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A b stra c t

An analysis of disulphide bridges in protein structure and its application to the 

prediction of structural features are presented in this thesis.

In Chapter 1, amongst other aspects of protein structure and folding, the use of 

disulphide bridges in the investigation of protein folding and in experimental work that 

aims to increase the stability of a protein is reviewed. In Chapter 2, the theory of cross- 

linkage of proteins by disulphides is presented in detail. Chapter 3 describes a procedure 

to make non-redundant data sets of protein chains that is designed to give as large a data 

set as possible.

Disulphide-bridge connectivity patterns have been analysed and classified 

(Chapter 4). A classification that takes account of loop lengths, based on the theory of 

cross-linkage, has been derived. This suggests that the hypothesis that the non-local 

entropie effect of disulphides is important for small, disulphide-rich proteins cannot be 

rejected.

In Chapter 5, structural principles for disulphide-bridged P-sheet and for 

clustered disulphides are described. A motif, comprising two clustered disulphides 

packed against a P-hairpin, is characterised and is termed the disulphide cross. It is 

abundant in small, disulphide-rich proteins and subsumes an array of partial similarities 

between such protein folds previously identified by several other workers.

Aspects of the analysis in Chapter 5 have been applied to the comparative 

modelling of a growth factor sequentially similar to the epidermal growth factor (EGF), 

which is a small disulphide-rich protein (Chapter 6). The implications of the modelled 

structure are discussed in relation to the structures of other EGF-like growth factors and 

mutagenesis data thereon.

Chapter 7 provides general conclusions on the work and suggestions for further 

developments.
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2D NMR

BPTI

CR

C total

Cx

ACp

AAGfolding 

AG cross-linkage

ag f

AGfolding

AGU

AGunfolding

AHd

AScross-linkage

ASd

asf

ASU

two-dimensional nuclear magnetic resonance 

spectroscopy

bovine pancreatic trypsin inhibitor 

conserved region

the total number of configurations for the unfolded 

state

the number of configurations for the unfolded state

with the contact that is cross-linked

change in the heat capacity upon dénaturation

measured experimentally

change in the stability of the protein

change in the free energy on cross-linkage

change in the free energy of the folded state

change in the free energy on folding

change in the free energy of the unfolded state

change in the free energy on unfolding

change in the enthalpy upon dénaturation measured

experimentally

change in the entropy on cross-linkage

change in the entropy upon dénaturation measured

experimentally

change in the entropy of the folded state 

change in the entropy of the unfolded state

18



ASx

AV

[DS]

EGF

EGFR

GF

GU

HF

HU

huEGF

huTGF-a

K&S

N

NMR

PDB

FBI

PCI

P contact
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epidermal growth factor
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enthalpy of the folded state

enthalpy of the unfolded state
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disulphide-bridged loop length

nuclear magnetic resonance
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peptidyl-prolyl cis-trans isomerase

probability of formation of a contact between

monomers in the unfolded state

gas constant

root mean square (deviation)

Structural Classification Of Proteins (database) 

small, disulphide-rich predominantly p/irregular 

protein fold

site-directed mutagenesis 

entropy of the folded state 

entropy of the unfolded state
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SWISSV25D the data set of disulphide connectivities derived from 

the SWISSPROT database version 25

TGF-a transforming growth factor alpha

TGF-p transforming growth factor beta

TIM triose phosphate isomerase (barrel)

VC a virtual Coc-Ca bond

VDW van der Waals

VR variable region

W(r) the distribution function of the end-to-end vector of 

a random-flight polymer
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One-letter code Three-letter code Name
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{continued over)
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I Ile isoleucine

K Lys lysine

L Leu leucine

M Met methionine

N Asn asparagine

P Pro proline
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R Arg arginine
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C hapter 1; In troduction

Nucleotide and protein sequences are now being determined at the rate of 

over a thousand new sequences a year. Also, the rate of structure 

determination is accelerating — there is estimated to be about one new 

structure resolved per day (Chothia, 1992). A wealth of new data, such as 

from the human genome project, requires exploitation. This information 

gives us the opportunity and the obligation to explore new avenues in 

protein structure prediction. Structure prediction at the fold level and at 

the level of comparative modelling, to aid biochemical enquiry in the 

absence of true structural determination, may be possible for large 

numbers of these sequences.

This thesis describes work on the analysis of disulphide bridges in 

protein structure, and its application to structure prediction.

Disulphides are a type of tertiary contact that can be determined 

independent of the rest of the protein structure. The interaction of 

cysteines to form a disulphide is one of the most common in protein 

structure (see e.g. Casari and Sippl, 1992), and is one of the most 

evolutionarily conserved in proteins, as the (dis)appearance of a cystine 

requires a rare concerted double mutation (Thornton, 1981). They confer 

mathematical topology to the polypeptide chain, giving rise to such 

properties as topological chirality and a type of knotting (Klapper and 

Klapper, 1980; Mao, 1993). Knowledge of the connectivity of the 

disulphides in a protein structure can be a major aid in the determination 

of protein structures by NMR spectroscopy (Havel and Wuthrich, 1985) 

and as distance constraints in fold prediction (Cohen, et al., 1980, 1986). 

The introduction of disulphides is often the most straight-forward way of
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improving the stability of natural or designed proteins (Dill, 1990). Also, 

disulphides are an important probe for the folding process (Creighton, 

1990).

In this introductory chapter, different aspects of protein folding and 

structure prediction and their relevance to the present thesis are 

discussed (sections 1.1 -  1.7). The construction of nonredundant data sets 

of sequences and structures is briefly overviewed (section 1.8). The scope 

of the thesis is presented in section 1.9.

1.1: E xperim ental determ ination  o f p rote in  stru cture

The experimental determination of protein structure is generally 

performed through either X-ray crystallography or two-dimensional 

nuclear magnetic resonance spectroscopy (2D NMR), and these are 

discussed briefly below. Also, the determination of disulphide connectivity 

by peptide digestion and analysis is often a key step in the 

characterisation of a protein; the disulphides determined in this way can 

be important constraints in the subsequent determination of the protein 

structure by 2D NMR. This is discussed firstly.

1.1.1: E xperim ental determ ination  o f d isu lp h id e con n ectiv ity

As they are covalent interactions, disulphides are often referred to 

as part of the primary structure of a protein. An early widespread method 

of disulphide bond determination is that of Brown and Hartley (1966). 

Peptides resulting from the enzymatic digestion of the protein sequence 

are examined using gel electrophoresis before and after treatment with an
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agent that reduces the disulphides. By a process of elimination, those 

peptides that were originally bonded together by a disulphide can be 

deduced. A major problem with this procedure is that cystines adjacent in 

the sequence, or with one intervening residue, are difficult to discern, even 

with the best electrophoresis techniques. A recent method by Gray 

successfully assigns such adjacent cystines by selective disulphide 

reduction and free-thiol alkylation using multiple alkylating agents (Gray, 

1993a; Gray, 1993b; Shon, et al., 1994; Xue, et al., 1994).

Other procedures for determining disulphide connectivity have been 

described, using preliminary NMR data and information from the protein 

structural database (Klaus, et al., 1993), and using mass spectrometry 

(Crimmins, et al., 1995).

1.1.2: D eterm in ation  o f structure bv X-rav crysta llograp hy

Determination of structure through X-ray crystallography can be an 

extensive project and is not immediately tractable for a large number of 

proteins. Ordered protein crystals are needed, grown from supersaturated 

solutions, which is difficult as proteins do not pack neatly into space-filling 

geometries. These crystals are irradiated with monochromatic X-rays, 

most of which pass through the protein crystal; however, some interact 

with the protein and scatter in all directions. Interference between these 

scattered rays, can for certain positions and angles, be constructive; this 

can be detected as diffraction patterns. While the amplitude of the 

diffracted rays can be calculated from such patterns, their phase cannot. 

This is generally accomplished by the use of heavy-atom derivatives. The 

difference in the diffraction patterns for the protein with and without the 

bound heavy atoms can be used to determine the phase of the X-rays. The
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amplitude and phase of each position on the diffraction pattern lead to the 

calculation of an electron density map, through which a chain trace is 

fitted using the known sequence.

An important consideration for those analysing the coordinates of 

structures determined by X-ray crystallography is to assess the quality of 

the structure, chiefly expressed in the two values of resolution and R- 

factor. The resolution is a measure of the degree of detail of the electron 

density map, which arises from the amount of good diffraction data 

collected. A resolution of 2 to 3 Â allows approximate side-chain 

positioning, whereas below 2 Â gives relatively reliable values for side- 

chain dihedral angles. The R-factor is an indication of the agreement 

between the amplitudes derived from the calculated structure and 

observed amplitudes for the reflections of the diffraction pattern. 

Refinement of the structure is accomplished by adjustments in the 

coordinates of the calculated structure that are then converted into a 

calculated amplitudes. If, in continuous cycles of refinement, the R-factor 

decreases below 0.25, then in general the calculated model of the structure 

is probably correct. Values are generally in the range 0.15 to 0.25. An R- 

factor of 0.0 implies that all of the collected data is completely explained 

by the calculated model. Random agreement results in values of ~0.60.

As resolution is a global measure of the quality of the structure, it 

gives little indication of the existence of regions in the structure that have 

poor or non-existent electron density. Also, however, a good R-factor value 

may still arise for a structural model that is incorrect, as it may be over- 

refined at the expense of good stereochemistry.
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1.1.3: D e term in a tio n  o f  p ro te in  s tru c tu re  bv  tw o -d im en sio n a l 

nu clear  m a ^ e t ic  reson ance (2D NMR) sp ectroscop y

This procedure, which yields a model of the protein structure in 

solution, is presently restricted to small proteins, generally of less than 

150 residues. When the protein is placed in a strong magnetic field, the 

magnetic moments (spins) of the hydrogen nuclei in the protein tend to 

align (anti)parallel to the field. This only occurs at certain frequencies, 

which is in the same range for all of the protons but will be different for 

the individual protons according to their immediate atomic environment. 

This effect is termed chemical shift. Because for a one-dimensional NMR 

spectrum, the individual peaks in a spectrum will overlap, two- 

dimensional (2D) NMR is necessary. In 2D NMR, interactions between 

two different spins at different frequencies are investigated, which arise as 

cross-peaks on the NMR plot. This 2D NMR plot is converted into 

distance constraints information. An ensemble of structures th a t 

represents viable solutions to all of the constraints is possible. Some areas 

of the structure are described by relatively few constraints and so they 

appear as more disordered regions in the ensemble of NMR structures 

calculated; this may either represent true conformational heterogeneity or 

be due to lack of appropriate data.

An average structure is usually derived which comprises averaged 

coordinates for all of the NMR ensemble members; the range of root mean 

square deviation from the averaged coordinates for each of the ensemble 

members is sometimes quoted as a measure of NMR structure quality. 

The actual ensemble conformation that is closest to that of the unphysical 

average structure is also sometimes used as a single representative 

structure.
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Some NMR structures rely on the experimental determination of 

the disulphide bridges using a method such as that of Gray (1993a) to 

provide disulphide distance constraints. Without such constraints, it is 

not often possible to distinguish between two or more possible disulphide 

connectivity isomers where the disulphides are clustered (Mronga, et aL, 

1994).

1.2 : The p rotein  fo ld ing  problem

It has been shown from many renaturation experiments — initially 

performed by Anfinsen on a ribonuclease (Anfinsen, 1969; Anfinsen and 

Scheraga, 1971) — that most proteins are able to unfold and then refold 

to their native structure without the need for enzymatic intervention in 

vitro. However, within the past eight years or so, a group of proteins 

termed 'molecular chaperones' -  e.g. the heat shock proteins hsp70 and 

hspBO -  have been discovered that are needed by certain proteins for 

correct in vivo folding, to stabilize intermediates of folding and/or to 

prevent aggregation (Gething and Sambrook, 1992). The role of such 

proteins appears to be a non-specific kinetic one, providing environments 

for rapid chain conformation rearrangement. A protein that re-arranges 

half-cystine pairings has been known since the mid-1960s (Anfinsen, 1969; 

Anfinsen and Scheraga, 1971). Protein disulphide isomerase catalyses the 

formation of the native disulphide connectivity from chain conformations 

with the alternative connectivities (Wang and Tsou, 1994). It also has 

general chaperone activity and exhibits the same non-specificity as other 

foldases.
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The fact that all of the specific information that encodes protein 

folding is present in the amino acid sequence suggests th a t a 

computational solution to the protein folding problem may be possible. In 

recent years workers have concentrated on knowledge-based procedures, 

which rely on extrapolating existing structural knowledge onto sequences 

of unknown structure — 'comparative modelling' and 'fold recognition'.

1.3; P rotein  structure pred iction

Approaches to predict protein structure form sequence can be 

classified into three main areas:

(a) ah initio prediction;

(b) modelling by structural similarity;

(c) fold recognition.

Apart from the protein folding problem, of more immediate 

importance is the application of protein structure prediction, firstly, to 

support interim biochemical enquiry — such as providing guidance for 

site-directed mutagenesis — and, secondly, to facilitate the subsequent 

experimental determination of protein structure, e.g. the use of 

comparative models in molecular replacement.

1.3.1; P red iction  o f structural featu res from  seq u en ce

Besides tertiary-structure prediction, benefit can be gained from 

prediction at the secondary-structure level or from prediction of specific 

features. Prediction of secondary structure originally relied on the 

calculation of profiles from the secondary structure propensities of
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individual residues (Chou and Fasman, 1973), and accounting for the 

immediate sequence environment of the residues (Robson and Suzuki, 

1976). Secondary structure prediction can help improve the multiple 

alignment of sequences (Russell and Barton, 1993) or can be of use as part 

of a tertiary prediction regime and has surpassed the 70% accuracy 

threshold using a neural network-based procedure (Rost and Sander, 

1993a). Accuracies of -80% can be obtained if the proteins are segregated 

by their structural class, e.g. the all-a proteins, for predictions of two 

secondary structure states, a  and non-a (Muggleton, et al., 1991; Rost and 

Sander, 1993b).

The relative accessibility or 'radial location' of residues can be 

predicted less successfully (Rost and Sander, 1994); Nishikawa and Ooi, 

1986). Notably, if the small, disulphide-rich sequences are treated 

separately, the overall prediction accuracy for radial location (i.e. residue 

burial) improves. This may be because of the difference in amino acid 

composition for extracellular proteins and in tracellu lar proteins 

(extracellular proteins have more polar residues, glycine, proline and, 

most markedly, cystine and less alanine or lysine).

A neural-network procedure has been developed which predicts the 

disulphide-bonding state of cyst(e)ine with an accuracy of -80% (Muskal, 

et al., 1990). As above for residue burial, distinguishing the likely 

sequence environments provided by extracellular and intracellular 

proteins may be an important factor in this prediction, as intracellular 

proteins seldom have disulphide bridges and extracellular proteins seldom 

have free cysteines.

Proteins are generally considered to be classifiable into five 

structural types; all-a, all-P, a/p, a-hp and coil based on their secondary 

structure compositions. As individual residues have intrinsic secondary
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structure preferences (Robson and Suzuki, 1976), it is reasonable to 

assume that the structural class can be predicted from examination of the 

amino acid sequence. Mao and Chou (Mao, et aL, 1994) have derived a 

method based on the construction of a nineteen-dimensional sequence 

space that retrieves the structural class of training and test sets of data 

with -90% success.

The cellular status of a protein, i.e. whether it is intracellular or 

extracellular, can be predicted with up to 86% accuracy by consideration of 

amino acid composition and the frequency of residue pairs (Nakashima 

and Nishikawa, 1994). It was found that, although the most prominent 

difference between extra- and intracellular proteins is the presence of 

disulphide bridges in the extracellular ones, the other residue differences 

are sufficient, independent of consideration of disulphide bridges, to 

discern intracellular and extracellular proteins, with only a small decrease 

in accuracy. Also, the extra- and intracellular proteins were found to 

segregate by structural class, all-p and a+p being more prevalent without 

the cell and all-a and a/p within (Nakashima and Nishikawa, 1994).

1.3.2: Ah ini t io  pred iction  m ethods

These methods all have the common feature that they attempt to 

predict the structure of a protein using only the available sequence and 

sometimes other, perhaps experimental, information about the structure, 

such as known disulphide bridges and residues involved in heavy-metal or 

co-factor binding.

Actual ah initio simulation of the folding process has not been 

successful. Limited success has been achieved by Skolnick, Kolinski and 

co-workers using a knight's-tour lattice to restrict the conformational
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space that needs to be sampled, and statistically derived long-range and 

short-range interaction potentials (Skolnick and Kolinski, 1988, 1991;

1993). Two lattice simulation steps, one coarse and one fine, are followed 

by a final molecular dynamics refinement. While the method has provided 

some valuable insights into the possible folding pathways of folds such as 

the Greek-key P-barrel (Skolnick, et al., 1989) the procedure is limited to 

small chains with no more than five or six secondary structure elements, 

e.g. the B domain of the staphylococcal protein A and the cabbage-seed 

protein crambin. Importantly, forcing of turn potential in regions known 

to be turn-forming in the native structure is required in this procedure. 

Also, there is a suggestion that the method is biased towards proteins with 

high a-helical content.

In the combinatorial method of Cohen and co-workers, the structure 

is deduced from a secondary structure prediction and a set of known 

distance constraints. These constraints, rules for secondary structure 

packing and for the surface area and volume of the protein are used to 

filter down from a very large number of possible combinations of the 

secondary structure elements to a short-list of the most probable models 

(Cohen, et at., 1980, 1986).

Disulphides were used by Scheraga and co-workers (Meirovitch and 

Scheraga, 1981), wherein a theory of spatial-geometric relationships of 

disulphide-bridged loops (Kikuchi, et al., 1985, 1989) was used to restrict 

the pathways of folding examined by the protein studied, BPTI. These 

spatial-geometric relationships restricted the disulphide-bridged loops to 

certain ways of entangling with each other and threading through each 

other. However, the successes of this treatment seem to be peculiar to 

BPTI, as it has an unusual 'threaded' loop, i.e. a section of polypeptide 

chain threads through the closed loop formed by a disulphide.
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1.3.3: C om parative m odelling

The idea that the structure of a sequentially homologous protein 

could be used to model the structure for a protein for which the structure 

cannot yet be derived experimentally was first explored by Browne, et al. 

(1969). Several investigators, notably Blundell and co-workers (Blundell, 

et al., 1978; Blundell and Horuk, 1981) and Greer (Greer, 1981a, 1981b) 

independently derived procedures to build three-dimensional models for 

proteins of unknown structure — insulins and serine proteases 

respectively — based on their sequence homology with a protein whose 

structure is known. The basic procedure is simple to describe. The 

sequence of the unknown structure is aligned with the sequence(s) of 

sequentially homologous known structure(s) to ascertain conserved 

regions (CRs), where the conservation of sequence homology is assumed to 

indicate structural conservation between the candidate protein and the 

template (or the structurally conserved regions of multiple members of the 

family of the template). The variable regions (VRs), which are usually 

loop regions, where most of the insertions and deletions occur, are 

modelled either using a suitable fragment from the homologues of the 

same length or failing that a fragment picked from the protein structural 

database which is structurally most similar in the regions flanking the VR 

(Greer, 1981a; Sutcliffe, et al., 1987a). Sidechains are positioned using a 

similar rationale (Sutcliffe, et al., 1987b). The procedure has a wide scope 

of application; it has been shown that sequence identities above 25% over 

80 residues or more for two aligned sequences indicates tha t the core
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Figure 1.1: The number of homology (comparative) models described in the abstracts of 
articles in the biological journals on MEDLINE® CD-ROM database per year since 1978. 
This gives an indication of the rate of increase in the use of comparative modelling.

34



structural framework of two proteins is conserved, with little exception 

(Hobohm, et al., 1992; Sander and Schneider, 1991) The procedure is 

discussed specifically in chapter 6.

Figure 1.1 shows a graph of the number of published articles in a 

sample of biological journals over the past 18 years (since the model of 

insulin-like growth factor by Blundell and co-workers, 1978) that have 

described the construction of a homology (comparative) model of a protein 

stucture in their abstracts. This thus gives an indication of how 

widespread the application of comparative modelling has now become. 

The availability of commercial modelling packages (the Biosym Inc. and 

QUANTA packages and the program MODELLER (Sali and Blundell,

1992), which uses distance constraints) has made model building a 

customary step, where possible, in the characterisation of a newly 

sequenced protein.

The benefits from model building by homology for interim  

biochemical enquiry include the suggestion of epitopes, inferences about 

functional residues, and guidance for protein engineering.

