibitors act on only one endopeptidase at a time, however some, such 

as the Bowman-Birk family of endopeptidase inhibitors, can inhibit two or more 

endopeptidases of the same family at one time. A very few inhibitors can inhibit two 

endopeptidases from two different families at the same time. For example equistatin, 

from sea anemone, can inhibit both papain-like endopeptidases (a group of cysteine 

endopeptidases) and cathepsin D, an aspartyl endopeptidase (Lenarcic & Turk, 1999). 

Serine endopeptidase inhibitors have been classified into separate families based upon 

their polypeptide scaffolds. The majority of serine endopeptidase inhibitors, comprising 

more than 10 families of the medium-sized inhibitors, act via the standard mechanism in 

which they bind in a ̀ canonical' manner, i. e. that of a substrate. The large ̀ serpin' 

(serine proteinase inhibitor) family also pass through a canonical intermediate before 

becoming trapped in a metastable acyl-enzyme intermediate bound to the enzyme via an 

ester linkage (Egelund et al., 1998). 
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There are two main ways in which inhibitors have been found to act; although both in 

some way cause steric hindrance to substrates trying to access the active site. The most 

common method seen so far is the ̀ substrate-like mechanism' of canonical serine 

endopeptidase inhibitors, where the inhibitor binds to the substrate-binding site in a 

canonical manner via a surface loop. There may also be binding at other sites distant 

from the active site that may help increase the specificity of the inhibitors towards 

particular enzymes. Another method of inhibition is `exosite binding', the inhibitor binds 

adjacent with most of its interactions in this region, but also has a few interactions at the 

active site blocking it from substrates (the cystatin family of papain-like (cysteine) 

endopeptidases acts in this manner (Stubbs et al., 1990)). Some thrombin inhibitors 

(such as triabin) bind so distantly from the active site that only very large molecules such 

as fibrinogen are blocked. Perhaps surprisingly there have not been any examples true of 

allosteric inhibition found in mature enzymes. However, in the zymogen form of trypsin- 

like serine endopeptidases the N-terminus (which is cleaved upon activation) acts 

allosterically by blocking the insertion of the mature enzyme N-terminus. Once inserted 

the N-terminus allows correct formation of the active S1 subsite (Bode and Huber, 2000). 

A large proportion of the endopeptidase inhibitors known to date are those that are 

specific for serine endopeptidases and act via the substrate-like mechanism. It is these 

that are discussed here in detail although many generalizations can be applied to other 

endopeptidase inhibitors. 
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1.3.1 Substrate-like inhibition of serine proteases 

On a general level, the function of serine endopeptidase inhibitors is to control unwanted 

proteolysis, which as discussed before, can be potentially very damaging. The secretory 

trypsin inhibitors of the Kazal family that are found in the pancreas of vertebrates prevent 

the premature activation of trypsin and subsequent zymogen activations in the pancreas. 

There are massive amounts of endopeptidase inhibitors, such as antithrombin, found in 

mammalian blood that are thought to prevent unnecessary blood clotting and inhibit other 

cascade processes. Peptidase inhibitors found in plants are thought be involved in 

defence. Seeds and other storage organs, such as tubers, have high levels of proteins that 

confer resistance against pests and pathogens and may have a role in protection against 

endogenous peptidases (Laskowski & Kato, 1980, Shewry, 1999). 

In general, inhibitors specific for a single endopeptidase family act in a strictly 

competitive manner and form a very stable complex with the enzyme, thus abolishing all 

enzymatic activity when bound. Most serine endopeptidase inhibitors react with the 

enzyme by a standard mechanism in a canonical substrate-like manner (Laskowski and 

Kato, 1980; Shewry, 1999). The inhibitor has a surface peptide bond, known as the 

reactive site, on an exposed binding loop that reacts with the enzyme in the substrate-like 

manner. This bond corresponds to the (Pl- P1') scissile bond in the substrate. The 

reactive site is very rigid with hardly any conformational changes occurring upon 

binding. The enzyme's Pi substrate specificities are often reflected in the inhibitor Pl 

residue. In the stable enzyme-inhibitor complex the conformation of the residues in the 

loop surrounding the `scissile' bond are those of an optimal substrate. Unlike in the 
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enzyme-substrate complex however cleavage of the reactive bond is very slow. There 

may be some cleavage of the reactive site, which does not affect the inhibitory activity 

whilst the inhibitor remains bound, but does decrease the rate of complex formation after 

dissociation. The reactive site is normally contained within a loop that is closed by a 

disulphide bond that stops the dissociation of the two strands after cleavage thus allowing 

the inhibitor to remain effective (Laskowski and Kato, 1980, Bode and Huber, 1992). 

The majority of variations in specificity between individual inhibitors is due to variation 

in the Pl residue. As in substrates, this residue corresponds to the Pl residue preferred by 

the enzyme, for example, lysine or arginine at Pl for trypsin inhibitors. The geometry of 

the residues around the reactive site is virtually identical in all inhibitors of a single class. 

The majority of the residues, with the exception of the PI position, do not directly affect 

the specificity of the inhibitor, however they are involved in interactions both within the 

molecule and with the enzyme that help stabilize the inhibitor and increase it potency. 

1.3.2 Bowman Birk Inhibitors 

Bowman-Birk inhibitors (BBIs) are small, cysteine-rich, serine endopeptidase inhibitors 

(between 6000 - 9000Da) most commonly found in the seeds of leguminous plants, and 

also in the storage tissues, such as tubers, of other several other types of plants 

(Laskowski & Kato, 1980, Shewry & Lucas, 1997). They form a symmetrical structure 

of two tricyclic domains with homologous ̀head regions' usually on opposite sides of the 

molecule. There is a high degree of sequence identity within the family and they have a 

highly conserved network of disulphide bonds. The head regions each contain a reactive 
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site region, responsible for binding to an endopeptidase. This has the `canonical' 

conformation, i. e. that of a productively bound substrate, that is common to many serine 

endopeptidase inhibitors. The reactive site region is usually a nine-residue disulphide 

linked loop that forms a short VIb ß-turn containing a conserved cis- peptide bond (see 

figure 1.4). This is a slight deviation from the conformation of the classical canonical 

conformation, which does not contain the cis- peptide bond. The two head regions are 

capable of independently and simultaneously inhibiting two serine endopeptidase 

molecules, usually two trypsin molecules or a trypsin and chymotrypsin molecule in a 

1: 1: 1 stoichiometric complex. Several positions in the reactive site sequence are highly 

conserved throughout the family and have been shown to be essential for inhibition. 

The inhibitory activity of Bowman-Birk reactive loop and the role of individual reactive 

site positions has been the focus of much attention. Many peptides based upon the 

reactive site loop have been used to determine the roles of the positions within the loop, 

which has been shown to be biologically active canonical loop. Initially 9mer loops (see 

figure 1.3) were synthesised and cyclised via a disulphide bond homologous to that in the 

full length protein, these were used to show that changing the P1 (Schechter and Berger 

nomenclature) residue (from lys/arg to leu/tyr) changed the specificity of the loop from 

trypsin to chymotrypsin and subtilisin (Terada et al., 1978). Cyclisation at the P3-P6' 

disulphide bond was shown to be essential for activity and linear peptides had no 

inhibitory activity (Domingo et al., 1995), although it only appears to organise the 

structure as it can be removed in the whole protein without affecting activity (Philipp et 

al., 1998). The disulphide has also been replaced in peptides with a D-Pro-L-Pro link to 
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close the loop whilst providing a native-like structure, but there was a decrease in 

inhibitory activity due to a loss of potential contacts with the enzyme (McBride et al., 

2002). It was found that adding an extra residue on either end of the loop (P2 and P7') to 

give an I Imer, still cyclised at the P3-P6' disulphide bond, increased the potency (Maeder 

et al., 1992) and stability (Gariani & Leatherbarrow., 1997) of the peptides. This may be 

explained by the finding that the P4 residue significantly contributes to interactions with 

chymotrypsin (McBride et al., 2000). Investigation of the P2' residue showed that 

isoleucine is optimal in interactions with trypsin (Gariani et al., 1999), it may make 

important hydrophobic contacts with the enzyme. 

/P, 
Pi, 

PZ- (P3) -Nte,, 

PZ' 
1 

P3, 
P4'- P5= (P6') -Cterm 

Figure 1.3 Diagrammatic representation of the Bowman-Birk inhibitor reactive loop region. The residues 
are identified by the Schechter and Berger nomenclature (Schechter & Berger, 1967). The primary 
specificity determining residue (PI) and the scissile bond are shown in red, the conserved cis-peptide bond 
in blue and the disulphide bond in yellow, N1erm and Ctern denote the N- and C-. termini. 

A cis- peptide bond between P2' and P3' is characteristic of the Bowman-Birk inhibitor 

family and has been shown to be essential for the inhibition of trypsin, which has been 

shown to preferentially bind the cis- isomer rather than trans-. This is due to the 

constraint conferred on the backbone that proline residues provide. The P3' proline is 

highly conserved among Bowman-Birk inhibitors; it has been shown to be essential for 

the cis- conformation. The second P4' (trans-) proline is less conserved within the family 

and is not essential for the cis-conformation, however the extra restraint it provides 
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prevents the P2'-P3' peptide bond switching between the cis- and trans- conformations. 

The presence of the cis- conformation pushes the Pi residue out into a hyperexposed 

position. In the trans- isomer (i. e. no P3' proline) the Pl' residue becomes hyperexposed 

and the Pl residue adopts a P2-like conformation (Brauer et al., 2002). 

Leatherbarrow and co-workers have used combinatorial library techniques to investigate 

the importance of other positions within the reactive loop. Combinatorial library 

techniques are discussed in detail in section 1.4. The combinatorial library method 

allowed them to mutate P1, P2 and P2' and the P4, Pl and P1' positions of an 11-residue (P4 

- P7') Bowman-Birk reactive loop peptide in two separate libraries and so select peptides 

with inhibitory activity (McBride et al., 1996; McBride et al., 2000). Both libraries have 

been used to select chymotrypsin inhibitors and the P4, Pi and Pl also used with human 

leukocyte elastase (McBride et al., 1999). Threonine was found to be optimal at the P2 

position when inhibiting chymotrypsin; the side chain makes an internal hydrogen bond 

and possibly more importantly hydrophobic interactions via its -CH3 group with the 

enzyme (Song et al., 1999). Loss of the hydrophobic interactions brings about a 21-fold 

decrease in inhibitory activity whereas loss of the hydroxyl only decreased the activity 

6.8-fold. In agreement with Gariani et al. (1999) work on trypsin, isoleucine was shown 

to be the optimal P2' residue for both chymotrypsin and human leukocyte elastase. The 

P4 optimal residue was shown to be the norleucine in interactions with chymotrypsin and 

human leukocyte elastase. 
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Other than the P1 position that determines the specificity of the inhibitor, most residues, 

in the synthetic peptides at least, seem to act as conformational restraints, such as 

disulphide bonds, hydrogen bonds or backbone constraining prolines (see table 1.1). 

Optimal Role Reference 
residue 

'Maeder et at, 1992 
Nle(Chym° 11 mer shows increased potency' and stability" 

"Gariani&Leatherbarrow, 1997 
4 iv 

/hie as compared to 9mer "'McBride at at, 2000 
i v McBride at at, 1999 

P3 Cys Disulphide bond Domingo at a1,1995 

P2 Thr(chym) Internal hydrogen bonding network 
McBride et at, 1996 
McBride at at, 1998 

P, X" Primary specificity determinant Terada eta!., 1978 

P' 
Ser Internal hydrogen bond McBride at at., 1998 

P2' Ile, '" 
'Gariani at at, 1999 
" 

/hý McBride et at, 1996 
McBride at at 1999 

P3 
Pro Formation of cis- peptide bond; internal Brauer at at 2002 hydrogen bond , 

P' Pro Stabilisation of cis- peptide bond Brauer eta!., 2002 
P5 

X Domingo at al, 1995 

Pg 
Cys Disulphide bond 

P7' X Increase potency' and stability" as compared to 'Maederata!., 1992 
9mer "Gariani&Leatherbarrow, 1997 

Table 1.1 Functional roles of the Bowman-Birk reactive loop amino acid residues. The optimal residue is 

shown where this has been determined (with the enzyme this was determined for where necessary) and a 
description of any role it has in the conformation of the peptide. X represents no known optimal residue. X* 
represents the preferred residue of the target enzyme. , yrepresents chymotrypsin; �, p represents trypsin and hie 
represents human leukocyte elastase. 

Crystallographic and NMR studies have shown that the reactive site region has an 

extensive internal and external hydrogen bonding network. The P2 threonine makes 
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intramolecular main chain hydrogen bonds with positions P2 and Pl'. Its side chain 

hydroxyl is involved in an internal bifurcated hydrogen bond, one branch of which 

interacts with the Pl' serine side chain (McBride et al., 1998) which may help to explain 

why this serine is so highly conserved within the family. The presence of the threonine 

was also shown increase the peptides resistance to hydrolysis. The hydrogen bonding 

network centred upon the P2 threonine helps to maintain the Pl residue in the 

hyperexposed position forced upon it by the cis-peptide bond This supports the finding 

that threonine was the optimal PZ residue for inhibition of chymotrypsin (McBride et al., 

1996). McBride and co-workers (2002) suggest that there are three principal restraining 

features important for the structural integrity and inhibitory activity of peptides based 

upon the reactive site region of Bowman-Birk inhibitors. These are covalent cyclisation 

(preferably via a disulphide bond); a cis- proline at P3' and the hydrogen bond network 

associated with the P2 threonine. However the role of hydrophobic interactions should 

not be overlooked. 

1.3.3 Sunflower Trypsin Inhibitor 1 

Sunflower Trypsin Inhibitor 1 (SFTI-1) is the most potent (K1-O. 1nM) naturally 

occurring trypsin inhibitor known to date and is homologous to the Bowman-Birk 

inhibitor family reactive loop. It is found in the seeds of the sunflower Helianthus Annus 

(Konarev et al, 1999; Luckett et al., 1999). It very unusual in two ways: firstly it is only 

14 amino acids long, with a molecular mass of 1513Da, making it the smallest known 

plant-derived endopeptidase inhibitor and, secondly, it is cyclic. The backbone is 

cyclised and the molecule is bisected by a disulphide bond between P3 and P6' (see 
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figures 1.3 and 1.4). This forms two loops, a 9-residue reactive loop containing a VIb 

ß-turn that is homologous to the reactive site region in the Bowman-Birk inhibitors 

(Brauer et al., 2001), and a 5-residue cyclic loop with a hairpin turn. Several inhibition 

constants have been reported for synthetic SFTI-1 since its discovery in 1999, one 

suggests it to be less potent than initially thought (13nM (Descours et al., 2002), but all 

other groups agree, within error, with the initial value of 0.1nM (Korsinczky et al., 2001; 

Long et al., 2001; McBride et al. , 2001). 

G- R- C- T- K- S- I -P-P- I- C- F-P- D 

P5 P4 P3 P2 P, Pi, P2' P3' P4' P5' P6, P7' P8' P9, 

Figure 1.3 Sequence of SFTI-1 with Schechter and Berger nomenclature. The primary 
specificity determinant P, is shown in red. 

Fig 1.4 The bound conformation of SFTI-J. The bound conformation of SFTI-1 in the 
trypsin-SFTI I complex and the corresponding omit map electron density (from Luckett et al, 
1999). 
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The sequence and structural requirements suggested by McBride and co-workers to be 

important for the structural integrity and inhibitory activity of peptides based upon the 

reactive site region of Bowman-Birk inhibitors are also fulfilled by SFTI-1. Firstly, 

SFTI-1 is covalently cyclised via the P3-P6' disulphide bond. The covalent cyclisation of 

the backbone alone does not fulfill this criterion as studies have shown that the removal 

of the central disulphide, leaving only the back bone cyclisation brings about a reduction 

of inhibitory ability. The disulphide was removed in two separate studies. The cysteine 

residues were replaced with glycines giving an inhibition constant of 27nM (Mcbride et 

al., 2001) and with a-aminobutiric acid (Abu) giving an association constant (Ka) of 

4.6x109M'l corresponding to a inhibition constant of 0.2nM, the inhibitory activity of 

SFTI-1 had been found to be 0.09nM by this group (Zablotna et al., 2002). It maybe 

however that there are interactions either between the a-aminobutiric acid side chains 

themselves or with the enzyme that give this singly cyclised peptide an increased 

inhibitory ability. Secondly it contains a cis- P3' proline, supported by a trans- proline at 

P4' that is known to help maintain the P3' cis- conformation (Brauer et al., 2002). Thirdly 

SFTI-1 has a threonine residue at P2 (and a serine residue at PI') involved in the internal 

hydrogen bond network. 

Figure 1.5 shows the reactive site loop of a selection Bowman Birk inhibitors and SFTI- 

1, it can be seen that the 3D backbone structures are almost identical. Their structural 

similarity means that the internal and external interactions involving the reactive loop in 

the SFTI-1-trypsin complex are the same as those in the reactive loops other Bowman- 

Birk inhibitor-trypsin complexes. 
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Fig 1.5 C" traces showing superimpositions of SFTI-1 and other Bowman-Birk inhibitors. SFTI-1 is 

shown in red with the Mung bean inhibitor (Li et al., 1994) in blue, Adzuki bean inhibitor (Tsunogae et al., 
1986) in yellow, and soybean inhibitor (Werner & Wemmer, 1992) in green. The P1 lysine residue is 
indicated (from Luckett et al, 1999). 

Positional scanning of the SFTI-1 reactive loop by sequential mutation at each position to 

an alanine agreed with the work described in section 1.3.2. That identified the important 

features of the reactive loop. The reactive loop sequence between the cysteine residues 

(P2-P5') was transplanted onto a D-Pro-L-Pro template that closes the loop, mimicking the 

disulphide bond (Descours et al., 2002). The peptides and their respective inhibition 

constants are shown in table 1.2. Changing any of the residues had a detrimental effect to 

some extent, however it was shown that the P3 proline (essential for the cis- 

conformation) and the P, lysine (primary specificity determinant) are most important for 

activity against trypsin. The P2' isoleucine is also shown to be more important than the P2 

threonine. The least effect is seen when the second P4' proline is mutated, which is 

known to be non-essential, but favours the P2'-P3' cis- peptide bond conformation. 

28 



Ki (nM) 

SFTI-1 [G RC T K S IP PI CFP D] 13, (0.1*) 
[DP T K S IP PI P] 103 

[DP A K S IP PI P] 1000 
[DP T A S IP PI P] >10000 
[DP T K A IP PI P] 730 
[oP T K S AP PI P] 1920 
[DP T K S IA PI P] >25000 
[DP T K S IP AI P] 114 
[DP T K S IP PA P 740 

Table 1.2 Inhibitory activity (K1) of /3-hairpin peptides based on the reactive loop sequence of 
SM-I. The peptides were synthesized using a D-Pro-L-Pro template to mimic the disulphide 
bond. *determined by Luckett et al, 1999. (Adapted from Descours et al., 2002). 

The major differences between SFTI-1 and other Bowman-Birk inhibitors are that SFTI-1 

is far the smallest member of the family and it is cyclised; no other cyclised Bowman- 

Birk inhibitors have been discovered so far. The extra loops in the larger Bowman-Birk 

inhibitors may be more involved with the recognition of target endopeptidases than 

previously thought as SFTI-1 has inhibitory activity towards serine endopeptidases other 

than trypsin, these are summarised in table 1.2. 

Endopeptidase K, M 
Trypsin 0.0001 

Cathepsin G 0.00015 
Matriptase 0.00092* 

Chymotrypsin 7.4 
Elastase 105 

Thrombin 136 
Factor Xa >1000 

Table 1.3 Inhibition constants of SFTI-1 against selected serine endopeptidases 
(Luckett et al, 1999). *Long et al., 2001 
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Other peptides, smaller than SFTI-1, have been synthesised based upon reactive loop 

regions of Bowman-Birk inhibitors and of SFTI-1 itself (these are reviewed extensively 

in McBride et al., 2002 and McBride & Leatherbarrow, 2001), however none have been 

shown to have a better inhibitory ability than SF I I-1 towards serine endopeptidases. The 

closest small inhibitor is cyclotheonamide A, an unrelated cyclic 5 residue peptide from 

sponges with a K; of 0.2nM (Ganesh et al., 1996), however it is not wholly peptidic 

(Luckett et al., 1999). An 11mer peptide, SYN1, based on the SFTI-1 reactive loop (P2- 

P7') including the disulphide bond and flanked by one extra residue of the cyclic loop at 

each terminus was synthesised, these extra residues were included as the 11mer loop has 

been shown to be more potent and stable than the 9mer (Maeder et al., 1992; Gariani & 

Leatherbarrow, 1997). SYN1 inhibits trypsin with a K; of 19nM, much less potent than 

SM-1. It also had a hydrolysis rate of 0.24molpeptide/molenzyme/s x10-4 whereas no 

hydrolysis rate could be detected for SFTI-1. However, a natural peptide has been 

discovered in the seeds of Helianthus annus that corresponds to the cleaved SFTI-1, 

suggesting that cleavage does at least occur in the natural environment (Konarev et al., 

2002). 

The high potency of SFTI-1 is thought to be due to its backbone cyclisation and the 

presence of the cyclic loop. It is thought to add extra constraint and rigidity to the 

molecule. NMR studies have shown that the solution structure is remarkably similar to 

the bound crystal structure with an rmsd of 0.25A and 0.73Ä for the backbone and heavy 

atoms respectively (Korsinczky et al., 2001). In nature the cyclisation will also give 

extra resistance to exopeptidases. 
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The small size of SFTI-1 as compared to full-length Bowman-Birk inhibitors means there 

are fewer internal degrees of freedom in SFTI-1 so the conformation is likely to be more 

constrained. There are intra-cyclic loop hydrogen bonds that only occur because of the 

conformation the residues involved in the hairpin are forced to take, these do not occur in 

the full length Bowman-Birk inhibitors and are not conformationally possible in many of 

the reactive site loop mimics. There is also a proline involved (P8') in the hairpin that has 

a much more restraining effect on the backbone than other residues would have. There 

are main chain hydrogen bonds between glycine (Ps) and phenylalanine (P8') and between 

arginine (P2) and phenylalanine (P8'); and main chain -side chain hydrogen bonds 

between glycine (Ps) and aspartate (P9) and between arginine (P2) and phenyalanine 

(P8'). There is also an intermolecular interaction between the aspartate residue (P9) side 

chain and trypsin. The strong hydrogen bonding is also present in the solution structure, 

except the gly (P5) and asp (P9') hydrogen bond is not geometrically favourable 

(Korsinczky et al., 2001). 

An acyclic permutant of SM-1, with the backbone broken between the glycine (P5) and 

the aspartate (P9') residues, is slightly less potent, 12. lnM (Korsinczky et al., 2001), 

towards trypsin than the cyclic peptide (see table 1.3) although an inhibition constant has 

been reported as 0.1nM (Ka=9.9 x 1010M; where the SFTI-1 K; was 0.09nM (Zablotna et 

al., 2002)). However, NMR studies have shown the cyclic and acyclic solution structures 

to be very similar to each other, rmsd of 0.29A and 0.66A for the backbone and heavy 

atoms respectively of the lowest energy structures. The major difference being that there 

is no ß-turn in the cyclic loop region and the hydrogen bonds of the glycine (P5), arginine 
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(P2) and aspartate (P8') involved in it are not present. The backbone of the reactive loop 

region is well defined, in the same conformation as the cyclic peptide and retains the 

same hydrogen bonds network. The acyclic peptide was hydrolysed at a rate of 1.1 x 10-4 

molpeptidJmolenzyme/s, suggesting that there is less conformational restraint within the 

acyclic peptide as compared to the cyclic. 

Peptide K, (nM) Hydrolysis rate Comments Ref 
(molpeJmole,,, /s) 

uckett at a1., 1999 

0.5° 0.1' 1 Korsinczky at at, 
, ;v 06"' 13 1 

No in vitro 2001 
" 

cyc i 
,ý . 0.3t 

; 
hydrolysis 
recordedý''ý 

Long at al., 2001 
"Descours at at, 2002 

ý 0.09 VI* at at, 2001 
vZablotna at al. 2002 

12.11 No hydrolysis Cyclic loop 43-turn 
h d b d t 

'Korsinczky at at, 2001 
2001 iiMcBride at at 12 

;* after 6hrs" rogen y on s no , 2002 'Zablotna at at 
acyclic 

0 present , 

a 19 0.24x10'4 11 mer (SYN 1) Luckett, 2000 
ReS 

C: D Ö2 
a 1X10 -4 1 

'McBride at at, 2001 
" . . Zablotna at at, 2002 

No S-S 

NI McBride at al., 2001 

linear 
Table 1.4 Summary of the properties of SFTI-1 analogues. The effect of different methods of cyclisation 
on the inhibitory activity and resistance to trypsin hydrolysis. *Calculated from the K. value. NI = no 
inhibition 

From table 1.4 it can be seen that the natural peptide, cyclised via its backbone and 

internal disulphide bond, is more potent than either permutant with just one of these 

broken. The acyclic peptide is a less potent inhibitor than SFTI-1 and NMR studies have 

shown that the main structural difference between them is the lack of constraint provided 

by the backbone cyclisation in the cyclic loop. The linear peptide that does not contain 
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either the disulphide bond or the backbone cyclisation does not have any inhibitory 

activity and presumably is a substrate for trypsin. The reactive loop region alone 

(flanked by two residues known to give increased resistance to proteolysis) does have an 

inhibitory activity towards trypsin of 19nM, which is in fact more potent than that of the 

peptide without a disulphide bond. The addition of the extra residues to form the acyclic 

permutant however increases the potency slightly towards that of SFTI-1. This peptide 

still retains some structure and interactions both within the molecule and with trypsin in 

the cyclic loop region suggesting that it confers some restraint on the rest of the molecule. 

The reactive loop region is known to adopt a very similar conformation in the acyclic 

peptide to that of the cyclic. This `double tethering' of the molecule makes it very rigid. 

Luckett et al. (1999) suggested that the presence of both provides the extra rigidity 

necessary to significantly decrease any entropic losses on binding and therefore increase 

the inhibitory potency. A rigid peptide will not experience any conformational change 

upon binding to the enzyme and therefore there will not be the associated entropic losses 

making the binding event more energetically favourable and the inhibitory activity of the 

peptide more potent. 