In this thesis, a comparative model is presented for which it was 

necessary to customise a modelling procedure, applying information from 

an analysis of structural features in relation to disulphide bridges. This 

dem onstrates the difficulty in designing generalised comparative 

modelling procedures.

1.3.4: Fold recogn ition

Fold recognition methods attempt to find known structures that can 

accommodate a sequence whose own structure has not yet been 

determined and for which no obvious sequential homologue can be
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discerned. This can be termed the inverse protein folding problem, as the 

structure is being fitted to the sequence. The methods vary in how the 

three-dimensional structures are presented to the sequence; whether by 

means of a profile of individual residue tertiary-structure environments 

(Bowie, et al., 1991), or through a sequence threading procedure through a 

library of known folds (Jones, et al., 1994) or through a known fold 

considering observed and hypothetical connectivities (Finkelstein and 

Reva, 1991).

The three-dimensional profile method of Bowie, Lüthy and 

Eisenberg (Bowie and Eisenberg, 1993; Bowie, et al., 1991; Lüthy, et al., 

1991, 1992) involves the presentation of a library of profiles which 

comprise a string of individual residue environments which do not retain 

the detailed sequence information of the protein from which they are 

derived. A table of environment preferences derived for each residue from 

a statistical analysis of the database is used to evaluate the fitness of the 

sequence for the set of residue environments. This method is most useful 

in the rapid detection of fold similarity that could not possibly be detected 

by sequence homology searches and in the assessment of structures 

derived through comparative modelling. The main shortcomings of this 

method is that there is no consideration of long-range interactions and 

that the residue environments are treated individually with the obvious 

result that intolerable steric clashes cannot be foreseen.

The idea that a quasi-Boltzmann distribution can be used to 

describe the occurrence of protein features is not new (Pohl, 1971; 

Miyazawa and Jernigan, 1985). Sippl applied the idea of a quasi- 

Boltzmann principle to derive a structure-based hydrophobic pair 

potential th a t correlates well with experim entally determ ined 

hydrophobicities (Casari and Sippl, 1992). Such a hydrophobic potential.
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with an added explicit consideration of solvent accessibility, was used by 

Jones, et al. (1994) in tbeir novel threading algorithm. The sequence is 

threaded onto a library of non-homologous folds using a doubly dynamic 

programming algorithm to cope with insertions and deletions. The 

compatibility of the sequence and the structure is subsequently evaluated 

using the potential involving solvation energy and a pairwise interactions 

term.

The method of Finkelstein and Reva (1991) involves the threading 

of sequences through a framework. In their test case, it was a p-sandwich 

framework of two four-stranded sheets, in which the constituent strands 

can be joined up in a total of 60 possible ways. The sequence is threaded 

through the framework and each threading is evaluated using a self- 

consistent field of interaction energies. The possible fold connectivities are 

thus evaluated.

Other fold recognition methods have been described by Bryant and 

Lawrence (1993) and Godzik, et al. (1989) which includes a lattice folding 

test.

A blind prediction of the fold of von Willebrand factor has been 

published recently that makes combined use of secondary structure 

prediction and available fold recognition packages to suggest a doubly- 

wound a/p fold similar to that of ras p21 (Edwards and Perkins, 1995). 

Disulphide distance constraints were used implicitly.

Recent work has suggested that for many folds, particularly the 

superfolds, it is the non-specific hydrophobic effect that dominates the 

stabilisation of the fold (Russell and Barton, 1994). This is borne out by 

work on the de novo design of proteins using a so-called 'minimalist' 

approach (Betz, et al., 1993), i.e., only using sequences with simple 

patterns of hydrophobic and hydrophilic residues, which has been
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particularly successful in the design of a triose-phosphate isomerase 

barrel (Betz, et al., 1993).

1.4; In sigh ts from  fo ld ing  stu d ies

Experimental enquiry into the folding pathways of proteins through 

characterisation of folding intermediates is essential if we are to 

understand the rules that govern protein structure and be able to modify 

proteins successfully. Levinthal suggested that there was a paradox 

between the attainment of the global free energy minimum state of a 

protein and the number of possible configurations for a protein, and that 

there therefore must be pathways of protein folding (Levinthal, 1968). A 

vast body of literature, most notably the studies of Creighton on bovine 

pancreatic trypsin inhibitor, has since accumulated investigating such 

pathways.

The folding of small, single-domain proteins occurs in a stepwise 

manner, in which each step leads into the next in a highly cooperative 

fashion, sometimes through multiple pathways (Dobson, 1992). Initial 

partial secondary structure formation, that may be native or non-native, 

leads to more compact conglomeration of secondary structures, leading to 

the final native state. The compact, denatured state is a feature of the 

folding pathways of a large number of proteins (Ptitsyn, et at., 1990), e.g. 

a-lactalbumin. It is characterised by having a similar radius of gyration 

and a similar secondary structure content, to the native state, but the 

tertiary contacts are suggested to be only partially native; as has been 

found with disulphide isomers in the compact, denatured state of a -  

lactalbumin (Ewbank and Creighton, 1991). While a-lactalbumin and hen
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albumen lysozyme have similar tertiary  structures, their folding 

behaviour in vitro is different, the lysozyme showing less evidence of a 

compact, denatured state (Cooper, et al., 1992).

Importantly, it is clear tha t for many proteins, there is a 

requirement for extrinsic factors, such as chaperonins, to discourage the 

formation of kinetically trapped intermediates. Also, a key contention in 

the characterisation of the folding pathways of proteins is the importance 

of native tertiary interactions at various stages along the pathway. Are 

intermediates with substantial non-native contacts required in order to 

achieve the final native state? This has been a central question in the 

extensive folding studies of Creighton, and lately Kim, on the small, 

disulphide-rich protein, bovine pancreatic trypsin inhibitor (BPTI).

1.4.1 : BPTI — a paradigm  o f fo ld in g  stu d ies

BPTI (bovine pancreatic trypsin inhibitor) is the most widely 

studied protein folding system. It is amenable to study using a wide 

variety of techniques: X-ray crystal structures of a large number of 

m utants have been solved {e.g., Eigenbrot, et al., 1990; Housset, et al., 

1991); the change in free energy on unfolding can be determined using 

NMR hydrogen exchange techniques (Kim, et al., 1993); BPTI mutants 

are also extensively amenable to study as folding interm ediates 

(Goldenberg, et al., 1993).

Creighton developed procedures to trap intermediates along the 

folding pathway of BPTI by rapidly blocking free thiols irreversibly 

(Creighton, 1978), thus arresting the folding process. The number (1^) of 

all possible intermediates for a protein with an even number of N 

cysteines can be calculated as:

39



N

IN= Z  [N ! / [2 n /2 . (N .n ) ! . (n /2 ) ! ] ]  (1.1)
n=2,n even

As BPTI has 6 cysteines, the number of possible one-, two and 

three-disulphide intermediates are 15, 45 and 15 respectively, totalling 75. 

However, only 8 of these possible intermediates have been observed in the 

experiments of Creighton; 4, 5 and 1 one-, two- and three-disulphide 

intermediates respectively, 4 of them containing non-native bridges. The 

deduced folding pathw ay proceeds through single-disulphide 

intermediates that are specific precursors to either one or two of the two- 

disulphide intermediates. For example, the [5-55] intermediate is a 

specific precursor to the [5-55; 14-38] interm ediate (the [14-38] 

interm ediate is negligibly detected) (Creighton, 1992). Those two- 

disulphide interm ediates tha t contain only native bridges have a 

substantially native-like conformation; non-native disulphides seem to 

occur in regions that are partially unfolded (van Mierlo, et al., 1994).

Contradictory to the work of Creighton, Kim and co-workers, using 

improved high-performance liquid chromatography separation technology, 

have found that only intermediates with native disulphides accumulate to 

any extent. The folding process does occur by disulphide rearrangement 

but is random and does not involve the accumulation of specific 

intermediates with non-native disulphides (Weissman and Kim, 1991). 

Also, the rate-limiting step is the requirement to re-unfold native 

structure already present in the [30-51; 14-38] intermediate, to be able to 

form the last [5-55] disulphide. The dispute on BPTI folding appears to 

rest on the relative validity of experimental conditions (Creighton, 1992, 

Weissman and Kim, 1991, 1992; Darby and Creighton, 1993). Figure 1.2
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Figure 1.2: The BPTI folding pathway according to (A) Creighton and co-workers and (B) 

Kim and co-workers. (A) The thin line is the polypeptide backbone and the thick lines 

are the disulphide bridges. R is the fully reduced BPTI and intermediates with a native

like conformation are designated N, with any free-thiol groups indicated. The 

intermediate [5-55] precedes [5-55; 14-38] and has a native-like conformation, as does 

[30-51; 14-38]. The plus sign between intermediates [30-51; 5-38] and [30-51; 5-14] 

indicates their comparative kinetic roles. The intermediate inbetween [30-51; 14-38] and 

[5-55; 14-38] has not yet been detected. (B) R denotes the reduced protein which is 

unfolded at neutral and alkaline pH. All of the well-populated folding intermediates 

contain only native disulphide bridges. The relative rates of the transitions between 

intermediates associated with each step at neutral pH and room temperature, are shown. 

N* is a kinetically trapped intermediate that is stable for months. The dotted arrows 

indicate that R is oxidised initially to a broad distribution of one-disulphide 

intermediates, which then rearrange rapidly to either [30-51] or [5-55]. Notably, for both 

pathways, the [14-38] disulphide which links the two entangled loops is the last to form.
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summarises the folding pathways (a) according to Creighton, and (b) 

according to Kim.

By replacing all but one of the native cysteine residues in three 

different BPTI analogues with serines, it was found tha t the rate of 

forming each disulphide bond independently was proportional to its loop 

length, according to the random flight theory originally expounded by 

Jacobsen and Stockmayer (1950; see chapter 2). The most populated one- 

disulphide intermediate in the BPTI pathway according to Creighton is 

thus not that which is preferentially formed in these single disulphide 

analogues. This also illustrates the interdependence of the disulphides in 

the molecule.

A key observation is that the NMR-determined structure of BPTI 

containing only the [5-55] disulphide, with the other two cystines replaced 

by alanine and/or serine pairs, is substantially native, and functional 

(Staley and Kim, 1992). This suggests an important principle; one should 

not consider that the disulphides somehow direct the folding process, 

being obligatory covalent interactions and suitable mediators through 

which intermediates can be trapped. They may simply be useful markers.

The effect of protein disulphide isomerase (PDI) on the folding 

pathway of BPTI has recently been investigated. Weissman and Kim 

showed that PDI substantially increases the folding rates of intermediates 

tha t are kinetically trapped by the premature formation of native 

structure (Weissman and Kim, 1993).

An important point is that BPTI is a structural oddity. It has two 

entangled loops (see section 1.7) which may make the folding process of 

this small protein less general than workers up this protein might hope.
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1.4.2: P ro te in  d isu lp h id e  isom erase  — a p ro te in  req u ired  for th e  

rap id  rearrangem ent o f d isu lph id e bridges in vivo

Protein disulphide isomerase (PDI), a protein that is structurally 

similar to thioredoxin, is a foldase of the endoplasmic reticulum! It 

catalyses the rapid folding of protein structures with disulphide bridges, 

through the promotion of disulphide re-arranging rates (Wang and Tsou, 

1994). PDI has been shown to increase the rate of folding of BPTI by a 

factor of 3,000 to 6,000, by promoting the rearrangement of intermediates 

which are kinetically trapped by the premature formation of parts of the 

native structure (Weissman and Kim, 1993). Very recently, an extensive 

body of literature has appeared reporting studies on the enzyme 

mechanism using site-directed mutagenesis, on possible other functional 

activities of the protein, and on its use in aiding refolding procedures, for 

example in preventing accumulation of scrambled hirudin disulphide 

isomers (Chang, 1994).

Mutational studies on the two active-site cysteines and the flanking 

residues have suggested that, firstly, only one of these cysteines is 

required for the disulphide re-arrangement activity of the protein, and 

secondly, that an additional function is performed at the same active site 

(Lu, et al., 1992). PDI is identical to the P-subunit of the prolyl- 

hydroxylase enzyme; it also appears to be functionally linked to peptidyl 

prolyl cis-trans isomerase (PCI), in that the efficiency of PDI improves 

markedly in the presence of PCI (Schonbrunner and Schmid, 1992).

In a specific study of the effect of PDI on the cystine-knotted protein 

human chorionic gonadotrophin, it was shown that PDI was required to 

promote more efficient dimérisation of the a  and p subunits, in that the P 

subunit more readily dimerised when PDI prevented formation of two
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native-state disulphides before the dimérisation event took place (Huth, et 

al., 1993). Similarly, PDI has been shown to associate with misfolded 

forms of human lysozyme, but not with the native state (Otsu, et al.,

1994).

Recent observations have elaborated the role of PDI further. 

Firstly, it has been shown to improve the folding rates of a non-disulphide- 

bridged protein, and secondly, it has also been shown to have foldase 

activity for particu lar proteins. G lyceraldehyde-3-phosphate 

dehydrogenase has no disulphide bridges, yet its folding efficiency is 

improved by the presence of PDI in a way similar to tha t of other 

chaperones (Cai, et al., 1994). Secondly, in an oxidative refolding 

experiment using human lysozyme, at very high concentrations of the 

protein, PDI actively discourages the excess protein away from re-folding 

rapidly, instead forming extensive aggregates of lysozyme and PDI (Puig 

and Gilbert, 1994). It is suggested that this aggregate formation serves as 

a safe-guard to prevent misfolded, kinetically trapped, disulphide-bridged 

proteins from leaving the endoplasmic reticulum in their misshapen form 

(Puig, et al., 1994).

The peptide modelled in Chapter 6 is an example of a molecule 

which is difficult to form in vitro because two adjacent disulphide bridges 

re-arrange to form misfolded, kinetically trapped states.

1.5; P rotein  en g in eerin g  — en g in eer in g  d isu lp h id es

Site-directed mutagenesis (SDM) has enabled investigators to probe 

protein structure, to improve understanding of folding and to increase 

protein stability by systematic adjustment to the structure of proteins — a
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process termed protein engineering. For example, Fersht has developed 

procedures, for the analysis of the effects of site-directed mutations on the 

folding pathway of the small bacterial ribonuclease barnase (Fersht,

1993).

An important aspect of protein engineering is the manipulation of 

disulphide bridges. Indeed, the engineering of a disulphide bridge has 

been shown to be the most consistently successful way of increasing the 

stability of a protein through SDM and in maintaining integrity in de novo 

designed proteins (Betz, 1993). The stabilisation of proteins by disulphide 

insertion is most often discussed in terms of the entropie effect of cross- 

linkage. Briefly, this effect is describable as an increase in the net 

stability of the native state of the protein, due to a relative decrease in the 

entropy of the unfolded state. The applicability of a two-state equilibrium 

is assumed [vide infra]. One can calculate a theoretical estimate of this 

effect either from a single-loop theory, wherein the effects of one 

disulphide-bridged loop on another are not considered or, from a multiple- 

loop theory, wherein they are. Such single- and multiple-loop theories are 

described in Chapter 2.

Disulphide engineering in protein structure can be classified into 

work which deletes and inserts the bridges, firstly, to manipulate stability 

and secondly, to probe the structural proximity of two residues in a protein 

of unknown structure. If, on introduction of a disulphide into a protein, 

the protein remains foldable, the proximity of the two side-chains mutated 

to half-cystines is assumed to be highly probable. For example, the 

proximity of the termini of a designed coiled-coil peptide (Myszka and 

Chaiken, 1994) was ascertained by the introduction of a disulphide bridge 

between them.
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Disulphide engineering work to manipulate protein stability is 

treated more substantially below.

1.5.1: D eletion  and in sertion  o f d isu lph id e bridges

This topic has recently been extensively reviewed by Betz (1993). 

This work is summarised only briefly in this section; engineering work 

published subsequent to this review is discussed as well as chemical cross- 

linkage work. The apparent inconsistencies of the investigations are 

discussed briefly.

Prior to the spread of site-directed mutagenesis techniques, the 

cross-linkage of proteins was investigated through the introduction of 

chemical cross-links such as oxindolealanine (Johnson, et al., 1978), and 

dinitrophenylene (Lin, et al., 1984). Johnson and co-workers showed that 

a cross-link inserted between residues 35 and 108 of hen egg-white 

lysozyme stabilised the protein by 5.2 kcal/mol at 305 K, which is quite 

similar to the quoted calculation of the increase in stability due to the 

theory of cross-linkage (aScross-linkage)> equal to 4.6 kcal/mol. Lin et al. 

(1984) introduced a dinitrophenylene cross-link between residues lysine-7 

and lysine-41 in ribonuclease A. The increase in stability reported of 4.9 

kcal/mol at 298 K is also very similar to the theoretical estimate of 5.2 

kcal/mol, here calculated using a multiple loop cross-linkage theory (see 

section 2.1.2.3).

Disulphides are either deleted by reduction and carboxymethylation 

of the resultant cysteine side-chains, or through use of site-directed 

mutagenesis. For example. Pace et al. (1988) studied the conformational 

stability of ribonuclease Ti using reduction and carboxymethylation, with 

none, one or both of its native disulphides intact. They observed a
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correlation with the stabilisation as calculated from cross-linkage theory. 

Mutagenesis is often used to replace the cystine with pairs of residues 

deemed suitable from inspection of the crystal structure, such as alanine- 

alanine (Kuroki, et al., 1992), or alanine-serine pairs (Mayr, et al., 1994). 

The most successful example of an attempt to increase protein stability 

through SDM of cyst(e)ine into the sequence, is the study of Matthews and 

co-workers on phage T4 lysozyme (Matsumura, et al., 1989). An increase 

in stability of 20.0 kcal/mol from three introduced disulphides was 

achieved, at 25° C. In general, however, reported disulphide engineering 

experiments are stabilising or destabilising in roughly equal numbers, as 

discussed by Betz (1993), in his review cited above.

A popular motivational argument in the engineering literature at 

present is whether the stabilisation effect of a disulphide is predominantly 

due to either the entropie effect of cross-linkage, or enthalpic 

destabilisation of the denatured state. Doig and Williams suggested this 

nonlocal enthalpic effect, caused by the formation of unfavourable 

hydrogen bonding networks in the denatured state (Doig and Williams, 

1991). They found a correlation between experimental changes in heat 

capacity, entropy and enthalpy per residue and the number of disulphides 

per residue, and deduced that there is a net entropie destabilisation of the 

denatured state due to an attenuation of the hydrophobic effect for the 

cross-linked chain relative to the uncross-linked chain, implying the net 

enthalpic destabilisation of the folded state. An illustration of the 

difficulty of addressing such arguments experimentally is given by two 

disulphide deletion studies (by Cooper, et al. (1992) and Kuroki, et al.

(1992) respectively) on two very similar proteins, hen egg-white and 

human lysozyme. Both use the same methodology (differential scanning 

calorimetry) but at different pHs and temperatures, and remove different
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disulphides from the similar lysozymes (the 6-127 (human) and 77-95 

(hen) bridges). For hen lysozyme, the disulphide was deleted by reduction 

and carboxymethylation, and little difference was detected in the enthalpy 

and heat capacity changes for unfolding at pH 3.8 and temperature 25 C, 

suggesting that destabilisation was attributable to the increase in the 

entropy difference between the native and denatured states. For the 

human lysozyme, the 77-95 cystine was replaced through SDM by an 

alanine-alanine pair, and little difference was observed for the heat 

capacity changes for unfolding, but a small (just outside the boundaries of 

error) decrease in the enthalpy of unfolding was observed at pH 3.0 and 

57 C, suggesting a small net enthalpic destabilisation of the denatured 

state. It seems obvious that a study on a single protein that draws 

together all of these variables, i.e., methods of disulphide deletion, pH and 

tem perature dependence, methodology for measurement of stability 

changes and consideration of multiple disulphides, is required.

A possible consensus from the disulphide engineering literature is 

that it is extremely difficult to discern all of the energetic components. 