1.3.4 Cyclic Peptides and Proteins 

Naturally occurring cyclic peptides are only a relatively recent discovery. Small, cyclic 

peptides from microbial sources have been known for some time, but often contain 

modified amino acids and are often not real gene products. This new group of proteins 

(see table 1.4), which have been found to range from 14 amino acids (SFTI-1) to 70 

amino acids (bacterioricin AS-48 from Enterococcusfaecalis S-48, (Martinez-Bueno M 
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et al., 1994)), have been found in bacteria, plants and a mammal. Most of these proteins 

so far seem unrelated to each other, except for the plant cyclotide family that presently 

comprises at least 45 proteins which all contain a `cyclic cysteine knot' motif (Craik et 

al., 1999). Although these proteins generally have little in common they do all appear to 

be involved in host defence (Trabi & Craik, 2002). 

Although only a few cyclic peptides and proteins have been discovered it appears that 

cyclisation confers an advantage over the linear peptide or protein. The advantages to 

individual peptides are different, for example Microsin J25 (Blond et al., 1999) has 

increased antibiotic activity whereas SFTI-1 has an increased inhibitory ability, however 

they all seem to be related to an increased resistance to proteolysis and an improved 

thermodynamic stability. For peptides such as SFTI-1 it can easily be seen that the cyclic 

peptide is biosynthetically favourable to a full length Bowman-Birk inhibitor, even 

though there is an additional level of complexity in the cyclisation. However for other 

cyclic proteins the advantage of the cyclic over the linear peptide must be large for this 

complexity and use of extra biosynthetic resources to be really a favourable option. 

(Trabi & Craik, 2002). 
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Protein Source No. of amino Advantage conferred by cyclisation 
acids) 

SFfI-1' Helianthus annus 14 Increased resistance to proteolysis; increased 
stability 

RTD-1 Macaca mulatta 18 Increased antibacterial activity; maintains 
activity in presence of NaCl 

Microcin J25` Eschirichia coli 21 Linear form has much lower antibiotic activity 

Cyclotide familyd Rubiaceae and 28-37 Increased resistance to proteolysis and thermal 
Violacaea spp denaturation % stabilization of three (-45 members) dimensional structure 

McoTI-I an Ir Momordica 34 Resistance to proteolysis 
cochinchinensis 

Bacteriocin AS-48 Enterococcus 70 Increased stability 
faecalis 

Table 1.5. Cyclic proteins and peptides. A summary of the cyclic proteins discovered, their size and the 
advantages conferred by cyclisation over the linear homologue .° Luckett et al., 1999. b. Tang et al., 1999. 

Blond et al., 1999. d Trabi et al, 2001. ̀  Hernandez, J-F, et a!., 2000. t Martfnez-Bueno, 1994. *thermal 
denaturation temperature of 93°C . Adapted from Trabi & Craik, 2002 
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1.4 Combinatorial libraries 

The use of combinatorial libraries has become an increasingly popular technique for 

screening large numbers of compounds for a specific activity. The area has taken off 

since the development of solid-phase peptide synthesis in the 1960's. Originally mainly 

peptide libraries were made but the technique was found to be suitable for the synthesis 

of small non-peptidic molecules such as benzodiazipines and heterocycles. Solution- 

phase combinatorial chemistries were developed in the 1990s and have led to an 

exponential increase in the number of applications using combinatorial library methods 

(Baldino, 2000; Gray, 2001). 

The use of combinatorial chemistry has been applied in a wide range of areas. In most 

cases the ultimate aim of combinatorial library methods is to find a high-affinity, specific, 

small molecule that binds to a target protein of interest. A large portion of this research is 

in the discovery and optimisation of pharmaceutical lead compounds, such as 

benzodiazapine (Migashi & Sato, 2003) and heterocycle derivatives (Franzen, 2000 and 

references therein), which can be designed to incorporate a large variety of chemical 

properties. For example, polyhalogenated heterocycles can be substituted with a variety 

of nucleophilic species such as alcohols, phenols, anilines, amines and thiols. 

The focus of many combinatorial libraries has been the characterisation of biological 

phenomena, especially into molecules that are involved in interactions with proteins. 

This has been from relatively simple systems such as the optimisation of substrates for 

thrombin by using fluorogenic substrates to define the specificity of its subsites (Harris et 
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A, 2000); the discovery of high specificity ligands such as inhibitors; peptide epitopes 

for antibodies or optimal phosphorylation sequences (Gray, 2001). More ambitious 

targets have been inhibitors of protein-protein interactions such as the dimerisation of 

HIV-protease monomers by designing libraries of peptides based on the sequence in the 

dimerisation interface (Zutshi et at., 1998); new enzymic activities in the proteome by 

labelling proteins in an extract with a substrate that can be irreversibly bound to the 

active site of the protein and then purified (Adam et al, 2001); and even compounds that 

can cause perturbation of a functional system. The compounds are screened by watching 

for an effect on a specific phenotype, such as mitotic spindle formation (Mayer et al., 

1999). This is especially useful in biological systems where the pathways involved are 

largely unknown and there are many potential targets. combinatorial libraries have also 

been used in less biologically based fields such as the synthesis of transition metal 

containing compounds to act as catalysts (Francis et al., 1998). 

In using a combinatorial library method to finding new active compounds there are 

several steps that need to be considered. Firstly the library must be designed, then 

synthesised (encoding). Then a method must be chosen for selecting the best hits from 

the library (screening) and lastly, if necessary, the hits must be identified 

(deconvolution). These stages are discussed briefly in the following sections. 

1.4.1 Designing a library 

There are several starting points when designing a library. Firstly there may already be a 

lead compound identified, or there may be other molecules related to the target molecule 
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for which active compounds are known. This is known as a `privileged scaffold' or 

`directed synthesis' and is the method that has been used with most success, for example 

in the identification of benzodiazipine inhibitors of G-protein coupled receptors (Chang 

et al, 1999). 

Libraries can also be designed with no prior knowledge and a very wide range of 

molecules are included. This is de novo or `naive' design and is often used for non- 

peptidic libraries and is not very often successful. Once a compound that is active has 

been found then another, more directed ̀ focused library' can be designed around its 

structure. 

These two types of library described above are examples of divergent libraries, where 

libraries are eventually designed around a set of mutations of a compound that is known 

to have some activity. Another method is a convergent library method; created by 

synthesising very different compounds that are then linked together in different 

combinations before selection by the target of interest (Baldino, 2000). A similar method 

is to have a mixture of many different compounds that, once bound to the target of 

interest, can be linked together, `target-guided ligand assembly' (Maly et al., 2000). 

1.4.2 Library synthesis 

The first combinatorial libraries were made using solid-phase synthesis, where the 

members of the library, peptidic or not, are linked to a solid support such as a pin or more 

commonly a bead that allows the library to be physically separated for the synthesis of 
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the individual compounds (split and mix synthesis, Houghton et al., 1991). The libraries 

can be used either with the solid support attached or they can be separated to remove any 

chance of the support affecting the results. Many variations and chemistries have been 

developed since the first combinatorial syntheses using not only solid supports as a way 

of enabling separation of the compounds but also techniques, such as synthesising the 

compounds in individual `tea-bags' (Houghton, 1985) or small containers. 

Solution-phase techniques do not allow for such easy physical separation but do have 

other advantages over solid phase synthesis in that they can be produced at a larger scale 

and there are many more chemistries available that would not necessarily be compatible 

with solid-phase synthesis (Baldino, 2000). In some cases both methods may be equally 

suitable. 

1.4.3 Screening a library 

There are many individual procedures for selecting the best hits from a library using a 

huge variation in techniques, however there are a few general methodologies. An 

important distinction between the methods is whether the components of the library are 

mixed or separate. Many techniques, particularly in the search for new pharmaceutical 

lead compounds, use the historical compound libraries put together by pharmaceutical 

companies over many years. These are assayed using multi-well plates, separate vials or 

other specially designed, easily identifiable (for example by barcode) containers. In these 

cases the components of the library are spatially separate and are assayed individually. It 

is immediately obvious from this type of library those compounds that are hits and those 
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that are not, however it is time-consuming and expensive as the assay must be repeated as 

many times as there are library members. 

Libraries in which the components are to some extent mixed can begin to overcome this 

problem, although this in turn adds another step and level of complexity to the process in 

which the hits must be identified. There are some methods in which partial mixes of the 

library components are made. Then methods such as iterative libraries, positional 

screening techniques, tagging or indexing the active compound can be applied and the 

best hits elucidated. Iterative library methods involve the synthesis of several successive 

libraries. The active compound can be tracked down by synthesising several rounds of 

libraries in which the number of compounds decreases each time as successive positions 

are defined (Houghton et al., 1999). Eventually by a process of deduction the hit can be 

found. Positional screening is a method mainly appropriate to libraries of oligomers such 

as peptides. For peptides in a library where every position is mutated, libraries are 

synthesised in which one position remains the same whilst the others are mutated. If 

libraries are created for each residue at each position then the libraries containing hits can 

be used to read the active compound sequence(s) (Pinilla et al., 1992). 

An important target of modern research is finding combinatorial library methods by 

which the active component can be selected out of a mixture of the entire library. In 

theory, the screening step only needs to be carried out once to find the best active 

component. The step can then be repeated with the same library to identify successive 
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hits. This type of `fully mixed' library does mean that an entire new step needs to be 

included in the technique in which the active compound is identified (deconvolution). 

1.4.4 Deconvolution 

As discussed above library methods in which the compounds are kept entirely separate 

are in themselves a selection and decoding step in one. The `mixed library' methods 

however need a further decoding step. Methods such as positional scanning and iterative 

techniques are designed in such a way that the contents of the libraries lead to the 

elucidation of the best hit and so in a way are also a combined selection and decoding 

technique. It is generally the fully mixed methods that need an additional decoding step. 

Many methods of deconvolution have been developed. 

Generally the active component is separated from the library and then use of a standard 

analytical technique such as mass spectrometry or NMR to identify the component. 

Some of these techniques can be applied to the whole library such as diffusion-encoded 

NMR (DECODES) that uses the fact that different sized molecules (i. e. small library 

components and library components bound to the target molecule) diffuse at different 

speeds through solution. The signal from the bound component is found and thus those 

of the smaller unbound library components can be removed (Lin et a. l, 1997). Mass 

spectrometry is fairly routinely used to identify hits once separated from the library. Wu 

and co-workers identified and deduced IC50 values for 20 galactosyl transferase inhibitors 

by injecting enzyme, substrate, entire inhibitor library, product and internal reference into 

an electrospray ionization mass spectrometer via an autosampler and deduced inhibitor 
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efficacy by the quasi-molecular ion of the product with respect to the internal reference 

(Wu et al., 1997). Small chemical libraries have been used in methods where the 

concentrations of each component are followed throughout the screening process (e. g. 

binding or partitioning) by mass spectrometry. The depletion of peaks is used to identify 

active compounds (Berlin et al., 1997). This `depletion assay' has also been used to 

quantify the binding of oligonucleotide mixtures to an immobilised DNA undecamer 

(Bleczinski & Richert, 1998) 

Combinations of these techniques with chromatographic techniques such as HPLC or 

capillary electrophoresis and variations on them are often used to identify either the 

bound target-compound complex or the active compound after being removed from the 

library. A pulsed ultrafiltration mass spectrometry method has been developed by 

Venton and co-workers. The target molecule (adenosine deaminase (ADA)) was 

incubated with a library of possible ADA inhibitors, erythro-9-(2-hydroxy-3- 

nonyl)adenine (EHNA) analogues, in an ultrafiltration cell with a membrane cut-off that, 

when washed, allows the library compounds to flow through but traps the target 

molecule. Weakly bound and unbound molecules were washed off before the bound 

library members were washed into an electrospray mass spectrometer. Thus only the 

library components that were bound to the target molecule enter the mass spectrometer 

(van Breeman et al., 1997). They then developed a variation on this in which the target 

molecule was first incubated with a known ligand (authentic EHNA) then the original 

protocol was applied. Allowing the binding stages to reach an equilibrium means the 

relative concentrations of the compounds in the mass spectra gives an indication of the 
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ability of the library compounds to bind to the target molecule. Thus identifying a set of 

inhibitors with an approximate ranking order that can then be further characterised (Zhao 

et al., 1997). 
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1.5 Project aims 

The work presented here shows that a novel combinatorial library method using peptides 

based on the structure of the highly potent, cyclic trypsin inhibitor Sunflower Trypsin 

Inhibitor 1, SFTI-1, can select and rank in order of inhibitory ability new, highly potent, 

peptidic endopeptidase inhibitors. Before a library of peptides was synthesised a 

structural `backbone template' had to be designed and shown to accurately mimic SFTI-1 

both structurally and functionally. Two peptides were designed (a 13mer and a 17mer), 

cyclised via a disulphide bond between the N- and C- termini, and structurally and 

functionally characterised. 

Once a backbone template had been identified a library of peptides targeted to inhibit 

trypsin was synthesised. Peptides were selected from the library by dialysis with the 

enzyme and the masses of bound peptides determined by mass spectrometry. The 

corresponding peptides were synthesised and their inhibitory abilities characterised. The 

library method is eventually to be used in conjunction with a novel computational 

peptide-docking program to select inhibitors for other endopeptidases from huge libraries 

of peptides. The results from this library will be used as a test for how well this program 

mimics natural docking behaviours and if it can predict inhibitory abilities of peptides. 

1.5.1 The novel library method 

The combinatorial library method presented in this thesis uses a mixed solution phase 

technique, allowing many molecules to be screened in one step. The library members are 

peptides synthesised by Fmoc chemistry using a solid phase mix and split method. The 
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tightest binding members are selected by dialysis with the target enzyme, which is at a 

concentration such that there is half the number of enzyme molecules as there are peptide 

molecules of a single sequence. This means that only the tightest-binding peptide (or 

possibly peptides if they have similar inhibitory abilities) is bound to the target. The 

enzyme is trapped within a semi-permeable membrane that allows the small peptides to 

pass through. The masses of the tightest-binding peptides are then identified by (Matrix- 

Assisted Laser Desorption Ionisation (MALDI-TOF) mass spectrometry. The library can 

be incubated with the enzyme several times to identify peptides with decreasing 

inhibitory abilities. The library method should therefore be able to select and rank 

peptides by binding affinity in a simple step without the need for the individual synthesis 

and characterisation of peptides. To show that this method can be used to select and rank 

inhibitors, a library of SFTI-1 analogue peptides was targeted against trypsin. The 

peptides that corresponded to the masses selected by the library were individually 

synthesised and their inhibitory abilities characterised. 

1.5.2 SFTI-1 analogues as a suitable template for the library method 

In order to test a new library method it is advantageous to use an enzyme-inhibitor 

system that is already well characterised. SF1'I-1 is a relatively newly discovered peptide 

and the role of cyclic peptides as inhibitors is only just beginning to be studied, however 

the reactive loop region of the Bowman-Birk family of serine endopeptidase inhibitors 

had been extensively studied (sections 1.3.2 and 1.3.3). Many Bowman-Birk inhibitors 

have been identified, have crystal structures determined and have been functionally 

characterised, making the inhibition of serine endopeptidases by members of this family 
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one of the best characterised systems of this sort. Trypsin, the main target enzyme for 

SFTI-1, has been heavily studied since its discovery in the 19th century. There are over 

300 trypsin crystal structures in the Protein Data Bank and both its mechanism of action 

and interactions with inhibitors are very well characterised. 

The wealth of background information not just on the inhibitors and target enzyme to be 

used in this novel combinatorial library, but also the experience of other libraries aimed 

at similar targets, makes the use of SFFI-1 analogues targeted against trypsin a sensible 

model system to test the design and execution of this new technique. The library could 

be targeted towards a different serine endopeptidase, but the use of trypsin with this 

library means that there is an internal check in the system in that the SFTI-1 sequence can 

be included in the library. If the library method is successful in selecting tight-binding 

inhibitors then either this sequence should be identified or those that have a higher 

inhibitory ability. 

If a new combinatorial method is to be used to select molecules that are medically and 

commercially viable, rather than just scientific curiosities, there must be certain 

`constraints' applied to the library. In the case of inhibitors the most important 

considerations must be that the resultant products are highly potent towards their targets 

and are not degraded rapidly. It is sensible to base a library on a molecule that is already 

known to fulfil these. In the case of SFTI-1, it is highly potent towards trypsin and 

studies on the reactive loop region have shown that it is relatively simple to change the 

specificity to inhibit other serine endopeptidases (Terada et al., 1978). It is also been 
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shown to be very resistant to hydrolysis, a particularly important consideration in the 

inhibition of serine endopeptidases. The final product must be highly selective for its 

target molecule. SFTI-1 itself has been shown to be reasonably specific for trypsin, 

however it does have a high inhibitory ability towards cathepsin G (Luckett et al., 1999) 

and matriptase (Song et al, 1999). This variety of sequences within a library should 

improve upon this. From a commercial point of view it is important for the molecule to 

be simple and inexpensive to produce. The peptidic nature of SFTI-1 makes any 

analogues simple to produce and means that no new techniques need to be developed. 

However its backbone cyclisation does makes its synthesis more complicated. In order to 

overcome this, the analogues designed for this library method are cyclised by a 

disulphide bond between the N- and C-termini. A final consideration is the size of the 

molecule, commercially it is better for it to be small and also this makes for a better 

bioavailability. 

1.5.3 Synthetic SFTI-1 analogues 

The method by which SFTI-1 is synthesised naturally is as yet unknown, therefore this 

natural process could not be exploited to produce mimics with variant sequences and so 

the peptides were produced synthetically. This was well suited for the synthesis of 

peptide libraries by mix and split methods and also for individual peptides. 

The backbone cyclisation of the peptides however was not so simple. The method by 

which cyclic proteins and peptides are produced is not well understood, those from 

bacteria and fungi are produced non-ribosomally by non-ribosomal peptide synthetases 
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(NRPS) (Cheng & Walton, 2000). The cyclic peptide RTD-1 is known to be synthesised 

as two nonapeptide precursors, however the post-translational processing pathway by 

which they are ligated is unknown (Tang et al., 1999). At the time of starting this 

project, protein chemists had been unable to cyclise a synthetic SFTI-1 molecule so 

instead, the possibility of using a simpler technique, that of inserting a second disulphide 

bond at the end of the cyclic loop (P5-P9' or P6-P8' of SFTI-1) has been investigated. This 

position maintains the overall structure of SFTI-1 but does not interfere with the reactive 

loop. As the structure of the inhibitor is already dependent upon a disulphide bond 

(Zablotna et al., 2002; McBride et al, 2001) this does not add any restrictions to the 

conditions in which the inhibitor can function, such as highly reducing conditions. 

Richard Sessions and Suzanne Luckett, University of Bristol, modelled two SFTI-1 

mimics (see figures 1.7 and 1.8). The reactive loop region in other Bowman-Birk and 

SFTI-1 analogues has been shown, at least in solution, to be identical to that in the bound 

SFTI-1 structure (section 1.2.3), so this should be true for these mimics. The new 

disulphide bond was to be positioned at the very end of the cyclic loop, however if the 

central disulphide bond was kept in the same position in the synthetic peptides as it was 

in SFTI-1 then there would be two residues on one side of the peptide and one on the 

other (see figure 1.6). The two cysteine residues would not be able to form a disulphide 

bond if the terminal residues (P5 and P9' or P6 and P8' ) were simply replaced. 

ý P' ýP2-C 
- P4 -C 

2' 
P3'-p4' P -C - P7'- Pe _C 

Pit 
Pi ýP2-C 

- P4 -P5-C 
P2 
P3, P4'-PS-C - P7'-C 

Figure 1.6 Diagrammatic representation of the two possible 14mer permutants based on the SFT1- 
I sequence. The residues are identified by Schechter and Berger nomenclature except for the 
cysteines. A 14mer peptide does not have a suitable conformation to allow a disulphide bond to be 
inserted at the termini in the cyclic loop. 48 



To enable the terminal disulphide bond to form there must be the same number of 

residues between the internal cysteines and the termini. Also the terminal disulphide 

should be in a parallel orientation to the internal disulphide (i. e. on the side of the 

molecule that faces into solution) to mimic orientations of the residues in this region in 

SFTI-1 and to retain the curvature present in this region. With these restrictions two 

peptides were designed, a 13mer and a 17mer (table 1.6). The first section of this thesis 

describes the structural and functional characterisation of these peptides as mimics of 

SFTI-1. The 13mer was found to best mimic SFTI-1 and in several ways the two are 

identical. The second section describes the selection of tight-binding trypsin inhibitors 

from a library of peptides based on the l3mer structure and the subsequent 

characterisation of their inhibitory abilities. 

P7 Pe p5 P4 P3 P2 P, P1 pi P3 P4 Ps Pe P7 Pe P9 Plo 

SFTI-1 -G R C T K S I P P I C F P D- 

13mer C, R2 C3 T4 Ke Se I, Pa P9 I, e C� F12 C13 

17mer Ci D2 G3 R4 Cs To K7 Ss 1s Plo P11 112 C13 F14 Fis Tie C17 

Table 1.6 Sequence alignment of the natural peptide SFTI-1 and the synthetic mimics (13mer and l7mer) 
with the Schechter-Berger nomenclature. The Pl site is shown in red. 
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Figure 1.7 Front (a) and side (b) views of the theoretical conformation of the short, 13mer synthetic 
peptide and the wild type SFTI-1 from the trypsin-SFTI-1 complex crystal structure. 

Figure 1.7 Front (a) and side (b) views of the theoretical conformation of the long, 17mer synthetic peptide 
and the wild type SFTI-1 from the trypsin-SFTI-1 complex crystal structure. 



2 Preparation and functional evaluation of synthetic SFTI-1 

mimics 

2.1 Introduction 

2.1.1 Michaelis-Menten kinetics 

In 1913 Michaelis and Menten proposed a simple model for enzyme catalysed 

reactions: 

ký '(Cat 

E+ S- ES> E+P 
k, 

where E= enzyme, S= substrate, ES = enzyme substrate complex or Michaelis complex, P= 
product, k1, kl and kcet are the rate constants. 

This model comprises of two step process, the first being the formation of the enzyme 

substrate complex (ES), or the `Michaelis complex', and the second its dissociation to 

form the product and free enzyme. It is assumed that the first step is reversible and is 

therefore represented by equilibrium constant for substrate dissociation Kd (k. 1/kl). 

The second step is assumed to be irreversible and therefore represented by a rate 

constant keat, which is the first-order rate constant for the conversion of the enzyme- 

substrate complex to enzyme and product. It is also known as the turnover number as 

it represents the maximum number of substrate molecules an active site can turn over 

per unit time. Assuming that the substrate is present at a much higher concentration 
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than the enzyme and that the reaction occurs under steady-state conditions (i. e. the 

concentration of ES remains constant over time) then this model can be used to derive 

the Michaelis-Menten equation (see equation 1.1) from first principles. 

vo 
kcat"[Eo]. [S] 

° Km + [S] Equation 1.1 

Where vo = initial rate of product formation, kCet = turnover number, [Eo] = initial enzyme 
concentration, [S] = substrate concentration and KM = the Michaelis constant 

If the initial rate of product formation (v0) of an enzyme that obeys Michaelis-Menten 

kinetics, such as a serine endopeptidase, is measured under pseudo-zero order 

conditions (i. e. [S] »[E], so that there is no appreciable decrease in [S] over time) at 

increasing substrate concentrations a curve such as that in figure 2.1 is obtained. This 

curve is defined by the Michaelis-Menten equation (equation 1.1). At low substrate 

concentrations, vo is proportional to the substrate concentration. As the substrate 

concentration increases vo increases less rapidly until it eventually reaches a 

maximum (Vm ) determined by the total enzyme concentration ([E. ]) and the 

turnover number (keat): 

Vmax = kcat"[E0] Equation 1.2 
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The substrate concentration when half the maximal rate (V,,. x) is reached is the value 

of the Michaelis constant (KM), the equilibrium constant for the Michealis-Menten 

model. 

Vinar 

>o 

_kcac+k-, KM 
k 

Vmax/2 

Initial slope = V/KM 

rc i 

Equation 1.3 

L--, 
Figure 2.1 A typical Michaelis-Menten plot. Initial rate, v0, against substrate 
concentration, [S], for an enzyme that obeys Michaelis-Menten kinetics. V11187, = maximal 
rate, KM = Michaelis constant. 

2.1.2 Enzyme inhibition 

An inhibitor is a molecule that binds to an enzyme such that the enzymatic ability is 

decreased or abolished. There are two general mechanisms by which inhibition can 

occur, irreversible and reversible. Irreversible inhibitors bind covalently to the 

enzyme and do not dissociate. Reversible inhibitors form a dissociable complex with 

the enzyme. This form of inhibition can be achieved in several ways: 
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Competitive inhibition - inhibitor competes with the substrate for the active site, 

preventing the binding of the substrate. 

Non-competitive inhibition - inhibitor binds to the enzyme away from the active 

site abolishing catalytic ability, but not affecting substrate binding. 

Uncompetitive inhibition - inhibitor binds only to the enzyme-substrate complex 

Mixed inhibition - inhibitor can bind to free enzyme and enzyme substrate complex 

Competitive inhibition is the most common form of reversible inhibition, whereas 

non-competitive less frequent (Cornish-Bowden, 1995 and Fersht, 1999). 

2.1.2.1 Competitive inhibition 

When a competitive inhibitor is introduced to a system containing enzyme and 

substrate the equilibrium is disrupted from that proposed by Michaelis and Menten 

producing a new equilibrium: 

Kd kcat 

E+S., = ES> E+P 

I ýý 

EI 
where E= enzyme, S= substrate, ES = enzyme substrate complex or Michaelis complex, P= 
product, I =inhibitor, EI = enzyme inhibitor complex Kd and KI are dissociation equlibrium 
constants and kit is the turnover number. 
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This form of inhibition will not result in the lowering of the maximal rate of the 

reaction (V.. ) as the inhibitor competes with the substrate to form the enzyme 

inhibitor complex. Therefore at very high concentration of substrate none of the 

enzyme will be complexed with the inhibitor so Vm. will be achieved. However KM 

will be increased as the apparent substrate concentration needed to achieve half of 

VR, ax will have increased, as it will have had to overcome the effects of the inhibitor. 

In order to characterise the inhibitory ability of an inhibitor with its target enzyme it is 

necessary to find the constant, KI, for this equilibrium: 

KI 
E+I EI 

KI is defined as: 

E K, _ -EIS Equation 1.4 

Unfortunately it is unlikely to be possible to measure all, or any, of the concentrations 

of these substituents at equilibrium. Instead an equation for K1 can be derived from an 

enzyme distribution function 

V. 
_ 

[ES]. kca, 
[E0] [E] + [ES] + [EI] 

Equation 1.5 
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It is assumed that the enzyme concentration is low and the concentration of the 

substrate is much larger so that the substrate concentration at equlibrium [S] is 

approximately equal to the initial substrate concentration [So]. If the enzyme only 

binds weakly to the inhibitor, i. e. KI is high, and the enzyme concentration is low, it 

can be assumed that [I] at equilibrium will be approximately equal to [Ii], the total 

inhibitor concentration and [I. ]: 

[S] = IS, ] Equation 1.6 

[I] = [III Equation 1.7 

Thus: 

K, _ [Eý] Equation 1.8 

and 

[E]. [so] Kd = [ES] Equation 1.9 

Equation 1.5 can be solved for [EI] and [ES] using equations 1.8 and 1.9. 

10_ [E]. [S°]. kcat 
Equation 1.10 [Eo] 

K [E] + 
[E]. [so] 

+ 
[E]. [10] 

d Kg K, 

If the turnover number (kcal) is slow compared to the rate of dissociation of ES (k. 1) 

then K. can be assumed to be equal to KM and the simplified equation becomes 
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VO- 
_ 

[S. 
J'k cat 

Equation 1.11 [Eof 
KM J+[10] +[So3 

KI 

This equation can then be used to find the inhibition constant (KI) for a weakly 

binding inhibitor. 

2.1.2.2 Tight-binding inhibitors 

The method for finding KI described above only holds true under conditions where the 

inhibitor binds weakly to the enzyme. If an inhibitor binds to its target enzyme with 

such a high affinity that the inhibition is essentially completed at equimolar 

concentrations of enzyme and inhibitor then it is said to be a 'tight-binding inhibitor'. 

In this situation KI may be much lower than the enzyme concentration and the 

assumption that [I] = [Io] is not true as most of the inhibitor will be involved in the 

enzyme-inhibitor complex. 

In the presence of a tight binding inhibitor the concentration of free inhibitor at 

equlibrium ([I]) is equal to the total inhibitor concentration ([Ia]) minus the 

concentration of the enzyme-inhibitor complex( [EI]): 

[I]=[10]-[EI] Equation 1.12 

The enzyme concentration at equilibrium can be defined similarly: 

[E] = [Eo ]- [EI] Equation 1.13 
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Substitution of equation 1.12 and 1.13 into 1.4 can be rearranged to give 

K,. [EI]=[Eo]. [I, ]-[lo]. [EI]-[E0]. [EI]+[EI]2 Equation 1.14 

The concentration of the enzyme-inhibitor complex can be defined using a term for 

the degree to which the enzyme is saturated with inhibitor (a), such that 

[EI]=a. [E0] Equation 1.15 

Substituting equation 1.15 into 1.14 

K,. a. [Eoý=[Eoý[ýoý-[ýoý. a. [Eoý'[Eoý. a. [Eoý+(a. [Eo])2 Equation 1.16 

which can be rearranged to 

0= [Io]-a([E0]-[Io]+K, )+a [E0] Equation 1.17 

This is in the form of a quadratic equation with the coefficients 

a=[E0] 
b=-([E0]-[10]+K1) 

C =[I ol 

such that an equation for a can be written 

a_ 
IE0]-[Io]+K, )± ([E0]-[Io]+K, )2 

-4. [Ea]. [Io] 
Equation 1.18 2. [E0] 

This is known as the tight-binding equation. 

This equation is used to find KI for an inhibitor by measuring v at increasing inhibitor 

concentrations. The substrate concentration must be kept low so that it does not 
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compete with the inhibitor and affect its binding, meaning that the velocity is simply 

being used as a `probe' to follow the effect of the inhibitor on the enzyme. To define 

KI accurately it is necessary to perform all measurements at extremely low enzyme 

concentrations (Waltham et al., 1988), making the accurate evaluation of accurate 

tight-binding KI values inherently very difficult. 

2.1.3 Pre-steady state kinetics 

Studying enzymes under steady-state conditions can only usually give two types of 

information about the system, the Michaelis constant (KM) for the formation of the 

enzyme-ligand complex (i. e. enzyme-substrate, enzyme-inhibitor complex), and 

dissociation constants such as Kd and KI; and the rate constant for the conversion of 

the enzyme-ligand complex to enzyme and product (i. e. keat), if such a step occurs. 

Although very useful in themselves these are overall constants for processes that are 

probably contain more steps than the Michaelis-Menten model suggests. In order to 

understand more about the processes, for example if there are more intermediates than 

just the enzyme-ligand complex, and the individual rates at which intermediates in the 

system are formed, the system must to be studied under pre-steady-state condition, i. e. 

from the time when the free enzyme and free ligand are mixed until the steady-state is 

reached (Fersht, 1999). 
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2.1.3.1 Measurement of rates of association and dissociation 

Binding interactions fall into two broad categories, direct collision and collision and 

rearrangement. The behaviour of the observed rate of reaction (kobs) at increasing 

ligand concentrations can be used to characterise the binding of a ligand to a protein 

and the possible subsequent rearrangement. A system in which there is just a direct 

binding event can be defined as 

kl 

E+L EL 

where E= free enzyme, L= free ligand, EL = enzyme-ligand complex, ki = association rate 
and k1= dissociation rate 

The observed rate constant for this reaction (kobs) is defined as 

kobs =k,. [L]+k,, Equation 1.19 

If this is proceeded by a conformational change the event can be defined as 

E+L - 
Kd 

FAST 

k2 

EL E*L 
k2 

SLOW 

with the observed rate (kabs) being defined as 

k 2. [L] kobs =k. 2+Kd+[L] Equation 1.20 
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When kobs is plotted at increasing ligand concentrations the two events give different 

shaped graphs (figure2.2). 

a 

gradient = ki 

0 Y 

intercept = k-i 

[L] 

Simple binding event 

b 

N 
m 
0 

intercept = k-2 

Ka [L] 
Binding followed by 

rearrangement 

<-2+k2 

Figure 2.2 Graphical representations of the observed rate of product formation at increasing ligand 

concentrations in the case of simple binding and binding followed by a rearrangement. Graph a ki and 
k1 can be found by plotting the observed rate constants, kob,, at increasing ligand concentrations, [L]. 

From figure 2.2 it can be seen that in the case of a simple collision event kland kl can 

be found by plotting kobs at increasing ligand concentrations. Unfortunately the value 

of ltl is often so small that it cannot be reliably obtained form this type of plot. 

However it can be deduced if a reliable equilibrium constant (Kj) is known, as 

Kd = kl/kl. In the case of a rearrangement after collision only the rate constants for 

the slow rearrangement step are apparent from the graph. At low concentrations of L 

the graph is linear and equation 1.20 simplifies to 

kobs = k-2 + 
K2 

"[ýý d 
Equation 1.21 
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2.2 Materials and Methods 

All reagents and enzymes were purchased from Sigma-Aldrich unless otherwise 

stated. Addresses for all suppliers are shown in appendix A 

2.2.1 Peptide synthesis 

The two peptides, 13mer (CRCTKSIPPICFC) and 17mer (CDGRCTKSIPPICFFTC), 

were individually synthesised on a Applied Biosystems Pioneer automatic peptide 

synthesiser using solid phase continuous flow with modified protocols. Synthesis was 

carried out by Graham Bloomberg at the Molecular Recognition Centre, Department 

of Biochemistry, University of Bristol. 

2.2.2 Oxidation and purification of peptides 

The artificially synthesised linear peptides were oxidised in order to close the 

disulphide bonds, thus cyclising the peptides. The peptides were dissolved in water to 

a concentration of -5mg/ml. This concentrated peptide solution was then injected into 

fast-stirring water to achieve a final concentration of -0.05mg/mi. The pH of this 

solution was adjusted to between pH 7.5 and 8.5, the optimal pH for air oxidation. It 

was then fast-stirred for at least 8 hours. The pH was checked and readjusted every 1- 

2 hours where necessary. After -8 hours the solution was lyophilised and dissolved 

into the smallest volume of water possible. This was centrifuged to remove any 
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undissolved peptide at 13,000rpm for 20mins. The final solution was then purified by 

Reverse Phase HPLC (RP-HPLC) on a Spectra Physics P4000 system fitted with a 

UV1000 detector set at 225nm, a SP4290 intergrator and a Vydac 214TP1010 column 

at 45°C using a 0-100% acetonitrile gradient. Solvent A was 0.1% (v/v) TFA, and 

solvent B was 0.1% TFA in acetonitrile. This step separated any unoxidised peptide 

from the oxidised peptide. If the final solution needed concentration it was 

concentrated on a Speedvac SC11OA concentrator coupled to a VAPORNET 

UVS400A Universal Vacuum Source. The peptide was at no point dissolved in buffer 

as due to the tiny amounts of peptide involved relative to any buffer made it 

impossible to redissolve the peptide to a satisfactory concentration after lyophylisation 

if a buffer were also present. Therefore no buffer was included in the procedure and 

this was not found to impede the oxidation in any way. 

The purity of the RP-HPLC 13mer fraction was confirmed by Electrospray Ionization 

mass spectrometry on a VG Quattro triple quadrupole instrument and the l7mer 

fraction by Matrix-assisted Laser Desorption Ionization -Time of Flight (MALDI- 

TOF) mass spectrometry on an Applied Biosystems Voyager DESTR MALDI-TOF 

mass spectrometer. Electrospray mass spectrometry was carried out by Graham 

Bloomberg and the MALDI-TOF mass spectrometry by Virginia Shaw, Molecular 

Recognition Centre, Department of Biochemistry, University of Bristol. The final 

concentration of peptide in solution was determined by measuring its absorbance at 

248nm (0248 = 1516M"cm'1, calculated according to the method described by 
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Greenstein and Winitz, 1961) and 205nm (e205= 3640OM"cm-1,0205 =2800M"lcm"1 

per amino acid) 

2.2.3 Determination of proportion of free cysteines after oxidation 

To determine if all the cysteine residues in the oxidised peptide were involved in 

disulphide bonds, the Ellman Assay for thiols was used according to the method 

described by Creighton (1997). Dithionitrobenzoate (DTNB) reacts with free thiols 

(i. e. cysteine residues) releasing nitrothiobenzoate (NTB). The concentration of NTB 

can be found by measuring its absorbance at 412nm (c412 =14,150M"'cm 1), and hence 

the concentration of free cysteines can be found. The oxidised peptide was diluted to 

a concentration of 12.5µM with 0.1M phosphate buffer (pH 7.3). 50 p. 13mM DTNB 

(in O. 1M phosphate buffer (pH 7.3)) was added to lml of this solution and the 

absorbance change at 412nm was measured. The molar concentration of thiols in the 

protein solution was calculated from the concentration of released NTB taking into 

account that one completely unoxidised molecule has four free thiols. 

2.2.4 Determination of trypsin hydrolysis of the peptides 

Hydrolysis of the peptides was determined by incubation of the peptides with trypsin 

(37µM) for 5days in 0.05M Tris pH8.2,0.025M CaC12. A sample (37µM) of trypsin 

was also incubated with no peptide. The peptides were present at twice the 
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concentration of the trypsin. MALDI-TOF mass spectrometry was used to find the 

masses of the peptides after incubation. 

2.2.5 Determination of K, 

The inhibitory activity of the peptides against bovine trypsin (Sigma) was determined 

using the chromogenic substrate Na-benzoyl-L-arginine p-nitroanilide (L-BAPNA). 

Assays were performed as described by Luckett et al., 1999. All experiments were 

performed at 20°C in 0.05M Tris-HCI, pH8.2, containing 0.025M CaC12 in a reaction 

volume of lml. The final concentrations of trypsin were between 72nM and 2.8nM. 

Reactions were started by addition of enzyme to the reaction solution containing L- 

BAPNA (7.5µ1 of 7.4mM) and increasing concentrations of the 13mer (between 0 and 

1.5µM) or 17mer (between 0 and 1.3µM). The absorbance at 410nm after 5 hours 

was measured and used to define the change in absorbance at 410nm over time 

(AA410). This was used to calculate the KI value. The data was fitted to equation 1.18 

using the program Grafit5.0.1 (Leatherbarrow, 2001). An estimate is made for KI and 

the program fits the data to equation 1.18 by an iterative process. 

2.2.6 Stopped-flow measurement of peptide association 

The binding of 13mer to trypsin was investigated using stopped-flow fluorimetry. 

4µM trypsin in 0.05M Tris pH8.2,0.025M CaC12 was mixed in an Applied 

Photophysics SX-17MV stopped-flow fluorimeter with 10-6409M 13mer, also in 

0.05M Tris pH8.2,0.025M CaC12 at 25°C. The change in tryptophan fluorescence 
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was measured by excitation at 285nm and the resulting emission selected using a 

WG320 cut-off optical filter. The observed rate (kobs) was determined by fitting the 

average transients as single exponentials. 
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2.3 Results 

2.3.1 Oxidation of disulphide bridges 

The formation of a single disulphide bond results in a decrease of 2 in the mass of a 

peptide. Hence, the formation of two disulphide bonds results in a decrease of 4 in the 

mass. The electrospray ionization mass spectrometry data showed that the linear 

13mer peptide has a molecular mass of 1469Da and the oxidised peptide has a 

molecular mass of 1465Da (figure 2.3). The MALDI-TOF mass spectrometry data for 

the linear 17mer peptide has a molecular mass of 1891Da and after oxidation the mass 

is 1887Da. Thus both peptides have two disulphide bonds in each molecule. 

2.3.2 Determination of proportion of free cysteines after oxidation 

Upon addition of the DTNB solution to the 13mer solution an increase in absorbance 

at 412nm of 0.009 was measured. This correlates to approximately I% of the peptide 

still containing reduced cysteines after oxidation and purification. The 17mer 

solutions used for functional assays did not show any absorbance change at 412nm 

after addition of DTNB. 
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Figure 2.3 Electrospray mass spectra of the 13mer synthetic peptide (a) reduced 1469Da and (b) 
after air oxidation 1465Da. The difference in 4 mass units corresponds to the formation of two 
disulphide bonds. Peaks corresponding to TFA are annotated. 
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Figure 2.4 Deisotoped MALDI-TOF mass spectrum of the 17mer synthetic peptide after air 
oxidation (1887Da). This is 4 mass units less than the theoretical unoxidised mass of 1891Da, 
corresponding to the formation of two disulphide bonds. 

2.3.3 Peptide hydrolysis by trypsin 
After incubation of the 13mer with trypsin there was a large peak on the MALDI-TOF 

mass spectrum at 1466Da, corresponding to the mass of the intact (not hydrolysed), 

oxidised 13mer. There was also a peak at 1468Da (see figure 2.6)that may correspond 

to 13mer with only one disulphide formed. There is a small peak at 1484Da which is 

the expected value after a single cleavage of the 13mer, suggesting that a very small 

proportion of the peptide is cleaved. Figure 2.5 shows the mass spectrum obtained 

from trypsin autolysis. Peaks present in the 13mer incubation mass spectrum such as 

1432Da and 1450Da are also present in the trypsin autolysis spectrum and so are 

autolysis products. 
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The 17mer mass spectrum (figure 2.7 (b)) after incubation does not have a peak 

corresponding to the mass of the full-length peptide, cleaved or uncleaved. There are 

many more peaks in this spectrum than were present before incubation (figure 2.7(a)), 

however the pattern of peaks is too complicated to be attribute individual peptide 

fragments. 
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Figure 2.5. Deisotoped MALDI-TOF mass spectrum of bovine trypsin after incubation without 
inhibitors 
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Figure 2.6 Deisotoped MALDI-TOF mass spectrum of the 13mer after incubation with trypsin. The peak 
at 1466Da corresponds to intact oxidised 13mer. 
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Figure 2.7 Deisotoped MALDI-TOF mass spectrum of the 17mer (a) before incubation with 
tyspin and (b) after. The 17mer peak is not present after incubation with trypsin. 



2.3.4 Determination of the Dissociation Constant, K; 

The 13mer was found to inhibit bovine ß-trypsin with a stoichiometric 1: 1 ratio and a 

K; value of 0.5(±0.03)nM (see figure 2.8). The 17mer also inhibits bovine ß-trypsin in 

with 1: 1 stoichiometry, although with a slightly higher K; of 1.8(±1.2)nM (figure 2.9). 

The data was fitted to the tight-binding equation (equation 1.18) using Grafit 5.0.1 

(Leatherbarrow, 2001) to determine KI. 
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Figure 2.8 Curve showing the inhibition of bovine trypsin by the synthetic 13mer peptide 
using the chromogenic substrate L-BAPNA. Trypsin (2.8nM) was incubated with 
increasing concentrations of the inhibitor (13mer) and the cleavage of the substrate 
followed by measurement of the absorbance at 4 1Onm (au/min). 
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Figure 2.9 Curve showing the inhibition of ovine trypsin by the synthetic 17mer peptide 
using the chromogenic substrate L-BAPNA. Trypsin (200nN4)was incubated with 
increasing concentrations of the inhibitor (17mer) and the cleavage of the substrate 
followed by measurement of the absorbance at 41 Onm (au/min). 
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2.3.5 Measurement of association rates 

Mixing of the 13mer and trypsin in a stopped flow fluorimeter gave a change in 

tryptophan fluorescence that could be fitted to a single exponential of which the 

observed rate constant, kobs, increased in a linear fashion as the 13mer concentration 

was increased (see figure 2.10). This suggests that there is only a simple collision 

event involved with no conformational changes occurring. Both kl and kl for this 

reaction can be obtained from figure 2.10 (see section 2.1.3.1). kl is equal to the 

slope of the line and is 6x106(±9x103)M'1 s-1. kl is equal to the intercept of the line 

with the y-axis, however this is difficult to discern from this plot. However it can be 

found if KI is known using the fact that Ki = k1/kl. The 13mer KI for trypsin is 

0.5x10"9M which makes k13x10"3 s'1. 
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Figure 2.10 Observed rate (kobs) of change in tryptophan fluorescence when increasing 
concentrations of the synthetic 13mer peptide is mixed with bovine trypsin. 
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2.4 Discussion 

2.4.1 Preparation of the synthetic peptides 

The synthesis and oxidation of the peptides was successful. Both peptides showed a 

decrease of 4Da in their mass after oxidation, corresponding to the formation of two 

disulphide bonds. Peptides were successfully separated from any unoxidesed or 

partially oxidised peptide by RP-HPLC. Mass spectra of the HPLC peaks showed that 

only one peak for each peptide contained a peptide with the fully oxidised mass. 

2.4.2 Functional characterisation of the synthetic peptides 

The 13mer KI towards trypsin is 0.5nM, slightly higher than that of SFTI-1 reported 

by Luckett et al., (1999) however considering the difficulties in measuring KI values 

for tight-binding inhibitors the values are consistent with each other. It is also highly 

consistent with that obtained by Korsinczky et al., 2001, of 0.5nM and Zablotna et al., 

(2002), of 0.1nM for artificially synthesised SM-1. The 13mer-trypsin association 

studies show that there is only a collision step with no conformational change upon 

binding. The association step is fast with a rate of 6x106M"1s'1 and the dissociation 

step being much slower at 3x10-3s'1. The bound (Luckett et al., 1999) and solution 

structures (Korcinsky et al, 2001) of SFTI-1 have shown that it also does not undergo 

any conformational changes upon binding. It is also similar to SM-1 in that it 

appears to be hydrolysed very slowly, there being only a very small peak on the mass 

spectrum after incubation with trypsin that corresponds to cleaved peptide. This 

shows that the 13mer is functionally highly similar to SFTI-1. 
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The 17mer KI is slightly higher at 1.8nM, however this is still better than any of the 

SFTI-1 reactive loop analogues discussed in section 1.3.3. The acyclic 14mer peptide 

is the next best inhibitor with a KI of 12nM. The decreased inhibitory activity of the 

acyclic peptide is thought to be due to a lack of rigidity in the cyclic loop region 

brought about by the lack of cyclisation allowing cis/trans- isomerisation of the P2'-P3' 

peptide bond, the cis- isomer being essential for inhibitory ability. It is possible that 

the 17mer is not as constrained and rigid in this region as the 13mer, the increased 

number of residues in the cyclic loop allowing more internal degrees of freedom and 

thus more movement. The 17mer also appears to be hydrolysed much faster than 

SFTI-1 or the l3mer. Although there is not a peak on the mass spectrum after 

incubation of the 17mer with trypsin at the expected mass of the cleaved l7mer there 

are peaks that do appear to be hydrolysis products. 

These results show that both synthetic disulphide cyclised SFTI-1 are potent trypsin 

inhibitors with inhibitory abilities better than many Bowman-Birk reactive loop 

mimics. However the 13mer is functionally a better mimic of SFTI-l than the 17mer 

as it is only very slowly hydrolysed. In fact the 13mer is the most potent Bowman- 

Birk inhibitor reactive loop analogue to date. 
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3 Crystallographic techniques 

3.1 Introduction 

X-ray crystallography is a technique that enables elucidation of three-dimensional 

structures of molecules too small to be observed with conventional techniques such as light 

or electron microscopes. These types of radiation have wavelengths too large to be 

scattered by these molecules, whereas X-rays, with smaller wavelengths (0.1 -1 OAngstrom 

(A)), can be diffracted by electron clouds. Proteins, nucleic acids and inorganic salts are 

commonly studied by this method. 

In order to form a crystal the protein molecules must be arranged in regularly repeating 

three-dimensional lattices. This arrangement strongly diffracts X-rays (sections 3.1.1 - 

3.1.2) that can be detected by a variety of techniques (section 3.1.4). Unfortunately all 

detection methods fail to record the phases of the X-rays, a vital piece of information if the 

structure is to be calculated. This is overcome by one of several methods, such as 

molecular replacement, multiple isomorphous replacement or multiwavelength anomalous 

dispersion (section 3.1.7), allowing the calculation of the electron density and refinement of 

the protein structure (sections 3.1.8-3.1.9). 

3.1.1 Crystal growth 

The initial step in determining a protein structure by X-ray crystallography is the growth of 

suitable protein crystals. Many factors affect the formation of crystals, from the purity of 

the protein to the temperature at which the crystals are grown. It is optimising these 
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conditions for every new protein that makes protein crystallography a time consuming and 

labour intensive process. A protein is crystallised by precipitation from a supersaturated 

solution that contains a suitable precipitant. A gradual change of a crystallisation 

parameter such as protein/precipitant concentration, pH, ionic strength or temperature, 

brings about molecular interactions that eventually lead to the formation of nuclei. Once 

the nuclei are formed crystal growth proceeds spontaneously until either a reduction in 

protein concentration or bad packing interactions at the surface cause it to stop. 

Several methods are commonly used to achieve the necessary levels of supersaturation for 

the subsequent formation of crystals. The simplest is the batch method in which the protein 

and precipitant are directly mixed to obtain supersaturation and hopefully nucleation. It is 

only the protein concentration that changes during the experiment. The dialysis method 

involves the protein being enclosed within a semi-permeable membrane that can then be 

placed in a number of different environments. However, the most commonly used method 

is that of vapour diffusion. It is this method that was used in the crystallisation trials 

presented in this thesis. 

3.1.1.1 Vapour diffusion 

In this method a small volume of protein solution (mother liquor) is mixed with well 

solution containing a precipitant. The drop is suspended on a cover slip (hanging drop) 

over the well solution or sat on a concave bridge in the well (sitting drop). The system is 

the sealed often with oil or grease. As the drop solution has a lower precipitant 

concentration than the well solution water gradually evaporates from it to bring the two into 
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equilibrium. This has the effect of increasing the concentration of the protein and 

precipitant in the drop to such a level that nucleation and crystal growth can occur. 

3.1.2 Finding and optimising crystallisation conditions 

Due to the number of factors involved in protein crystallisation it is very difficult, if not 

impossible, to correctly guess the correct conditions for crystallisation of a new protein. To 

narrow the search down a `sparse matrix crystallisation screen' may be used (Jancarik & 

Kim, 1991). This involves using well solutions designed to randomly screen a number of 

parameters such as pH, buffer, precipitant and other additives from a set of published 

crystallisation conditions. These are not intended to immediately discover conditions for 

diffraction quality crystals, but to give an indication as to some conditions that can be 

further optimised. Once the conditions that have potential to be suitable for crystallisation 

have been evaluated and identified, further screens around them can be initiated. Crystals 

may form under more than one set of conditions, resulting in differences in symmetry, 

molecular packing and solvent content that will affect how well the crystal diffracts. 

3.1.2.1 Crystallisation of protein-ligand complexes 

It is often of interest to determine the structure of a protein in complex with a ligand, such 

as an inhibitor. Even if the protein has been crystallised before, the new complex may not 

crystallise under the same conditions and so new screening trials must be started. However 

if the ligand is small it may be possible to soak it into a crystal of low molecular density. 

Solvent channels within the crystal allow movement of small ligands through the crystal. 

These crystals may have been crystallised with or without another ligand. If the crystal 
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already contains another ligand it will only be replaced if the new ligand has a higher 

affinity for the protein. The final crystal is likely to be of the same form and unit cell 

dimensions as the original crystal. Overall this method is more favourable over co- 

crystallisation as no new trials need to be undertaken and the processing and refinement of 

the data is much easier as the space group and unit cell dimensions are already known, 

however, if the ligand is large it is necessary to co-crystallise it with the protein. 

3.1.4 X-ray sources 

X-rays are produced when electrons strike certain types of metal, such as copper or 

molybdenum. The electrons are produced by a heated filament and accelerated by an 

electric field. When a high-energy electron strikes another in a low-lying orbital, it moves 

to a higher orbital. An electron in a higher orbital then falls into the space left and the 

excess energy is emitted as an X-ray of a specific wavelength. Electrons in more than one 

higher orbital can fall into the vacant orbital, i. e. in copper L4K (Ka transition) or M-K 

(Kß transition) orbital. However, it is preferable to use only one wavelength in 

crystallography as the Ewald sphere has a radius of 1/A,. In both copper and molybdenum 

the weaker Kp radiation can be removed using a filter. In the case of copper, nickel will 

absorb the Kp radiation whilst the Ka, is transmitted. There are several different X-ray 

sources that may be used in crystallography. 
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X-ray tubes 

Electrons are produced from a heated filament (cathode) and are accelerated towards the 

target metal (e. g. copper) anode. The anode is cooled by water but the amount of X-rays 

that can be produced is limited by the amount of heat that the water can dissipate. 

Rotating anode 

This is very similar to the X-ray tube, but the target metal anode rotates so that the 

electrons strike. the metal over a much larger area, thus dissipating the heat more efficiently. 

This allows a more intense beam to be produced. 

Synchrotron radiation 

When electrons change velocity in a particle accelerator they emit synchrotron radiation. 

Wiggler and undulator devices alter the course in which the electrons are travelling, 

increasing the intensity of the radiation. Monochromators and mirrors are used to select 

particular wavelengths. This is the most intense source of X-ray radiation. 