Simply, there are a multitude of effects, local and nonlocal, enthalpic and 

entropie, that cannot be well predicted, even if the crystal structure of the 

protein being engineered is known and a disulphide-engineering program 

is used to guide insertion (or deletion). Alongside the well-documented 

non-local effect of disulphides on conformational entropy, there are also 

other possible entropie effects involving the attenuation of the hydrophobic 

effect (Doig and Williams, 1991) (see above), and native-state entropie and 

enthalpic effects involving local flexibility (Tidor and Karplus, 1993) and 

adverse strain energy (Katz and Kassiakoff, 1986). Also, for disulphide 

insertion, a factor that is often not considered is the effective contribution 

to stability of the interaction that has been replaced.
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Effects relating to the local environment of the disulphide continue 

to be elaborated. Some recent work on ribonuclease Ti has suggested that 

the cys-2—cys-10 disulphide bridge is not required for efficient folding, but 

is important for thermodynamic stability, stabilising the protein by 2.3 

kcal/mol compared to a derivative in which the cystine is replaced with a 

serine-asparagine pair (Mayr, et aL, 1994). This disulphide-bridged loop 

lies on the surface of the protein and has an unusual strained cystine. The 

conversion of the 77—95 cystine in human lysozyme to an alanine-alanine 

pair has been shown to destabilise the protein through an increased cavity 

volume (Kidera, et al., 1994). Introduction of a disulphide into calcium- 

free subtilisin accelerates folding relative to the uncross-linked form 

through the stabilisation of native-like structure in an early intermediate 

(Strausberg, et al., 1993).

Figure 1.3 shows a correlation plot of the A S c r o s s l i n k a g e  calculated 

from a simple, single-loop theory for the calculation of the entropie effect of 

cross-linkage and the observed A G c r o s s l i n k a g e  for disulphide deletions and 

insertions at room temperature. All of the data are taken from Betz

(1993) but with one very recent addition to the engineering literature, and 

the two experiments described above on chemical cross-linkage. It is clear 

that the two variables are not simply correlated. The complexity of the 

situation is such that both the experimental procedures and the elaboracy 

of the theory need to be improved if valid comparisons can be drawn 

between the two.
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Figure 1.3; Plot of versus loop length (N) compared to curves expected
from a single-loop cross-linkage theory, for thermal dénaturation experiments at 
335 K. Some of these data have been extrapolated from other temperatures.
Chemical dénaturation experiments cannot be extrapolated to other 
temperatures and are not indicated; the removals/insertions are roughly equally 
stabilising and destabilising for these experiments (see Betz, 1993). The upper 
curve is derived from equation 2.18. The lower curve uses a 
value for the volume of tolerance that is half the size of that reported in the text.
The simple entropie effect model seldom underestimates the stabilisation due to 
the disulphide. The three additional data points cited in the text are represented 
as circles (Johnson, et al., 1978; Lin,ef a l ,  1984; Mayr, et al ,  1994).
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1.5.2: In sertion  o f d isu lp h id es in to  d esign ed  p rotein  fo lds

The most straight-forward way to attempt to maintain the integrity 

of a de novo designed protein fold is the strategic introduction of a 

disulphide bridge. This idea has been used by a number of groups working 

in protein design. For example, a designed four-helix bundle protein, 

which has been successfully crystallised, has a disulphide bridge joining 

the ends of two helices, without which the protein cannot be folded (Hecht, 

et al., 1990). DeGrado and co-workers have used disulphides as probes of 

the structure of a set of designed four-helix bundle proteins to assess the 

flexibility of different regions, in the absence of crystallographic 

determination. A designed all-P protein requires formation of an inter

chain disulphide bond to enable folding into a stable dimer complex (Yan 

and Erickson, 1994). A disulphide was used to stabilise the fold of a p- 

sandwich protein with a novel connectivity, by placing the disulphide in a 

manner similar to that found in native immunoglobulin folds (Quinn, et 

al., 1994).

1.5.3: D isu lph id e bridges and circu lar perm utation

Circular permutation involves the introduction of a cross-link 

between the ends of a protein and also sometimes, the deletion of an 

existing cross-link elsewhere. Goldenberg cross-linked the N- and C- 

termini of BPTI and found no substantial increase in the stability of the 

protein (Goldenberg, 1985). He suggested that a possible reason was that, 

while the termini were within a sufficient distance to cross-link them, the 

poor relative orientation of the termini caused strain.
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Permutation of the sequence of an engineered phage T4 lysozyme 

was recently used by Zhang and co-workers (Zhang, 1994) to probe the 

effects of varying the length of the disulphide-bridged loop. A linker 

sequence of 6 residues [Ser-(Gly)4_Ala] was added between the N- and C- 

termini (see figure 1.4). The advantage of this procedure over the 

conventional disulphide engineering procedures is that the other energetic 

effects that occur for disulphide insertion and deletion, described above, 

are not considered, as the effect on the native structure of disulphide 

insertion is observed to be minimally disruptive from examination of the 

appropriate crystal structures. The change in the stabilisation effects of 

the multiple disulphide loops originally introduced by Matthews and co

workers (see above, section 1.5.1) agreed qualitatively with the entropie 

stabilisation effect calculated from the single-loop cross-linkage theory. 

However, values for A A A G o b s e r v e d  and A A A G c a l c u l a t e d ,  the change in the 

stability decrease upon cross-linkage experimentally and from theory, for 

one of the loops, are somewhat less than expected. This is suggested to be 

due to the high proportion of glycine residues in this particular loop from 

the linker sequence.

1.6; In sigh ts from  sim ulation  o f sim ple m odel polym ers

The ability to examine exhaustively the conformational properties 

of simple model polymers enables workers to hypothesise about the 

principles that govern protein structure and folding, without explicit 

theoretical derivations. The use of discrete spaces, termed lattices.
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Figure 1.4; Illustration of the loop permutation analysis experiment of 2Hiang, et al. 

(1994) on phage T4 lysozyme. The disulphide cross-linked loop length is altered by 

circular permutation of the sequence; this is indicated for each of the three disulphides. 
The structure changes very little on introduction of the Ser-(Gly)4 -Ala hexapeptide 

linker that permutes the protein. The stabilities (AGs) of the oxidised and reduced 

forms of the native and circularly permuted proteins are compared (i.e. AAGs are 

calculated). The difference in AAG (denoted AAAG) between the native and circularly 

permuted proteins was then derived. Theoretical estimates of AAAG agreed 

qualitatively with the experimental values.
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enables examination of the problems of modelling the excluded volume 

effect of polymers and reduces the number of possible conformations to be 

sampled or enumerated. Originally, such lattice polymer models were 

developed to investigate how to model the excluded volume effect of 

polymers most effectively {e.g. Domb and Sykes, 1961; Hiley and Sykes, 

1961; Wall, et al., 1955; Wall, et al., 1954). In recent years, such lattice 

polymer simulations have been applied to proteins. These studies can be 

broadly classified into: (i) investigations into folding and structure 

principles, without actually trying to model the folding process of proteins; 

(ii) simulations that address the protein folding process specifically.

1.6.1: U se  o f  s im p le  p o lym er  m od els to  e x p lo re  p r in c ip le s  o f  

p rotein  structure and fo ld ing

Simulations on small lattice polymers (generally less than 25 

monomers) with a restricted number of residue types, has yielded 

substantial insights into the relationship of (non)specific and (non)local 

interactions in encoding the native state of globular proteins (Dill, 1990). 

Initial simulations of lattice polymers in which the possible conformations 

were exhaustively enumerated for expansive and compact polymers 

suggest that secondary structures can arise simply from the requirement 

for compact conformations (Chan and Dill, 1989a, 1989b, 1990a, 1990b). 

This is borne out from analysis of crystal structures of non-protein 

compact polymers (Dill, 1990). These enumerations can be applied to the 

theory of the nonlocal entropie effect of cross-linkage of disulphide bridges; 

correlation functions describing the relationship between two tertiary 

contacts (disulphides) can be used in better calculating a theoretical
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estimate for the effect of multiple disulphide bridges in a sequence. This 

is discussed in Chapter 2.

A non-specific hydrophobic effect can be modelled using polymers of 

two residue types, H (hydrophobic) and P (polar), the so-called HP-model 

of proteins (Dill, 1985). Using such a model. Dill has shown that far more 

specific HP-residue sequences can encode for one, two or three compact 

conformations than for large numbers of conformations, i.e., there are not 

many conformations that have the global free energy minimum for the 

system (Chan and Dill, 1990b). This suggests that the non-specific 

hydrophobic effect is strongly selective for unique native conformations. 

The basic models have been elaborated to consider the relative effect of 

local helical propensities (Thomas and Dill, 1993) and side-chain 

conformational entropy (Bromberg and Dill, 1994).

Crippen, in the earliest example of lattice simulations applied 

specifically to the investigation of protein conformation, examined the 

number of conformations one might expect to be knotted for native 

structures (Crippen, 1973, 1975). He found that 4 to 5% of conformations 

should be knotted. Yet, true knotting was not (and still, is not) observed in 

the native structure of proteins. (The cystine knot is not a true knot as it 

can be deformed into an ‘un-knotted’ structure.)

1.6.2; U se o f sim ple polvm er m odels to  probe th e  fo ld in g  p rocess

The distinction between this group of simulations and those 

discussed in the previous section is that the folding process is investigated. 

Skolnick and Kolinski have developed a model of proteins on a tetrahedral 

lattice, sampling conformational space w ith a restricted set of 

conformational moves and a simple forcefield dominated by the
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hydrophobic interaction (mentioned above, section 1.3). It was found that 

introduction of slight turn- or bend- forming potentials in the regions of 

the polypeptide expected to be turn regions in the native state was 

required to consistently obtain the correct native conformations in 

simulations of Greek-key p-barrels, (a/p)g-barrels and four-helix bundles 

(Skolnick and Kolinski, 1990, 1991; Skolnick, et al., 1988, 1989). This 

model of protein structure has also suggested, in agreement with the 

simulational observations of Chan and Dill (see above), that the robust, 

non-specific forces in protein folding dominate in reducing the number of 

possible native conformations to a small number and that key specific 

interactions are required for a fine-tuning that leads to the unique native 

state. The strategic placement of residues of high turn-forming potential 

is important. Similar simulations have been performed by Co veil on 

small, single-domain proteins, such as ubiquitin and scorpion neurotoxin 

(Covell, 1992, 1994). He was able to retrieve the gross topologies of most 

of the proteins investigated.

It is notable that those proteins that are amenable to folding with 

these models (and also those that yield most easily to the 'minimalist' 

approach to protein design (Betz, et al., 1993)) are either very small {e.g. 

the cabbage-seed protein crambin) or are among those termed 'superfolds' 

(Orengo, et al., 1994), i.e. those folds that occur commonly for proteins of 

nonhomologous sequence and unrelated function most frequently.

Sali and co-workers have developed a lattice model which suggests 

that that which discerns folding from non-folding sequences is not the 

existence of a large number of low-energy states that are conformationally 

similar to the native state, as Chan and Dill have suggested (Dill, 1990). 

Rather the 'necessary and sufficient requirement for folding' is the
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existence of a uniquely pronounced energy minimum (Sali, et al., 1994a, 

1994b).

1.7; D iscern m en t o f p rin cip les o f p rote in  stru ctu re

The analysis of protein structure is essential for more informed 

prediction of structural features, such as in the fitting of variable regions 

in comparative modelling {e.g., p-hairpins (Sibanda, et al., 1989; Sibanda 

and Thornton, 1985, 1993)) and in facilitating protein engineering and 

design (Betz, et al., 1993). The analysis of specific fold families and motifs 

is important to reveal clues for detecting sequences of unknown structure 

that may be related to the particular family in question (Bork, et al., 1994; 

Lesk and Boswell, 1992), or be functionally similar because of a shared 

motif (Hirst and Sternberg, 1992). The analysis of the conformation of 

specific residues and interactions is useful for specific problems in protein 

structure prediction, engineering and design. Analysed features include 

the local sequence and conformational trends around proline (MacArthur 

and Thornton, 1991), the nature of residues that cap a-helices (Aurora, et 

al., 1994; Seale, et al., 1994), the geometry and distribution of specific 

types of hydrogen bonding (Bordo and Argos, 1994; Gregoret, et al., 1991), 

the size and distribution of intramolecular cavities (Hubbard, et al., 1994), 

and the elaboration of regions of protein structure previously assigned as 

irregular (Adzhubei and Sternberg, 1993, 1994).

Recently, the idea that features of protein structure are describable 

by a quasi-Boltzmann distribution (Pohl, 1971) has been exploited in the 

analysis of structural features and interactions (Casari and Sippl, 1992), 

and even complete folds (Finkelstein, et al., 1993). This has helped to
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discern principles of protein structure and, specifically, the derivation of 

knowledge-based forcefields which underpin fold recognition procedures 

(Bryant and Lawrence, 1993; Casari and Sippl, 1992; Jones, et al., 1992; 

Miyazawa and Jernigan, 1985). The idea is that the distribution of states 

of features in protein structure can be considered as analogous to the 

distribution of states observed for an individual thermodynamic system.

The idea of 'superfolds' is related to the quasi-Boltzmann principle. 

It has been noted that a set of 8 or 9 fold types comprise about 30% of all 

sequentially nonhomologous structures in the Brookhaven database 

(Orengo, et al., 1994). When the database is classified into 'hyperfamilies' 

tha t cluster proteins according to their sequential, structural and 

functional similarity, folds are observed for proteins without sequential 

and functional similarity, e.g., the triose-phosphate isomerase (TIM) 

barrel which is also in mandelate racemase, rubisco and tryptophan 

syntase. These are deemed superfolds. This prevalence has been 

suggested to be due to some intrinsic foldability, i.e these folds can easily 

converge kinetically to the native state from many possible starting points 

and that they are robust to mutation and easily encodable (Finkelstein, et 

al., 1993). A corollary of the kinetic idea are that the superfolds are less 

likely to need the help of molecular chaperones to fold efficiently in vivo, 

as they would be less likely to become kinetically trapped. Finkelstein has 

developed a theoretical framework to describe superfolds using the quasi- 

Boltzmann idea (Finkelstein, et al., 1993). Interestingly, superfolds such 

as the TIM barrel, the jelly-roll p-sandwich, the four-helix bundle and the 

a/p-doubly-wound are very simple to describe, in that they are iteratively 

constructed of smaller fold features.
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1.7.1: A n alyses o f d isu lph id e bridges

The first analyses of disulphide bridges in proteins catalogued the 

trends in disulphide geometry and disulphide-bridged loop length 

(Richardson, 1981; Thornton, 1981), and the distribution of disulphides 

within the tertiary structure. Thornton found that disulphides tend to be 

solvent inaccessible, have a definite preference for the left-handed spiral 

conformation (see figure 1.5 for an example), and that loop lengths tend to 

be longer than expected from random pairing. Richardson drew similar 

conclusions on disulphide geometry and distribution by tertiary-structure 

environment. A more recent survey of disulphide conformation confirmed 

these observations (Srinivasan, et al., 1990), but suggested th a t the 

formation of a disulphide between adjacent P-strands within a sheet is not 

particularly prohibited, as previously suggested by Richardson.

Disulphide cross-linkage uniquely imparts mathematical topology 

to the polypeptide chain. This topology has been extensively treated 

(Kikuchi, et al., 1985, 1989; Mao, 1988, 1993). The possibilities for 

thrusting into one loop by another or entangling one loop with another 

have been catalogued and analysed in known structures (Kikuchi, et al., 

1985, 1989), such as the two mutually entangled loops in bovine 

pancreatic trypsin inhibitor (see figure 1.6). Mao developed an elaborate 

classification of polypeptide topology and defined a notion of topological 

chirality (Mao, 1993). Only three distinct protein folds reportedly have 

this property of topological chirality and are designated D-chiral. Two 

further topologically chiral proteins have been noted by Mao (personal 

communication) and the author of this thesis. Benham and Jafri (1993) 

derived a graph-theoretic classification of disulphide connectivity patterns 

and investigated polypeptide knotting.
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Figure 1.5; (a) A disulphide in the left-handed spiral conformation. These are residues 
29 and 67 from hydrophobic seed protein (PDB code Ihyp).
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Figure 1.5: (b) A schematic diagram of cystine geometry, x̂  to%s are the

cystine side-chain dihedral angles. See chapter 5 for details.

Figure 1.6: (overleaf) A fold cartoon of bovine pancreatic trypsin inhibitor 
(BPTI), showing the two entangled loops in red (residues 30 to 51) and green 
(approx. 5 to 25). The disulphide bridges are shown in yellow. The [14-38] 
disulphide, which defines the entanglement between the two always forms last in 
the BPTI folding pathway (see section 1.4.1)
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1.8; R ep resen tative  data sets

Although the Brookhaven Protein Databank (Bernstein, et al., 1977) 

comprises over 2,500 entries containing protein structure, there is a vast 

degree of redundancy. Over 100 different phage T4 lysozyme structures 

(mostly solved by Matthews and co-workers, see above section 1.5.1) have 

been deposited, consisting mainly of site-directed mutants of the enzyme. 

Some structural families are extensively represented, e.g. the globins and 

immunoglobulins; on the other hand, a substantial fraction of the 

database consists of fold singletons. It is thus essential to reduce the 

available data in such a way that only one representative from each 

grouping is used, whether clustered by structural or sequential homology, 

so that the data can be analysed in a manner which limits the bias 

towards well-represented structural and/or sequential families.

Originally, when the available structural data were limited, data 

sets were compiled simply by picking structures {e.g., Thornton, 1981). 

This is no longer feasible or appropriate, and so automatic procedures 

have been developed that rely on pairwise comparisons and cluster 

analysis. The most widely used of these methods is that of Sander and co

workers (Hobohm, et al., 1992; Sander and Schneider, 1991). This 

procedure works by successively thinning out clusters of proteins until no 

two protein chains have more than a threshold level of sequential 

homology, measured using the FASTA sequence alignment program of 

Lipman and Pearson (1985). Structures with greater than 25% sequence 

identity over aligned subsequences of 80 residues or more will, with little 

exception, have the same common conserved core (Hobohm, et al., 1992). 

However, below this threshold, proteins may be structurally similar (down 

to 8% sequence identity), as with the (a/p)g-barrel. Most commonly, a
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threshold of 30% sequence identity is used to ensure that all unique folds 

are covered. A procedure that clusters by sequence homology and then 

uses similar secondary structure compositions as a crude measure of 

structural similarity to cluster the proteins further, produces similar 

representative lists (Broberg, et al., 1992). More recently, data sets have 

been reduced through a second step of structural comparison, such as by 

using the SSAP program of Taylor and Orengo (1989a, 1989b; Taylor, et al., 

1994). A typical threshold used is that which yields — as an arbitrary 

benchmark — only one globin structure (a cut-off given by an SSAP score of 

80; e.g., in McDonald and Thornton, 1994).

A procedure somewhat similar to that derived by Sander and co

workers has been developed in this thesis to address the unique problem 

of using both data on disulphide connectivity patterns from structural 

determination and from peptide digestion methods, information on which 

is taken from the SWISSPROT database (Bairoch, 1991; Bairoch and 

Boeckmann, 1991).

1,9; Scope o f th esis

This thesis comprises analysis of disulphide bridges and the 

application of this analysis to the prediction of structural features.

Theory of disulphide cross-linkage, briefly described in section 1.5.1 

above, is presented in Chapter 2. The basis of this theory is treated in 

depth. Elaboration of the theory is discussed.

In Chapter 3, a procedure that is designed to generate a non- 

redundant set, that is as large as possible, from an initial list of protein 

chains is presented.
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The connectivity patterns of proteins and large peptides are 

analysed and classified in Chapter 4. It is observed that a simple model, 

based on the cross-linkage theory described in Chapter 2, produces a 

distinct trend in connectivity classes with increased sequence length. It is 

shown that the hypothesis tha t the entropie stabilisation effect of 

disulphides is important for small, disulphide-rich proteins cannot be 

rejected.

In Chapter 5, a survey of structural characteristics of disulphide- 

bridged loops and connections is presented. The close relationship 

between the disulphide and its environment is examined. Conformational 

preferences for disulphides in beta secondary structure are presented, that 

restrict the number of possible conformations that a small, disulphide-rich 

predominantly beta/irregular protein fold can take on. Specific clusterings 

of two and three disulphides, that may be described as motifs, recur in 

proteins with dissimilar folds, that form a substantial component of a wide 

variety of such folds. One such motif, the disulphide cross, occurs for (at 

least) 17 distinct small, disulphide-rich, predominantly p/irregular protein 

folds. It is suggested that this motif provides a higher level of structural 

classification, above that of fold, that draws together:- the three-fingered 

toxin fold; the hirudin fold; various other small toxin folds from spiders, 

snakes and snails; the large and small a-i-p scorpion toxin folds; various 

small protease-inhibitor folds; the lectin fold; the Bowman-Birk inhibitor 

fold; the epidermal growth factor-like fold and the small and large cystine- 

knot folds. The implications of this survey for protein structure 

determination, prediction and design are discussed.

A brief application of the analysis of disulphide-bridged protein 

conformation (Chapter 5) is presented in Chapter 6. A comparative model 

of the small growth factor cripto of the epidermal growth factor (EGF)
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family, is made based on its sequence homology with three proteins of 

known structure, wherein a deletion in the sequence is delimited by two 

disulphide bridges. The implications for receptor binding are discussed.