3.1.4 X-ray diffraction 

When light hits a visible object it is scattered, in a similar way X-rays are diffracted when 

they collide with electron clouds. Unlike light though there are no lenses to re-focus X- 

rays into an image. The pattern of diffracted X-rays is collected and re-focused using a 

series of mathematical functions. Only those X-rays obeying Bragg's Law are diffracted 

(see figure 3.1). In order to satisfy Bragg's Law the x-rays diffracted from parallel planes 

of atoms must remain in phase and interfere constructively. Diffraction only occurs where 
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the reciprocal lattice points encounter a theoretical sphere (the Ewald sphere) of radius 

1/? (see figure 3.1). To enable collection of X-rays scattered by lattice points lying on the 

Ewald sphere the crystal is centred within the sphere and rotated. 

Inc ream 

Figure 3.1 Bragg's Law of DifJrraclion. Crystals can be visualised as consisting of parallel planes of 
atoms, with A and B being two atoms on different planes. More deeply penetrating X-rays scattered by 

atom B must travel further (distance C-+ ----C) than those scattered by A. Bragg's Law states that 
the distance CB + BC must be equal to an intergral number of wavelengths for constructive interference 

and hence diffraction to occur. 

in ýý 

Figure 3.2 Two dimensional representation of the Ewald . sphere. The crystal is rotated within a sphere of 1/i 
in which it is centred. Only reciprocal lattice points lying on the Ewald sphere are diffracted. The subsequen 
rotation of the crystal allows collection of data at different lattice points. 
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3.1.5 Collection of diffraction data 

A protein crystal is usually cooled to lOOK before collection of diffraction data (Garman & 

Schneider, 1997). This reduces damage to the crystal from free radical radiation and 

thermal vibrations. The crystal is mounted on a goniometer between the X-ray source and 

the X-ray detector. At any one crystal orientation only a limited number of planes will be 

in the correct position to cause diffraction, in order to obtain an entire data set the crystal is 

rotated around the axis perpendicular to the X-ray beam (0 axis), and many images 

collected. These images make up a distorted view of the reciprocal lattice that is later 

corrected by data processing. Each reflection in the reciprocal lattice is a result of the sum 

of the diffractive contributions of all atoms in the unit cell. The location of each reflection 

is identified by an index, hkl. 

3.1.6 X-ray detection 

The X-rays diffracted by a crystal are generally detected by one of two systems, an image 

plate or a charge-coupled device (CCD). These are reviewed in depth by Pflugrath, 1992. 

Image plates 

Image plates are covered in a layer of a phosphor (such as BaFBr: Eu2+). Where an X-ray 

hits the plate Eu2+ becomes excited to Eu3+. Eu3+ is a metastable state of europium that is 

stable for up to 10 hours. To read the image, a He-Ne laser beam is scanned over the 

surface of the plate causing the Eu 3+ to emit violet light that is detected by a 

photomultiplier system. The intensity of the violet is proportional to the number of X-rays 

absorbed and therefore the intensity of the diffracted beam. The plate is erased by exposure 
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to visible light. This process is fairly time consuming so the process can be speeded up by 

using two plates, one is read and erased while the other is exposed. 

Charge-coupled devices 

Charge-coupled devices (CCD's) are coated in a phosphor that emits visible light upon 

attack from X-rays. The phosphor is coupled to CCD chips that electronically record 

changes in the phosphor. This means there is no need for the plate to be read and erased 

which makes the use of CCD's much faster than image plates. 

3.1.7 Data processing 

The collection strategy for the diffraction data can be determined (Strategy; Ravelli et al., 

1997) if the unit cell dimensions and lattice type are known. These are determined using 

programs such as Denzo (Otwinowski & Minor, 1997) by analysing a diffraction image. 

Once collected the diffraction images are processed into files of hkl indices and intensities 

again by programs such as Denzo (Otwinowski & Minor, 1997). Scalepack (Otwinowski 

& Minor, 1997) is used to scale and merge the symmetry related reflections producing the 

Rmerge value, a measure of the agreement between the symmetry related reflections. 

3.1.8 Calculation of electron density from diffraction data 

The diffractive contributions from every atom in the unit cell combine to form a diffracted 

wave that results in one reflection in the reciprocal lattice. These diffractive contributions 

to each wave can be described by the structure factor equation: 
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n 2nß(hxý+kyj+lzj) 
Fhkl = Etje 

j=1 
Equation 3.1 

where Fhkl is the structure factor, j is an atom with n being the number of atoms in the unit 

cell, (x, y, z) are real space positions of atoms, and h, k and l are the frequencies at x, y and z 

respectively of the wave f. 

The structure factor can also be described in terms of the electron density at points within 

the unit cell: 

Fhkl = 55$p(x, y, Zee 
2ni(h+ky+lZ)dx dy dz Equation 3.2 

hkl 

where p is the electron density and x, y and z are the three-dimensional positions of p. 

Equations 3.1 and 3.2 can both be used to calculate a diffraction pattern if the atom 

positions, xyz, or electron density, pare known. The Fourier transform of Equation 3.2 is 

itself a Fourier series that can be used to calculate the electron density from the diffraction 

pattern: 

1 
-tnt (hx+ky+lz) 

p(x, y, Z) =v III Fhkle 
Equation 3.3 

hk1 

where V is the volume of the unit cell. 

Electron density can be calculated from a diffraction pattern if the structure factors for each 

reflection are known. If Equation 3.3 is expanded (Equation 3.4) then it can be seen that 
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each structure factor has three properties that must be known for their calculation: 

frequency, amplitude and phase. 

1 ýiOýhkl -2(hx+ky+lz) P(Xyz) =v1, 
I Fhkl e Equation 3.4 

hkl 

The frequency is that of the X-ray source and the amplitude ( IFhkil ) is proportional to the 

measured intensities (Ihkl) of the reflections, however there is no way of measuring the 

phase ((Xhki) of the reflection. This is known as the phase problem and alternative methods 

must be used to estimate the phases. 

3.1.9 Solving the phase problem 

The three main methods for estimating initial phases are multiple isomorphous replacement 

(MIR), multiwavelength anomalous dispersion (MAD) and molecular replacement (MR). 

In MIR, heavy atoms are introduced into a crystal. Their positions are located and the 

phases calculated by comparison to data from native crystals then phases can be calculated 

for other atoms in the structure. MAD involves the collection of anomalous data at 

different wavelengths, one of which is near the absorption edge of the anomalously 

scattering atom that has been introduced in the crystal. 

Molecular replacement 

Approximate phases for a protein of interest can be found using molecular replacement 

(Rossman & Blow, 1962). This technique uses phase information from a structurally 

homologous protein for which the structure has already been determined, the phasing 
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model, to estimate the phases for the protein of interest. For this work molecular 

replacement using the program AMoRe (Navaza & Saludjian, 1997) was used to calculate 

the initial phase estimates. The phasing model may be a structurally similar protein or a 

model of the protein of interest that has already been determined, for instance in the case of 

a protein-ligand complex the protein may have previously been studied without a ligand or 

in the presence of a different ligand. If the phasing model is that of the protein complexed 

with a ligand, the ligand is omitted during molecular replacement to avoid any chance of 

bias. As the structures that were being solved in this work were that of trypsin-inhibitor 

complexes an older trypsin structure could be used as the phasing model. Phases are 

dependent upon the position of the protein in the unit cell; therefore the first step in 

molecular replacement is to superimpose the phasing model onto the position of the protein 

of interest. Structure factors amplitudes are calculated using the phasing model and are 

compared with those from the observed data sets in two steps, firstly a rotation function 

that finds the correct orientation and secondly a translation function which finds the best 

location for the phasing model. The rotation function searches for the orientation of the 

phasing model around the x, y and z-axes that best matches that of the data. Patterson maps 

are calculated for the rotated model and the Patterson vectors compared with those of the 

protein of interest. The agreement, or lack of it, between the vectors is expressed as a 

correlation coefficient. A list of solutions is generated of which one or more should stand 

out above the others corresponding to the subunit or subunits in the asymmetric unit. The 

best solution of the rotation function is the translated by small increments along x, y and z 

into correct location within the unit cell. The structure factor amplitudes are calculated at 

these positions and compared with those of the phasing model. A list of solutions is 

generated along with a correlation coefficient and an R-factor (see section 3.1.9). The peaks 
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that stand out above the others are subjected to rigid-body refinement (`fitting') to improve 

the correlation between the structure factor amplitudes. The model's phases are then used 

to estimate the phases for the protein of interest. 

3.1.10 Model building and structural refinement 

Once the initial phases have been estimated the data can be subjected to iterative cycles of 

model building and structural refinement to improve the phase estimates towards the true 

phases. The protein model is manually checked and the molecular coordinates adjusted to 

correctly fit the electron density. Cycles of structural refinement improve the phase 

estimates of the rebuilt model before another cycle of rebuilding. To minimize any bias in 

the electron density maps a difference Fourier synthesis is used (FFT, CCP4 suite and CNS, 

Brunger et al., 1998). The amplitudes in the Fourier synthesis are of the form IFobSI - IFcaicI. 

When this type of `F0-FF' map is calculated if the observed structure factor amplitudes are 

greater than the calculated amplitudes then the Fourier term is positive, this indicates areas 

where there is electron density in the unit cell that has not been built into the model. If the 

observed amplitudes are smaller than that of the calculated amplitudes the Fourier term is 

negative. This indicates areas where the model has been incorrectly built and there is no 

corresponding density in the unit cell. This type of map highlights errors in the model and 

so where it needs to be to be adjusted, it does not give the overall molecular shape. This 

can be seen from `2F0-FF' maps that give more weighting to the observed amplitudes. 

Another type of map that can be useful in areas with no clear electron density is an `omit 

map'. Atoms that have no clear position can be omitted from the structure factor equation 

and so do not contribute towards the electron density map where they may cause bias. 
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Omit maps can also be constructed where sets of atoms are systematically omitted from the 

calculation until all have been omitted at some point. The models described here were 

rebuilt using 0 (Jones et al., 1991) and refined using Refmac (Murshidov et al., 1997) and 

CNS (Brunger et al., 1998). CNS was also used to generate electron density maps from the 

data refined within the program, maps for the data refined in Refmac were generated using 

FFT (CCP4,1994). 

3.1.10.1 Methods of structural refinement 

Structural refinement, or reciprocal-space refinement, optimises atomic positions of the 

model to give calculated structure factor amplitudes, IFCBicI, closest to the observed structure 

factor amplitudes, IFobsi. Atom positions are adjusted in an attempt to minimise differences 

between IFcalcl and IFobsl. There are other factors that are taken into account as well as the 

atomic coordinates. A measure of the thermal motion of an atom, the temperature or B 

factor, is also included in the refinement calculations. Another important consideration that 

is taken into account is the occupancy of an atom. Certain side chains or exposed loops 

may adopt more than one conformation. The occupancy represents the proportion of 

molecules in which the conformation exists in the crystal structure. There are different 

types of refinement available that place certain restraints upon part or the entire molecule. 

Sometimes whole domains, or even the whole protein, are treated are rigid. Assumptions 

are often made about the mobility of various parts of the structure. Features such as the 

peptide bond can be treated as a planar structure with rotation occurring only around the 

0 and w angles within the polypeptide backbone. Side-chains can be assumed to be only 

able to adopt a certain number of thermodynamically favourable conformations. Even 
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when such rigorous constraints aren't enforced then bond angles and lengths can be 

restrained (Engh & Huber, 1991). The most commonly used methods of reciprocal-space 

refinement are least-squares refinement, maximum-likelihood refinement and simulated 

annealing. In the work described maximum-likelihood refinement was most commonly 

used with some simulated annealing. 

Least-squares refinement 

Least-squares refinement aims to find the atomic positions that give the smallest squares of 

the differences between the calculated structure factor amplitudes, IFcalcl, and the observed 

structure factor amplitudes, IFobSI. 

Maximum-likelihood refinement 

Maximum-likelihood refinement (Murshidov et al, 1997) uses statistical probability 

distributions to predict the likelihood that calculated the structure factors are the same as 

those that in the observed data. 

Simulated annealing 

Simulated annealing (Brunger et al., 1987) simulates the theoretical heating of the molecule 

to high temperatures and then slow cooling to allow the molecular structure to reach the 

lowest energy conformation. This allows a global minimum to be reached rather than a 

false local minimum. 
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Simulated annealing is useful at the start of refinement, or if it is suspected that a false local 

minimum has been reached, as it allows a search through solutions that are further removed 

from the initial minimum than other refinement methods may provide. 

3.1.11 Validation of the refinement process 

During refinement several parameters need to be checked to ensure true energy minima are 

reached and to ensure that a feasible geometry is maintained. Refinement itself aims to 

improve the calculated structure factor amplitudes, IFcaicl, so that they agree with the 

observed amplitudes, IFobsl. Two ways of monitoring this are used, Rcryst (Equation 3.5) and 

Rf« (Equation 3.6). Rc, yt can become biased towards the model and thus reach a falsely 

low value. To overcome this it is used in conjunction with Rfree (Brunger, 1992) to judge 

how well the refinement is progressing. The structure factor amplitudes used to calculate 

Rfree are from a set of reflections (5-10% of the total number if reflections, but no less than 

500) that are set aside during data processing and are not used during refinement. This 

means that Rfree does not become biased towards the model. Both values should decrease 

as the refinement improves. Once Rfre,,. has stopped decreasing the refinement has finished 

and any further refinement may lead to `overfitting' the data. 

R=ý 
II Fobs -I F'oatc 

crysr YI Fobs f Equation 3.5 
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1II Fobs) -I Fcalcll 

Rfree -_ 
Testhkl 

IIFobsl 

Testhkl 

Equation 3.6 

As well as the refinement being monitored, the model itself also needs to be assessed. 

Programs such as PROCHECK (Laskowski et al., 1993) check the overall geometry of the 

structure, including the bond lengths and angles. Ramachandran plots (Ramachandran & 

Sasisekharan, 1968) are a useful way of checking the geometry. 
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3.2 Materials and Methods 

3.2.1 Materials 

All reagents and enzymes were purchased from Sigma-Aldrich, except for polyethylene 

glycol (PEG) that was purchased from Fluka. Addresses for all suppliers are shown in 

appendix A. The 13mer and l7mer peptides were artificially synthesised as described in 

section 2.2.1. 

3.2.2 Trypsin crystallisation trials 

Crystallisation of trypsin is very well documented with many structures deposited in the 

Protein Data Bank (PDB). In order to obtain crystals of trypsin with the synthetic 13mer 

and 17mer peptides it was hoped that the peptides could be soaked into preformed crystals 

of trypsin with the low affinity inhibitor, benzamidine (K; = 18µM). As discussed in 

section 3.1.2.1 if a ligand is small enough, crystals of a protein-ligand complex can be 

formed by soaking the ligand into a crystal of the protein, or a crystal of another protein- 

ligand complex where the new ligand competes the old ligand out. In the case of trypsin 

the latter method is preferable as trypsin would autolyse over the time-course of a 

crystallisation experiment in the absence of an inhibitor. 

Crystallisation conditions were screened using the hanging-drop vapour-diffusion method 

to grow all crystals in this thesis. A summary of the outcome of the crystallisation trials is 

shown in table 3.3. 
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3.2.3 Trypsin crystallisation condition 1 

Crystals (trypsin-benzamidine) were grown in a set of conditions (condition 1) adapted 

from Luckett et al, 1999, and Bartunik et al, 1989. The protein solution contained 

60mg/ml bovine trypsin, 60mM benzamidine, 0.1M Tris pH8.2,0.3M ammonium sulphate * 

and 6mM CaC12. The well solution contained 0.05M Tris pH8.2 and 1.25-2.3M 

ammonium sulphate. The trypsin was washed in the protein solution (10ml) using a 

centricon G10,5000G at 4°C. The resulting solution was centrifuged for 20mins, 11- 

13,000rpm at 17°C to remove any precipitate. The well solutions were centrifuged under 

the same conditions. Drops contained 7.5µl of both protein and well solution and 1 µl N, N- 

dimethylformamide (DMF). Crystals of a suitable size grew within 2-3 weeks. 

3.2.3.1 Soaking of the 13mer condition 1 trypsin-benzamidine crystals 

Several methods were used in an attempt to soak the 13mer into a crystal, which are shown 

in detail in table 3.1. Firstly a single trypsin-benzamidine crystal was soaked in a solution 

similar to the drop solution (condition A). Other crystals were soaked in an alternative 

citrate buffer based solution at various citrate concentrations (conditions B, C, D; based on 

Bartunik et al., 1989); both these solutions already contained the 13mer. Three conditions, 

B, C and D, were used with the citrate buffer at increasing concentrations of 0.1,0.5 and 

iM to optimise it's concentration as the crystals were found to be unstable low 

concentration citrate buffer concentrations. Another tactic was also tried with the citrate 

buffer solution (at 1M, the optimal citrate concentration determined from conditions B, C 

and D) where the benzamidine was soaked out and then the crystal transferred into an 

identical solution, but containing the 13mer (condition E). 
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Soak Soak solution 
Buffer [Buffer] 

conditions (pH) (M) 

13mer (--1.5mg/ml) Tris-HCI 
A Ammonium Sulphate (2.2M) (8.2) 

0.1 
CaCl2 (6mM) 

13mer (--1.5mg/ml) Sodium Citrate 
B Ammonium Sulphate (2.2M) 0.1 

CaCl2 (6mM) (5.3) 

13mer (-1.5mg/ml) Sodium Citrate 
C Ammonium Sulphate (2.2M) 0.5 

CaCl2 (6mM) (5.3) 

13mer (-1.5mg/ml) Sodium Citrate 
D Ammonium Sulphate (2.2M) 1 

CaCl2 (6mM) (5.3) 

Soak Ammonium Sulphate (2.2M) Sodium Citrate 
1 

out CaCl2 (6mM) (5.3) 

E 
Soak 13mer (-1.5mg/ml) Sodium Citrate 

Ammonium Sulphate (2.2M) 1 
in CaCl2 (6mM) (5.3) 

Table 3.1 Summary of soaking strategies for soaking the 13mer into trypsin crystals. Condition A-D 
involved the transfer of trypsin-benzamidine crystals directly into the soak solution containing the 
13mer. Conditions B-D contained sodium citrate as a buffer at varying concentrations to optimize the 

condition. Condition E involved the soaking out of the benzamidine in one solution and then transfer of 
the crystal to another solution containing the 13mer. 

3.2.4 Trypsin-13mer co-crystallisation (condition 2) 

Trypsin-13mer crystals were grown by co-crystallisation. The protein solution contained 

30mg/ml in 0.1M Tris pH 8.2,6mM CaC12 and 1.5mg/ml 13mer. This was concentrated 

using centricon G10 at 5000G at 4°C until it reached approximately half the initial volume. 

An equal volume of 0.6M ammonium sulphate was added to the protein solution and 

centrifuged for 20mins at 17°C to remove any precipitate. If the ammonium sulphate was 
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added before this stage then the 13mer precipitated out of solution. The well solutions 

contained 1.5-2.7M ammonium sulphate and 0.1M Tris pH 8.2. The drops contained 7.5µ1 

protein solution, 7.5gl well solution and lµl N, N-dimethylformamide. Crystals of a 

suitable size grew within 1 month. The cryoprotectant solution contained 20%glycerol, 

O. 1M Tris pH8.2,6mM CaC12,2M Ammonium sulphate. A single crystal was transferred 

firstly into a solution containing 1/3 cryoprotectant solution, 2/3 well solution, then into a 

solution containing 2/3 cryoprotectant solution, 1/3 well solution and finally into the 

cryoprotectant solution. 

3.2.5 Trypsin-17mer co-crystallisation 

Once the conditions were found for the growth of 13mer: trypsin crystals, a screen around 

the same conditions were repeated but with the 17mer present (at -1.5mg/ml). Crystals 

grew within a month. 

Crystallisation 
condition 

1 2 

60m /ml trypsin 30m /ml trypsin 
0.1 M Tris H8.2 0.1 M Tris H8.2 

Protein 6mM CaCI 6mM CaC12 
solution 0.3M NH4SO4 0.3M NH4SO4 

60mM benzamidine 1.5mg/mI 
13mer/17mer 

0.05M Tris pl-18.2 0.1 M Tris H8.2 
Well solution 1.25-2.3M NH4SO4 1.5-2.7M NH4SO4 

Table 3.2 Summary of crystallisation conditions. Crystals were grown by the hanging drop, vapour 
diffusion method. In each case drops contained equal volumes of protein and well solution and l. tl DMF. 
Crystallisation condition 1 crystals contained benzamidine that was to be soaked out and replaced with the 
13mer. Condition 2 crystals were co-crystallised trypsin and inhibitor. * 1.5mg/ml of either the 13mer or 
l7mer. 
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3.3 Results 

3.3.1 13mer: trypsin crystallisation trials 

Low density trypsin crystals were grown in the different conditions as described in section 

3.2. Both of these conditions produced crystals of diffraction quality. In condition 1 

trypsin was co-crystallised with benzamidine and then the crystals soaked in one of a range 

of solutions containing 13mer in an attempt to soak the 13mer in by competition with 

benzamidine for the active site (as described in sections 3.2.1.1 and 3.2.2.1). Condition 2 

involved the co-crystallisation of trypsin and 13mer and produced diffraction quality 

crystals that diffracted to 2.1A on the home source and a further 1.5A at the Daresbury 

synchrotron. 

The crystals grown in the l7mer-trypsin co-crystallisation screen were of diffraction 

quality and diffracted at Daresbury to 1.2A. 

3.3.1.1 Soaking the 13mer into crystals 

Soak condition A was very similar to the conditions in which the crystal was grown and so 

the crystal was stable. However, soak conditions B-E (used for crystals grown by condition 

2) contained a citrate buffer at pH5.3, the crystals having been grown in a Tris buffer at pH 

8.2. It was found from conditions B-D (citrate buffer at 0.1,0.5 and 1M) that the crystals 

were only stable if the citrate buffer was present at 1M (D), and at concentrations below 

this the crystals dissolved. In case the 13mer would not directly compete with and replace 
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benzamidine soak condition E was also tried in which the crystal was first soaked in an 

inhibitor free solution to soak out the benzamidine and then in a solution containing the 

13mer. The soak solutions and the stability of crystals in it is summarised in table 3.3 

Soak Soak solution 
Buffer [Buffer Crystal 

conditions (pH) ] (M) stable? 

A 
13mer (-1.5mg/ml) 

Ammonium Sulphate (2.2M) 
Tris-HCI 0.1 Yes 

CaC12 (6mM) (8.2) 

13mer (-1.5mg/ml) Sodium Citrate 
B Ammonium Sulphate (2.2M) 0.1 No 

CaC12 (6mM) (5.3) 

13mer (-1.5mg/ml) Sodium Citrate 
C Ammonium Sulphate (2.2M) 0.5 No 

CaC12 (6mM) (5 3) 

13mer (-1.5mg/mi) Sodium Citrate 
D Ammonium Sulphate (2.2M) 

(5 3) 1 Yes CaCI2 (6mM) 

Soak Ammonium Sulphate (2.2M) Sodium Citrate 
1 

out CaCl2 (6mM) (5.3) Yes 
E 

Soak 13mer (. 1.5mg/ml) Sodium Citrate 

in 
Ammonium Sulphate (2.2M) 

(5 3) 
1 Yes CaC12 (6mM) . 

Table 3.3 Summary of soaking strategies for soaking the 13mer into trypsin crystals and the stability of 
crystals under these conditions 

3.3.1.2 Displacement of benzamidine with the 13mer peptide 

The processing, molecular replacement and refinement data from crystals grown by 

condition 1 are not presented here. The electron density maps for all these crystals showed 

that none of the soaking trials were successful in replacing benzamidine with the 13mer 

because the inhibitor had precipitated out of solution due to the ammonium sulphate. 

Eventually only condition 2 (trypsin co-crystallisation with 13mer) was found to yield 
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crystals with the 13mer in the active site. Table 3.4 shows a summary of the crystallisation 

conditions and soak conditions for crystals that were used for diffraction. The data 

processing, etc., for data collected from a crystal grown by these conditions is described in 

detail in the following sections. 

Crystallisation 
condition 

Soak condition Crystal 
density 

13mer present In 
active site? 

1 A Low No 

1 D Low No 

1 E Low No 

2 
co-c stallisation - Low Yes 

Table 3.4 Summary of crystallisation trials for trypsin: l3mer crystals, soaking conditions and the presence 
of the 13mer in the active site. 

6 

3.3.2 Data collection and processing for the co-crystallised trypsin- 

13mer complex 

Diffraction data were collected at lOOK from crystals frozen in their respective 

cryoprotectant solutions. Data from a co-crystallised 13mer crystal were collected to 2.1A 

on the home source (Enraf-Nonius DIP2020 image plate with Cu K. radiation (? = 

1.5418A) and a rotating anode generator) and later extended to 1.5A at Daresbury SRS 

with synchrotron radiation (PX station 14.1; ?=1.488A). 
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Data were processed using Denzo and Scalepack (Otwinowski & Minor, 1997) and 

manipulated with the CCP4 suite of programs (Collaborative Computing Project Number 4, 

1994). Autoindexing (Denzo) showed that the crystal was of the form P orthorhombic, 

inspection of the systematic absences showed it to belong to the spacegroup P212121. 

Resulting data were converted to mtz file format using Scalepack2mtz (CCP4,1994) ready 

for molecular replacement. The data collection statistics are shown in table 3.5. 

Wavelength 1.5418 

Resolution Range (A) 30.0-2.1 

Unit cell dimensions: 

a= 60.463 

b= 63.553 

C 69.629 

Overall completeness (%) 97.2 
(outer shell) (94.0) 
Total Reflections 123097 

Unique reflections 15425 

I/ß (outer shell) 11.08 (3.8) 

R merge (%) 5.0 

Table 3.5 Summary of X-ray diffraction data collection 
statistics trypsin-13mer data collected at the Daresbury 
synchrotron 
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3.3.3 Data collection and processing of the co-crystallised trypsin- 

17mer complex 

Data from a single co-crystallised, l7mer-trypsin crystal was collected at Daresbury SRS 

with synchrotron radiation (? =0.9796lÄ) at 100K and diffracted to 1.2A resolution. The 

data was scaled and merged using Denzo and Scalepack (Otwinowski & Minor, 1997). As 

for the 13mer autoindexing and inspection of the systematic absences showed the crystal to 

belong to the space group P212121. The data collection statistics are shown table 3.6. The 

resulting data was converted to mtz file format using Scalepack2mtz ready for molecular 

replacement. 