Chapter 7 provides conclusions on the work of the thesis and 

suggests further developments.
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C hapter 2; C ross-linkage theory

2.0: Sum m ary

The theory of cross-linkage of proteins by disulphides is discussed in 

detail. The Gaussian approximation to the configurational statistics of a 

random-fiight polymer chain, which forms the basis of the theory, is 

derived. The idea of the entropie stabilisation of a protein upon cross- 

linkage is summarised. Single- and multiple-loop theories of disulphide 

cross-linkage are presented, th a t are based on the Gaussian 

approximation mentioned above. A multiple-loop version of the theory 

based on the Wang-Uhlenbeck-Fixman theorem for multivariate Gaussian 

distributions is derived which is applied in parts of Chapter 4. The 

possible ways of elaborating the theory are overviewed and some specific 

empirical elaborations are described to account for the residue composition 

of the chain.

2.1: T heory

2.1.1; The G aussian approxim ation to  th e  con figu ration a l s ta tistics  

o f a random -fiight polvm er

The Gaussian approximation to the configurational statistics of a 

random-fiight polymer forms the basis of the current cross-linkage theory.
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The basic Gaussian function for the probability of the end-to-end 

displacement r of a random-fiight polymer is:

W(r) = (3/2n<r2>)3/2 . ^  [-(3/2<r2>) r2] (2.1)

where W(r) has dimensions of reciprocal volume and <r2> is the square of 

the magnitude of the end-to-end vector r averaged over all configurations. 

This formula can be derived straigbt-forwardly from the theory of Maxwell 

to treat the velocity components of a diffusing gas molecule (see Flory, 

1969, Chapter 1). The end-to-end vector for a random-fiight polymer is 

given by:

n

r  = 2  ft (2.2)
i=l

where is one of n individual bond vectors. The magnitude of the squared 

end-to-end distance is given by:

r2 = r . r  = E  ([. Ij (2.3)
i j

If the length of an individual bond is the expression becomes:

r2 = Xft2 + 2 2  ft. 5 (2.4)
i 0<i<j<n

and similarly for any two atoms in the chain. The mean end-to-end 

distance is thus given by:

<r2> = X <l{^> + 2 X </i . §> (2.5)
i 0<i<j<n
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If is defined as the average squared bond length for a given 

configuration and the bonds are of fixed length, then one can show that:

<r%> = n fi + 2 2  <l{ . j>  (2.6)
i<j

where is the average squared bond length, and n is the number of

bonds. For a random-fiight chain, the directions of succeeding bonds are

not correlated. That is, </i . Ij> = 0 (i;tj). This implies that, <r^> = nfi. 

Therefore, W(r) can now be expressed in terms of n, the number of 

individual bond segments, and I the length of a bond:

W(r) = (3/27m/2)3/2 . ^ [_3/2n/2) r^] (2.7)

Kuhn (1938) developed the idea of the equivalent chain, which 

consists of virtual bonds that comprise several consecutive covalent bonds. 

This is most useful for the virtual C^-Ca bonds of polypeptide chains 

(n'(f)2 = <r%>, where n' is the number of such virtual bonds). For a 

polypeptide chain this f is 3.84 Â. The distribution function above 

(equation 2.7) can now be used for the equivalent chain.

The main problems with this Gaussian distribution function are, 

firstly, that there are non-zero probabilities for values of r >n/, which is 

clearly unphysical. Secondly, end-to-end distances for spans of 10 residues 

or less are estimated relatively poorly. However, the importance of these 

effects are substantially diminished in using this theory for the calculation 

of the entropie effect of cross-linkage (see below), as the logarithm of any 

probabilities arising from the probability distribution function is taken.

The approximations can be better understood from the relationship 

of the Gaussian model with the exact distribution function (see Flory,
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1969, Chapter 1 for this expression). The Gaussian approximation is the 

limit of the exact distribution function as n ->  o o .  Its validity is 

substantially weakened as r -> nl. As in the standard treatment of the 

entropie effect of cross-linkage it is assumed that the end-to-end distance 

is effectively zero, this is not a problem for the calculations that follow. At 

the other end of the range, for r -> 0, the probability for a 10-mer random- 

fiight chain, for example, is overestimated by about 10%. Also, however, 

this is substantially diluted because the logarithm of the probability is 

taken in the entropy calculations, as mentioned above.

2.1.2; The entrop ie  effect o f cross-linkage

The basic idea of the entropie effect of cross-linkage is now 

summarised. The polypeptide chain in the denatured (unfolded) state is 

assumed to be a linear assembly of monomers. For polypeptides, a 

monomer is a virtual Ca-Coc bond. Suppose there are two cross-linking 

residues in the chain, and that the probability of joining these two 

residues during random coiling the unfolded state is P c o n t a c t  (for 

calculation of this probability, see section 2.1.3 below). This probability is 

effectively the ratio of the number of conformations that are available with 

the cross-link formed to those without the cross-link formed (which is the 

set of all possible conformations).

Suppose that the folded (F) and unfolded (U) states of a protein are 

in a two-state equilibrium (U <—> F). The free energy of the unfolded 

state is denoted G^, the enthalpy and the entropy S^. For the folded 

state, the same quantities are denoted G^, and S^. The change in free 

energy on folding ( A G f o i d i n g )  is given by:
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AGfolding = G F - G U  (2 .8 )

Consider what occurs for the unfolded state on introduction of a 

cross-link X between the two cross-linking residues. Before introduction of 

the cross-link X, the molar entropy of the unfolded state is given by:

SU = R In(CTOTAL) (2.9)

where R is the gas constant and C t o t a l  i s  the total number of 

configurations available to the uncross-linked chain, w ith all 

configurations equally probable. If Cx is the number of configurations 

that have the contact that is subsequently to be cross-linked by X, then the 

change in the molar entropy for the unfolded state (AS^) on adding the 

cross-link X is given by:

ASU = R In(Cx) -  R In(CTOTAL) (2.10)

The probability of formation of the contact cross-linked by X during 

random coiling (sampling over all configurations C t o t a l  with equal 

probability) is Pcontact and is given by:

Pcontact = ( ( ^ x /  (^TOTAl ) ( 2 .1 1 )

Then, combining equations (2.10) and (2.11), AS^ is given by:

ASl  ̂ = R ln(Pcontact) (2.12)

As the number of configurations that necessarily contain the contact 

cross-linked by X (Cx) must always be smaller than the total number of
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configurations ( C t o t a l ) ,  this entropy change is always negative (a 

decrease).

Then, if one assumes that the enthalpy of the unfolded state 

remains essentially unchanged upon cross-linkage, the change in the free 

energy of the unfolded state upon cross-linkage with X (AGl )̂ is thus:

AGU = -T(ASU)

= —T(Rln(Pcontact) ) (2.13)

AG^ is always positive (an increase in the free energy of the unfolded 

state), as AS^ is always negative.

Therefore, if one defines the folded state (F) as having zero 

configurational entropy (S^ ~0), then the change in the entropy of the 

folded state on cross-linkage is zero (ASl’’ ~0). Assuming that the change 

in the enthalpy of the folded state is negligible upon cross-linkage with X, 

the change in the free energy of the folded state upon cross-linkage (AG^), 

can also be assumed to be negligible (AGf' ~0). The change in the free 

energy on folding, i.e., the stability of the protein, is given by equation 

(2.8). Therefore, the change in stability on cross-linkage with X 

(AAGfoiding) is given by:

AAGfoiding = A G F - A G U  (2 .1 4 )

As AG^ is always positive and AG^ ~0, the change in stability is always 

negative. The equilibrium is shifted towards the right (U <—>  F) and the 

folded state (F) is more stable upon introduction of the cross-link X.

In summary, the cross-link decreases the entropy of the unfolded 

state (S^) as the chain is restricted to sampling fewer configurational
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states than if the cross-link did not exist. Assuming a two-state 

equilibrium, the molar entropy of the unfolded state decreases, its total 

free energy increases, the equilibrium shifts towards the right and the 

folded state is more stable. Derivation of the probability P co n ta c t is 

described below, based on the Gaussian approximation to the 

configurational statistics of a random-fiight chain derived above (section 

2.1.1), by either a single-loop theory (section 2.1.3) or a theory that 

accounts for the other cross-linked loops in the chain (a multiple loop 

theory, section 2.1.4). (From here on Pcontact is simply referred to as P .)

2.1.3: S ingle-loop  cross-linkage theory

Schellman (1955) originated the calculation of the entropie effect of 

cross-linkage, basing his calculations on the original exposition of Kuhn 

(1938) for a freely rotating chain. The integrated form of his probability 

distribution is given by:

P = [(3/27cn/2). [(l-cosp)/(l+cosp)]]3/2 , 47t/3(rl3 -  r2^) (2.15)

where n is the number of atoms in the chain, / is the length of a covalent 

bond and (180-p) is the valence angle between consecutive bonds in the 

chain. r i  and r2 are «  n.l. By considering that the last atom of the chain 

is constrained within the spherical shell volume given by (47i/3(ri3 -  r2^)), 

where r i  and T2 are the outer and inner shell radii respectively, the 

calculated change in entropy in cross-linking the ends of the chain is given 

by equation 2.12. Therefore, using r i  =1.55 A , r2 =1.45 A , I =1.5 A  and 

(180-p) = 104.5 degrees:
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p = 9.75 X 10-2 n-3/2 (2.16)

and AScross-linkage =  - 4 . 6 5  - 3 / 2  R ln(n), where R is the gas constant.

Independently, Flory (1956) derived a sim ilar formula in 

expounding a theory of elasticity for fibrous, cross-linked protein chains:

AScross-linkage = kv[(l/2)lnC -  9/4 + (3/4)ln(u/Ns)l (2.17)

where: C = (3/27d'2)3/2^v, AV being an appropriate volume element; and k 

is the Boltzmann constant, v is the number of cross-linking residues (twice 

the number of cross-linkages), Ng is the number of segments and t  is the 

length of a statistical segment (3.84 Â for a VC). This formula for v =2, is 

very similar to that derived by Schellman, except tha t there is an 

additional term to account for the fact that one is considering loops that 

are created from cross-linking two chains at two points to each other.

A similar result can be obtained using a probability distribution 

derived by Jacobsen and Stockmayer (1950). This is the variant of the 

formulation that is used for the present calculations. It is derived from 

the Gaussian approximation to random-fiight chain configurational 

statistics (section 2.1.1). The increase in stability due to the decrease in 

conformational entropy of the denatured state of a protein (AScross-linkage, 

equation 2.8), upon cross-linkage is calculated using P as given by:

P = (AV). [3/(2nr^N)]3/2 (2.18)

where f  is the segment length and N is the number of links in the chain. 

aV is a volume of tolerance. This is the volume within which the ends of

74



residue
(i+N) AV

residue i

Figure 2.1: Illustration of the probability of forming the contact i to (i+N) 
for a random-flight polymer according to the Jacobsen and Stockmayer 
equation (2.12). Residue (i+N) must approach residue i to within the 
boundaries of the volume of tolerance AV (shaded grey).

n Ï
I contact X

contact A 

contact B 

contact C

Figure 2.2: Three similar multiple loop situations that are treated 
differently by the single-loop theory. Using the multiple-loop theory based on 
the WUF theorem, all three are approximately equally probable. With loop X 
already in place on the sequence, all three loops (A, B and C) have 
approximately the same conditional probability (P(X|A) ~P(X|B) ~P(X|C)); 
the probability for the connectivity as a whole is thus approximately the 
same for each case.
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the loop must reside if they can be assumed to be cross-linked. The 

volumes of tolerance used by Schellman and Flory above are spherical 

shell models. Solid-sphere models have also been applied. The various 

volume of tolerance models used are discussed briefly below (see section 

2.1.4.2). This single-loop probability is illustrated in fig. 2.1. This 

formulation is preferred as it is more readily expanded into a multivariate 

treatment, than the end-to-end distance distribution function for a freely 

rotating chain used by Schellman. The Flory formula, as originally 

derived, is only correctly applied to the cross-linkage of two chains to each 

other at both their ends, or multiple such cross-linkages.

2.1.4: M ultiple-loop cross-linkage th eories

When multiple disulphide-bridged loops occur in the same 

polypeptide chain(s), the single-loop theory is no longer strictly applicable. 

The problem is illustrated in fig. 2.2. With cross-linked loop X already in 

place, the three additional cross-linked loops A, B and C are treated the 

same by the multiple-loop theory (P(X|A) ~P(X|B) ~P(X|C)), yet the 

single-loop theory would calculate the total probability of each as different.

The single-loop Gaussian distribution function can readily be 

expanded to consider the coexistence of multiple cross-links. Two 

treatments, that by Kauzmann (1955, 1959) and that by Poland and 

Scheraga (1965), do this by calculating the overall probability for the 

ensemble of disulphide-bridged loops by separating the patterns into 

components and deriving separate numbers of configurations for these 

components, which are then combined to obtain the total number of 

configurations. These two procedures are summarised in figs. 2.3 and 2.4.

In the Kauzmann procedure (fig. 2.3), patterns arising
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Procedure I

o(

A
subpat tern subpat tern 

a b

Procedure H

subpattern
CX

subpattern

Figure 2.3: Illustration of the reductive procedure of Kauzmann for the characterisation 

of the possible connectivity arrangements for a cystine-containing polypeptide. Patterns 

are decomposed into smaller patterns which can either be joined at a single point or at 
two points. Procedure I illustrates the division of a pattern into two sub-patterns joined 

at one point. Procedure II is for the division of a pattern into two sub-patterns that are 

tied to each other at two points. All possible patterns can be examined using a 

combination of these two procedures. These patterns may themselves be joined at a and 

[3 to further such sub-patterns.
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A

Two jo ined  but independent

A
B

loops
Two d e p e n d e n t  

loops

Figure 2.4: Illustration of the Poland and Scheraga procedure for connectivity
configuration enumeration. Connectivities are considered as combinations of 
independent loops and dependent strands. The illustrated pattern with two disulphides 

A and B is considered as two independent loops joined at one point. A further 

disulphide is added at point C. The resulting pattern is considered as four dependent 

chains or strands that are required to have their end-points within the same volumes of 
tolerance. All possible patterns can be considered by reduction to independent loops 
and dependent strands in this manner.
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from multiple disulphide bridges in a chain are separated into subpatterns 

tha t are either joined to each other at one point or at two points. All 

possible disulphide bridge patterns can be treated by reduction in this way 

into simpler subpatterns. In the procedure of Poland and Scheraga (1965), 

patterns are divided into single disulphide-bridged loops that are joined at 

a single point and multiple chains or strands both of whose ends are 

required to sit within the same volume, as described in fig. 2.4. All 

possible disulphide-bridged patterns can be considered by dividing them 

into such single loops and multiple dependent strands. A procedure with 

which the number of configurations can be calculated directly, based on 

the theorem of Wang and Uhlenbeck (1945) and Fixman (1955), is 

described below. This procedure shows that the methods of dividing the 

disulphide-bridging pattern  into components (the two procedures 

described above) are not necessary.

2,1.4,1: A pplication  o f  the Wang-Uhlenhech-Fixman theorem for  

m ultivariate Gaussian distributions

A more general, less convoluted theoretical analysis of coexistent 

disulphide-bridged loops is possible. A theorem for multivariate Gaussian 

distributions originated by Wang and Uhlenbeck (1945) for the 

consideration of Brownian motion was generalised by Fixman (1955) in a 

treatm ent of the excluded volume problem of polymer chemistry. The 

application of this theorem to cross-linkage is now discussed. It is given 

the acronym WUF. The WUF theorem states that the distribution of a 

variable that is a linear combination of variables that are distributed in a 

Gaussian manner, is also Gaussian.
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This theorem can be generalised, so that it can be neatly applied to

chain vectors for randomly coiling polymers (Fixman, 1955). Consider the

polymer chain with n chain segments, illustrated in fig. 2.5. There are s

vectors Vp comprised of the chain segment vectors rt: 
n

Vp = 2  Ypt t̂ > (2.19)
t = l

where Ypt are constants in the range 0 to 1. Then, the probability 

distribution P(Vi,...,Vp,...,Vs) of the vectors Vp can be expressed with:

s s
P ( V i , . . . , V p , . . . V s ) = [ ( 3 / 2 ) 7 i / ' 2 ] 3 s / 2 c - 3 / 2  xexp[(-(3/2)r2C)E ZcÜVi.Vjl,

i= l j= l

(2.20)

where 0^ is the cofactor of element Cy of the matrix [Cy] and f is the 

length of an individual VC. C is the determinant of the matrix [Cy]. Each 

matrix element can be described as:

n

Cy = 2  vj/itvjt (2.20a)
t = l

Values of the constants virit and \|/jt other than 0 or 1 may arise in 

applications other than that to polymer configurations. In the present 

exposition, a value of 0 implies that the particular segment vector is not a 

part of the chain vector, and a value of 1 implies that it is. For example, in 

fig. 2.5, Vf comprises most of the polymer chain; the smaller Vg  overlaps 

with it. The number of elements they share is given by Cfg = X (vfhYgn)-

Each diagonal element in the matrix Cü is the number of segments in a
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■►O = combination vector

#-# = individual bond vector

Figure 2.5: The two vectors and Vg are linear combinations of the

individual bond vectors rĵ . For the vector Vf = Vfk for k <i

and k >j, and for the remaining bonds the coefficients are unity. For the 
smaller vector Vg, there are non-zero elements in the C matrix from k =s to k

=t. For a cross-link, the combination vectors are approximated as zero 
vectors.

D

(i+N)

Figure 2.6: Illustration of the spherical volume of tolerance model used in 
the present work, with a radius for the sphere of length R. The volume 
tolerance is centred on the sulphur atom of the (i+AOth residue, for the 
formation of a disulphide between the residues i and i+N. R is half the 
minimum observed value of Dcot-Ca lor disulphides in structures from a

representative set (= 1.92 A).
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closed loop formed by the vector Vi with the piece of polymer chain it 

comprises. All other elements Cij are the number of segments which the 

vectors Vi and Vj share with each other (Casassa, 1965).

Just as the probability distribution for a single loop is integrated 

over a small volume element to produce the probability in equation 2.18, 

the probability distribution for the multivariate version of the theory is 

integrated over each volume element to give the total probability Pg for s 

cross-links thus:

Ps = J d V l 1 dVp I dVs P(V1, ...,Vp, ...,Vs) (2.21)
( a V ) i  ( A V ) p  ( a V ) s

where (AV)p is the volume of tolerance for the p th  cross-link represented 

by vector Vp. In the present treatment, a spherical volume of tolerance is 

used, with radius equal to half that of the shortest Ca-Ca distance 

observed for disulphide bridges in proteins (see Chapter 4 for details), aV 

= 29.65 Â^. Now, the vector Vp for each cross-link is ingeniously 

approximated as a zero vector. This idea is taken from the appendix to 

Lin, et al. (1984). The exponential part of equation 2.20 collapses to unity, 

so that:

P(Vi,...,Vp,...Vs) = (3/2i:/^)3s/2 c-3/2 (2.22)

and therefore:

Pg = (aV)s (3/2Kr2)3s/2 C-3/2 (2.23)

The molar entropy decrease for the unfolded state of a chain ( a S x )  with s 

cross-links relative to the uncross-linked chain is then: aSx = Rln(Pg).
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It is wrong to consider the entropy change as the difference in 

entropy between that for the uncross-linked and that for the cross-linked 

chain, as in Lin, et al. (1984). Rather, it is correctly calculated from the 

difference in entropy of the cross-linked chain and the total entropy of the 

chain, whether cross-linked or not, as described in section 2.1.2. Also, an 

essential assumption in this theory is that each (AVp) is independent. 

This could obviously be improved on by considering the overlap of aV 

elements for cross-links that are sequentially close.

2.1,4.2: Volum e o f  to leran ce (AV)

The volume of tolerance is the volume around residue i within 

which residue j  along the sequence must be placed to form a cross-link of 

loop length (j-i). The shape of AV is either calculated as a sphere (Pace, et 

al., 1988) or a spherical shell (Schellman, 1955; Poland and Scheraga, 

1965; Lin, et al., 1984) volume. A wide range of estimated values from 5.2 

to 57.9 Â3, have been applied. Pace et al. based (1988) their value on 

the shortest Ca-Ca distance observed between any paired half-cystines 

(equal to 4.8 A  from the analysis of Thornton, 1981), and obtained a 

spherical volume with radius =2.4 A . Lin, et al. approximated a variable 

spherical shell AV model with a constant value (5.2 A^), assuming that AV 

is the same for all possible conformations that form with the given number 

of cross-links. The value of AV preferred here is calculated from a 

spherical model with a radius of 1.92 A  (=29.65 A^). This was calculated 

as in Pace, et al. (1988) except that a shorter distance of 3.84 A  for the 

closest approach of the C^s of a disulphide, from the present analysis 

(Chapter 3), was used. This AV model is illustrated in fig 2.6.
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2.1.4,3: C o r r e la t io n  fu n c t io n s  fo r  two- a n d  th r e e - d is u lp h id e  

a rran gem en ts

Correlation functions for the probability of one chain contact (cross

link) in the presence of one or two others can be derived. These illustrate 

the relationship between the structure of matrix C (equation 2.20a) and 

the sequential arrangement of the disulphides in a connectivity.