Wavelength ? (A) 0.97961 

Resolution Range (A) 30.0-1.2 

Unit cell dimensions 

a= 60.771 

b= 63.825 

C= 69.581 
Overall completeness (%) 98.9 
(outer shell) (91.4) 

Total Reflections 1043021 
Unique reflections 83589 

I/6 (outer shell) 41.6 (6.8) 

R merge (%) 6.3 
Table 3.6 Data collection statistics for the l7mer-trypsin crystals from the Daresbury 
synchrotron source 
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3.3.4 Molecular replacement for the trypsin-13mer complex 

Molecular replacement was performed using AMoRe (Navaza, 1994). This method of 

estimating phases has been discussed in detail in section 3.1.7. The phasing model used in 

molecular replacement for the 13mer-trypsin model and the 17mer-trypsin model (section 

3.3.5) was an inhibited trypsin structure that had previously been determined in-house. The 

model contained only protein; all waters, ligands, sulphate molecules and calcium atoms 

had been removed. 

In order for the rotation function to be performed an estimate of the initial sizes the sphere 

and cell size must be found. These are calculated by a sorting and tabling function. Once 

an initial estimate was found the sphere and cell sizes were optimised by varying these 

parameters around the initial estimate until the best solution was reached. A cell of 50A x 

50A x 50 A and a sphere of radius 14 at a resolution range of 28.0 -3. OA gave a single 

solution to the rotation function for data from the 2.1A 13mer-trypsin data, with a 

correlation coefficient of 19.1% and an R factor of 54.3%. After the translation and fitting 

procedures these improved to a correlation coefficient of 68.1 % and an R factor of 36.1 %. 

The solutions, correlation coefficients and R factors are shown in table 3.7. 

After molecular replacement the phasing model is rotated and translated as directed by the 

molecular replacement solution using Lsqkab (CCP4,1994). The programs Unique and 

FreeRFlag (CCP4,1994) were then used to set aside 5% of the reflections to be used as the 

test set for calculation of Rf,.. 
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Function Eularian angles 

(x ß 'y 

Translational 
coordinates 

xyz 

Correlation 
coefficient 

(%) 

Rcryst 
(%) 

Rotation 129.00 33.24 11.00 - - - 19.1 54.3 

Translation 129.00 33.24 11.00 0.3612 0.4909 0.1138 57.8 39.7 

Fitting 129.69 32.97 10.90 0.3614 0.4914 0.1139 68.1 36.1 

Table 3.7 Solutions to rotation, translation and fitting functions from AMoRe for 13mer: trypsin data 

collected at 2.1A. Translational coordinates are expressed as a fraction of the unit cell. 

3.3.5 Molecular replacement of 17mer-trypsin complex 

A cell of 50A x 50A x 50A and a sphere of radius 15 at a resolution range of 30.0 -3. OA 

gave a single solution for the trypsin bound to 17mer with a correlation coefficient 17.2% 

and an R factor of 56.0% for the rotation function in this case. After the translation and 

fitting functions these improved to a correlation coefficient of 71.1% and an 35.4% R 

factor. See table 3.8 for the solutions, correlation coefficients and R factors. 

Function Eularian angles 

a 

Translational 
coordinates 

xyz 

Correlation 
coefficient 

(%) 

Ryst 
(%) 

Rotation 129.00 33.03 11.10 - - - 17.2 56.0 

Translation 129.00 33.03 11.10 0.3609 0.4916 0.1141 58.1 40.7 

Fitting 127.71 32.86 10.92 0.3613 0.4927 0.1145 71.1 35.4 

Table 3.8 Solutions to rotation, translation and fitting functions from AMoRe for 17mer: trypsin data at 
1.2A. Translational coordinates are expressed as a fraction of the unit cell. 
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3.3.6 Refinement 

An iterative process of structural refinement and model building was used to refine the 

protein structures. The programs Refmac and, towards the end of the process, CNS, were 

used for the refinement and the graphics program 0 for the rebuilding as described in 

section 3.1.10. Initially the phasing model was used for a round of refinement and then the 

structure and electron density displayed in 0. The phases of the refined structure were used 

to calculate F. -Fe and 2F0-FF difference Fourier maps using FFT (CCP4,1994). These 

were displayed with the trypsin model. The progress of the refinement process was 

assessed by observing the overall R factor (&ryst) and the free R factor (Rfree). 

3.3.6.1 Refinement of 2.1 A trypsin-13mer data 

The coordinates of the trypsin model after rotation and translation by Lsqkab were used for 

the initial round of refinement. At this point only trypsin was present during refinement. 

This gave an Rast of 25.3% and an Rf« of 29.8%. 

After the first round of refinement the entire trypsin molecule was checked to see how well 

the model fitted the density. Overall the backbone and side chains corresponded well with 

the 2F0-Fc density. The positive and negative FO-Fc maps were used as a guideline for 

where to move the residues. Residues in which there was little or no density for the side 

chains had the side chain occupancy set to zero so they would not be included in the next 

round of refinement. A continuous length of electron density, in which the backbone and 

side-chains were apparent, was visible within the active site corresponding to the 13mer. 

SFTI-1 was fitted into this density. Diner amino acid residues P4 to P7' are identical to the 
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corresponding residues in SFTI-1 (a comparison of the sequences is shown in figure 3.3). 

The SFTI-1 fitted the density very well from P3 to P6' and need very little manipulation. 

However, there was only a little density corresponding to the P5 (arg2) position (unless 

otherwise stated SFTI-1 residues will be referred to by the Schechter-Berger nomenclature 

and 13mer residues by the residue name and number to save confusion). There was some 

density for the backbone of this residue and the beginning of the side chain, however there 

did not appear to be density for atoms further along the side chain (atoms NE, CZ, Nil 

and NH2). No density was apparent for the 13mer residues cysl, phe12 or cysl3. For the 

next round of refinement the peptide was left as SFTI-1 with residues P4, PS9 P7', and P8' 

given an occupancy of zero so as not be included in the refinement calculations and residue 

P9' removed as there is no equivalent position in the 13mer. 

Schechter 
-Berger 

P5 P4 P3 P2 PI P1' P2' P3 P4' p5 Ps' p7' pa, p9' 

13mer C, R2 C3 T4 K5 S6 17 P8 p9 110 Cl, F12 C13 

SFTI-1 -G, R2 C3 T4 K5 S6 Iý P8 P9 Igo C» F12 P13 D14. 

rigure a.., . 3eyuence uugnment ui me t. )mer area art[-t. snowing me Schechter-Berger nomenclature and 
the peptide numbering system in subscript. The Pl residue is shown in red. 

There were several areas where electron density relating to solvent networks was evident. 

A few waters were manually inserted. The program ARP (Automated Refinement 

Procedure; Lamzin & Wilson, 1997) in the CCP4 suite was used to identify another 100 

potential solvent sites. These were manually checked and where the positive density 

appeared to match that of a water molecule one was inserted. One of the sites was in fact 

the calcium ion and one appeared to be an area of density too large to be a water molecule 
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and was modelled as a sulphate ion (SO42-). These ions were inserted into the structure 

before refinement. The new model, containing SFTI-1, waters, a calcium ion and a 

sulphate ion was subjected to another round of refinement. This improved the R factors to 

21.8% and 27.1% for Rcry, t and Rf« respectively. New maps were calculated using the 

phases from the new model. The model and maps were again displayed in O. Symmetry 

molecules were also displayed so that any new water molecules that were added would not 

be added into a position already assigned to symmetry. The residues that had had their 

occupancies reduced or set to zero were checked and manually rebuilt into any new 

positive density that had appeared and away from any negative. The SFTI-1 residues P5 

and Pg' were mutated to cysteines (cysl and cysl3) and included in the next refinement as 

glycines (i. e. their side chains given an occupancy of zero). The occupancy for arg2 was 

reduced to 0.50, but for the whole residue. Phe12 had not been included in the last 

refinement in the hope that more density would appear after refinement. There did appear 

to be some density that could be the ring of the phenylalanine and so this time it was 

included with a full occupancy. Waters that had B factors larger than 40A2 were checked 

and removed where necessary. Successive rounds of refinement and model building 

continued with more waters being added and side chains rebuilt into new density where 

necessary. Some side chains had multiple conformations that were built into the structure 

and given an occupancy suitable to the number of conformations present. Unfortunately 

very little density appeared for the four terminal residues of the 13mer. When the 

Daresbury 1.5A data became available refinement with the 2.1A data ceased. An RMst of 

18.4% and Rfree of 25.8% had been achieved. Refinement continued with the 1.51 data. 
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3.3.6.2 Refinement of the 1.5A trypsin-13mer data 

The refinement of these data followed a very similar pattern to that of the 2.1A data. As 

refinement continued the positions of the 13mer termini did not become much clearer. 

From the small amount of density that could be seen at each terminus the orientation of the 

termini was unclear. There was no density to suggest where either terminal cysteine should 

go. At residue 2 (arginine) there were two possible directions for the backbone (see figure 

3.4), one approximately followed the backbone of SFTI-1 (orientation A), curving away 

from the plane of the reactive loop, and the other followed the same direction as the SFTI-1 

arginine side chain (orientation B), staying in plane with the reactive loop, with the 13mer 

arginine side chain following the SFTI-1 backbone. The positions and direction of the C 

terminal residues (12 and 13) are heavily influenced by that of the N terminus due to the 

disulphide bond connecting them. Unfortunately the two possible arginine conformations 

left the N terminal cysteine in two very different positions. If the orientation of the C 

terminus could be determined then that of the N terminus could be assumed to a certain 

degree. However there was the same problem at the C terminus that the phenylalanine 

(residue 12) backbone could also go in two different directions (see figure 3.5), which 

would be in agreement with the two arginine orientations A and B. It was possible that 

both these orientations were valid and so the model was refined with the termini in both 

conformations. 

The R factors had decreased to 18.0% and 20.7% for Rcryst and Rfree. In an attempt to 

improve the electron density at the termini CNS was used for a few rounds of structural 

refinement and to calculate omit maps. 
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3.3.6.3 CNS refinement and calculation of omit maps 

The first round of refinement in CNS involved energy minimisation, followed by simulated 

annealing and finally B-factor refinement. The current refinement model was used as the 

model for the first round of CNS refinement and the calculation of a 2F0-F. omit map. The 

R factors after CNS refinement were 19.3% and 24.2% for R,, yt and Rfrev respectively. The 

2F0-FF omit map did show new density for the phenylalanine ring. However it did not 

directly match either of the previous orientations, but was closest to orientation B. It 

seemed that the phenylalanine ring in orientation B was being built into density that 

actually belonged to the backbone so the residue was moved into the new position. The 

arginine was left in the same position as it had been in orientation B. Orientation A was 

not included in refinement. The four residues were given an occupancy of a half for the 

next refinement. During following rounds of refinement some density appeared and then 

disappeared for the ends of the inhibitor but never to such an extent that any conclusive 

modelling could be achieved. The R factors decreased to an R, ryst of 18.5% and an R free of 

23.7% suggesting that this was better position for the phenylalanine residue. To finalise the 

structure the model was refined again with Refmac. There was still no better density for 

residues 1,2 or 13. The last few rounds of refinement in Refmac were performed with the 

hydrogens being taken into account (they had not been included in the previous rounds of 

refinement) but not built. This immediately improved the R factors from 21. % and 18.3% 

to 20.6% and 17.5 % for Rfrce and RrýSt respectively. 

After the final rounds of refinement in which the fit of some trypsin side chains with little 

density was improved and waters with relatively high B factors were checked and removed 

the R factors converged to Rcryst of 17.5% and an Rfre, of 20.0%. The final refinement 
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statistics are shown in table 3.9. As electron density for the 13mer termini never appeared 

it was assumed that they are disordered and therefore were modelled into a geometrically 

correct arrangement and given an occupancy of zero. The final structure of the peptide is 

shown in figure 3.5. 

Number of trypsin atoms 1646 

Number of solvent atoms 280 

Number of inhibitor atoms 98 

RMS standard deviation: bond lengths (A) 0.009 

RMS standard deviation: bond angles (°) 1.449 

Rcryst(%) 17.5 

Rfree (%) 20.0 

Average B-factor: trypsin main-chain atoms (A2) 16.8 
Average B-factor: inhibitor main-chain atoms (A) 20.9 

Average B-factor: solvent molecules (A) 29.4 

Table 3.9 Final model refinement statistics for 13mer: trypsin structure 

111 



fiý 

Figure 3.5 Structure of the /3mer synthetic peptide. The bound conformation of the 13mer in 
the trypsin-13mer complex plus the 2Fö F, electron density, calculated from the final refined 
co-ordinates of the complex and contoured at 0.8a 
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3.3.7 Refinement of the 17mer-trypsin data 

The 17mer-trypsin structure was refined by the same strategy as the 13mer-trypsin 

structures; rounds of refinement and model building with optimisation of residues that did 

not fit the density well, addition of waters, calcium and sulphate ions. The initial round of 

refinement, gave R-factors of 29.2% and 30.2% for Rryst and Rfr, e respectively. 

As for the 13mer-trypsin structures there was an obvious length of density in the active site 

relating to the central loop of peptide including the central disulphide bond (P3 to P6) see 

figure 3.7. The 13mer was fitted into this density needing very little manipulation, for the 

next refinement only P3 to P6 were included in the hope that more density might appear 

towards each terminus. Figure 3.6 shows the sequence alignment of the SFTI-1,13mer and 

17mer. 

Schechter P7 P6 P5 P4 P3 P2 P' P, Pz P3 P4 
T' 

. P7' Pa Ps P, o -Berger 

13mer C, R2 C3 T4 K, S6 17 Pa Pg 110 C� F12 C13 

17mer C1 D2 G3 R4 C5 T6 K S8 19 
P' P1 

112 C13 F14 F15 T16 C17 

o , 

SFTI-1 -G R C T K S I P P I C F P D- 

rigure -i. u ouquerrce uux, t,. tcru uj trir ,. , j,., t, urn" i mer. snowing the Schechter-Berger 
nomenclature and the peptide numbering system in subscript. The p, residue is shown in red. 

After the first round of refinement the R-factors had decreased to Rcrvst=27.3% and 

Rfree 27.8%. The phenylalanine (phel4) had more density in this structure than in the 

l3mer structures and appeared to be in the same position as in the final 13mer orientation 
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so this was included in the next refinement. Residues 3 and 4 (glycine and arginine) were 

also included in refinement at a low occupancy. After rebuilding of other residues within 

the trypsin molecule and refinement the R-factors decreased to 23.2% (R,,,, ) and 24.2% 

(Rfree)" 

Around the phenylalanine ring there appeared to be less density than had been present 

before so the occupancy for the side chain was lowered in the next refinement. As for the 

13mer it was unclear as to which direction the backbone was pointing (i. e. whether it was 

following the same direction as the SFTI-1 backbone, perpendicular to the reactive loop, or 

its arginine side chain, in plane with the reactive loop) so again refinement and omit maps 

were calculated in CNS. The omit maps were not very clear but did suggest two 

orientations for the ends of the peptide, corresponding to orientations A and B in the 13mer 

refinement (see figure 3.7). When these were both built into the density and included in the 

refinement the R-factors became 20.7% and 22.5% for R,, yst and Rf« respectively. The 

final rounds of refinement were performed using Refmac. However as with the 13mer 

structure the density for the two ends, from cys 1 to arg4 and from phel5 to cysl7, never 

became clear and so they were built into a geometrically correct conformation but not 

included in the final refinement. There was reasonable density for phe14 in orientation B 

so this was included with an occupancy of 0.30, the carbonyl C and 0 atoms of arg4 also 

had reasonable density and were included at an occupancy of 0.30. Hydrogen atoms were 

included in the final rounds of refinement bringing the R-factors to an Rcryg of 19.1% and 

an Rfree of 21.0%. The final refinement statistics are shown in table 3.10 
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Number of trypsin atoms 1657 

Number of solvent atoms 332 

Number of inhibitor atoms 128 

RMS standard deviation: bond lengths (A) 0.006 

RMS standard deviation: bond angles (°) 1.137 

Royal(%) 19.1 

Rfree (%) 21.0 

Average B-factor: trypsin main-chain atoms (A2) 13.8 

Average B-factor: inhibitor main-chain atoms (A2) 20.0 

Average B-factor: solvent molecules (A2) 28.1 

Table 3.10 Final model refinement statistics for 17mer-trypsin 

structure. 
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ýA 

Figure 3.8 Structure of the I 7mer synthetic peptide. The bound conformation of the 17mer in the trypsin- 17mer complex plus 

the 2F0-F, electron density, calculated from the final refined co-ordinates of the complex and contoured at 0.8a 
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3.3.8 Model quality 

The program Procheck (CCP4,1994) was used to check the stereochemistry of the final 

models. It assesses geometrical parameters such as bond lengths, bond angles, planarity, 

and highlights areas of poor geometry within the protein. The Ramachandran plot is 

considered to be one of the best indicators of crystal structure quality with residues that do 

not fall into one of the three defined regions (according to their 4 and AV angles) being likely 

to have been modelled in an unfavourable conformation. Only the reactive loop regions of 

the synthetic peptides have been assessed by this method as only they were apparent from 

the electron density. The Ramachandran plots for the 13mer reactive loop region and 

trypsin structures are shown in figures 3.9 and 3.10.86.2% of residues in the trypsin 

molecule were within the most favoured region and 13.8% in the allowed region. 71.4% of 

residues in the inhibitor were within the most favoured regions, with 28.6% in the allowed 

regions. Neither molecule had any residues within the generously allowed or disallowed 

regions. The Ramachandran plots for the 17mer reactive loop and trypsin structures are 

shown in figures 3.11 and 3.12.88.3% of residues in the trypsin molecule were within the 

most favoured region and 11.7% in the allowed region. 80.0% of residues in the inhibitor 

were within the most favoured regions, with 20.0% in the allowed regions. Neither 

molecule had any residues within the generously allowed or disallowed regions. 

This shows that the trypsin and synthetic peptide structures are considered good by 

standard geometric criteria. The R-factors (13mer: Reryst = 17.5, RFee = 20.0; l7mer: 

Rcryst=19.1, Rf ee=21.0) for the final models also suggest the model fits the diffraction data 

well. 
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Total number of residues 11 

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms 
and R-factor no greater than 20%, a good quality model would be expected 

to have over 90% in the most favoured regions. 

Figure 3.9 Ramachandran plot of the 13mer synthetic peptide reactive loop residues in the trypsin-13mer 
complex 
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Based on an analysis of 118 structures of resolution of at leant 2.0 Angstroms 
and R-factor no greater than 20%, a good quality model would be expected 

to have over 90% in the most favoured regions. 

Figure 3.10 Ramachandran plot of the trypsin residues in the trypsin-13mer complex 
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Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms 
and R-factor no greater than 20%. a good quality model would be expected 

to have over 90% in the most favoured regions. 

Figure 3.11 Ramachandran plot of the 17mer synthetic peptide reactive loop residues in the trypsin-17mer 
complex 
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Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms 
and R-factor no greater than 20%. a good quality model would be expected 

to have over 90% in the most favoured regions. 

Figure 3.12 Ramachandran plot of the trypsin residues in the trypsin-17mer complex 
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3.4 Discussion 

3.4.1 Trypsin structure 

The whole of the trypsin backbone is well defined in the electron density in both the 13mer 

and 17mer complexed structures, as are the majority of the side chains. A few side chains 

are not well defined at the surface of the molecule, but this is not unusual in side chains at 

such exposed positions. 

The calcium ion responsible for reducing the rate of autolysis (Sipos & Merkel, 1970) is 

bound within trypsin in the characteristic octahedral arrangement and is extremely well 

defined in the density in both structures. It has temperature factors of 2.06A2 and 2.55A2 in 

the 13mer and l7mer structures respectively and in common with SFTI-1, an occupancy of 

1 in both structures. In previously reported structures it has been shown to have an 

occupancy of less than 1. The atoms bound to calcium have average temperature factors of 

14.02A2 in the 13mer and 13.87A2 in the 17mer structures. 

There is an autolysis loop between lysine-145 and threonine-149 (chymotrypsin numbering 

system) that can be cleaved to form a-trypsin. However, in both the 13mer and 17mer 

structures there is continuous electron density along the backbone of this loop suggesting 

that there has not been any cleavage. It does, however, have high temperature 

factors(26.8A2 in the 13mer complex, 22.9A2 in the l7mer complex) in comparison with 

the average trypsin temperature factors (16.8A2 and 13.8A2 respectively). These are not 

unexpected as it makes few interactions with the rest of the molecule and so is fairly 
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mobile. The lack of cleavage at this point is consistent with the occupancy of 1 of the 

calcium ion. There are also three sulphate molecules in the asymmetric unit in both 

structures that correspond to those seen in the SFTI-1 structure. 

3.4.1.1 Conformation of the enzyme active site 

The characteristic geometry of aspartate (102)-histidine (57)-serine(195) is known to be 

highly conserved both in substrate-bound and unbound trypsin structures (Marquart, 1983). 

Differences between the two states are well characterised and conserved. The interactions 

between the residues in the trypsin active site in complex with the synthetic peptides, a 

mung bean trypsin inhibitor derived peptide (1SMF; Li et al, 1994), SFTI-1, a non- 

substrate-like (benzamidine) complexed trypsin structure (HTB 1; Bartunik et al, 1989) and 

an uninhibited structure (ITLD; Bartunik et al, 1989) are shown in table 3.11. 

The interactions in the trypsin active site in the 13mer and 17mer complexed structures 

agree well with those in the other structures. However, in the `substrate-like' complexes 

(1SMF, SFTI-1,13mer, 17mer) the distance between His57NE2 and Serl95OG is much 

shorter and more favourable than in the non-substrate like complex, HTB 1, and the non- 

complexed structure, 1TLD. This is due to the close contact of the PI residue carbonyl and 

catalytic triad residue, Serl95OG (-3. OA), which causes the conformation of the active site 

to deviate from that in the uninhibited and non-substrate like complexes (Marquart, 1983). 

In fact in complexes with non-peptidic inhibitors such as benzamidine this distance is 

larger than in the uninhibited structure. This is a characteristic difference between 
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substrate-like and non-substrate-like complexes, where this bond becomes shorter, and 

therefore, more favourable upon binding to form a substrate like complex. 

13mer 17mer SFTI-1 1SMF 1TLD HTB1 

His 57 ND1 -Asp 1020D1 3.36 3.37 3.43 3.50 3.44 3.45 

His 57 ND1 - Asp 1020D2 2.72 2.74 2.83 2.75 2.68 2.67 

His 57 N -Asp 1020D1 2.93 2.99 2.92 2.87 2.91 2.84 

His 57 NE2 - Ser 195 OG 2.73 2.69 2.69 2.85 3.10 3.23 

Asp 1020D2 - Ser 214 OG 2.68 2.72 2.59 3.01 2.72 2.76 

Asp 189 OD - Ala 221 N 2.91 2.96 2.81 3.03 2.94 2.96 

Asp 189 OD1 - Ser 190 N 2.81 2.83 2.82 2.89 2.79 2.81 

Table 3.11 Comparison of trypsin active site interactions in complexed and non-complexed trypsin. The 

geometry of the active site residues in 13mer and 17mer are consistent with those in substrate-like 
complexes. SFTI-1 and 1SMF are examples of substrate-like complexes, 1TLD is an uninhibited trypsin 
structure and HTB1 is a non-substrate like complex X= water molecule. (residue numbers in 13mer 
structure) 

The angle of the Ser195CB - OG - His57NE2 is also affected by the presence of an 

inhibitor. In substrate-like complexes it is approximately 96° (95.9° in SM-1), in the 

13mer it is 96.1° and 98.3° in the 17mer. In the equilvalent non-inhibited and benzamidine- 

inhibited structures it is significantly different (88° and 84° respectively). The differences 

in the distance and angle of the Serl95OG - His57NE2 interaction in the 13mer and 17mer 

as compared to the uninhibited and non-substrate -like complexes are consistent with those 

seen in SFTI-1 and other Bowman-Birk inhibitors. 
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3.4.2 Molecular structure of the synthetic peptides 

The structure of the 13mer is shown in figure 3.5 and 17mer is figure 3.8. Both have a 

`reactive' loop, containing the Pi lysine residue and cis-peptide bond, closed by the 

disulphide bond between cysteine-3 and cysteine-11 that is homologous to the reactive loop 

in SFTI-1 and other Bowman-Birk inhibitors. The cyclic loops are not defined in the 

density, although the masses of the peptides used in the crystallography experiment showed 

the peptides to have two disulphide bonds. Overlays of the peptide structures are shown in 

figures 3.15-3.17. 

The reactive loop in both the 13mer and 17mer is very well defined in the electron density, 

whereas the cyclic loop is very poorly defined in the density, however, it is present as the 

mass spectrometry data (section 2.3.3) shows that the peptides used for crystallisation had 

no free thiols. This immediately suggests that the reactive loop is more rigid and 

conformationally constrained when bound than the cyclic loop. The average temperature 

factor for all atoms of the reactive site loop of the 13mer is 18.63A2, only slightly higher 

than the average B factor for all atoms in the trypsin molecule of 16.8tß. The 17mer 

reactive loop average B factors are slightly higher at 20.02A2 and are higher still in 

comparison to the trypsin average B factor of 13.8A. Suggesting that the 17mer reactive 

loop is not as conformationally restrained as in the 13mer. Surprisingly both may be more 

conformationally constrained than the SFTI-1 reactive loop that has average main chain B 

factor of 21.5A2 (average trypsin main chain B factor 16.7A2). Lack of good, permanent 

electron density for the cyclic loop means that a temperature factor for the whole inhibitor 

would not be reliable. 
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The central disulphide bond (cysteine-3 to cysteine-11 (13mer numbering)) joins two ß- 

strands forming a hairpin loop with the characteristic cis-peptide bond between isoleucine- 

7 and proline-8 (13mer numbering). The conformation of this area is almost identical to 

that in SFTI-1, with a Ca root mean square (RMSD) deviation for this region of the 13mer 

and SFTI-1 being 0.0042ÄZ, and for the 17mer and SFTI-1 is 0.0067Ä2. This is consistent 

with the finding that SFFI-1 itself forms an independent n-hairpin motif (Brauer et al., 

2001). 

The conformations of the 13mer and 17mer cyclic loops were not apparent from the 

electron density, although at some stages density did appear suggesting that there were a 

few definite conformations rather than a random `wobble'. However the density did not 

remain when the peptides were built into it, so it has to be assumed that the cyclic loops are 

mobile relative to the reactive loops. 

The intramolecular hydrogen bonds present in SFTI-1 and other Bowman-Birk inhibitory 

reactive loops (section 1.3.2) are present in the 13mer and 17mer (the residue numbers 

given here are those of the 13mer) (see table 3.12). There are 3 intramolecular hydrogen 

bonds within the reactive loop between the main chain nitrogen of threonine-4 (and the 

carbonyl group of isoleucine-10. The side-chain hydroxyl of threonine-4 forms a 

bifurcated hydrogen bond with the main-chain nitrogen of isoleucine-10 and with the side- 

chain hydroxyl of serine-6. These are the same contacts involving threonine shown to be 

essential for potent inhibition (Brauer, 2002). There is one hydrogen bond between parts of 

arginine-2 and phenyalanine-12 that are visible in the density that presumably add some 
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rigidity to the cyclic loop. There is a corresponding hydrogen bond in SFTI-1. There are 

two additional hydrogen bonds in the cyclic loop of SFTI-1 between the aspartate residue 

side chain and the amide nitrogen atoms of the glycine and arginine residues,. which are 

not present in the synthetic peptides due to the difference in sequences and conformations 

of the cyclic loops. For the same reasons the intermolecular hydrogen bonds formed 

between the aspartate OD2 and glutamine175 NE2 and arginine NH2 and asparagine97 0 

in SFTI-1 are not present in the synthetic peptides. However in other Bowman-Birk 

inhibitors, (for example I SMF and 1TAB) there are no hydrogen bonds corresponding to 

these. The intermolecular hydrogen bonding networks for the peptides are shown 

diagrammatically in figures 3.13 and 3.14. 

13mer atom 17mer atom Distance Distance 
(13mer (17mer 

Arg 20 Phe 12 N Arg 40 Phe 14 N 2.87 2.77 

Thr 4 N* Ile 10 O Thr 6N Ile 12 0 2.79 2.78 

Thr 4 OG1 * Ile 10 N Thr 6 OG1 Ile 12 N 2 89 2.90 

Thr 4 OG1 * Ser 6 OG Thr 6 OG1 Ser 8 OG 2.92 2.76 

Ser6OG* Pro8O Ser6OG Pro8O 3.13 2.82 

Table 3.12 Comparison of intramolecular hydrogen bonds in the synthetic peptides. * signifies 
hydrogen bonds within the reactive loop 

3.4.2 Trypsin-inhibitor association 

The inhibitors are held firmly in the trypsin active site by a series of intermolecular 

hydrogen bonds (summarised in table 3.13 and figures 3.13 and 3.14). A large proportion 
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of the interactions between the trypsin and the two inhibitors are made by Pl residue, 

lysine-5, of the inhibitor (13mer numbering). The hydrogen bonding network for this is the 

same as the characteristic Pl network in serine endopeptidase substrate-like ligand 

complexes (Marquart, 1983). The side chain is in an extended conformation pointing into 

the S1 subsite. The NZ atom makes contacts with trypsin residues 188 and 189 directly and 

through bridging waters. These waters are a conserved feature in the bound state of the 

serine endopeptidase active site (Marquart, 1983). The backbone is held firmly in position 

by hydrogen bonds with the nitrogen and carbonyl oxygen atoms. 

There is a bifurcated hydrogen bond from the main chain nitrogen to serine-214 carbonyl 

oxygen and serine-195 side chain oxygen. The carbonyl oxygen makes hydrogen bonds 

with the nitrogen atoms of glycine-193, aspartate-194 and serine-195, which make up the 

oxyanion hole. The NZ atom of the lysine-5 side chain is also held firmly in place by three 

hydrogen bonds to aspartate-189 OD1 and serine-190 0 and OG. The other hydrogen 

bonds between the protein and inhibitors are mainly on the side of the inhibitor which lies 

along the bottom of the active site pocket. For example, between cysteine-3-I (13mer 

numbering, I indicates an inhibitor residue) N and glycine-216 0, and cysteine-3-I 0 and 

glycine-216 N. The carbonyl oxygen of threonine-4-I has a hydrogen bond with the side 

chain NE2 of glutamine-192. Serine-6-I N bonds to serine-195OG and it's own side chain 

oxygen to histadine-57 NE2. A final hydrogen bond is made between isoleucine-7-I and 

the carbonyl oxygen of phenylalanine-41. These hydrogen bonds hold the reactive site 

loop very tightly in place. The 13mer peptide is shown bound in the trypsin active site in 

figure 3.13 
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Figure 3.13 Overhead (A) and side (B) views of the l3mer peptide bound in the trypsin 
active site. 
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Figure 3.14 Diagrammatic representation of the interactions between the 13mer synthetic peptide 
(ligand) and trypsin in the trypsin-13mer complex, where the 13mer is the ligand. 
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Figure 3.15 Diagrammatic representation of the interactions between the 17mer synthetic peptide 
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The Pl residue in the inhibitor is not arranged in the usual trigonal conformation, but rather 

in the tetrahedral conformation associated with the formation of the tetrahedral 

intermediate formed during cleavage by a serine endopeptidase and common in enzyme- 

substrate-inhibitory complexes. The carbonyl oxygen interacts with residues 193 and 195 

of the oxyanion hole, again characteristic of the substrate-like ligand complex. The 

carbonyl oxygen is in the characteristic sub Van der Waals radius distance from the Ca 

atom of the lysine residue. So it can be seen from the conformations of the peptide and the 

enzyme that the 13mer-trypsin and l7mer-trypsin structures, like the SFTI-1-1-trypsin 

structure, represents an enzyme-substrate-inhibitory complex. 
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13mer atom 17mer atom SFTI-1 atom Trypsin atom 

Arg 2 NH2 (3.1) A97 0 

Cys 3 N (2.96) Cys 5 N (3.05) Cys 3 N (3.1) A216 0 

Cys 3 0 (3.16) Cys 5 0 (3.09) Cys 3 0 (3.2) A216 N 

Thr 4 0 (2.90) Thr 6 0 (2.90) Thr-4 0 (3.0) A192 NE2 

Lys 5 N (3.17) Lys 7 N (3.17) Lys 5 N (3.3) A214 0 

Lys 5 N (2.89) Lys 7 N (2.91) Lys 5 N (2.9) A195 OG 

Lys 5 NZ (3.12) Lys 7 NZ (3.10) Lys 5 NZ (3.2) A189 OD1 

Lys 5 NZ (3.00) Lys 7 NZ (2.99) Lys 5 NZ (3.0) A190 OG 

Lys 5 NZ (3.01) Lys 7 NZ (2.96) Lys 5 NZ (3.1) A190 0 

Lys 5 0 (2.68) Lys 7 0 (2.71) Lys 5 0 (2.6) A193 N 

Lys 5 0 (2.89) Lys 7 0 (2.92) Lys 5 0 (3.4) A194 N 

Lys 5 0 (3.27) Lys 7 0 (3.27) Lys 5 0 (3.1) A195 N 

Ser 6 N (2.98) Ser 8 N (3.00) Ser 8 N (3.1) A195 OG 

Ile 7 N (3.13) Ile 9 N (3.15) Ile 7 N (3.0) A41 0 

Asp 14 OD2 (2.5) A175 NE2 

Table 3.13 Summary of intermolecular hydrogen bonds between the peptides 13mer, 17mer and SF-Fl- 1, 
and trypsin. The length of the bond is given in brackets. Trypsin atoms numbered according to the 
chymotrypsin numbering system. 
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3.4.3 Structural and functional comparison of the synthetic peptides 

and SFTI-1 

The characterisation of the two synthetic peptides was necessary to compare them to SFTI- 

1. The peptide that best mimics SFTI-1 can be used as the `backbone template' for the 

combinatorial library peptides. Both peptides are potent trypsin inhibitors and bind to the 

enzyme in the canonical manner common to many serine endopeptidase inhibitors. 

Structurally the most similar region in the peptides and SFTI-1 is the reactive loop. The 

conformation of the reactive loops and hydrogen-bonding network is practically 

indistinguishable in all three peptides. The 17mer reactive loop is possibly slightly more 

mobile than that of the 13mer or SFTI-1, with an average all atom B factor higher in 

comparison to the that of trypsin than the smaller peptides. 

The region that is most likely to be different in the peptides is the cyclic loop region. This 

area differs in sequence and size. Unfortunately the structure of this region in the synthetic 

peptides cannot be determined, however it is likely to be more mobile in the 17mer simply 

because there are more internal degrees of freedom. This may be the reason that the 17mer 

reactive loop is more mobile than in the other two peptides, as it is thought that the double 

`tethering' of SFTI-1 adds an extra level of stability to the whole molecule (see section 

1.3.3). The hydrogen-bonding network is inevitably different in this region. Only the P4- 

P7' hydrogen bond is present in all three peptides. The presence or lack of it, of internal 

contacts within either synthetic cyclic loop could not be entirely deduced from these crystal 

structures. In both the 13mer and 17mer there is a hydrogen bond between the carbonyl 
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oxygen of the arginine residue and the nitrogen of the phenylalanine that is also present in 

SFTI-1. However, SFTI-1 has three other intramolecular hydrogen bonds within the cyclic 

loop (between residues 1 and 12,14) that are not present in the synthetic peptides. Two of 

these involve asp 14, which cannot exist in the 13mer as it has no aspartate or residue 14. 

There is a corresponding aspartate residue (asp2) in the 17mer, however, it is likely to be in 

a different orientation to that in SFTI-1, where it is involved in the curvature at end of the 

cyclic loop, perpendicular to the backbone of the rest of the molecule. In the 17mer it is in 

line with the rest of the molecule. It is possible that that the 3`d hydrogen bond could exist 

with the N atom of residue 1 making the interaction with the 0 atom of residue 12, but it 

cannot be seen within this crystal structure. In the 17mer the residues are present but are 

likely to be in a linear orientation, not at the very end of the molecule, but further back. 

Intramolecular interactions may occur in the 17mer, however they cannot be determined by 

the crystal structure. 

The extra mobility of the l7mer cyclic loop is likely to be the reason that it has a higher K, 

value (1.8nM) than those of the 13mer and SFTI-1 (0.5nM and O. 1nM respectively), 

causing entropic losses upon binding. It may also bring about the decrease in resistance to 

hydrolysis as compared to the 13mer. 

The 13mer is structurally and functionally practically identical to SF17I-1. Although the 

cyclic loop structure cannot be seen it does not appear cause any difference in the 

behaviour of the peptide as compared with the natural product. The lack of clear electron 

density suggests that the region is more mobile than in SFTI-l. However, the association 

studies showed that this did not affect the binding, it being a simple collision step with no 
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conformational change. This means that, like SFTI-1, there should be no entropic losses 

upon binding. For these reason the 13mer was chosen as the `backbone template' for the 

combinatorial library peptides. 

B 

1 Lys 

Figure 3.16 Superimposition of SFTI-1 and the 13mer synthetic peptide structures in complex with 
trypsin. The 13mer is shown in green and SFTI-1 in purple. View A is of a `front' view of the 
peptides with the P5 lysine pointing out to the left, the peptides are rotated by 900 in view B with the P5 
lysine pointing into the page, enabling the divergence in the cyclic loop structures to be seen. 
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P, 

Figure 3.17 Superimposition of SFTI-1 and the 17mer synthetic peptide structures in complex 
with trypsin. The 17mer is shown in green and SFTI-1 in purple. View A is of a `front' view 
of the peptides with the P5 lysine pointing out to the left, the peptides are rotated by 90° in view 
B with the P5 lysine pointing into the page, enabling the divergence in the cyclic loop 

Figure 3.18 Superimposition of SFTI-1, the 13mer synthetic peptide and the 17mer 
synthetic peptide structures in complex with trypsin showing the conformation of the cyclic 
loops. SFTI-1 is shown in purple, the 13mer in green and the 17mer in grey. 
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4 Selection of inhibitors from a combinatorial library 

4.1 Combinatorial library design and synthesis 

The combinatorial library (see table 4.1) contained peptides based on the structure of. the 

13mer. The purpose of this library was to test the methodology and to find how well it 

could distinguish between inhibitors with different inhibitory activities. The results were 

also to be compared with peptides selected by an in silico docking program. It was not 

necessarily intended to find inhibitors with a higher inhibitory activity than the natural 

SFTI-1, but to show that the selection procedure was capable of identifying specific potent 

inhibitors. The positional residue specificities discussed in sections 1.3.2 and 1.3.3 were 

not taken into consideration when designing the library so as not to impose any bias within 

the library towards `good' sequences. However a degree of restraint was imposed on the 

randomisation of the sequence by only replacing residues with those that have similar 

properties, thus keeping the library fairly small (126 peptides) whilst increasing the chances 

of it containing novel inhibitors. A large library would have high levels of redundancy 

where many peptides would share the same mass and therefore appear as the same peak on 

the mass spectra. Also to try to avoid this each amino acid was only used once within the 

varied positions. The positions chosen for variation were those that had been shown to 

make interactions with the enzyme in the SFTI-1 and 13mer complexes. The P4 (arginine) 

could not be seen to make defined contacts with trypsin in the 13mer structure due to the 

lack of clear density in this region, however corresponding position in SFTI-1 did, so it was 

included in those positions to be varied. The 13mer peptide sequence was also included to 

give a `control peptide' that was known to bind tightly to trypsin. 
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4.2 Materials and methods 

4.2.1 Materials 

The dispodialysers were purchased from Spectrum Laboratories Inc. All other materials 

were purchased from Sigma. The 126 member library was synthesised by Graham 

Bloomberg, University of Bristol by the solid phase, split and mix method and removed 

from the resin support. The relative quantities of peptides within the library may vary 

according to the efficiency at which individual peptides can be coupled, however this was 

reduced as far as possible by the varying concentrations of the amino acids according to 

this efficiency as they were coupled to the peptide. 

4.2.2 Peptide library oxidation 

15mg of the peptide library were dissolved in 50m1 fast-spinning 0.05M Tris pH8.2 buffer 

containing 0.025M CaC12. The peptides were air oxidised by stirring the solution for 

-öhrs. MALDI-TOF mass spectra were taken of the library before and after oxidation and 

to show that all the peptides were present and whether or not they were oxidised. 

4.2.3 Screening the peptide library - method 1 

1mg of trypsin in 0.5m1 of was dialysed against 15mg of oxidised peptide library in 50m1 

of 0.5M Tris pH 8.2,0.025M CaCl2 solution, overnight in a dispodialyser (a dialysis vessel 

designed for holding -0.5m1) with a 10,000Da cut-off so that the peptides could pass 

through the dialysis membrane and bind to trypsin but the trypsin (bound or unbound) was 
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trapped inside. The contents of the dispodialyser and a sample of the library solution was 

then analysed on a MALDI-TOF mass spectrometer and largest peaks (taking into account 

any redundancy) and hence the tightest binding inhibitors identified. A second 0.5m1 

aliquot of 0.5mg/ml trypsin in 0.5M Tris pH8.2,0.025M CaC12 solution was dialysed 

against the library to identify less tightly bound inhibitors. This was repeated 3 times in 

total in order to identify inhibitors of decreasing affinity. 

4.2.4 Screening the peptide library - method 2 

This method was the same as method 1 except that after the overnight dialysis the 

dispodialyser was transferred to 50m1 of a 0.5M Tris pH 8.2,0.025M CaC12 solution for an 

hour to wash off any unbound peptides. The trypsin-peptide solution from the 

dispodialyser and a sample of the peptide library solution was analysed by MALDI-TOF 

mass spectrometry. This was repeated 3 times. 

4.2.5 Screening the peptide library - method 3 

This method was again the same as method 1 except that instead of transferring the 

dispodialyser to a wash solution, the contents (trypsin-peptide solution) were run down a 

G75 gel filtration column to separate the bound trypsin-peptide complex from the unbound 

peptide. The vast excess of peptide to trypsin was assumed to mean that there was no free 

trypsin in the solution. Samples of the trypsin solution before and after separation were 

analysed on the MALDI-TOF mass spectrometer. This was repeated 3 times with 3 trypsin 

aliquots. 
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4.2.6 Mass spectrometry 

Mass spectrometry experiments were carried out by Virginia Shaw at the Molecular 

Recognition Centre, Department of Biochemistry, University of Bristol. Mass spectra were 

run on an Applied Biosystems DESTR MALDI-TOF mass spectrometer. 

4.2.7 Peptide synthesis and oxidation 

The peptides identified from the mass spectra (table 4.2) were synthesised as described in 

section 2.2.1 by Graham Bloomberg, Molecular Recognition Centre, Department of 

Biochemistry, University of Bristol. They were oxidised by the method described in 

section 2.2.2 and the proportion of completely oxidised molecules determined by mass 

spectrometry and the Ellman assay for free thiols (section 2.2.3). 

Peptide Sequence 

2A1 C H C T R SVP PI C F C 

2A2 C H C S R SIP PI C F C 

2A3 C H C S R SLP PI C F C 

2B1 C H C T R SIP P IC F C 
2B2 C H C T R SLP P IC F C 

3A1 C R C T K SLP P IC F C 

3A2 C R C S R SVP P IC F C 
3A3 C K C T R SIP P IC F C 
3B1 C H C T K SIP P IC F C 

Table 4.2 The sequences of possible tight-binding trypsin inhibitors identified by methods 
1 (a single dialysis step) and 3 (dialysis followed by size-exclusion chromatography) 
selected for synthesis. 

4.2.8 Determination of the inhibitory constant, K, 
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4.2.8 Determination of the inhibitory constant, K, 

The inhibitory activity of the peptides was determined by the general method described in 

section 2.2.5. Increasing concentrations of inhibitor were incubated with trypsin and the 

chromogenic trypsin substrate L-BAPNA. The rate of product formation was assayed by 

its absorbance at 410nm was used to measure trypsin activity. All reactions were carried 

out in 0.05M pH8.2 Tris buffer containing 0.025M CaC12 in a volume of Iml. As the 

peptide KI's varied over a wide range the assay conditions for each peptide were different. 

The peptides identified by method 1 (1A1; 1A2; 1A3; 1B 1; 1B2) were assayed with a 

trypsin concentration of 3µM, with the final peptide concentrations between 0.1µM to 

42µM. The peptides identified by method 3 (3A2; 3A3; 3A4; 3B1) were assayed at trypsin 

concentrations of 4.2nM, 1µM, 40nM and 9nM respectively with the inhibitor 

concentrations varying between 6x 10$ to 1.2x 10-6,5.2x 10-8 to 5.2x 10-6,7x 10"8 to l . 4x 10-6 

and 8.6x10-9 to 8.6x10-7 respectively. The inhibition constant was determined using the 

tight-binding equation (equation 1.18). 
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4.3 Results 

4.3.1 Peptide library synthesis 

A list of the peptides expected to be present is shown in appendix C. Unless the full length 

sequences are given the peptides will be identified by the amino acids at the positions 2,4,5 

and 7 which are varied in the library, for example, 

CKC1'KSIPPICFC 

will be referred to as 

RTKI 

The mass spectrum of the pre-oxidation library (figure 4.1)was checked to ensure that all 

the peptides were present (table 4.3). Data from this are not immediately relevant to the 

screening of the library, however it is very useful to be aware of the relative abundances of 

the peptides before oxidation. It showed that some of the peptides are less abundant than 

others, this was possibly due to the differing coupling efficiencies of amino acids or 

different behaviour of different peptide in the mass spectrometer. It can be seen from table 

4.3 that the actual peptide masses are not identical to those expected, however by visual 

inspection and comparing the `gaps' between real and expected peaks it can be seen that 

the peaks are simply misaligned by a mass of one, both the theoretical and actual masses 

are shown in table 4.3. Theoretical masses such as 1441.8Da and 1441.7Da are treated as 

the same expected peak as it is unlikely that they will be distinguishable in the mass 

spectra. Some peptides do not seem to be present at all, however they may be at too low a 

concentration. The peak height on the mass spectrum is given as a percentage intensity, 
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with the highest peak being 100%, meaning that only relative abundancy of peptides can be 

seen rather than actual concentrations. 

1457.6 

a 
0 

mass 

Figure 4.1 MALDI-TOF Mass spectrum of the unoxidised peptide library. Peaks are identified by 
mass (Da) and their relative abundances given as a% intensity. A larger version is shown in 
Appendix B. 

Theoretical reduced 
mass 

Actual reduced 
mass 

% 
intensit Peptide sequence 

1545.8 1546.7 16 R N R F 
1532.8 1533.7 19 R T R F 
1529.9 1530.7 4 R N R M 
1526.8 1527.7 7 H N R F 
1518.8 1519.7 12 R S R F 
1517.8 1518.7 26 R 

K 
N 
N 

K 
R 

F 
F 

1516.9 1517.7 4 R T R M 
1513.8 1514.6 15 H T R F 
1511.8 1512.7 28 R 

R 
N 
N 

R 
R 

I 
L 

1510.8 1511.7 7 H N R M 
1504.8 1505.6 24 R 

K 
T 
T 

K 
R 

F 
F 
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Theoretical reduced Actual reduced % 
mass mass intensity Peptide sequence 

1502.8 1503.6 12 R S R M 
1501.8 1502.6 10 R N K M 

K N R M 
1499.8 1500.6 15 H S R F 
1498.8 1499.7 26 R T R I 

R T R L 
H N K F 

1497.8 1498.7 25 R N R V 
H T R M 

1495.8 1496.6 8 R N R P 
1492.8 1493.6 20 H N R I 

H N R L 
1490.8 1491.6 35 R S K F 

K S R F 
1489.8 1491.6 K N K F 
1488.8 1489.6 15 R T K M 

K T R M 
1485.8 1486.2 6 H T K F 
1484.8 1485.7 50 R T R V 

R S R I 
R S R L 

1483.8 1484.7 35 R N K I 
R N K L 
K N R I 
K N R L 
H S R M 

1482.8 1483.6 10 R T R P 
H N K M 

1479.8 1480.6 25 H T R I 
H T R L 

1478.7 1479.6 15 H N R V 

---_-__ 
1476.8 

_______ 
1478.6 11 K T K F 

1476.7 H N R p 
1474.8 1475.6 16 R S K M 

K S R M 
1473.8 1473.6 11 K -N - K M 
1471.8 1472.6 H S K F 
1470.8 1471.6 48 R T K I 

R T K L 
R S R V 
K T R I 
K T R L 

1469.8 1470.6 63 R N K V 
K N R V 

----------------------- H T K M 
1469.7 R N R A 
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Theoretical reduced Actual reduced % 
mass mass intensity Peptide sequence 

1468.8 1469.6 12 R S R P 
1467.8 1468.6 12 R N K P 

K N R P 
1465.8 1466.6 58 H T R V 

H S R I 
H S R L 

1464.8 H N K I 
H N K L 

1463.7 1464.6 7 H T R P 
1462.8 1463.6 3 K S K F 
1460.8 10 K T K M 
1456.8 1457.6 100 

.R T K V 
R S K I 
R S K L 
K T R V 
K S R I 
K S 

1456.7 R T R A 
1455.8 1456.6 10 K N K 
1455.8 K N K L 
1455.8 H S K M 
1454.8 1455.6 22 R T K P 

K T R P 
1451.8 1452.6 26 H T K 

----------------------- 
H T K L 

1451.7 H S R V 
1450.7 1451.6 29 H N R A 

H N K V 
1449.7 1450.56 16 H S R p 
1448.7 1449.6 8 H N K P 
1446.8 1447 4 K S K M 
1442.8 1443.6 70 R S K V 

K T K I 
K T K L 

----------------------- 
K S R V 

1442.7 R S R A 

___-___ 
1441.8 

-------- 
1442.6 45 K N K v 

1441.7 R N K A 
K N R A 

1440.7 1441.6 24 R S K P 
K S R p 

1439.8 1440.6 15 K N K p 
1437.7 1438.6 50 H T R A 

H T K V 
H S K I 
H S K L 
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Theoretical reduced 
mass 

Actual reduced 
mass 

% 
intensity Peptide sequence 

1435.7 1436.6 6 H T K P 
1428.8 

-- --------------------- 1428.7 

1429.6 53 K 
K 
K 
R 
K 

T 
S 
S 
T 
T 

K 
K 
K 
K 
R 

V 
I 
L 
A 
A 

1426.8 1427.6 12 K T K P 
1423.7 1424.5 50 H 

H 
S 
S 

R 
K 

A 
V 

1422.7 1423.6 8 H N K A 
1421.7 1422.5 H S K P 

1414.7 1415.6 65 R 
K 
K 

S 
S 
S 

K 
R 
K 

A 
A 
V 

1413.7 12 K N K A 
1412.7 1413.6 12 K S K P 
1409.7 1410.6 11 H T K A 
1400.7 1401.6 4 K T K A 
1395.7 1396.6 2 H S K A 
1386.7 1387.6 4 K S K A 

Table 4.3 Expected and actual masses of peptides identified by MALDI-TOF mass 
spectrometry with their respective total peak heights (%) on the unoxidised library. 

4.3.2 Library oxidation 

The MALDI-TOF mass spectrum of the oxidised library is shown in figure 4.2. The peaks 

corresponding to oxidised peptides are shown in table 4.4. The theoretical oxidised masses 

are calculated to be four less than the unoxidised masses. 
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Figure 4.2 MALDI-TOF Mass spectrum of the oxidised peptide library. Peaks are identified by mass 
(Da) and their relative abundances given as a% intensity. A larger version is shown in Appendix B. 