For two disulphides, there are three possible relationships between 

the two disulphide-bridged loops, shown in fig. 2.7. Arrangement A is 

referred to as independence (as the cross-linked loops share no residues), 

B as overlap and C as enclosure, where one loop is contained wholly within 

the other sequentially. The [C] matrices from the WUF theorem for each 

case are indicated. These correlation functions /(Xi, X2 ) are calculated 

from:

/(Xi, X2 ) = P(Xi+X2 ) / [ P (X i). P(X2 ) ] (2.24)

where P(Xi) and P(X2 ) are the probabilities of loops X i and X2 if they 

were isolated and P(Xi+X2 ) is the probability of both loops in the sequence 

together. The correlation functions (calculated as shown in fig. 2.7) for the 

three relationships A, B and C are as follows (m and n are the loop lengths 

and k is the overlap between them):

/(X i,X 2 )a = 0

A X l ,  X 2 ) b  =  [1  -  ( k 2 /m .n ) ] - 3 / 2

/(Xi, X2 )c = m/(m -  n)3/2 (2.25)

Generally, similar correlation functions for any number of loops can 

be derived. For three disulphide bridges, there are fifteen possible such
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C A I =

A) independence

m

<  ri

< k  >

B) overlap

m

ICn I =

C) enclosure

m 0

0 n

m
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Figure 2.7 ; An illustration of the three basic relationships that can occur 

between any two cross-linked loops, a) independence , b) overlap and c) 

enclosure . The determinants of the C matrices discussed in the text are 

shown . The loop lengthsare m and n and the overlap in (B) is k.
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functions; five of them can be reduced to simple expressions involving the 

double-loop correlations above, a further two are equivalent to those 

arising for their mirror-image patterns, i.e., in the schematic diagrams, 

through an axis of symmetry perpendicular to the line segment 

representing the sequence, leaving eight that are irreducible. The fifteen 

arrangements are illustrated along with the expressions for each of these 

functions in fig. 2.8. As an example, the correlation function /(Xi, X2 , X3) 

for arrangement H (the doubly enclosed arrangement, which is the native 

connectivity pattern of the small hydrophobic protein crambin, see section 

4.3.3) is derived as follows:

/(Xi, X2 , Xs)H = P(Xi+X2 +X3) / [ P (X l). P(X2 ) . P(X3)1

=  [ C ]“ 3/2  /  ( m n p ) “ 3/2

= [1 -  (p/m) -  (m/n) + ( p / n ) ] “ 3 /2  (2.26)

That is, it is a function of the three ratios of the lengths of the three loops 

m, n and p. The value R.ln[/(Xi, X2 , X3)] is the difference in the estimated 

entropie effect of the disulphides calculated with the single-loop theory 

and with the multiple-loop theory. The entropie effect for a three- 

disulphide pattern (AStotal) can be more rapidly calculated from:

AStotal — Rln(Ptotal)
n

Ptotal = /lXi,...,Xi,...,Xn) . n  (Pi) (2.27)
i=l

where Pi is the probability of the ith. loop, calculated as if there were no 

other loops present in the chain, i.e. using equation 2.18, and Ptotal is the 

total probability.
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pattern type

nnn

E

G

three-disulphide .. ,
correlation functions pat r̂n typs

B

n reducible D

[ l-(p /m )-(n i/n )+ (p /n )]3 /2  p

1 [l-l/p(l/n+l/m) -  H I I"'" I ' 1
(a/mn)(a-2p)]^  ̂ ' ' ' '

K
1 1

[l-(b2/np)-(a2/mn)]3/2

[l-(a/mp)(2b-a)-(b2/np)-
(n/m)]3̂ 2

n

three-disulphide 
correlation functions

reducible

[l-(m/n)-(p/n)] 3/2

[l-(n/m)-(a2/mp)] 3/2

[ l- (n /m )-(p /m )-(a 3 /n p )]3 /2

[l-(a3/mn)-(b3/mp)-(c3/np)+
(2abc/nm p)]3/2

Figure 2.8: Three-disulphide correlation functions. The loops are named p, 
m and n sequentially according to the position of the first half-cystine of the 
loop. Overlaps are named in a similar manner a, b and c. Arrangements F 
and K have mirror-image connectivities that have the same correlation 
function. Two of these eleven (and four in total) are reducible to two- 
disulphide correlation functions.
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2 ,2 : P ossib le  elaborations o f th e b asic  th eory

The main problem with elaboration of the basic theory is 

consideration of multiple cross-links. This is theoretically difficult for 

more than three contacts, unless discrete-space (lattice) enumeration is 

used. The following elaborations to the basic theory are possible.

1. Polypeptide geometry and stereochemistry

An obvious elaboration is consideration of polypeptide 

stereochemistry, which is important at separations of 5 residues or less. 

Mutter (1977), for example, in an analysis of the conformations of cyclic 

polypeptides, considers the strain from the lack of appropriate orientation 

of the cross-linked groups. However, in this case, the modification simply 

amounts to a change in the size of the volume of tolerance.

2. Excluded volume

The random-flight (RF) chain does not occupy space. The 

probability of cyclisation for a chain can be expressed as: P  = A. N~ ,̂ 

where 5 is termed the cyclisation exponent and takes on a value of 3/2 for 

the RF chain and N is the cross-linked loop length as before. As real 

polymers have a finite volume, no two regions of the polymer can occupy 

the same point in space and so a modification to the configurational 

statistics is required to account for the increase in the cyclisation 

probability exponent that results. This excluded volume problem is most 

commonly addressed using the theory of Flory (1969) as in a recent 

investigation into heteropolymer collapse (Bryngelson and Wolynes, 1990). 

Alternatively, by dividing the sampled space into discrete points, as 

lattices, the effective cyclisation exponent can be estim ated by
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enumeration and Monte Carlo sampling of the available configurations 

(see Chan and Dill, 1989a, 1989b, 1990a and references therein). More 

recently, models which use hard-sphere exclusion potentials and pivot 

algorithms (Barrett and Benesch, 1992a, 1992b) and renormalisation 

group theory and path integral methods (Chan and Dill, 1990a; de Gennes, 

1972; des Cloiseaux, 1980) have yielded further insights into this problem.

3. Compact denatured states

Experiment suggests that the unfolded states of many proteins tend 

not to be as extended as the RF chain (Shortle, et al., 1992). This 

generally has the opposite effect on the cyclisation exponent as the 

excluded volume. This problem has been addressed using lattice 

simulations (Shortle, et al., 1992) and elaborations of heteropolymer 

theory (Bryngelson and Wolynes, 1990).

4. Residue composition

The residue composition effects the conformational freedom of the 

chain (Miller and Goebbels, 1968). A higher glycine content attenuates 

the estimated stabilisation due to cross-linking the chain, whereas proline 

exerts an entropie destabilisation effect to the unfolded state similar to 

th a t for cystine, though not as extensively. The composition of 

hydrophobic and hydrophilic residues may effect the compaction of the 

chain. There is also the suggested inter-play between the entropie 

stabilisation of cross-links and the entropie destabilisation due to 

attenuation of the hydrophobic effect, through cross-linkage (Doig and 

Williams, 1991) (see section 1.5.1).
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5. Other free energy components

Obviously, enthalpic effects of cross-linkage should be considered. 

For example, Doig and Williams (1991) suggested that disulphides have 

an enthalpically destabilising effect on the unfolded state through 

formation of relatively unfavourable hydrogen-bonding networks. This 

and other possible energetic components are discussed in section 1.5.1 on 

disulphide engineering.

2.2.1: Som e sp ecific  id eas for th eoretica l e lab oration

Some specific suggestions are now made for elaboration of the basic 

cross-linkage theory.

Firstly, other pairwise interactions can be considered. This is 

important in the attenuation of the hydrophobic effect as suggested by 

Doig and Williams (1991). Also, an enthalpic component is encompassed 

by such pairwise interactions. The idea is as follows. The multiple loop 

Gaussian function (equation 2 .2 0 ) for contact probability is assumed for all 

possible contacts in the chain. All possible chain contacts are Monte- 

Carlo-sampled for the chain according to this probability. Using a pair 

potential derived from protein structures, the average knowledge-based 

interaction energy can be derived. The attenuated hydrophobic effect can 

thus be estimated.

Secondly, the residue composition of the polypeptide chain can 

effect the probability of loop formation (see section 1.5) (Miller and 

Goebbels, 1968). The two most important residues in this respect are 

glycine and proline. High glycine content increases the loop formation 

probability; high proline content lowers the probability. All other residues 

have effects on the main chain entropy that range between these two
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extremes. It is suggested here that fractional values for the length of a 

residue can be derived to account for the effects of residue composition. A 

more general version of the WUF theorem (Yamakawa, 1970), chapter 2, 

section 6 , pp. 18-22) allows for variable values for the length of a 

monomer in the polymer chain. Equations 2 .2 0  and 2 .2 0a are used, except 

that /2 is replaced by </2>, the mean squared bond length. Each term of 

the matrix [Cÿ] is multiplied by a factor V [ = / <fi>] as follows:

Cij =  E  [  \|/kjVij [ / j 2 / < / 2 > ] ]  ( 2 . 2 8 )

j=i

The idea is two convert the conformational freedom for the particular 

residue type or types into a notional adjustment to the a-carbon virtual 

bond length, which actually varies little (~3.8 Â). This can be achieved 

using the factor V. This factor could be derived in number of ways. 

Firstly, the virtual a-carbon dihedral (t ) formed by four consecutive a- 

carbons (see e.g., Adzhubei and Sternberg, 1993; Ring, et al., 1992), could 

be considered. The fraction of the plot of xi_l versus xi that is available to 

consecutive tetrapeptides i-1 and i could be consulted to derive the V 

values, normalised appropriately. Secondly, the fraction of the 

Ramachandran plot that is available to different residues could be used. A 

notional adjustment to residue length and consequently the loop length is 

thus used to account for residue composition.
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2.3; C onclusions

The preferred theory for cross-linkage is thus the Gaussian 

approximation to the configurational statistics of a random-flight chain, 

with direct application of the Wang-Uhlenbeck-Fixman theorem. Firstly, 

this is as the Gaussian approximation is more readily extended to the 

consideration of multiple disulphide-bridged loops than theories which 

encorporate excluded volume, or other elaborations. Secondly, the direct 

application of the WUF theorem is less convoluted than the procedures of 

Kauzmann (1955), and of Poland and Scheraga (1965), which are 

essentially derivative of it. This theory is applied in Chapter 4.

Some specific suggestions were made for elaboration of the basic 

cross-linkage theory, to account for the attenuation of the hydrophobic 

effect, as described by Doig and Williams (1991), and the effect of residue 

composition.
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C h ap ter 3; A p roced u re to  m ak e a n o n -red u n d an t se t  

from  a lis t  o f p rotein  ch ain s

3.0: Sum m ary

A procedure is described to construct non-redundant data sets from 

the structural database. The procedure is designed to produce as large a 

data set as possible. Chains are selected in increasing order of the 

relatedness of their sequences to all other sequences in the data set. For 

chains that have equal numbers of relatives, those that are of greater 

quality are chosen first.

3.1: In troduction

A procedure has been derived that can be used to construct data 

sets of protein chains that are representative and limit sequential or 

structural redundancy. The version of the procedure described in this 

chapter is the most recent version. Earlier versions of the procedure were 

used in both chapters 4 and 5. The derivation of the data sets studied in 

those chapters is described therein.

This procedure (named SIEVE) is based on the principle of reducing 

the available data to a set that contains members that are similar only to 

a certain degree. It is now generally regarded tha t protein chains with 

sequence identities greater than a 25—35% threshold over subsequences of 

80 residues or more can be expected to have the same conserved structural
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framework (Sander and Schneider, 1991). For subsequences below 80 

residues, the requisite percentage identity is described by an empirical 

relationship (see below, equation 3.1). Just below this level of sequence 

identity is the so-called 'twilight zone' (Doolittle, 1989), in which the 

relationship between sequential and structural similarity can no longer be 

simply described.

The derived data set must meet three criteria. Firstly, it must be 

sufficiently non-redundant. Redundancy occurs if there is bias towards 

certain protein families because the sequence identity threshold that is 

chosen is too lenient. Secondly, it must be representative. This is achieved 

if the threshold is not so strict that all unique protein chains are not 

covered. By considering all proteins above a specified level of sequence 

identity as structural homologues (usually 25-35%), the redundancy of the 

data set is limited, while the representative quality of the data set is 

diminished if the threshold for sequence similarity is taken into and 

beyond the twilight zone. Thirdly, it is desirable to have a data set that is 

the maximum size for the threshold of identity specified. The procedure 

described herein is designed to comply with these three criteria.

3,2; M ethod

The procedure for data set construction, as applied to the 

Brookhaven Protein Data Bank (PDB; Bernstein, et al., 1977), is as 

follows. Only chains of more than 20 residues are considered. Protein 

chains whose sequence is determined directly from the crystallographic 

data are not considered. Firstly, the initial list of PDB files is sorted
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according to criteria of structural data quality. In decreasing order of 

importance, they are (> indicates "preferred over"):

(a) Method of structure determination: Crystal structure (refined) > 

crystal structure (unrefined) > NMR > theoretical model.

(h) Resolution: Higher resolution is preferred.

(c) R-factor: Smaller R-factor is preferred.

(d) Year of deposition: A later year of deposition is preferred.

(e) PDB code: A higher number in the alphanumeric code is 

preferred; a chain identifier that is later in the alphabet is 

preferred. This last condition is rather arbitrary.

Those structures reported to be refined but for which no R-factor is 

specified or could not be detected are assigned a dummy R-factor of 50.0, 

which sorts them to the end of the list of proteins with the same 

resolution. NMR-derived structures are assigned a dummy resolution of 

50.0 Â, which sorts them to the end of the list by resolution. All proteins 

of the same resolution are sorted according to R-factor, all proteins of the 

same R-factor and resolution are sorted by deposition year, and so on.

Secondly, a threshold of sequence homology is specified. (If no 

threshold is specified then the only criterion for data set construction is 

whether the pairwise alignments are deemed significant by the sequence 

comparison program used.) For N sequences, there are [N.(N-l)/2] of 

these sequence comparisons, which are performed using the PASTA 

program (Lipman and Pearson, 1985), wherein all comparisons that are 

deemed significant by the PASTA alignment param eters are further 

considered. A significant alignment is taken as one with a PASTA initn 

score >50, and an optimised {opt) score >100. Optimisation is performed 

through allowance of insertions and deletions according to certain fixed 

parameters for gap penalties (the default values are used). Generally,
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non-signifîcant alignments improve little upon optimisation. The 

relationship derived by Sander and co-workers for a threshold of sequence 

homology above which the two proteins compared can be considered to 

have the same structural framework is applied. Two protein chains P and 

Q are deemed similar if a significant comparison between them also 

comprises sequence identity described by the following expression:

10 < L <80 residues, 1% >[290.15 x L sim(T%;P,Q)=l

OR L > 80 residues, 1% >T%

otherwise, sim(T%;P,Q) =0

(3.1)

L = length of the subsequence from the optimised FASTA

alignment.

1% = percentage sequence identity over this subsequence length.

T% = the specified threshold in percentage sequence identity.

sim(P, Q) = the similarity of protein chains P and Q.

The usual value for T% is in the range 20 to 40%. Sequence similarity is 

effectively converted into a binary value. Any significant comparisons 

which yield sequence identities above the specified threshold are tallied to 

give the connectedness of each member of the initial data set. The 

connectedness for sequence identity threshold T% is simply the number of 

comparisons involving the chain above the threshold, minus the self

comparison:
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N

connectedness(T%; P) = ^  sim(T%; P, X) (3.2)
x=i,

To maximise the data set, chains are selected in increasing order of 

connectedness. A chain is selected if it has not already been marked for 

exclusion. Once a chain is selected its inclusion flag is set equal to 1. All 

comparisons involving the selected chain are deactivated, and the 

inclusion flag of all proteins involved in these comparisons with the 

selected protein chain is set equal to 2. Sometimes, this may not be 

necessary as the relevant proteins may already have been excluded as a 

result of a previous selection. This algorithm is illustrated in fig. 3.1. The 

selection routine is repeated until no more chains can be selected. All 

chains that remain at the end of the process with an inclusion flag value of 

1 or 0  (the value if the protein does not occur in any selective comparisons) 

are chosen as representatives. The result of the SIEVE procedure is that 

the data set members are chosen in increasing order of connectedness; for 

chains of equal connectedness, those of higher quality are chosen first. 

The final representative set consists of chains with zero m utual 

connectedness.

The resultant data set will contain examples of folds that can occur 

for proteins with no discernible sequential or functional similarity, e.g., 

the (a/P)8 barrel in triose-phosphate isomerase, tryptophan synthetase 

and mandelate racemase. The sequence identities for proteins with this 

fold can be as low as 8 %. It may be desirable to reduce the data set for 

such structural analogy. This can be achieved using the selection 

procedure detailed above, but with a measure of structural similarity. The 

structural alignment package STAMP was used (Russell and Barton, 

1992) in the application of this procedure in Chapter 5. Structural
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(i)
protein 1 protein 2

candidates inclusion flag connectedness

Figure 3.1: The data set construction algorithm as described in the text.
The data set of {A, B, C, D, E, F, G, H} is reduced to a representative {C, D, F, 

G, H}. The inclusion flag has a value 2 if the chain is deselected, 1 if it is 
selected and 0 if it does not occur in any comparisons, (i) The connectedness of 
the chains is illustrated graphically as a network. The selected chains are 
encircled boldly, (ii) This little table lists the comparisons, with the deselected 
chains struck through, (iii) The list of candidates with their inclusion flags 
and connectedness values.
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similarity is measured by the parameter (Sc) (see the reference for the 

appropriate definition). An Sc value >5.5 is indicative of similar 

structures. For example, comparison of green mamba cardiotoxin (Icdtb) 

and sea snake neurotoxin B {Inxb) yields an Sc value of 5.8. Values of 

>2.5 indicate partial similarity, although values as low as 1.5 can indicate 

the equivalencing of secondary structure elements (Russell and Barton, 

1992). In the present procedure, a conservative cut-off of Sc =6.0 was 

deemed to indicate considerable structural similarity.

In practice, the PDB contains numerous entries with protein chains 

that are identical or slightly dissimilar, or are mutation studies. To avoid 

making time-consuming comparisons involving these structures at a later 

stage, the data set is initially reduced to sequentially non-identical 

representatives, then subjected to the SIEVE procedure proper. Two chains 

are termed non-identical if they have <90% sequence identity over ahgned 

subsequences of 80 residues or more, and following the Sander 

relationship (described above) for alignments of less than 80 residues.

The PDB format is not perfectly readable so, obviously, one is not 

able to detect all reported R-factors, or identify all deposited theoretical 

models. Also, designed proteins and mutation studies are included. 

Engineered proteins of a higher quality than the PDB-deposited native 

structure will be preferentially chosen; the list must be manually adjusted 

if the native structures are needed.

The step of reduction for structural analogy has only been 

performed on a data set of 80 or so protein chains, which takes 3 to 4 days 

on a Silicon Graphics Indigo^ Extreme, performing all N.(N-l)/2 structural 

comparisons. For a set of 500 chains or so, this procedure would take 

more than 4 weeks, even if one only considered chains that have similar
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secondary structure compositions within certain ranges of percentage a, p 

and irregular secondary structure.

The selection algorithm described may be applied to any problem 

requiring clustering or reduction to representative data, for example, in 

protein domain assignment.

A property of the present procedure is that, because of the way in 

which the procedure is designed to maximise the data set, unique portions 

of a greater number of sequences, which may comprise domains, tend not 

to be overlooked. This arises as one is always choosing those chains first 

that have fewer subsequences in common with other chains. This is 

beneficial is some specific instances, such as the example shown in fig. 3.2. 

Consider three sequences P, Q and R as illustrated. These sequences are 

not connected to any other sequences, other than as illustrated. Sequence 

P has connectedness 2, Q and R each have connectedness 1, and similar 

and dissimilar sequence portions as indicated. Because Q and R are 

chosen in preference over P, the unique portions of each of the sequences 

Q and R, but not of P, are included.

3.3: Result; An exam ple non-redundant data set

As an example, the list of protein chains derived from the January 

1995 version of the PDB using SIEVE contains 543 members (including 84 

NMR structures), for a 25% threshold of sequence identity. The 

representatives of <1.5 Â are arrayed in table 3.1 in decreasing order of 

quality, with their resolution and R-factor (if reported or detected in the 

file). NMR structures have a dummy resolution of 50.0 À (which sorts 

them to the end of the list of protein chains with the same connectedness
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Sequence P (connectedness =2)

3 . X

Sequence Q (connectedness =1)
A Y

Sequence R (connectedness =1)
B Z

Figure 3.2: The specific example of pairwise sequence comparisons discussed at 
the end of section 3.1. Sequence P has connectedness 2 with the sequence 
portions A, B and X. Sequence Q has the sequence portions A and Y and 
connectedness 1. Sequence R has sequence portions B and Z and connectedness 
1. According to the present selection algorithm, sequences Q and R are chosen, 
with the result that a greater number of the unique portions of the sequences 
(two, i.e. portions Y and Z) are included in the final data set.
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PDB R- Resolution Deposition Refined NMR? model ? sequence
code f  actor year ? length
Icbn 0.106 0.83 1991 y n n 46
Srxna 0.147 1.0 1991 y n n 52
5pti 0.200 1.0 1984 y n n 58
ligd 0.193 1.1 1994 y n n 61
life 0.169 1.19 1991 y n n 132
larb 0.149 1.2 1993 y n n 268
2sn3 0.192 1.2 1992 y n n 65
Icsei 50.0 1.2 1988 y n n 71
Icsee 50.0 1.2 1988 y n n 274
Icus 0.158 1.25 1994 y n n 200
7rsa 0.15. 1.26 1988 y n n 124
Irro 0.176 1.3 1992 y n n 108
Ifus 0.187 1.3 1993 y n n 106
Iplc 0.15 1.33 1992 y n n 99
lutg 0.23. 1.34 1989 y n n 70
5p21 0.196 1.35 1990 y n n 166
Ippt 50.0 1.37 1981 y n n 36
3sdhb 0.159 1.4 1993 y n n 146
2ctc 0.161 1.4 1993 y n n 307
256bb 0.164 1.4 1990 y n n 106
leco 50.0 1.4 1979 y n n 136
2end 0.161 1.45 1994 y n n 138
laba 0.175 1.45 1992 y n n 87
4gcr 0.181 1.47 1992 y n n 174
2rn2 0.196 1.48 1992 y n n 155
Ixnb 0.165 1.49 1994 y n n 185
8abp 50.0 1.49 1991 y n n 306
2sga 0.126 1.5 1983 y n n 181
Ipoa 0.143 1.5 1992 y n n 118
Icyo 0.16 1.5 1994 y n n 93
2mcm 0.162 1.5 1991 y n n 112
lisub 0.173 1.5 1992 y n n 62
lezm 0.176 1.5 1992 y n n 301
3insc 0.182 1.5 1988 y n n 21
6rlxd 0.187 1.5 1991 y n n 28
6rlxc 0.187 1.5 1991 y n n 24
llz l 0.187 1.5 1984 y n n 130
Ipmy 0.199 1.5 1994 y n n 123
2ovo 0.199. 1.5 1985 y n n 56
Ishaa 0.208 1.5 1992 y n n 104
2hbg 50.0 1.5 1991 y n n 147
2sns 50.0 1.5 1982 y n n 149

Table 3.1: Those representatives in the example non-redundant set of 543 chains, 

obtained using a 25% sequence identity threshold and the January 1995 version of the 

PDB, that are of 1.5 Â resolution or less, y denotes yes, n no.
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representative
group

PDB
code

sequence 
identity to 
representative

sequence
alignment
length

sequence
identity
threshold

R-
factor

resolution year ref in 
ed ?

NMR
?

model
?

sequence
length

## rep. 1 Icbn 0.11 0.83 1991 y n n 46
1 1crn 97.8 46 33.7 0.114 1.5 1981 y n n 46
## rep. 2 Srxna 0.15 1.0 1991 y n n 52
2 1caa 70.8 48 32.9 0.178 1.8 1992 y n n 53
2 1rdg 76.0 50 32.1 50.0 1.4 1988 y n n 52
2 Srxn 72.0 50 32.1 0.096 1.20 1984 y n n 54
2 6rxn 57.7 52 31.4 50.0 1.5 1990 y n n 45
## rep. 3 5pti 0.20 1.0 1984 y n n 58
3 1aalb 96.6 58 29.6 0.179 1.6 1992 y n n 58
3 1aapb 46.4 56 30.2 0.177 1.5 1990 y n n 58
3 1brbi 94.8 58 29.6 0.198 2.1 1992 y n n 58
3 1den 36.5 52 31.4 50.0 50.0 1994 n y n 60
3 Idtk 42.9 56 30.2 50.0 50.0 1993 n y n 57
3 1dtx 36.8 57 29.9 0.169 2.2 1991 y n n 59
3 Ishp 36.5 52 31.4 50.0 50.0 1992 n y n 55
## rep. 4 ligd 0.19 1.1 1994 y n n 61
4 Ipgb 89.1 55 30.5 0.198 1.92 1993 y n n 56
## rep. 5 life 0.17 1.19 1991 y n n 132
5 1crb 30.4 135 25 0.188 2.1 1993 y n n 134
5 Iftpb 27.1 133 25 0.185 2.2 1994 y n n 133
5 1lid 29.2 130 25 0.172 1.6 1993 y n n 131
5 1opbd 30.0 130 25 0.173 1.9 1992 y n n 134
5 2hmb 32.1 131 25 0.195 2.1 1992 y n n 132

Table 3.2: The 5 most highly resolved structures in the representative list (## lines) in table 3.1 with the structures they represent from a non

identical list (as defined in text) arrayed beneath them. The column headings refer to the chains grouped under the representatives. Though Icrn and 

Icbn are different entries for the same chain,a sequence heterogeneity (at one residue) occurs, resulting in the lack of 100% identity. Dummy values of 

50.0 occur in the resolution and R-factor fields for NMR-derived structures and where no R-factor was reported or detected, y denotes yes, n no.



values, as described above), and similarly for the R-factors. Table 3.2 

shows the representative groups for the five examples a t the top of the 

non-redundant list.

3.4; C onclusions

A procedure to construct non-redundant data sets of maximum size 

from the PDB and the sequence databases has been derived. Earlier 

versions of this procedure are used in Chapters 4 and 5. Two ways to 

improve this procedure and procedures for the construction of non- 

redundant data sets in general, are as follows.

Firstly, as the stereochemical quality of a protein chain solved to 

high resolution (<2.0 Â) and good R-factor (<20%), can often be poorer than 

that of a chain with lower resolution and poorer R-factor, a measure of 

stereochemistical quality should be derived and encorporated in data set 

construction procedures in the future. This might be achieved with a 

suitable function that weights resolution, R-factor and stereochemical 

quality appropriately in comparing protein chains.

Secondly, as one is comparing subsequences, unique portions of 

sequence outside of the aligned subsequences for any two compared 

sequences are not considered. This may result, during the data set 

construction procedure, in the exclusion of a unique portion of sequence 

that may comprise a unique protein domain. This is clearly undesirable. 

One may be able to overcome this by taking the remainder of any 

sequences outside of the aligned subsequences for any pairwise 

comparison and treating them as new whole sequences in subsequent 

steps in the data set construction procedure.
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C hapter 4; A nalysis and cla ssifica tion  o f d isu lp h id e  

con n ectiv ity  in  p rote in s and large p ep tid es  

4.0: Sum m ary

Analysis and classification of disulphide connectivity in proteins 

and large peptides are presented. A data set of distinct protein sequences 

of known disulphide connectivity is derived from the SWISSPROT database. 

The number of disulphides per sequence and per residue, the disulphide 

cross-linked loop lengths, and the types of connectivity pattern  are 

studied. Disulphide connectivity has previously been classified in terms of 

graph theory. A novel classification is presented here which is based on 

the theory of cross-linkage, as described in Chapter 2. Two connectivity 

weighting models are derived from cross-linkage theory that are mutually 

inverse, termed the entropie and diffusive models. According to the 

entropie model, native disulphide connectivities occur with a probability 

that is governed by their contribution to the stability of the native state of 

the protein arising from the entropie effect of disulphides. According to 

the diffusive model, the occurrence of native disulphide connectivities is 

governed by their likelihood of formation from random diffusive contact 

during folding. The classification of connectivity based on these two 

weighting models, suggests that the idea tha t the entropie effect of 

disulphides is important for small, disulphide-rich proteins (< -100 

residues) cannot be rejected. Longer sequences (> -200 residues) tend to 

have connectivities that are more probable diffusively. This is suggested 

to be due to domain structure. The notion of arrangement entropy is 

introduced, which quantifies the complexity of a disulphide connectivity.
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4.1: In troduction

Disulphide connectivity is an aspect of protein architecture that has 

previously been classified in terms of graph theory. Connectivities have 

recently been discussed as graph-theoretic objects, looking a t the 

symmetry and reducibility of the patterns (Benham and Jafri, 1993). In 

this chapter, cross-linkage theory, as described in chapter 2, is applied to 

the classification of disulphide connectivity. Two connectivity weighting 

models, termed the entropie model and the diffusive model, have been 

derived from cross-linkage theory, as described in the Summary above. A 

procedure which ranks a native disulphide connectivity pattern of a 

protein relative to the other possible connectivities for the set of half

cystine positions in the sequence, using these models, has been derived. 

Those connectivities that are ranked as more stabilising entropically are 

conversely those that are less probable diffusively during the folding 

process.

Does the distribution of disulphides concur with that expected if the 

entropie effect of disulphides was the dominant energetic effect? For 

single loops isolated on a sequence, the entropie effect would cause longer 

disulphide-bridged loop lengths to be more common than expected. For 

connectivities of multiple disulphides, the situation is more complex as 

longer loops are not necessarily calculated as more stabilising given the 

positions of other disulphide cross-linked loops in the sequence (see 

chapter 2). In the present study, we find that smaller sequences (< -100 

residues) tend to have native connectivities that are the more stabilising 

entropically, in the ranked list of the possible connectivity patterns for the 

set of cysteine positions in their sequences. Larger sequences (> -200
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residues) tend to have connectivities tha t are, conversely, the more 

probable diffusively of the possible connectivity patterns. The 

distributions arising from the cross-linked loop length and variables 

derivative of it are also studied. They are compared to distributions 

expected from the two weighting models.

Additionally, a comparison is made between the observed 

distribution for cross-linked loop length, and that for a definition of a 

disulphide-like contact, in the structurally resolved subset of the data.

Also, the notion of arrangement entropy is introduced, which 

quantifies the estimated stabilisation due to the relative arrangement of 

the disulphide cross-linked loops in a sequence (section 4.4). The best 

strategy for the calculation of a theoretical estimate for the entropie effect 

of cross-linkage, when engineering a protein, is discussed.

Also presented, in section 4.3, is an overview of data on the number 

of disulphides per residue and per sequence, the cross-linked loop lengths 

and the prevalent connectivity pattern  types for two and three 

disulphides. Explanations for the observed trends are presented. In 

section 4.5, a comparison is made between observed percentages for 

disulphide intermediates of the small leech protein hirudin, as reported by 

Chang, et al. (1995), and theoretical estimates, as calculated from cross- 

linkage theory.
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4.2; M ethods

4.2.1; D ata set con stru ction

The connectivity data available from structurally resolved proteins 

alone is a t present not very substantial. Therefore, use was made of 

disulpbide connectivity information detailed in the SWISSPROT database 

(version 25) feature (FT) records (Bairocb and Boeckmann, 1991). 

Connectivities that were reported as tentatively assigned were ignored, as 

were those inferred by sequence homology to a protein of known 

connectivity. Those sequences not including intermolecular disulphides 

reported in the SWISSPROT database entry were preferentially selected. 

This left 623 sequences whose connectivities were determined through 

peptide digestion procedures, or through structural resolution by X-ray 

crystallography or by two-dimensional NMR spectroscopy.

The sequence lengths were adjusted to account for propeptides and 

signal peptides, the lengths and positions of which are described in the 

SWISSPROT FT (feature) records. Where there were multiple proteins for 

a sequence in a SWISSPROT entry which is either post-transcriptionally 

or post-translationally cleaved into the constituent sequences, the 

sequences were separated into individual proteins and peptides. Those to 

which feature records on disulphides did not pertain were deleted.

The data were then reduced to a representative set that excludes 

closely homologous sequences with conserved disulphide connectivity. 

This was achieved using a combination of an earlier version of the SIEVE 

procedure (with 25% sequence identity threshold) detailed in chapter 3 

and the sequence motifs database BLOCKS. The complete procedure is 

illustrated in fig. 4.1.
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SWISSPROT database

I
In BLOCKS 
database ?

yes

representative sequence 
for each motif that is 
indicative of homology

no

\ ^ e r g e ^ /

processed by 
SIEVE procedure

♦

623 sequences

excluded are sequences in the 
following categories : -
(a) connectivities tentatively 
assigned
(b) assigned by similarity

processed by SIEVE 
procedure

final inspection of original 
references to exclude connectivities 

that are incorrect or incomplete

I
DATA SET of 186 

connectivities

Figure 4. h The complete procedure for the construction of the data set of 
connectivities. The data set was derived from the SWISSPROT database 
version 25 using the blo c k s  database and an earlier version of the sie v e  

procedure described in chapter 3.
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As discussed previously, low sequence identity (down to ~ 10%) can 

occur between some homologous proteins. Often such proteins share 

common local sequence motifs. Henikoff and Henikoff (1992) have 

compiled the BLOCKS database wherein sequences are grouped according 

to common sequence motifs that may be indicative of structural similarity. 

Accordingly, sequences were selected so that only one representative was 

allowed for each characteristic sequence motif. Other sequences not 

present in this database were reduced using the SIEVE procedure, 

although obviously the selection criteria for structural quality are not 

relevant. A 25% sequence identity threshold for 80 residues and over was 

employed, with the empirical relationship for sequence identity for 

subsequences of less than 80 residues as detailed in Chapter 3. These two 

groupings were then merged, leaving 331 sequences which were then 

reduced according to the SIEVE procedure, and visual inspection of 

alignments with FASTA to allow inclusion of a small group of 

representatives th a t exhibit variable conservation of connectivity 

characteristic of their particular protein family. Five serine proteases are 

included to this effect. Their inclusion has little effect on the overall 

classification.

At this stage, the original connectivity determination papers as 

indicated in the SWISSPROT entries were consulted to see whether the 

disulphide feature records were incomplete or incorrect, relative to the 

connectivity information detailed in these sources. Four connectivities 

were deleted following this step (table 4.1). Also, those sequences 

indicated to be of domained structures (either in the FT records or the 

original references) were reduced to constituent distinct domain- 

connectivities, e.g., the fourth and fifth domains of p2-glycoprotein 1 from 

the domestic cow (SWISSPROT code APOH_BOVIN). Table 4.1 lists the
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SWISSPROT code description deletion/ adiustm ent
GRFA_MYXV growth factor (MGF) the disulphide-bridged

C-terminal domain only
GUXl.TRIRE exoglucanase cellulose binding

HEMA_IANT6 hæmaglutinin
domain only 
deleted because it is

CBPY_YEAST carboxypeptidase Y
comprised of two chains, 
deleted because the

C07_HUMAN complement factor 7
connectivity is incorrect 
deleted because the

GHR HUMAN growth hormone receptor
connectivity is incomplete 
extracellular domain only

VSM2 TRYBB variant surface glycoprotein first domain only
API_ACHLY antiproteinase I deleted because of

ALBU BOVIN serum albumin
incomplete connectivity 
second domain only

GUX CELFI exoglucanase catalytic domain only
ALKl HUMAN antileukoproteinase first domain only
APOH_BOVIN P2 glycoprotein I fourth and fifth domains 

only
extracellular domain 
only
first domain only

ATNB_CANFA Na'̂ '/K'*' ATPase Pi chain

lOVO MELGA ovomucoid
LMPl.HUMAN membrane glycoprotein I first luminal domain 

only
fourth and fifth domainsPIGR.HUMAN polymeric immunoglobulin

receptor only
PRIO MESAU major prion protein core domain only
SFP1_B0VIN seminal plasma protein PDC- first domain only

TF_HUMAN
109
tissue factor extracellular domain

CD8_HUMAN T-cell surface glycoprotein
only
extracellular domain

CD8 a chain only
CD4_M0USE T-cell surface glycoprotein extracellular domain

CD4 only

Table 4.1: Adjustments to the data set resulting from examination of the original

connectivity determination references. There were four deletions, two for incomplete 

connectivity, one for incorrect connectivity and one for multiple chains not declared as 

such in the SWISSPROT entry. Seventeen members were reduced to constituent distinct 

domain connectivities as indicated.
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adjustments to the data set resulting from examination of the original 

connectivity determination papers. In general, although some sequences 

in the data set have sequence identity above the threshold (a) the 

disulphide connectivity is either unconserved or (b) the FASTA initn and 

opt scores of the relevant sequence alignments are not significant.

No arbitrary  lower bound for sequence length was used to 

distinguish proteins and peptides. The smallest peptides included in the 

data set are 12 residues long. The smallest sequence with multiple 

disulphides is the 15-residue HST2_EC0LI, which has two.

The resultant data set, termed the SWISSV25D set, is listed by 

SWISSPROT code in Appendix I with a brief description of the function of 

the protein. It contains 186 sequences between 12 and 4536 residues long 

(the two next longest sequences have 634 and 879 residues), 64 single

disulphide and 122 multiple-disulphide. These sequences comprise 479 

disulphide bridges. Thirty-three proteins, determined to <3 Â resolution 

and refined or determined by 2D NMR, and reported in SWISSPROT as 

deposited in the PDB (Bernstein, et al., 1977) form a subset of data, with 

76 disulphides. Their PDB codes are given in Appendix I.

4.2.2: T erm inology and rep resen tation

Disulphide connectivities are comprised of disulphide cross-linked 

loops. The representation of disulphide connectivity as (a) a standard 

diagram and (b) as the equivalent graph-theoretic network is shown in fig.

4.2. There are three possible relationships that can occur between any two 

cross-linked loops (see chapter 2, fig. 2.7): (a) independence, where the two 

loops share no residues; (b) overlap, where the two loops share a number of 

residues less than the loop length of the smaller of the pair of loops; (c)
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enclosure, where one loop is contained wholly within the other loop 

sequentially. Overlap and enclosure are collectively referred to as 

interference.

The cross-linked loop length (N) is defined as the separation in C(%- 

Ca virtual bonds between two paired half-cystines. That is, a cross-link 

between residues i and i+N forms a loop of N such bonds. Independent 

loops are those not involved in overlap and enclosure. Any other loop is 

defined as an interfering loop. Connectivities containing only independent 

loops are termed independent connectivities. The connectivity length 

(denoted M) is the span of sequence from the most N-terminal half-cystine 

in the connectivity to the most C-terminal (fig. 4.2). Disulphide-bridged 

loops are numbered according to the position in the sequence of the N- 

terminal half-cystine, as illustrated. The span of a connectivity is the 

number of interfering loops in the connectivity. A connectivity of 

maximum span has all loops interfering with each other. The illustrative 

connectivity in fig. 4.2 has span 3.

loop length (N)
for disulphide bd

connectivity 
length M disulphide

Figure 4.2: Representation of disulphide connectivity as a standard
diagram and as a graph-theoretic network. The loop length (N) for 
disulphide bd and the connectivity length M are indicated. The edge ab is in 
bold in both. Half-cystines are labelled a to f.
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4.2.3: M odels for con n ectiv ity  c la ssifica tion

Cross-linkage theory is used to rank native connectivities, with two 

models for weighting connectivity arrangements, termed the diffusive and 

the entropie models. The diffusive model describes the probability of the 

native connectivity in terms of the probability of diffusive contact in a 

randomly coiled unfolded state, and was originated by Kauzmann (1955). 

The entropie model describes the probability of the native connectivity as 

arising from its contribution to the stability of the folded state from the 

entropie effect of cross-linkage (as discussed in chapter 2). These mutually 

inverse models are described below in detail (sections 4.2.3.2 and 4.2.3.3).