Theoretical 
oxidised mass 

Actual oxidised 
mass 

0/ Peptide sequence 

1541.8 1541.8 20 R N R F 
1528.8 1528.5 15 R T R F 
1525.9 1525.6 13 R N R M 
1522.8 1522.5 17 H N R F 
1514.8 1514.6 17 R S R F 
1513.8 1513.6 33 R 

K 
N 
N 

K 
R 

F 
F 

1512.9 1512.6 11 R T R M 
1509.8 1509.6 23 H T R F 
1507.8 1507.6 25 R 

R 
N 
N 

R 
R L 

1506.8 1506.5 9 H N R M 
1500.8 1500.6 40 R 

K 
T 
T 

K 
R 

F 
F 

1498.8 1498.53 8 R S R M 
1497.8 1497.5 23 R 

K 
N 
N 

K 
R 

M 
M 

1495.8 1495.5 30 H S R F 
1494.8 1494.6 16 R 

R 
H 

T 
T 
N 

R 
R 
K 

L 
F 

1493.8 1493.5 34 R 
H 

N 
T 

R 
R 

V 
M 
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Theoretical Actual oxidised ado Peptide sequence 
oxidised mass mass 

1491.8 R N R P 
1488.8 1488.5 32 H N R 

H N R L 
1486.8 1486.5 43 R S K F 

K S R F 
1485.8 1485.5 5 K N K F 
1484.8 1484.5 12 R T K M 

K T R M 
1481.8 1481.6 20 H T K F 
1480.8 1480.6 40 R T R V 

R S R 
R S R L 

1479.8 1479.6 50 R N K 
R N K L 
K N R 
K N R L 
H S R M 

1478.8 1478.5 12 R T R P 
1478.8 H N K M 
1475.8 1475.5 20 H T R 

H T R L 
1474.7 1474.5 25 H N R V 
1472.8 1472.5 18 K T K F 
1472.7 H N R P 
1470.8 1470.5 21 R S K M 

K S R M 
1469.8 1469.5 9 K N K M 
1467.8 1467.5 18 H S K F 
1466.8 1466.5 49 R T K 

R T K L 
R S R V 
K T R 
K T R L 

1465.8 1465.5 72 R N K V 
K N R V 

..................... 
H T K M 

1465.7 R N R A 
1464.8 R S R p 
1463.8 1463.5 22 R N K p 

K N R p 
1461.8 1461.5 45 H T R V 

H S R 
H S R L 

1460.8 1460.5 5 H N K 
H N K L 

1459.7 1459.5 10 H T R P 
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Theoretical Actual oxidised 0 Peptide sequence 
oxidised mass mass / 

1458.8 1458.5 6 K S K F 
1456.8 1456.5 13 K T K M 
1452.8 1452.5 100 R T K V 

R S K 1 
R S K L 
K T R V 
K S R 
K S R L 

1452.7 R T R A 
1451.8 1451.5 7 K N K I 

K N K L 
H S K M 

1450.8 1450.5 8 R T K P 
K T R P 

1447.8 1447.5 21 H T K 
H T K L 

1447.7 H S R V 
1446.7 1446.5 32 H N R A 

H N K V 
1445.7 H S R p 
1444.7 1444.5 1 H N K P 
1442.8 1442.5 7 K S K M 
1438.8 1438.5 50 R S K V- 

K T K 1 
K T K L 

--------------------- 
K S R V 

1438.7 R S R A 

____-_ 
1437.8 1437.5 49 K N K V 
1437.7 R N K A 

K N R A 
1436.7 7 R S K p 

K S R P 
1435.8 15 K N K p 
1433.7 1433.5 42 H T R A 

H T K V 
H S K 
H S K L 

1431.7 H T K P 
1424.8 1424.5 52 K T K V 

K S K 

--------------------- 
K S K L 

1424.7 R T K A 
K T R A 

1422.8 K T K p 
1419.7 1419.4 34 H S R A- 

H S K V 
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Theoretical 
oxidised mass 

Actual oxidised 
mass 

0/ Peptide sequence 

1418.7 1418.5 4 H N K A 
1417.7 1417.5 6 H S K P 
1410.7 1410.5 46 R 

K 
K 

S 
S 
S 

K 
R 
K 

A 
A 
V 

1409.7 1409.4 11 K N K A 
1408.7 K S K P 
1405.7 1405.5 7 H T K A 

1396.7 1396.4 9 K T K A 
1391.7 1391.4 5 H S K A 
1382.7 1382.4 11 K S K A 

Table 4.4 Expected and actual masses of peptides identified by MALDI-TOF 
mass spectrometry with their respective total peak heights (%) on the oxidised 
library. 

There are peaks corresponding to nearly every expected oxidised mass, including those for 

which an unoxidised peak was not seen. These peaks are very low, so it is probable that the 

peptides are at a low concentration in the mixture. 

4.3.3 Combinatorial Library Method 1 

The first deconvolution step attempted for the library was simply to identify the largest 

peaks on the mass spectra after dialysis. The mass spectra of bound material from three 

consecutive dialyses are shown in appendix B, figures B. 3-B. 5. By comparison of the 

peaks in the three spectra the highest peaks appeared to be at 1462.4,1476.3,1453.4 and 

1514.3Da. In total the masses corresponded to fourteen peptides (see table 4.5), however 

from just these data it is impossible to know which of these is the inhibitory peptide/s 

responsible for each peak. In order to show that tight-binding inhibitors had been selected 

from the library, peptides corresponding to the first two masses were synthesised. These 

peptides were assessed for their inhibitory activity towards trypsin. 
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Figure 4.3 Deisotoped mass spectra of the oxidised peptide library, 1, and the first trypsin aliquot after 
dialysis with the peptide library, 2, (method 1) 
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Mass of oxidised 
peptide 
13mer 

CCTKSPPICFC 
1464.9 

1462.4 C H C T R S P PI C F C 

C H C S R S P PI C F C 

C H C S R S P PI C F C 

1476.3 C H C T R S P PI C F C 

C H C T R S L P PI C F C 

1453.4 C R C T K S V P PI C F C 

C R C S K S I P PI C F C 

C R C S K S L P PI C F C 

C K C T K S L P PI C F C 

C K C S R S I P PI C F C 

C K C S R S L P PI C F C 

C R C T R S A P PI C F C 

1514.3 C R C N K S F P PI C F C 
C K C N R S F P PI C F C 

Table 4.5 Peptide masses identified from the mass spectrometry traces a fter a sin gle dialysis step 
(method 1) and their correspondi ng peptides that were presen t in the library. The residues that were 
varied within the library are shaded in blue. The 1 3mer is given fo r reference 

4.3.3.1 Inhibitory activity of the peptides identified by method 1 

The approximate inhibition constants determined using the tight-binding equation (equation 

1.18) for the peptides identified by library method I are summarised in figure 4.1 and table 

4.6. They were not determined to a high level of accuracy as it was realised that the library 

method had not been successful as none of them had potencies approaching that of the 
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13mer. Peptides 1B1 and 1 A2 had the most potent inhibitory abilities with K, values of 

4nM and 29nM respectively. 

[1al] (M) 

Ü 

CD N 

f0 

[1 a2) (M) 

0.0014 

0.001 0 

13 0.001- 

-00-0008- 

0 
. 20-0006 
cý 10.0004 

0.0002 
0o 

2e-6 4e36 vv 6e-6 
[1 b2] (M) 

Figure 4.4 Inhibition curves for the synthetic peptides selected from the library by method 1. 
Inhibitory activity was assayed with the chromogenic substrate L-BAPNA and the results fitted to 
tight-binding equation. Trypsin was present at 3µM 
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Peptide Sequence K, (nM) 

13mer C R C T K S IP P I C F C 0.5 

1 AI C H C T R S V P P I C F C 142(±25) 

l A2 C H C S R S I P P I C F C 29(±48) 

l A3 C H C S R S L P P I C F C No 
inhibition 

1 B1 C H C T R S I P P I C F C 4.0(±8.2) 

l B2 C H C T R S L P P I C F C 84(±64) 

Table 4.6 Inhibitory ability of peptides identified by library method 1 towards trypsin. Inhibition 
constants were measured by incubation with trypsin and the chromogenic substrate L-BAPNA. The 
13mer is included for comparison. 

4.3.4 Method 2 

This method was essentially the same as method 1 except that any free or loosely bound 

peptides were removed with another dialysis in clean buffer. The mass spectra are shown 

in figures B. 6-B. 8 in appendix B. These mass spectra did appear clearer with fewer peaks 

than those from method 1. However, this time it was not assumed that the highest peaks 

corresponded to the tightest binding peptides as they seemed to correspond to masses 

assigned to several peptides. It was possible that these were appearing as large peaks as the 

peptides were more abundant rather than being potent inhibitors. To follow the behaviour 

of each peak mass spectra were taken at each stage (background library solution after 

dialysis; contents of the dialysis membrane after overnight dialysis and after the 1 hour 

wash). It was expected that peaks occurring in the overnight spectrum would be seen to 

decrease in the background spectrum. Then the real tight-binding peptide peaks should 
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increase in the spectrum after washing and those of loosely bound peptides should 

decrease. When the spectra were analysed the peaks in the wash spectrum seemed still to 

correspond to the peaks with several peptides. Also many of the peaks present could not be 

attributed to library peptides, but rather those that had been cleaved (an increase of 18Da in 

mass). This meant that the washing step was not being effective in removing the loosely 

bound peptides. It was probable that there were peptides with inhibitory activity identified 

by these mass spectra, but the spectra were too complicated with too many peaks that could 

not be definitively assigned to ever be sure that the correct peptides had been identified. So 

it was decided that instead of removing the unbound peptides by dialysis to separate them 

by size-exclusion chromatography. 

4.3.5 Method 3 

Fractions of 1-2mls were collected after the size-exclusion step and those containing 

trypsin identified by the absorbance at 280nm. It was assumed that all the trypsin would be 

bound to a peptide as trypsin was at a concentration of half that of 1 species of peptide, 

making a large excess of peptides. Although the peptides do contain a phenylalanine its 

absorbance at 280nm is too weak compared to that of trypsin to give a false peak of free 

peptides. The mass spectra of the contents of the dialysis membrane after each overnight 

dialysis and of the trypsin fraction from the chromatography step are shown in Appendix B 

and full peak lists in Appendix C. The mass spectra of the trypsin fraction are also shown 

in figure 4.5. As in method 2 the behaviour of the peaks is followed throughout the 

process, this is summarised in table 4.7. 
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Figure 4.5 MALDI_TOF mass spectra of the trypsin fractions after gel filtration after three 
subsequent dialyses (1,2,3) of trypsin with the combinatorial library. 
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Figure 4.5 MALDI_TOF mass spectra of the trypsin fractions after gel filtration after three 
subsequent dialyses (1,2,3) of trypsin with the combinatorial library. 
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1st Trypsin aliquot 2nd Trypsin aliquot 3rd Trypsin aliquot Pe ti des p 
B peaks B% A% B peaks B% A% B peaks B% A% 

1517.4 40 5 

1509.8 8 10 1509.8 9 52 H T R F 

1500.5 16 

1497.8 60 27 1497.8 17 6 R N K M 

K N R M 

1494.8 4 70 R T R I 
R T R L 
H N K F 

1484.8 22 R T K M 
K T R M 

1482 7 5 
1481.8 17 20 H T K F 

1480.8 2 1 R T R V 
R S R I 
R S R L 

1478.8 1 9 R T R P 

-7- 
H N K M 

1475.8 11 48 1475.8 33 94 1475.8 100 8 H T R I 
H T R L 

1474.8 6 16 1474.8 72 90 H T R I 
1469.3 6 34 

1466.8 100 14 R T K I 
R T K L 
R S R V 
K T R I 
K T R L 

1465.8 24 i 3 1465.8 3 24 R N K V 
K N R V 
H T K M 
R N R A 

1460.8 7 2 H N K 1 

H N K L 
1458.8 84 K S K F 

1447.8 100 36 1447.8 100 7 H T K 

H T K L 
H S R V 

1445.7 9 H S R P 
1429.6 11 

Table 4.7 A sung nary of the peaks in the mass spectra alter the separation step (B) of three consecutive 
screens of the trypsin inhibitory library. The peaks are identified by the theoretical masses to which they 
correspond to avoid confusion. The peak height is given for the peak after the separation step (B'4 ) and 
after the dialysis step (A%, ) to demonstrate which peaks increased (pink) and decreased (yellow) between the 
two steps. The sequences of the corresponding peptides are also shown. 
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The mass spectra of the trypsin fraction after separation by size-exclusion chromatography 

had many fewer peaks compared with those obtained by methods one and two. This time 

however, most peaks could be definitively assigned to peptides and most of those that 

could not were relatively small peaks. Table 4.7 shows the relative abundance of peptides 

present after the separation step and their relative abundances after the dialysis step. As 

expected peaks were seen to increase and decrease between the two spectra. From 

inspection of table 4.7 it appeared that the first tight-binding peak was 1466.8Da, the next 

from the second trypsin aliquot was 1447.8Da and then the next largest increase in 

1475.8Da. The peptides corresponding to these masses are shown in table 4.8 The 

1475.8Da peak was present in all three screens after dialysis, however in the first two its 

relative abundance fell after the separation step. This peak had also been identified by 

method 1 and the two peptides had been synthesised. Four peptides were chosen from the 

other two peaks. The first from the 1466.8Da peak was the 13mer sequence, so it was not 

necessary to synthesise this peptide. From the peptides synthesised by method 1 and the 

extensive studies on the Bowman-Birk reactive loop, it was known that isoleucine was 

preferred to leucine at position P2' for pairs of peptides such as 3A4 and 3A5, and 3111 and 

3B2, where this was the only difference only the isoleucine containing peptide was initially 

synthesised. If it turned out to be a more potent inhibitor than the 13mer, then the leucine- 

containing peptide would be synthesised and characterised. Peptides 3A3 and 3B3 only 

differed in the P4 position so only 3A3 was synthesised, again if it was a more potent 

inhibitor than the 13mer or other 1466.8Da sequences 3B 1 would be characterised. 

Peptides 3A2,3A3,3A4 and 3B 1 were synthesised and their inhibitory abilities 

characterised. 
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Mass 
Da 

Peptide sequence 

13mer C R C T KSIP PI C F C 

3A2 C R C T KSLP PI C F C 

1466.8 3A3 C R C S RSVP P IC F C 

3A4 C K C T RSIP P IC F C 

3A5 C K C T RSLP P IC F C 

3B1 C H C T KSIP P IC F C 

1447.8 3B2 C H C T KSLP P IC F C 

3B3 C H C S RSVP P IC F C 

1B1 C H C T RSIP P IC F C 
1475.8 

1B2 C H C T RSLP P IC F C 

Table 4.8 Sequences of proposed tight-binding peptides corresponding to the three mass peaks identified 
by MALDI-TOF mass spectrometry after dialysis and gel filtration. 

4.3.5.1 Inhibitory activity of peptides identified by method 3 

Four of the peptides assigned to the first two peaks were characterised in terms of their 

inhibitory ability towards trypsin. The results are shown in figure 4.6 and table 4.9. The 

tightest binding peptides are peptides from the first peak (l 466.8Da), one of which is the 

13mer. Peptide 3A4 appears to be slightly more potent than the 13mer but with inhibition 

constants of this magnitude it is impossible to be completely confident of them. 
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Figure 4.6 Inhibition curves for the synthetic peptides selected from the library by method 3. 
Inhibitory activity was assayed with the chromogenic substrate L-BAPNA and the results fitted to 
tight-binding equation. Trypsin was present at concentrations of 4.2nM (3A2), l µM (3A3), 40nM 
(3A4) and 9nM (3B1). 
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Peptide Sequence K, (nM) 

13mer C R C T K SI P PI C F C 0.5(±0.03) 

3A2 C R C T K SL P PI C F C 4.0(±0.5) 

3A3 C R C S R SV P PI C F C 13.6(±1.0) 

3A4 

L 

C K C T R SI P P IC F C 0.2(±0.02) 

3B1 C H C T K SI P P IC F C 7.0(±0.6) 

1 B1 C H C T R SI P P IC F C 4.0(±8.2) 

1B2 C H C T R SL P P IC F C 84(±64) 

Table 4.9 K, values for peptides identified by library method 3 (dialysis and size-exclusion 
chromatography). The values for peptides 1 B2 and I B2 were determined after selection by method I and 
are included here for comparison. 
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4.4 Discussion 

4.4.1 Library oxidation 

The majority of peaks in the unoxidised mass spectrum have a corresponding peak in the 

oxidised spectrum. It is not relevant to the screening procedure if peptides do not oxidise, 

as these peptides would not make suitable inhibitors. However it is of interest to note that 

the only expected oxidised peaks that were not present were those corresponding to proline 

containing peptides. Some proline-containing peptides did appear to oxidise, to an extent, 

but for all of them there was a peak corresponding to the unoxidised mass (table 4.10). 

This is not entirely surprising as the backbone constraint brought about by three 

consecutive prolines (P31, P4' and P5') is unlikely to allow the formation of the hairpin 

structure. In most cases the unoxidised peak could not be assigned to an oxidised mass of 

another peptide and the intensity was larger than that of the oxidised peak. There are many 

other unassigned peaks in the spectrum, however even if these are unoxidised peptides 

none of them are larger than the oxidised peak. 
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Theoretical oxidised 
mass 

intensity % 
Theoretical 

unoxidised mass 
% ý° intensity 

1491.8 1495.8 31 R N R P 
1478.8 
1478.8 

12 1482.8 
1482.8 

13* R 
H 

T 
N 

R 
K 

P 
M 

1472.7 1476.7 10* H N R P 
1464.8 1468.8 25* R S R P 
1463.8 
1463.8 

22 1467.8 
1467.8 

18* R 
K 

N 
N 

K 
R 

P 
P 

1459.7 10 1463.7 23 H T R P 

1450.8 
1450.8 

8 1454.8 
1454.8 

28 R 
K 

T 
T 

K 
R 

P 
P 

1445.7 1449.7 9* H S R P 
1444.7 1 1448.7 11 * H N K P 
1436.7 
1436.7 

7 1440.7 
1440.7 

23* R 
K 

S 
S 

K 
R 

P 
P 

1435.8 15 1439.8 21 * K N K P 
1431.7 1435.7 15 H T K P 
1422.8 1426.8 14* K T K P 
1417.7 6 1421.7 11* H S K P 
1408.7 1412.7 18 K S K P 

Table 4.10 Expected theoretical oxidised peaks that are not present in the oxidised MALDI-TOF mass 
spectrum and peaks corresponding to proline containing peptides with the peak heights of peaks corresponding 
to their unoxidised forms. *indicates that the unoxidised peak cannot be assigned to an oxidised peptide mass. 

It might be expected for the majority of peaks that the intensity in the oxidised spectrum is 

the same as the intensity in the unoxidised spectrum. This does not appear to be the case 

and it probably due to the peak heights being relative rather than absolute. If some peptides 

are not fully oxidised then the relative abundances of the other peptides will be different to 

those in the unoxidised spectrum. However, this is not important for the final library 

method (3) as the intensities of each peak at different stages in the screen is considered, 

rather than simply assuming the largest final peaks correspond to the tightest-binding 

peptides. 
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4.4.2 Combinatorial library method 

The final library method proved to be successful in selecting new inhibitors from the 

peptide library. A ranking order of peptides is not immediately obvious from the mass 

spectra after the separation step, however the largest peak in the first spectrum did 

correspond to the tightest binding peptides for which the inhibitory activity was 

characterised. It is possible that there are other tighter binding peptides in the mixture, 

however this seems unlikely as the most potent peptides (13mer and 3A4) contain the 

elements that give the best inhibitory peptide analogues of the reactive loop region of 

Bowman-Birk inhibitors. The next two peaks both corresponded to peptides with an 

inhibitory ability within the same order of magnitude and from the data it cannot be 

decided which is the most tight binding and compared they are still potent inhibitors. 

The tightest-binding peptides could not be separated sufficiently clearly from the library by 

just the dialysis step (method 1). The peaks on the mass spectra did not reflect the oxidised 

mass spectra suggesting that some sort of selection was occurring. However, loosely 

bound peptides and unbound peptides in solution could not be differentiated from the 

tightly-bound peptides. The mass spectra were very complicated with many peaks that 

could not be definitively assigned to either real peptide peaks or those of cleaved peptide. 

There was a group of peaks with masses -200Da lower than the oxidised peptides. These 

are peptides that have been cleaved at the P2 (Arg/Lys) position. This is not a problem as 

peptides that are cleaved here are unlikely to be good inhibitors as these positions have 

been shown to be important for potent inhibition (section 1.3.3). 

166 



The inhibitory abilities of peptides that were identified by this method were defined at 

relatively high trypsin concentrations to find how well they compared with the 13mer. 

After preliminary experiments it was seen that none of the peptides had Kl values in the 

same order of magnitude as the 13mer. The library had not selected the most tight-binding 

inhibitors as the 13mer should have been selected above these peptides. The largest peaks 

often corresponded to masses to which several peptides corresponded, suggesting that these 

peptides were at a high enough concentration in comparison to the bound peptides that they 

masked any peaks from the bound peptides. 

The second dialysis step (method 2) was introduced to remove any unbound and loosely 

bound peptides. These mass spectra did look less complicated than those without the 

washing step, however there were still many peaks that could only be assigned to cleaved 

peptides. It is unlikely that these were tight-binding inhibitors as the 13mer was known not 

to be hydrolysed within the timeframe of the experiment and Bowman-Birk reactive loop 

analogues that are hydrolysed are not usually potent inhibitors as the leave the active site 

after cleavage. Many of the highest mass peaks had the highest amount of redundancy, 

such as the mass 1452.8Da which corresponds to 7 individual peptide sequences. Again 

they could be tight-binding inhibitors, but it seemed unlikely and it was difficult to 

decipher which the highest peaks really were. Instead a more stringent separation step was 

introduced by way of the rapid gel filtration step (method 3). The mass spectra after this 

step immediately looked much clearer with very few peaks. Not all the peaks could be 

assigned to oxidised peptides, but the majority could. Two peptides that corresponded to 

the highest peak from the mass spectrum after the first screen separation step did have the 

best inhibition constants. Other peptides corresponding to this mass had good inhibition 
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constants and possibly did contribute to this peak, however it is likely that it was primarily 

due to these two peptides as they have inhibition constants 10 times better than any of the 

others. Peptides from the next two peaks have potent inhibitory activities. It was not 

immediately obvious from the mass spectra which was the next peak. When characterised 

it was shown they both had peptides with similar Ki value. The 1475.8Da peak actually 

appeared in all three screens, however in the first two its relative abundance fell after the 

separation step. This may have been due to peptide 1B2 not binding as tightly as 1B1. IB1 

would have been washed away in the separation step making it appear as if the peptide did 

not really bind as tightly. A library with less redundancy would help alleviate some of 

these problems as there would be less redundancy of mass. Those peptides that were not 

synthesised will not have better inhibition constants than those identified as they are known 

to have a less potent inhibitory ability from work done on such peptides by other groups 

(section 1.3.2). 

The library is successful in selecting tight-binding inhibitors. After several screens with the 

same library though the mass spectra become harder to decipher so it may not be as useful 

at determining ranking orders for more than a few peptides. Those that can be identified 

however can be ranked to some extent. A less redundant library would not necessarily 

improve the quality of the later screens but would remove any confusion due to complex 

peaks corresponding to peptides with different inhibitory abilities. 
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5 Final Discussion and Future Work 

The work that has been presented here has shown that a novel combinatorial library method 

can successfully produce new endopeptidase inhibitors which can then be ranked in order 

of inhibitory ability by affinity selection. Two synthetic, disulphide-bonded backbones 

were characterised both functionally and structurally in order to find a suitable `template' 

for the library. This work was initially inspired by the observation that a naturally 

occurring cyclised peptide was a potent trypsin inhibitor with a very rigid backbone 

structure. The rigidity of this peptide allows it to be used not only as the basis for libraries 

of peptides directed towards other serine endopeptidases, but it could also be used as a 

model for the design of inhibitors directed against other the endopeptidase families. 

The selection procedure involves the dialysis of the target endopeptidase against a solution 

containing a mixture of potential inhibitory peptides structurally based on a Sunflower 

Inhibitor I (SFTI-1) analogue. The best inhibitory peptides bind to the endopeptidase and 

these complexes are separated from any unbound or loosely bound peptides by size- 

exclusion chromatography. The complexes are analysed on a MALDI-TOF mass 

spectrometer and the masses of the bound peptides are identified. This process can be 

repeated using the same library solution but with new samples of enzyme. Thus the next 

best inhibitors should be identified. Subsequent repetition of these steps allows inhibitory 

peptides to be identified and placed in a ranking order based upon their inhibitory ability. 

The library method is to be used in conjunction with a new computational peptide-docking 

program (Dockit) that can identify potential tight binding endopeptidase inhibitors from a 

large library of structurally constrained peptides by assessing their individual binding 
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affinities. Families of peptides can be synthesised based upon the hits identified from 

Dockit to form a small combinatorial library from which real tight-binding inhibitors can 

be identified by the dialysis method described here. 

If an endopeptidase inhibitor is to be of therapeutic use then it should not only have a high 

level of inhibitory activity but also be small and have good bioavailability. Peptide 

inhibitors can be used to solve this problem as they ensure their bioavailability by making 

use of the peptide transport mechanisms already within organisms. The small size of SFTI- 

1 helps to define the minimal requirements for proteinaceous inhibitors, as well as 

providing a suitable starting point for the design of other serine endopeptidase inhibitors. 

The purpose of the work described in this thesis was to examine whether the library method 

itself was successful in selecting potent inhibitors in an order that reflected their respective 

inhibitory abilities. This ranked order is then to be used in comparison with the ranked 

order of peptides identified by Dockit to establish the accuracy of the in silico docking 

method. 

The peptides in the library are based upon the sequence and structure of Sunflower Trypsin 

Inhibitor 1 (SFTI-1; Luckett et at., 1999). This is the most potent trypsin inhibitor to date 

(KI = O. lnM) and is thought to be an example of the minimal endopeptidase inhibitor in 

terms of sequence and structure. SFTI-1 is a member of the Bowman-Birk family of 

serine endopeptidase inhibitors and inhibits trypsin in the classical ̀ canonical manner', that 

of a productively bound substrate. The potency of SFI'I-1 is attributed to its backbone 

cyclisation, an internal disulphide bond and internal hydrogen bonding network which give 

the structure a high degree of rigidity. This rigidity of the backbone stops any cis/trans- 

169 



isomerisation of its cis- peptide bond that may decrease the inhibitory ability of the peptide. 

It does not undergo significant conformational changes upon binding so there are none of 

the entropic losses associated with the docking of a more flexible structure. No hydrolysis 

of the peptide has been detected in vitro, although there is evidence that it occurs in vivo 

(Konarev et al, 2002). 

Before the peptide library could be designed, a synthetic SFTI-1 analogue had to be found 

for use as a template upon which the library of possible trypsin inhibitors could be based. 

Trypsin was chosen as the target enzyme as its inhibition by canonical inhibitors, 

particularly SM-1 is a very well characterised system. The SFTI-1 analogue needed to 

have a high affinity for trypsin whilst being resistant to hydrolysis. Two SFTI-1 analogues, 

a 13mer and a 17mer, were designed to maintain these properties. Their cyclisation was 

achieved via a terminal disulphide bond allowing the synthesis of the peptides to be much 

simpler than if the backbone had been cyclised. Characterisation of the properties of the 

two peptides showed that the 13mer was a better SFTI-1 mimic than the 17mer and was 

thus used as the library template. As the library was to be directed against trypsin the 

13mer peptide would be present in the library and as such would act as an `internal 

control', i. e. either it or peptides with a higher potency for trypsin should be selected from 

the library if it is successful. 