4,2.3,1: G eneration  o f  a l l  p o ss ib le  con n ectiv ity  a rra n g em en ts

There is a set of positions for half-cystines for each protein 

sequence. Each set is rearranged computationally to generate all possible 

connectivity arrangements. For any particular set of half-cystines 

(number =2x), the number of possible connectivity arrangements (Cx) of x 

cross-links is given by:

Cx = (2x)!/[2X(x!)l (4.1)

Although not considered here, for an odd number of such residues, 

(2 x+l), the number of possible connectivities is given by Cx+ 1  (free 

cysteine is so infrequent in the present data set that it is ignored in this 

investigation). For each arrangement a weighting is calculated according 

to either model. According to this weighting, the native connectivity is
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ranked in a list along with the other possible arrangements, rank 1 for the 

least diffusively probable or most entropically stabilising, and so on. This 

ranking characterises the native connectivity. The procedure is illustrated 

in fig. 4.3.

4.2,3,2: M odel 1, the d iffu sive  w e igh tin g

This model is based on that originally derived by Kauzmann (1955). 

He characterised the conformations of polypeptides containing cystine by 

calculating relative probabilities for the diffusive formation of the different 

possible arrangements during folding. The probability of a connectivity 

arises from the likelihood of diffusive contact in the unfolded state. Half

cystines generally pair with more-adjacent residues with a higher 

probability. Connectivities which can be separated into further smaller 

connectivities and/or independent loops would tend to be more heavily 

weighted.

For example, for two-disulphide connectivities, the overlapping 

arrangement is always the least probable, regardless of the positions of 

the residues along the sequence. Of the other two possible arrangements, 

enclosed and independent, either can be the most probable depending on 

the ratios of the length of the three sequence segments between the half

cystines.

The multiple-loop probability (here denoted as P^d for the ith 

arrangement) given by equation 2 .2 0  is used to calculate the weighting for 

each possible arrangement. This weighting (Wi^d) is given by:
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(a)
Rank 1 out of Nj, ranked arrangements

increasing
diffusive
weighting
(Wd,i)

increasing
entropie
weighting
(We.i)

CRank N„ out of N„ rsuiked arrangements

(b)

1 Rank 1 
0 - 0 — 0 -Ô — I

Rank 2 (native connectivity)

— £ 3 — Q -

Figure 4.3: The connectivity ranking procedure, (a) All possible pairing
arrangements of the half-cystines in the original connectivity are generated 
and ranked in increasing order of the value of Ŵ j j or decreasing value of the

weighting Wg ^. (b) This is illustrated for the three-disulphide connectivity of

venom basic protease inhibitor I (SWISSPROT code IVB1_DENAN), The 
native connectivity of venom basic protease inhibitor (3 disulphides) is ranked 
2nd in its profile of 15 possible arrangements.
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c
Wi,d = p id /E j  Bid (4.2)

where C is the total number of arrangements (as in equation 4.1). The 

rearrangements of the native connectivities are thus weighted according to 

their diffusive probability.

A previous treatment of the Kauzmann theory, that of Benham and 

Jafri (1993), is incorrect in two ways. Firstly, they state tha t the 

connectivity arrangem ent for a set of half-cystines th a t comprises 

independent loops only is always the most probable diffusively. This is not 

true (see below, section 4.4.1). Secondly, they compare diffusive 

probabilities for ideal connectivities with all half-cystines spaced at equal 

separations along a sequence with observed frequencies of connectivity 

types. This is not an appropriate comparison as the loop lengths in the 

individual observed connectivities are not considered.

4.2.3,3: M odel 2, th e  en trop ie  w e igh tin g

In this model, the entropie effect of disulphides is assumed to be 

dominant in determining the characteristics of connectivity. Then, of the 

arrangements possible during folding for the given set of half-cystines in 

the sequence, the native arrangement will be among the more entropically 

stabilising arrangements.

Those arrangements weighted by the diffusive model as the least 

probable are those that would be most relatively destabilising to the 

unfolded state from the entropie effect of cross-linkage. This arises as 

follows.
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The entropie model describes the probability of connectivities as 

being determined by their energetic contributions to the native state. A 

Boltzmann-like principle is applied in calculating weights for each possible 

arrangement for a given set of cysteine positions. It has been observed 

that the distribution of some features of protein structure can be described 

by a Boltzmann-like distribution (Finkelstein, et a l ,  1993, and references 

therein). The probability of observing a feature ( P o b s e r v a t i o n )  is given by:

P  o b s e r v a t i o n  — Oxp(—E/kT) (4.3)

where E is the energetic contribution of the feature to the stability of the 

native state. It is postulated tha t this Boltzmann-like principle is 

applicable to disulpbide connectivity. For a disulpbide connectivity, this 

contribution is derived as E =AScross-linkage = R ln (P to ta l), where Ptotal is the 

probability given by equation 2 .2 0 .

For a given set of balf-cystine positions, the probability of any 

connectivity arising from them as the native connectivity of the protein 

(Wi,e) is given by:

Wi,e= [exp(-RTln(Pid)/RT))l /

C
[ Sj exp(-RTln(Pjd)/(RT)) ]

C
= [1/Pid]/Xj [VPjd] (4.4)

For this weighting, the summation is over all possible arrangements C, 

as above for equation 4.2.

This principle should only strictly be applied to an ensemble of 

states for an individual system. However, it is considered that, in some
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sense, the distribution of features in protein structures can be described 

by a quasi-Boltzmann principle, by drawing an analogy between the 

distribution of features accessible for the feature in an individual 

thermodynamic system and the set of features for native proteins. Each 

native connectivity arrangement and its set of rearrangements has a 

profile of weightings. Using the quasi-Boltzmann principle, the observed 

distribution of weightings for all of the native connectivities is seen as 

analogous to the profile of weightings for any one particular native 

connectivity and its set of rearrangements.

4,2,3,4: The coarse  ra n k in g  a p p lie d  to m u ltip le -d isu lp h id e  p a tte rn s

A coarse ranking of connectivity arrangements is derived to allow 

the comparison of connectivities of different number of disulpbides. The 

native arrangement is ranked high (H), middle (M) or low (L), dependent 

on whether it is in the high, middle or low third of its arrangements 

rankings list. This is because there are three possible arrangements for 2 

disulpbides. This ranking is in increasing order of diffusive weighting or 

decreasing order of entropie weighting, the arrangement with the lowest 

diffusive weighting being given the rank 1. The groups H, M and L are 

considered equivalent for connectivities of different numbers of 

disulpbides. Expectations for the proportions of connectivities found in 

the H, M and L categories are calculated from the summation of the 

individual expectations from each set of balf-cystine positions for all of the 

data set members (see table 4.4).
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4.2,3.5: D eriva tion  o f  w eigh ted  d is tr ib u tio n s

The distributions of loop length (N) and the fraction of the pattern 

length (N/M) spanned by a loop are analysed. An expected distribution is 

derived for each of these by summing the weighted instances of each loop 

length for each data set member, for all of the possible arrangements, for 

either of the mutually inverse models.

The distributions are examined for the overall data set and for 

subsets of the data set, grouped according to sequence length, as described 

below in section 4.3.3.

4.2.3,6: D isu lph ide-like  con tacts

Additionally, in the structurally resolved subset of the SWISSPROT 

data set, disulphide-like contacts were chosen according to Cp-Cp distance 

and Ca-Ca distance criteria for the half-cystines forming a disulpbide.

The distribution of these distances is shown for all of the 

disulpbides (fig. 4.4). All sites in the proteins fitting C p and C a  distance 

criteria for disulphide-like contacts were derived according to the upper 

and lower bounds of these distributions. A virtual Cp atom was generated 

for glycine. For each protein, connectivities of the number of disulphides 

found in the native connectivity were generated computationally from the 

sites for disulphide-like contacts. Each disulphide-like contact was 

assigned a weighting according to a probability derived from the Cp-Cp 

distance distribution for disulphides. The total connectivity was weighted 

according to the product of the individual disulphide weights, similarly to 

Klaus, et al. (1993), where such weighting was used to distinguish native 

connectivities from the combinatorial possibilities in two-dimensional
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<3.5 [3.5,4) [4,4.5) [4.5,5) [5,5.5) [5.5,6) [6,6.5) [6.5,7) >7

Calpha-Calpha distance (Â)

number
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Cbeta-Cbeta distance (Â)

Figure 4.4: Distribution of the Ca-Ca and C^-Cp distance distributions for the 
structurally resolved subset of the SWISSPROT-derived data set. There are 76 

disulphides in 33 chains. [x,y) represents the interval from x to y.
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NMR spectroscopy structure determination. The distribution of loop 

lengths for disulphide-like contacts is then derived using these weightings.

4,2.3,7: S ta tis t ic a l  te s ts

The chi-squared and Kolmogorov-Smirnov (KS) tests were applied 

to check whether the models for weighting connectivities could be rejected 

as quantitatively inconsistent with the observed trends. The tests were 

applied as described in Press, et al. (1988), pp. 487-494, with Q as the 

calculated probability for the test statistics and n the number of degrees of 

freedom for the chi-squared test. A model is rejected for Q <0.1. Also, the 

qualitative similarity of the compared distributions is noted and described. 

(See also the legend for table 4.6 for details.)

4.3; R esu lts and d iscu ssion

4.3.ÎÎ Am ino acid  com position , cellu lar sta tu s and fu n ction

The cellular status of the sequences was retrieved from their 

SWISSPROT records. Although not always explicitly stated, the cellular 

status of the protein can he inferred from the biological information given. 

At least 92% of the proteins could be discerned as extracellular. The 

overall amino acid composition of the data set is similar to tha t for 

extracellular proteins noted by Nakashima and Nishikura (1994; table 

4.2). The proteins function mainly in inhibition (e.g., neurotoxins), 

molecular recognition (e.g., immunoglobulins), transport (e.g., riboflavin 

binding protein) and enzymatic degradation (e.g., lipases).

122



A m ino AU In tra . * E x tra .* DSBed
ac id
W 1.38 1.07 1.43 1.59
c 1.76 1.39 2.54 3.29
M 2.09 2.50 1.85 1.69
H 2.10 2.49 2.06 2.05
Q 3.60 4.04 4.55 3.76
Y 3.64 2.93 3.70 4.20
F 4.04 3.69 3.73 3.73
R 4.52 6.09 4.96 4.01
N 4.55 3.94 5.19 5.16
P 4.60 4.50 5.26 4.95
I 5.41 5.62 4.41 4.62
D 5.85 5.56 5.68 5.73
T 6.09 5.25 6.32 6.99
E 6.12 7.00 5.92 4.92
S 6.21 5.79 7.23 7.44
K 6.30 6.58 5.89 5.22
V 6.81 6.88 6.22 6.65
L 8.11 9.11 7.76 7.16
G 8.18 7.17 7.54 8.66
A 8.65 8.37 7.75 8.20

Table 4.2: The overall amino acid composition of the data set of disulphide-bridged

proteins (denoted DSBed) (in percentages). Also shown are:- overall amino acid 

compositions for the non-redundant data set described in chapter 3, section 3.3, derived 

from the January 1995 version of the PDB (whether disulphide-bridged or not); 

compositions for intra- and extracellular proteins taken from Nakashima and Nishikura 

(1994)*. Free cysteine in the disulphide-bridged proteins is 0.27% of cysteine residues.

4.3.2; D istribution  o f cv st(e )in e

Free cysteine very rarely coexists with cystine in a sequence; as 

most of the sequences are extracellular, a free cysteine is deleterious to 

protein stability in the oxidising environment outside of the cell. The 

numbers of cysteines that occur as optional inter-subunit half-cystines, as 

heavy-metal binders or have no obvious role can be found in table 4.3. A 

unique example in the present data set of a cysteine and a cystine in close 

proximity is the conformational switch of the CDS a-chain (SWISSPROT 

code CD8A_HUMAN; Leahy, et a /., 1992). Signal peptide cysteines are also
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Number of 
cysteines

1

2

3
>4

Total proteins 

Total cysteines

free cysteine inter-subunit
balf-cystine

heavy-metal 
bound 

cysteine

signal peptide  

cysteine

7 1 6 12

1 1 6 3

1 1 1 0

0 0 4 0

9 3 18 15

12 6 47 18

Table 4.3; The number of other cysteine residues in the data set. Only nine proteins 

have true free cysteine, such as in redox proteins and the CDS alpha chain 
conformational switch described in the text. The signal peptide cysteines are noted 
although they are not counted as part of the protein sequence in the present analysis, and 

are italicised to signify this.

number

o  o  o  oO lO O lO
CO CO T f

o' o  o  o
lO  O  LO o
(N  CO CO T f

LO LO CO 00

sequence length category

Figure 4.5: The sequence length distribution for the data set
derived from SWISSPROT. [x,y) denotes x < SL < y.
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noted; it has been suggested that cysteines in the signal peptide may 

facilitate rearrangem ent of the disulphide pairings during cellular 

processing (Gething and Sambrook, 1992).

4.3.3: S eq u en ce len gth  and num ber o f  d isu lp h id es

The distribution of sequence lengths is shown in fig. 4.5. Trends 

with sequence length will be subsequently examined, so the data set is 

separated into three approximately equal groups, excluding the single

disulphide sequences. These are referred to as SLi, SL2  and SL3 ({SLll 

<72, 72 <{SL2 } <193, {SL3 } >193). Corresponding groups tha t include 

single-disulphide sequences are SLl^, SL2 ^  and SL3A ({SLi-^} <109, 109 

<(SL24 <214, {SL3A} >214).

The distribution of the number of disulphides per connectivity is 

shown in fig. 4.6. The curve indicates what to expect if disulphides are 

uniformly distributed sequentially, based on the observed overall 

frequency of 0.146 disulphides per residue. The median value is 2 

disulphides per sequence, 58.6% having either one or two bridges; the 

mean is 2.56(±1.16). There is a steady increase in the percentage of single 

disulphide connectivities with increased sequence length (S L i \  29%; 

SL2^ , 35%; 40%). Notably, the three- and two-disulphide

connectivities are approximately equally numerous.

4.3.4: The seq u en tia l d en sity  o f  d isu lp h id es (\DS^)

The sequential density of disulphides (denoted [DS]) is defined as
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Figure 4.6; Distribution of the number of disulphides per connectivity. The sequence groups
shown are those that include the single-disulphide sequences. The upper bar denotes SLs^,

and so on. The highest number (19) is for transferrin (code TRFE_HUMAN). The curve
denotes that expected from a uniform distribution of disulphides per residue of sequence (Q
<0.05 for test that the curves are similar), 
number
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Figure 4.7; Distribution of the number of disulphides per residue, on a logarithmic scale (- 

ln[DS]). Number of disulphides =1 (grey bar) and number >1 (black bar) are indicated. [DS] 
is the sequential density of disulphides = (number of disulphides)/SL. Two broad modes are 

discernable in the distribution corresponding to 1 disulphide per 10-27 residues and 1 per 
51-144 residues. The approximate centres of these ranges are marked by asterisks.
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the number of disulphides per residue. [DS] has been shown by Doig and 

Williams (1991), to be correlated with values of ASd, AHd and ACp per 

residue in folding studies, measured using differential scanning 

calorimetry, for a data set comprising six disulphide-bridged proteins. In 

fig. 4.7, the distribution of -ln[DS] has been plotted, the logarithm being 

taken because of the spread of values. Single- and multiple-disulphide 

members have been segregated. The number of discernible modes in the 

distribution was calculated (Press, et al., 1988). Two modes in the ranges 

one disulphide per 10 to 27 residues and one per 52 to 144 residues were 

identified. Proteins such as crambin, pig phospholipase A2 and 

charybdotoxin are near the lower mode. Miller, et al. (1987) suggested 

tha t small, disulphide-rich proteins form a distinguishable class of 

proteins, with clustered buried disulphides. Richardson and Richardson 

(1989) suggested that there exists a population of small, disulphide-rich 

proteins that are characterisable by this high disulphide content. White 

(1992) found that there is a population of short sequences with a relatively 

high cyst(e)ine content (mean amino acid frequency -6.4%). This 

observation is in a similar vein. Indeed, in predictive procedures for such 

properties as residue burial and structural class, segregation of the 

disulphide-rich proteins results in a general improvement in the predictive 

potential (see section 1.3.1).

The proteins used by Doig and Williams (1991) have values that do 

not go beyond the lower-density region (in the vicinity of the higher 

-ln[Z)S] mode). For proteins with [DS] values above the range 

investigated by Doig and Williams, ln[DS] in the range (-3.38) to (-4.83) 

for the six proteins, the total change in entropy per residue might not be 

linearly correlated with [DS] quite in the manner reported.
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4.3.5: Connectivity types

Connectivity types have been enumerated. These are illustrated for 

two and three-disulphide connectivities in figs. 4.8 (a) and (b). For the 

three-disulphide patterns B, C, F and K, the two mirror-image 

connectivities are considered identical for the purposes of enumeration (for 

definition of mirror-image connectivity see section 2.1.4.3). There are thus 

11 types noted. Those connectivities whose underlying graph networks 

are isomorphic are identified. Patterns /, J  and K  are isomorphic, as are F  

and G.

It is notable that connectivities 7, J  and K  are isomorphic, yet no I  

pattern types occur in the data set, compared to 7 each of J  and K. This at 

least suggests the idea that certain connectivity patterns may be 

intrinsically difficult to fold, perhaps more particularly for smaller 

sequence lengths. Antihypertensive antiviral protein and p.-conotoxin 

(PDB codes 2bds and Ictg) are examples of proteins with the J  and K  type 

patterns, respectively.

The enumeration figures can be compared to those derived by 

Benham and Jatri (1993). The differences may arise from our reduction of 

sequences reported to have multiple structural domains into constituent 

distinct domains. Hence, the smaller number of connectivities with >4 

disulphide bridges in our data set. Wame and Laskowski (1990) have 

noted th a t all possible three-disulphide connectivities have been 

determined in a search of the available connectivity data. In our data set, 

and tha t of Benham and Jafri (1993), all possible arrangements do not 

arise. This suggests that some of the three-disulphide pattern types of 

Warne and Laskowski are not conserved in sequence homologues of the 

proteins with that pattern type.
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(a )  2 C r o s s -l in k  c o n n e c t iv it ie s  (o b s e r v e d  n u m b e r  in  b r a c k e t s )

(16)

(7 )

(22)

(45 T o ta l)

(b ) 3  C r o s s -l in k  c o n n e c t iv it ie s  (o b s e r v e d  n u m b e r s  in  b r a c k e t s )

A (10)

0 ( 4 )

B (4 )

D (2 )

E (4 ) F (0 )

0 (1) jzn H (5

1 (0)

K (7 )

r - n

J (7 )

Figure 4.8: Enumeration of the connectivity types for (a) two and (b) three
disulphides. There are eleven connectivity types represented here for three 
disulphides, as the mirror-image connectivities for patterns B, C, F and K are 
not illustrated and are included in the total for their chiral partners.
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Figure 4.9; d istribu tion  of the m axim um  span (d e fin ed  in section 4 .2 .2 )
connectiv ities of d ifferen t num bers of d isuiphides: (a) for 2 d isuiphides; (b) for 3 
disuiphides; (c) for 4 to 6 disuiphides.
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A maximally spanned connectivity is defined as a connectivity with 

a portion of sequence that is contained within all the disulphide cross- 

linked loops of the pattern. For example, in fig. 4.8 (b), types E, G, if, J  

and K  are maximally spanned for the three-disulphide connectivities. 

Figure 4.9 illustrates the trend with increased sequence length. The 

independent connectivities tend to have greater sequence lengths, and the 

maximally spanned connectivities tend to have smaller sequence lengths 

(fig. 4.9 (a) for two, (b) for three and (c) for four or more disuiphides). In 

summary, regardless of the number between two and six disuiphides, 

those connectivities with a higher maximum span tend to have lower 

sequence length.

Two particular connectivity patterns, although of similar type as 

listed in fig. 4.8 for two and three disuiphides, may have very different 

cross-linked loop lengths. The results of the classification of connectivity 

based on cross-linkage theory, which accounts for the size of loops, are now 

described.

4.3.6: T he c la ss if ic a tio n  d er iv ed  from  th e  c o n n e c tiv ity  ra n k in g  

procedure

The classification is summarised in table 4.4 and fig. 4.10. The 

position of the illustrated connectivity (DHML_THIVE, fig. 4.11) in the 

classification is marked on the histogram. There is a clear trend. 

Sequences greater than about 200 residues are most likely to be in the H 

category; those of less than about 100  residues are most likely to be in the 

L category. Sequences between 100 and 150 residues show no distinct 

preference for any of the three categories. Deletion of the 5 serine
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number

H category 

M category 

[~1 L category

sequence length (SL)

Figure 4.10: Histogram showing the trend in the H, M and L 
classifications with increased sequence length for the SWISSV25D data
set. The position of the illustrated example (overleaf) is indicated: ô, 
DHMH_THIVE, methylamine dehydrogenase light chain.