To find out whether the peptides were structurally similar to SFTI-1 they were crystallised 

with trypsin and their structures determined. The general structure of the synthetic peptides 

was highly similar to that of SFTI-1. The reactive loop of both adopts the n-hairpin loop 
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with a cis- peptide bond and hyperexposed Pl residue characteristic of the Bowman-Birk 

family of inhibitors. In fact the structure of this region is virtually identical to that of SFTI- 

1, the 13mer has an RMSD 0.0042Ä of and the 17mer of 0.0067A. The intra- and 

intermolecular interactions of the reactive loop region are preserved in both structures and 

the Pt interactions are like other Bowman-Birk inhibitors, those characteristic of an 

enzyme-substrate-inhibitory complex. The structure of the cyclic loop region of the 

peptides, unfortunately, cannot be deduced from the crystal structures. It is assumed from 

the mass spectrometry data however that the terminal disulphide bond is formed. The 

hydrogen bond seen in SFTI-1 between the P4 and P7' residues can be seen in the structures, 

however the other three hydrogen bonds present in the SFTI-1 cyclic loop are unlikely to 

have formed due to differences in sequence. The absence of the intramolecular hydrogen 

bonds in the cyclic loop region of the synthetic peptides and the lack of any contacts with 

trypsin to `tether' this region suggests that it is more mobile than in SFTI-1 and this is why 

it cannot be seen in the electron density. 

An important factor in the inhibitory ability of SFTI-1 is its resistance to hydrolysis. A 

peptide corresponding to the hydrolytic product of SFTI-1 at the scissile bond has been 

found in the seeds of the sunflower Helianthus Annus (Konarev et al., 2002), however a 

rate for the hydrolysis is yet to be determined. The SFTI-1 crystal structure also showed 

evidence of partial cleavage at the scissile bond. Incubation studies of the 13mer with 

trypsin showed that it also was highly resistant to hydrolysis. The 17mer was not resistant 

to hydrolysis. The crystal structures however showed no evidence of cleavage at the 

scissile bond in either peptide. 
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The synthetic 13mer and 17mer are both potent trypsin inhibitors, however the 13mer has a 

slightly more favourable inhibition constant of 0.5nM as compared to 1.8nM. The 13mer 

appears to be slightly less potent than SFTI-1, however, taking into account the errors on 

the values and the difficulties of measuring such tight-binding inhibition constants the 

13mer is probably as potent as SFTI-1. As the reactive loop regions in all three peptides 

are virtually identical the differences in inhibitory abilities are most likely to be due to the 

differences in the cyclic loop region. The sequence and size of this region are different in 

all three peptides. The internal hydrogen bonds in the SFTI-1 cyclic loop region are 

important in maintaining its structure and rigidity, however without the backbone 

cyclisation the acyclic permutant has a K, value of only 12nM. The sequence of the 13mer 

means that it cannot make as many intramolecular interactions in the cyclic loop as SF1'I-1, 

however its smaller size reduces the internal degrees of freedom giving it an inherent 

rigidity and an inhibitory ability very similar to that of cyclic SFTI-1. Stopped-flow 

analysis of the 13mer-trypsin binding event showed that binding occurs in a single step, 

implying that there is no rate-limiting rearrangement after formation of the collision 

complex. The rate of association is rapid at 6x106M'1s" with the dissociation being 3x10" 

3s"1. The 17mer, however, has a much larger cyclic loop, which, although presumably 

giving more hydrogen bonding opportunities, increases the internal degrees of freedom and 

hence the mobility. This causes the peptide to be less rigid and thus have a less potent 

inhibitory ability. This can be compared to the 18 amino acid RTD-1, a cyclic anti- 

microbial defensin from rhesus macaque leukocytes. RTD-1 has a similar cyclic structure 

to SFTI-1 except that it has three internal disulphide bonds rather than one and does not 

have an extensive hydrogen-bonding network. The extra crosslinking from the disulphide 

bonds could be expected to make the peptide very rigid, however its larger size and lack of 
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hydrogen bonding network appears to make the peptide relatively flexible (Trabi et al., 

2001). 

The structural and functional similarity of the 13mer to SFTI-l meant that it was suitable 

for use as the `backbone template' for the combinatorial peptide library. The positions 

chosen to be varied in the library were those that had interactions with trypsin. This library 

was designed to test the methodology rather than select new, more potent, inhibitors. 

Variation at these positions meant that some favourable interactions would be lost in some 

peptides and possibly new ones included in others so that the peptide library would have a 

range of inhibitory abilities. The residues were replaced with residues with similar 

properties so as not cause too much disruption to structure of the peptides. Each amino 

acid was included only once in the varied positions to reduce mass redundancy, although 

this could not be entirely avoided. The final combinatorial library contained 126 peptides 

that were mixed and screened in a solution phase. This is preferable to library methods 

where the members are physically separated, for example each member is contained in 

separate wells of a multi-well plate, as each member has to be individually screened for 

activity. The library method presented here identifies one or more members with each 

screening reaction, thus using much less target enzyme and time. It is also preferable to 

those where the library members are mixed but attached to a physical support, such as a 

bead, for easy isolation and subsequent identification, as the presence of the support may 

effect the structure of the library members. The `deconvolution' step, i. e. mass 

spectrometry, of this method is also very simple and relatively quick. 
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It is important for the library method to only select `true hits' from the library, i. e. peptides 

that bind tightly and are not hydrolysed. There are several possible outcomes for a peptide 

within the library, firstly the disulphide bonds may not form so the peptide will be a 

substrate for the enzyme. These are released after cleavage and will not be selected by the 

library method as only bound peptides are identified. Many peptides that are cyclised will 

simply not bind to the enzyme. Of those that do there will still be some that are not 

effective inhibitors. There is a possible non-P1 cleavage site at the P4 position (arginine or 

lysine in this library), however if peptides are cleaved here, the overall rigidity of the 

peptide will decrease and the peptide will be more susceptible to hydrolysis at the Pl 

position; once hydrolysed the peptide will be released. Peptides may also bind tightly, but 

for some reason are susceptible to hydrolysis and are hence cleaved at the scissile bond, 

which will, again, be released. Only tight-binding, non-hydrolysable peptides remain 

bound to the enzyme. This leaves only the peptides that bind tightly and are not cleaved by 

the enzyme bound to the enzyme. Hence the method is self-selecting with only `true hits' 

being identified from the library. 

When the first library method was screened by a single dialysis step the largest peaks on 

the MALDI-TOF mass spectra were assumed to be the tightest binding inhibitors. As the 

13mer was present in the library mixture it was expected that either one of the mass peaks 

would correspond to it or they would correspond to peptides with better inhibitory abilities. 

However none of the individual peptides to which the largest peaks corresponded had a 

better inhibitory ability to the 13mer. Instead it appeared that there was contamination 

from unbound and weakly bound peptides. Simply subjecting the protein complexes to 

dialysis in buffer did not improve the procedure. Instead an extra step was added to the 
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method in which the trypsin-peptide complex was separated from the contaminating 

peptides by size-exclusion chromatography. This gave very clear mass spectra and three 

peaks were identified as tight-binding peptides. Several of the peptides from these peaks 

were characterised. The 13mer was one of the peptides corresponding to the first peak 

sequence. There was also another peptide with a sub-nanomolar KI (0.2nM) with the 

sequence CKCTRSIPPICFC. Peptides corresponding to the next two peaks are slightly 

less potent trypsin inhibitors with nanomolar KI values. Each peak also corresponded to 

peptides that did not have such good inhibition constants, even with no inhibitory ability. 

If the library could be made to contain peptides with unique masses or at least much less 

redundancy then this problem would be alleviated and the true hits could be identified more 

quickly. As this problem is not always avoidable the resultant protein complexes from the 

chromatography step could separated and the peptides sequenced. 
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The kinetic characterisation of the possible tight-binding inhibitors was not only useful in 

proving that the library method was successful, but also adds to the wealth of information 

on the sequence specificity of Bowman-Birk reactive loop analogues. The differences in 

inhibitory ability of the peptides selected from the library can be explained by inspection of 

the differences in Gibbs Free Energy (MG) of the complexes. This can be found using the 

equation 

mG=-RTIn 
K""r 
KIMVr 

Equation 5.1 

where MG is the change in Gibbs Free Energy, R is the gas constant, T is the 

temperature in Kelvin, KIwT is the inhibition constant of the original peptide (in this case 

the 13mer) and KIMUT is the inhibition constant of the mutated peptide. 

The differences in Gibbs Free Energy of the individually synthesised peptides as compared 

with the original 13mer are shown in table 5.1. These values can be used to derive 

estimates of the contributions of individual positions (table 5.2) to the overall binding 

affinity of a peptide and increase the understanding of the roles which the residues play. 

In agreement with Leatherbarrow and co-workers isoleucine is favoured over all other 

possibilities at the P2' position including leucine (McBride et al., 1996). Figure 5.1 shows 

the interactions of isoleucine at P2' in the crystal structure of the 13mer-trypsin complex 

and leucine modelled into the same position. Isoleucine is involved in hydrophobic 

interactions with residues glutamine 174, tyrosine 131 and glycine 175 in the trypsin 

molecule (see figures 5.1 and 3.13). Leucine is unable to make the same interactions as its 
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larger size causes steric clashes with the enzyme. This leads to at least an 8-fold decrease 

in inhibitory ability. Valine can make all of the same interactions with trypsin as isoleucine 

except for those involving the CD atom as this is not present in valine (see figure 5.2). This 

suggests that the S2' subsite pocket and particularly the hydrophobic interactions that can 

be made by the CDatom of isoleucine are important in binding to the active site. 

The P2 threonine was favoured over serine (see figure5.2) and asparagine. No peptides 

were selected with asparagine at this position. When 'peptides where the only difference is 

threonine or serine at this position are compared, such as IA2 (CHCSRSIPPICFC, KI = 

29nM) and 1B1 (CHCTRSIPPICFC, KI = 4nM), then the threonine containing peptide is 

the better inhibitor. Serine is able to fulfil the same hydrogen bonds as threonine, however 

it is lacking the CGatom. From figures 3.13 and 5.3 it can be seen that this atom sits 

within a hydrophobic pocket and making contact with histidine 40 and leucine 81 in the 

trypsin molecule. 

Replacement of the Pl lysine with arginine appears to bring about a slight improvement in 

the inhibitory ability of the peptide. Arginine occupies a very similar position to lysine 

pointing deep into the S1 subsite pocket, with a very similar hydrogen bonding network at 

the base of the pocket (figure 5.4). The NE atom of lysine make three hydrogen bonded 

contacts with the main chain 0 atom of aspartate 171 and the 0 and OG atoms of 

neighbouring Serine 172. The NH1 and NH2 atoms of arginine are able to fulfil all of 

these contacts and make an additional hydrogen bond with the OD2 atom of aspartate 171. 

This makes the binding of arginine slightly tighter than that of lysine at this position. This 

is reflected in the MG value of this mutation being approximately -0.4kcal. mol. The 
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arginine at the fourth position to be mutated (P4) was not present in the electron density of 

the 13mer-trypsin complex so it is not possible to model the interactions of lysine or 

histidine at this position. Lysine at this position appears to be isoenergetic with arginine 

(table 5.2) with a MG of Okcal/mol between the two. In SFFI-1 this residue does 

hydrogen bond with Asn97. It cannot be seen from the crystal structure if this occurs in the 

13mer, or the 17mer, however, the replacement of arginine with histidine brings about a 

decrease in inhibitory activity and an increase in Gibbs Free Energy (+1.6kcal. mol). This 

may suggest that there is an interaction that arginine and lysine can make that histidine 

cannot. However, it may also be that the bulkier size of histidine causes steric clashes with 

the enzyme that would not occur with the other two residues. 
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Peptide 
compared 

Sequence of Differences in Ki (nM) AAG (kcal/mol) 
to 13mer peptide sequence 

R2 4 H2 
l Al HTRV K5 4 R5 142 +3.4 

17 4 V7 

R2 4 H2 
1A2 HSRI T4 4 S4 29 +2.4 

K54RS 
R2 4 H2 

a 
1A3 HSRL 

K4 R5 No inhibition ++ 

17 4 L' 
i2 

I BI HTRI 
K5 4 R5 

4.0 +1.2 

R2 4 H2 

1B2 HTRL KS 4 R5 84 +3.0 
174 L! 

3A2 RTKL 17 4 L' 4.0 +1.2 

Ta -) Sa 

3A3 RSRV K5 > A5 13.6 +2.0 
17 4 V7 

R2 K2 4 
3A4 KTRI 

4 R5 K5 
0.2 -0.40 

3B1 HTKI R2 4 H2 7.0 +1.6 

Figure 5.1 The difference in Gibbs Free Energy (DAG) of the synthetic peptides synthesised after selection 
from the peptide library compared to the 13mer. The residues that were changed throughout the library are 
given, where the 13mer is `RTKI'. The inhibition constants are also given for reference (13mer K, _ 
0.5nM). 

Mutation MG(kcal/mol) 
R2 4 K2 0.0 
R2 -) H2 +1.6 
T4 S4 +0.2 
K5 4 R5 -0.4 
I7 4 V7 +2.2 
17-4 L7 +1.2 

Table 5.2 Estimated contribution of individual mutations (as compared to the 13mer) to the change 
in Gibbs Free Energy (MG) of the synthetic peptides in complex with trypsin as derived from the 
whole peptide ABG values in table 5.1. 
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Figure 5.1 Comparative positions of isoleucine and leucine at position 7 in the synthetic inhibitors. 
Leucine 7 (Leu 17) in the synthetic peptides cannot make the same hydrophobic interactions as isoleucine 
7 (Ile 17) at the same position in the I3mer-trypsin structure. The enzyme is shown in green with the 
residues that make hydrophobic interactions with isoleucine in orange. 
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Figure 5.2 Comparative positions of isoleucine and valine at position 7 in the synthetic inhibitors Valine 
7 (Val 17) in a synthetic peptide cannot make the same hydrophobic interactions as Isoleucine 7 (Ile 17) in 
the 13mer-trypsin structure. The enzyme is shown in green with the residues that make hydrophobic 
interactions with isoleucine in orange. 
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Figure 5.3 Comparative positions of threonine and serine at position 4 in the synthetic inhibitors Serine 4 
(Ser 14) in a synthetic peptide cannot make the same hydrophobic interactions as Threonine 4 (Thr 14) in 
the 13mer-trypsin structure. The enzyme is shown in green with the residues that make hydrophobic 
interactions with threonine in orange. Serine is able to fulfil the same hydogen bonding opportunities as 
threonine. 
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Figure 5.4 Comparative positions of lysine and arginine at position 5 in the synthetic inhibitors Modelling 
Arginine (Arg 15) into inhibitor position 5 in the 13mer-trypsin crystal structure shows that it can make one 
more hydrogen bond than lysine (Lys I5). Hydrogen bonds involving lysine are shown as black dotted lines 
and those involving arginine as green dotted lines. The trypsin molecule is shown in green. 
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As increasing numbers of serine endopeptidase inhibitors are discovered and designed the 

important features of the interactions with the target enzymes become clearer. The role of 

residues that make immediate contact with the protein are becoming better understood, 

especially the importance of the hydrophobic interactions. However the roles of other 

residues in the inhibitors is less well understood. A common feature in inhibitors is their 

rigidity, thus it could be suggested that a smaller peptide is better as the fewer residues 

present the less opportunity for movement. It has been suggested that the Bowman-Birk 

reactive loop (P3 - P6') is a minimal inhibitor structure, however, small 9mer and 11mer 

peptides based on the reactive loop region have been studied and have not been shown to 

be as potent as SFTI-1 or the 13mer. The SFTI-1 1 Imer analogue SYN1 (Luckett, 2002) is 

not as an effective as inhibitors towards trypsin as SFTI-1 or the 13mer. This suggests that 

the minimal structure capable of retaining potency is that of the double cyclised peptide 

such as SFTI-1 or the 13mer. Although these peptides are larger, every residue is in some 

way constrained by the presence of disulphide bonds, proline residues, the cis- peptide 

bond or internal hydrogen bonds (see table 5.1). Each residue is held in place by its own 

involvement in one of these activities and by those of its neighbours. The Pi residue is not 

involved in any of these as it is makes the important substrate-like interactions with the 

enzyme. In smaller inhibitors there may be less opportunities for residues to be involved in 

such activities, for example there may be fewer hydrogen bonding possibilities, making the 

peptides less constrained and thus less potent. Therefore, in the quest for the minimal 

requirement it should not just be the actual size of the peptide that is considered but also 

how structurally constrained the peptide is. The number of residues should not be 

decreased purely to make a smaller inhibitor if it removes rigidity and thus potency from 

the peptide. 
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The major limitation of this library method is the number of peptides that can be screened 

at one time. Thus using the `Dockft' in silico library method, many more peptides can be 

screened and those that have the best theoretical binding energies used as the basis of an in 

vitro library. Dockft has been written by Nicolas Gibbs, Sophy Smith and Richard 

Sessions, University of Bristol. It relies on the assumption that the backbone of a peptide, 

such as the SFTI-1 analogues, is rigid with only the side chains being free to move. The 

possible conformations of the side chains are described by a set of rotamers allowing 

families of peptides differing only in the side chain rotamers to be created. Every member 

of the peptide families is rotated and translated within the target enzyme active site and the 

binding energies calculated. The peptide family members are then ranked in order of their 

theoretical binding affinities. Calculating the binding energy of every conformer of every 

peptide, an exhaustive search, is hugely time-consuming for all but the smallest of library a 

Monte Carlo algorithm is used. Instead a Monte Carlo algorithm is used. Each possible 

translation and rotation is described as a six-digit descriptor in which the first three digits 

describe an x, y, z translation and the second three digits the rotation about the x, y, z axes. 

For each member of every `rotamer' family a set of `starting' positions within the active 

site is randomly selected and the binding energies calculated. The positions with the best 

energies are selected to be used as `parent' positions from which another set of positions is 

generated. Eventually the peptides with the best binding energies converge to give a list of 

possible tight-binding peptides. The results from the trypsin-targeted library from this 

thesis will be used to assess this in silico method. Although Dockit will be capable of 

calculating the binding energies it will not be able to predict which peptides will fold 

correctly. Nor will it be able to predict which peptides are susceptible to hydrolysis, as it 

assumes that the peptides are rigid. This may not be the case if the hydrogen-bonding 
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pattern is disrupted, leading to a decrease in rigidity and a concurrent increase in 

susceptibility to hydrolysis. So it will be necessary to use the in vitro library method in 

conjunction with the in silico method to identify which peptide not only have the correct 

conformation, but also are resistant to hydrolysis. 

The work presented here has characterised a suitable template for a novel combinatorial 

library method. A library of peptides based upon this template has shown that the library 

method is capable of selecting novel tight-binding trypsin inhibitors. Other endopeptidases 

share the common feature of binding a peptide substrate in a slit-like active site via subsite 

pockets and cleaving of the scissile peptide bond by the same general mechanism, making 

this method suitable for selecting inhibitors for other endopeptidases. The subsites of other 

endopeptidases may fulfil different roles from those in serine endopeptidases, for example 

in cysteine endopeptidases the primary specificity site is the P2 site rather than the P1. The 

information gained from studying the interactions of the 13mer with trypsin can then be 

used to model novel inhibitors for these other classes of endopeptidases. 

5.2 Final Conclusions 

The interactions of two novel trypsin inhibitors, based upon the structure of the potent 

trypsin inhibitor Sunflower Trypsin inhibitor 1, with their target enzyme have been 

characterised. The smaller of the two peptides, a 13mer, was structurally and functionally 

the better Sunflower Trypsin Inhibitor 1 mimic and was chosen to be the template peptide 

for a library of possible trypsin inhibitors. This library was used to test a novel selection 
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procedure for the identification of endopeptidase inhibitors. The procedure was successful 

in selecting tight binding inhibitors in an order that reflected their inhibitory abilities. The 

functional characterisation of these peptides adds to the growing understanding of enzyme- 

inhibitor interactions. Along with the selection procedure this information can be used to 

design inhibitors for pharmaceutically important endopeptidase targets. 
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Appendix A- Supplier addresses 

Sigma-Aldrich (Fluka) 
Fancy Road 
Poole, Dorset 
BH12 4QH 
England 

Spectrum Laboratories 
Medicell International Ltd. 
239, Liverpool Road 
London Ni 1 LX 
United Kingdom 

Fisher Scientific UK 
Bishop Meadow Road 
Loughborough 
Leicestershire 
LE11 5RG 
United Kingdom 
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Appendix B MALDI-TIOF Mass Spectra 
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Appendix C Tables of peaks from the MALDI-TOF mass spectra 
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Theoretical Actual 
oxidised oxidised 

mass mass % Library solution % after wash 1 hr -% 
R N R F 1541.8 1541.58 20 1541.4 15 
R T R F 1528.8 1528.5 15 1528.43 10 1528.5 2 
R N R M 1525.9 1525.55 12 1525.41 8 1525.5 2 
H N R F 1522.8 1522.53 17 1522.39 15 

R S R F 1514.8 1514.55 17 1514.4 15 1514.5 3 

R N K F 1513.8 1513.55 31 1513.42 30 1513.5 5 
K N R F 1513.8 
R T R M 1512.9 1512.5 10 1512.4 5 1512.59 11 

H T R F 1509.8 1509.55 26 1509.41 18 1509.5 11 
R N R I 1507.8 1507.56 23 1507.4 25 
R N R L 1507.8 
H N R M 1506.8 1506.51 9 1506.4 4 
R T K F 1500.8 1500.55 40 1500.4 27 
K T R F 1500.8 
R S R M 1498.8 1498.53 8 1498.4 8 
R N K M 1497.8 1497.54 22 1497.4 17 1497.56 42 
K N R M 1497.8 
H S R F 1495.8 1495.5 30 1495.41 23 1495.5 10 
R T R I 1494.8 1494.55 16 1494.42 18 1494.56 63 
R T R L 1494.8 
H N K F 1494.8 
R N R V 1493.8 1493.54 34 1493.4 31 1493.58 87 
H T R M 1493.8 
R N R P 1491.8 
H N R I 1488.8 1488.5 32 1488.4 28 1488.5 3 
H N R L 1488.8 
R S K F 1486.8 1486.53 42 1486.39 37 1486.6 8 
K S R F 1486.8 
K N K F 1485.8 1485.53 5 1485.4 5 1485.5 6 
R T K M 1484.8 1484.5 11 1484.4 18 1484.58 31 
K T R M 1484.8 
H T K F 1481.8 1481.55 20 1481.4 16 1481.56 17 
R T R V 1480.8 1480.55 39 1480.4 35 
R S R I 1480.8 
R S R L 1480.8 
R N K I 1479.8 1479.55 50 1479.41 50 1479.56 82 
R N K L 1479.8 
K N R I 1479.8 
K N R L 1479.8 
H S R M 1479.8 
R T R P 1478.8 1478.5 11 1478.5 4 
H N K M 1478.8 
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Theoretical Actual 
oxidised oxidised After 

mass mass % Library solution % wash % 
H T R I 1475.8 1475.5 18 1475.4 5 1475.56 82 
H T R L 1475.8 
H N R V 1474.7 1474.5 25 1474.38 21 
K T K F 1472.8 1472.51 18 1472.4 15 1472.5 3 
H N R P 1472.7 
R S K M 1470.8 1470.52 20 1470.4 17 1470.57 9 
K S R M 1470.8 
K N K M 1469.8 1469.54 8 no 1469 1469.57 30 
H S K F 1467.8 1467.04 5 1467.4 26 
R T K I 1466.8 1466.53 48 1466.4 44 1466.58 100 
R T K L 1466.8 
R S R V 1466.8 
K T R I 1466.8 
K T R L 1466.8 
R N K V 1465.8 1465.52 72 1465.39 72 1465.54 25 
K N R V 1465.8 
H T K M 1465.8 
R N R A 1465.7 
R S R P 1464.8 
R N K P 1463.8 1463.5 22 1463.8 19 1463.5 13 
K N R P 1463.8 
H T R V 1461.8 1461.5 45 1461.37 47 1461.54 53 
H S R I 1461.8 
H S R L 1461.8 
H N K I 1460.8 1460.5 4 1460.4 6 1460.5 7 
H N K L 1460.8 
H T R P 1459.7 1459.5 11 1459.5 10 
K S K F 1458.8 1458.51 7 1458.4 1 1458.5 8 
K T K M 1456.8 1456.53 12 1456.4 5 
R T K V 1452.8 1452.52 100 1452.39 000 1452.5 30 
R S K I 1452.8 
R S K L 1452.8 
K T R V 1452.8 
K S R 1 1452.8 
K S R L 1452.8 
R T R A 1452.7 
K N K I 1451.8 1451.5 7 1451.38 16 
K N K L 1451.8 
H S K M 1451.8 
R T K P 1450.8 1450.5 8 1450.35 10 1450.5 11 
K T R P 1450.8 
H T K I 1447.8 1447.47 20 1447.3 28 1447.52 44 
H T K L 1447.8 
H S R V 1447.7 
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Theoretical Actual 
oxidised oxidised After 

mass mass % Libra solution % wash % 
H N R A 1446.7 1446.44 32 1446.33 15 

H N K V 1446.7 
H S R P 1445.7 no 1445 

H N K P 1444.7 no 1444 

K S K M 1442.8 1442.5 7 1442.4 7 1442.54 12 

R S K V 1438.8 1438.49 49 1438.4 63 1438.53 20 

K T K I 1438.8 
K T K L 1438.8 
K S R V 1438.8 
R S R A 1438.7 
K N K V 1437.8 1437.5 49 1437.36 60 1437.5 12 
R N K A 1437.7 
K N R A 1437.7 
R S K P 1436.7 1436.5 6 1436.34 7 1436.5 5 
K S R P 1436.7 
K N K P 1435.8 1435.47 15 1435.34 19 1435.51 10 
H T R A 1433.7 1433.46 42 1433.33 15 1433.5 31 
H T K V 1433.7 
H S K I 1433.7 
H S K L 1433.7 
H T K P 1431.7 
K T K V 1424.8 1424.48 51 1424.35 65 1424.53 20 
K S K I 1424.8 
K S K L 1424.8 
R T K A 1424.7 
K T R A 1424.7 
K T K P 1422.8 1422.4 5 
H S R A 1419.7 1419.43 34 1419.3 41 
H S K V 1419.7 
H N K A 1418.7 1418.4 4 1418.31 9 
H S K P 1417.7 1417.46 6 

R S K A 1410.7 1410.46 45 1410.33 16 1410.53 17 
K S R A 1410.7 
K S K V 1410.7 
K N K A 1409.7 1409.4 12 1409.3 17 1409.5 9 
K S K P 1408.7 
H T K A 1405.7 1405.43 8 1405.31 11 
K T K A 1396.7 1396.43 9 1396.31 15 1396.5 5 
H S K A 1391.7 1391.41 5 1391.28 11 
K 

_S 
K A 1382.7 1382.41 11 1382.29 16 1382.48 27 

Table C. 1 Library member peaks and their heights(%) from the MALDI-TOF mass spectra of 
the library solution after the dialysis of the first method 2 trypsin aliquot and of the trypsin 
aliquot after dialysis and a1 hour wash. 
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