F ig u re  4.11: (overleaf) The connectivity p a t te rn  of the pro te in  
m e th y la m in e  d eh y d ro g en ase  l ig h t  cha in  (S W ISSPR O T  code 
DHML_THIVE), as discussed in the text. The position of each of the half
cystines in the sequence is labelled. The loop lengths are to scale.
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arrangement observed summed summed observed observed observed

category

SLi

total expectns.

(entropie)

expectns.

(diffusive)

number=2 number=3 number>3

L 27 23.5 2.0 7 16 4

M 8 11.9 4.3 2 3 3

H 3 2.6 31.8 1 1 1

SL2
L 14 22.1 2.1 7 3 4

M 9 11.6 4.1 3 2 4 •

H 13 2.3 29.8 9 1 3

L 3 24.4 1.3 2 1 0

M 3 13.7 3.0 2 1 0

H 34 1.9 35.7 12 16 6

L 44 70.0 5.4 16 20 8
M 20 37.2 11.4 7 6 7
H 50 6.8 97.2 22 18 10

Table 4.4: The classification into H, M and L categories divided by sequence group
(SL i, SL2 , SL3) and by number of disuiphides for the SWISSPROT data set of 

connectivities.
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proteases included for reasons discussed in section 4.1.1 has little effect on 

the overall trend in classification.

The distribution for the three SL groups (SLl, SL2 , SL3 ) is shown 

in table 4.4. For SLl, 27/38 (71%) are in the L category. The observed 

distribution for SLl is consistent with the entropie effect as important in 

leading to the formation of the native connectivity for small disulphide- 

rich proteins. Also, this observation emphasises the importance of 

disulphide rearranging enzymes such as protein disulphide isomerase. 

They are likely to be essential for the efficient folding of these proteins. 

The diffusively probable native arrangements (category H) are rare (3/38).

The entropie weighting model expects 62% in the L category (the 

model cannot be rejected (Q =0.34), by a test on a 2X2 contingency 

table, adding the M and H categories together). The entropie weighting 

gives a reasonable description of the proportion of connectivities in each 

category. For the SL3 group, there is an agreement with the Kauzmann 

diffusion model, 85% being in the H category. The percentage expected is 

89% (Q =0.38, adding the L and M categories together). The whole 

connectivities of sequences greater than about 2 0 0  residues are adequately 

modelled by the diffusion principle. The rarity  of the diffusively less 

probable arrangements (only 3 out of 40 in the L category) can be 

explained by a kinetic (and thermodynamic; see Dill, 1985) requirement 

for multidomain structure for longer sequences. The intermediate SL2  

sequence group is the most evenly distributed.

Table 4.5 lists the ranks for the SLl group for the SWISSV25D set, 

with other details. The individual ranks and H, M and L labels are 

indicated. In general, such information may be useful as part of a 

predictive procedure for connectivity. Also, identification of a particular
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OJ

SWISSPROT co d e H M L  c a te ffo rv R a n k  * ^ARR R) N o. DSBs SL N a m e
APAM APIME L 1(3) 2.92 2 18 honey bee apamine
APOH_BOVINa L 1(3) 1.46 2 60 bovine P2 glycoprotein I (4th domain)
CXAl.CONGE L 1(3) 2.31 2 15 geography cone a-conotoxin GI
ETl PIG M 2(3) 2.69 2 21 pig endothelin 1
GUXl TRIRE L 1(3) 1.15 2 35 exoglucanase (2nd domain) from Trich. reesei
IL8 HUMAN L 1(3) 4.07 2 69 human interleukin 8
MCDP MEGPE L 1(3) 3.66 2 28 bumble bee mast cell degranulating peptide
POP! BOVIN H 3(3) 0.00 2 48 bovine posterior pituitary peptide
PPMl LIMPO M 2(3) 1.37 2 18 polyphemusin I from atlantic horseshoe crab
SFPl BOVIN L 1(3) 1.36 2 37 bovine seminal plasma protein (first domain)
AP0H_B0VIN6 L 2(15) 2.27 3 59 bovine P2 glycoprotein I (5th domain)
BDSl ANESU L 3(15) 6.94 3 43 sea anemone antihypertensive antiviral protein
CRAM CRAAB M 8(15) 4.51 3 46 crambin (from the Abyssinian cabbage)
CXMl.CONGE L 5(15) 6.04 3 22 geography cone p-conotoxin Gllla
DEFI APIME L 5(15) 2.72 3 51 honey bee royalisin
DEFN HUMAN M 6(15) 5.35 3 30 human neutrophil defensin
ECLH MANSE L 2(15) 1.86 3 62 tobacco hawkmoth eclosion hormone
GRFA MYXV M 7(15) 1.17 3 53 myxoma virus growth factor
HST2 ECOLI M 7(15) 4.89 3 18 heat stable enterotoxin (from E. coli )
lACS.PIG L 4(15) 1.70 3 71 sperm-associated acrosin inhibitor (from pig)
IGF2 HUMAN L 5(15) 5.13 3 67 human insuUn-like growth factor II
lOVO MELGA L 3(15) 1.62 3 50 turkey ovomucoid (first domain)
ITHl HIRME M 6(15) 1.40 3 65 hirudin variant I (from the medicinal leech)
ITRl CUCMA L 1(15) 2.56 3 29 pumpkin trypsin inhibitor I
ITRY TRIKI H 11(15) 2.92 3 41 Mongolian snake gourd trypsin inhibitor
rVBl DENAN L 2(15) 4.87 3 59 venom protease inhibitor (from green mamba)
MCPI SOLTU L 3(15) 2.67 3 39 potato metallocarboxypeptidase inhibitor
MYXl CROW L 1(15) 4.85 3 42 myotoxin A (from prairie rattlesnake)
SCKC LEIQH L 5(15) 3.03 3 37 chaiybdotoxin (from the five-striped scorpion)
TAP ORNMO L 4(15) 5.37 3 60 tick anticoagulant peptide
AFP ASPGI H 100(105) 2.65 4 51 antifungal protein (from Asp. giganteus)
AGI2 WHEAT M 57 (105) 4.60 4 47 wheatgerm agglutinin (first domain)
ALKl HUMAN L 3(105) 6.63 4 58 human antileukoproteinase I (first domain)
ARA5 AMBTR L 14 (105) 8.04 4 40 ragweed allergen amb t v
IPR2 SOLTU L 1(105) 3.73 4 52 potato proteinase inhibitor PCI-1
NXB4 CERLA M 54 (105) 5.91 4 55 neurotoxin B-IV (from milky ribbon worm)
SCX2 ANDAU M 40 (105) 3.90 4 64 neurotoxin II precursor (from Sahara scorpion)
ITRP ASCLU L 105(945) 8.72 5 66 trypsin inhibitor (from the common roundworm)
Table 4.5; Summary of the SLj group characteristics. See continuation of this legend overleaf for details of the column headings



connectivity arrangement as unusual for a given sequence length may 

stimulate further lines of enquiry in the characterisation of a protein.

The trend in classification for all connectivities for the SLl 

sequences and the SL3 sequences is preserved for all connectivities within 

these groups if they are further grouped by number of disuiphides =2, =3 

and >3 (table 4.4).

In summary, this classification shows that smaller sequences (< 

- 1 0 0  residues) tend to have native connectivities tha t are the more 

stabilising entropically, of the possible connectivity arrangements for the 

set of cysteines in their sequences. Larger sequences (> -200 residues) 

tend to have connectivities that are, conversely, the more probable 

diffusively of the possible connectivity patterns. This may most likely be 

due to domain structure.

Table 4.5: (continued from previous page) The columns in the table are as follows:- 

SWISSPROT code, HML classification category, the rank of the native connectivity in the 

fist of possible connectivity arrangements (with the total possible number in brackets), 

the arrangement entropy of the connectivities (as explained in section 4.4.1), the number 

of disuiphides in the connectivity abbreviated as No. DSBs, the sequence length 

abbreviated as SL, and a brief descriptive name for the protein.

137



4.3.7: The d istr ib u tion s o f  loop  len g th  (N) and th e  fraction  o f  th e  

con n ectiv ity  pattern  spanned (N/M)

4.3,7,1: Loop len g th  (N) a n d  fra c tio n  o f  th e  c o n n e c tiv ity  p a t te r n  

sp a n n ed  (N!M), fo r  the w hole d a ta  se t

The distribution of disulphide cross-linked loop length (N) and the 

fraction of the connectivity pattern spanned by the cross-linked loops 

(N/M), is now studied. The trend in cross-linked loop length (N) is shown 

in fig 4.12. The mean and median values are 38.0 and 25 respectively. 

50.5% of the loops are <25 residues, 76.0% <50, 92.8% <100. This is a 

similar observation to that of Thornton (1981), who reported that 48% of 

loops were <24 residues long in her analysis.

Over short loop lengths (fig. 4.12(b)), there is a notable peak for N 

=5, i.e. a cyclic hexapeptide, and one for N =16. Hexapeptides are notably 

susceptible to cyclisation (Mutter, 1977; Zhang and Snyder, 1989). Zhang 

and Snyder observed such a distinct peak in a similar analysis of short 

loop lengths (1989). Most of the N =5 loops are non-overlapping (18/20), 

i.e. enclosed or independent, and therefore form closed cycles.

Figure 4.13 shows the fraction of sequence spanned by the loops 

(N/SL) and the fraction of the connectivity length spanned by the loops 

(N/M), for the total data set. The mean and median values for N/SL are 

0.32 and 0.29. Less than half span a quarter of the sequence or less 

(44.3% N/SL <0.25), while almost all span less than three-quarters of the 

sequence or less (94.3% <0.75).

The observed distribution for N for the whole data set is clearly not 

consistent with the two weighting criteria (Q <0.05 by KS and tests). If
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Figure4.12: Trends in the cross-linked loop length (N) for the whole data
set.

(a) The trend in cross-linked loop length (N) for the whole 
data set. Comparison with the distributions from the two weighting models 
illustrated.

(b) The distribution over short loop lengths. There are 
distinct peaks at values N =5 and N=16.

139



number

120

100 -

80-

60 -

40-

2 0 -

Ui  I-H

N/SL category

Figure 4.13: Trends in the fraction of the sequence and the connectivity 
pattern length (M).

(a) The fraction of the sequence spanned by the loops (N/SL).
(b) (overleaf) The fraction of the pattern length spanned by the loops. 

Both are for the whole data set of multiple-disulphide patterns. The 
symbols for the curves derived from the two weighting models are as in fig. 
4.12.
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Figure 4.13: (continued): (b).
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the diffusive principle was dominant or otherwise described the observed 

features well, there would be more short loop lengths than observed; 

conversely for the entropie criterion. The conclusions in this regard for the 

N/SL and N/M distributions are similar to that for the N distribution.

4.3.7.2; The d is tr ib u tio n  o f  NIM fo r  th e  th ree  seq u en ce-len g th  

g ro u p in g s  c o m p a red  to  th e  th e o re tic a l d is tr ib u tio n s  fo r  th e  tw o  

w eig h tin g  m odels

N/M, the fraction of the connectivity pattern length spanned by the 

loop, is considered for the three SL groups. In considering N/M, each 

connectivity is set equal to a unit length to make the observations 

independent of M. There is a distinct trend. The smaller sequences (SLi) 

tend to intermediate values of N/M (72% of loops in the range 0.4 to 0.6). 

The longer sequences tend to smaller values (6 8 % of loops <0.2), as would 

be expected from a tendency to form distinct folding units and domains. 

There is a similar trend for the N distribution (data not shown).

The observed distributions are compared to theoretical distributions 

for N/M in fig. 4.14 (see section 4.2.3.5 for explanation of derivation of 

theoretical distributions) for the three SL groups. Smaller multiple- 

disulphide sequences (SLl) tend to be more consistent with the 

distributions (for N and for N/M) calculated from the entropie weighting. 

The and KS tests suggest that quantitative consistency between the 

two distributions cannot be rejected (Q >0.1). The intermediate group SL2  

is not consistent with either distribution derived from the weightings {i.e.

and KS, Q <0.05), although there is a strong qualitative similarity with 

the entropie curve for values greater than 0.2. For SLg, there is a strong 

qualitative similarity with the diffusive curve (also, Q >0.1 for and KS).
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Figure4.14; The distribution of the fraction of the pattern length spanned 
by the loops in the three sequence groups, with comparison to the curves 
derived from the weighting procedures. The symbols for these curves are as 
in fig. 4.13. Every second bin is labelled; a bin labelled [x] contains all 
values in the range (x-I, x}, where x is the size of the interval (here =0 .1).
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SL category diffusive entropie

chi-squareds KS chi-squareds

SLl Q<0.05 Q(>1.63) <0.01 Q>0.1

SL2 Q<0.05 Q(>1.63) <0.01 Q<0.05

SL3 Q>0.1 Q(1.12)>0.1 Q<0.05

KS

Q(0.64) >0.1 

Q(1.68) <0.01 

Q(>1.63) <0.01

Table 4.6: The chi-squared and Kolmogorov-Smirnov (KS) test results for rejection of 

consistency of the curves derived from the entropie weighting and the diffusive weighting 

with the observed distributions for the three SL groups for the N/M distributions. Q is the 

probability for a value for the test statistics greater than that observed. The chi-squared 

tests were performed for a variety of binnings of the data and were performed as 

described in Press, et al. (1988), pp. 483-486. For example, for comparison of the 
observed distribution for SL% with that for the entropie weighting for 7 degrees of 

freedom, =7.8, which is well below the value for rejection at Q =0.1 (%̂ =12.02). As a 

rule of thumb, a value for that is ~n, the number of degrees of freedom, shows 

reasonable consistency for a model.

The KS test (Press, et al. (1988), pp. 486-490) was performed such that the 

probability of a value for the test statistic D greater than that observed is Q( VN D), D 

=max I F(x) -P(x) | , where F(x) is the observed cumulative probability distribution, P(x) is 

the theoretical distribution and N is the number of data points.
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The relationship detected may arise from the tendency to form distinct 

folding units. See table 4.6 for full details of tests.

In summary, these comparisons of the observed and theoretical N/M 

distributions show what to expect if the alternative arrangements were 

also observed as native arrangements, weighted according to the two 

models, independent of the connectivity length M and the absolute values 

of the separations between the half-cystines in the sequence. This is 

another way of illustrating that, for the SLl group, the native 

arrangements that are relatively less stabilising entropically and more 

diffusible during folding are quite rare as native connectivities. Those 

that are less diffusible and more entropically stabilising are quite common 

as the resultant connectivity in the folding process. Conversely, for the 

SL3 sequence-length group.

4.3.8: D isu lp h id e-lik e  co n ta cts  in  th e  su b set th a t is  s tru c tu ra lly  

reso lved

The distribution of loop lengths for the connectivities derived from 

the disulphide-like contacts falls off with increased loop length in a 

manner similar to that for loops formed by actual disuiphides (fig. 4.15). 

However, there are more loops of <10 residues for the disulphide-like 

contacts (significantly different by (n=5) and KS tests for Q <0.1). This 

may be partly due to the manner of definition for a disulphide-like contact. 

More precise stereochemical definition of a disulphide-like contact may 

produce closer similarity. The observation is similar if the data set is
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F ig u re  4.15: The structurally resolved subset of the
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from the disulphide-like contacts. The observed distribution is the histogram.
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F ig u r e  4.16: The distribution of the position of the half-cystine nearest 
the N- or C-termini for the protein sequences >50 residues.
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partitioned roughly by half into sequences of >90 residues and <90 

residues (data not shown).

4.3.9: D isu ip h id es n ear th e  end o f  seq u en ces

All half-cystines within ten residues from either end of a sequence 

were retrieved, for sequences of >50 residues. There is a peak for half

cystine positions a few residues in from the end of the sequence (fig 4.16). 

This peak at two and three residues is significantly nonuniform according 

to a test but not according to a KS test (for rejection at Q =0.05). The 

peak may arise from the sequence-end effect of excluded volume (Chan 

and Dill, 1989a, 1989b, 1990a). According to this effect, loops a few 

residues in from the end of a sequence are more stabilising entropically 

than those with half-cystines placed at the termini (see chapter 2 , section 

2.3 for a discussion of excluded volume).

4.4: The en trop ie effect o f cross-linkage

The arrangement entropy of a connectivity is defined. This 

quantifies the complexity of a connectivity and provides a way of 

estimating the entropie stabilisation due to the relative arrangement of 

the disuiphides in the connectivity. A new single-loop equation for the 

entropie effect of disuiphides is presented.
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4.4.1: Arrangement entropy

The complexity of a connectivity arises from the number of overlaps 

or enclosures in the connectivity. A quantitative measure of the degree of 

this complexity is given by the arrangement entropy (Sarr)- This can be 

derived for each native arrangement from the probability (Pn) given in 

equation 2 .2 0  and is defined by:

Sarr — R [In(Po) — ln(Pn)] (4.5)

The idea is illustrated in fig. 4.17. Fq is the probability for the 

independent rearrangement of the connectivity which arises from joining 

all half-cystines adjacently. This reference configuration is usually but 

not always the most probable diffusively according to the WUF theory (see 

below). Sarr is the change in entropy on converting to the independent 

rearrangement and is thus a measure of the entropie effect due to the 

relative arrangement of the disuiphides. The values for all the sequences 

are listed in Appendix I.

The maximum value for Sarr is 14.29R e.u. for methylamine 

dehydrogenase light chain (MDHLC) from the aerobic chemolithotrophic 

bacterium  Thiobacillus versutus. MDHLC (SWISSPROT code 

DHMH_THIVE, PDB code Im dam ; Vellieux, et al., 1989) is a protein with 

a relatively high percentage of irregular secondary structure. It is also 

one of five dissimilar protein chains determined to have a topologically 

chiral connectivity (Mao, 1992). Also, the author has observed that this 

protein uniquely contains a disulphide-bridged loop tha t is doubly 

threaded by separate segments of polypeptide (data not reported in this 

thesis).
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native connectivity independent rearrangement of the 
connectivity

Figure 4.17: The arrangement entropy (S^j^) is a measure of the complexity of
the connectivity, as each it is calculated for all native connectivities relative to 
a standard arrangement in which all of the half-cystines are paired adjacently 
in the sequence. The substantial majority of connectivities are less probable 
than this standard rearrangement.

Calculation of the arrangement entropy has revealed tha t the 

Independent rearrangement of the connectivity is not always the most 

probable according to the WUF theory, contrary to the suggestion of 

Benham and Jafri (1993). There are six (from 114, 5.3%) such native 

connectivities. The six are (SWISSPROT code, Sarr value/R, in e.u.); 

PERA_ARMRU, -2.40; LIP_RHIMI, -3.18; NUP1_PENCI, -0.62; 

P1GR_HUMAN, -0.11; HEMQ.HUMAN, -1.55; CHLY_HEVBR, -0.10. 

Five of these are in SLg, one in SL2 - Each of these connectivities involves 

either the 2-B or 3-F arrangements (as depicted in fig. 4.8) as a subset of 

its connectivity, none containing overlap.

4.4.2: C alcu lation  o f a th eoretica l estim ate  for th e  en trop ie  e ffect  

o f  cross-linkage (ASv) w h en  en g in eer in g  a d isu lp h id e

An equation for the calculation of ASx due to a single disulphide is 

presented here. Using the new value for AV (described in chapter 2)
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obtained from the structurally resolved proteins in the S W I S S V 2 5 D  data 

set, this entropie stabilisation A S x  is given by:

A S x  = Rln(P) = -R[1.73 + 1.5 ln(N) ] (4.6)

P is the probability given in equation 2.12. This equation is thus derived 

as by (Goldenberg, 1985; Johnson, et uZ., 1978; Lin, et al.y 1984; Pace, et 

al.y 1988). Simply, the entropie stabilisation due to a whole connectivity is 

given by equation 2 .2 0 .

To calculate the optimum placement according to the entropie effect 

of disulphides, when engineering a disulphide into a protein with existing 

disulphides, all possible disulphide additions should be enumerated and 

assessed with equations 2.20 and 2.21. Firstly, a disulphide-engineering 

program should be applied {e.g., those of Hazes and Dijkstra, 1988; Pabo 

and Suchanek, 1986; Sowdahmini, et al. y 1988; or a similar program that 

has been written the author of this thesis (unpublished)) to obtain a short

list of sites that can accommodate a cystine. Thereafter, on evaluation 

with cross-linkage theory (equations 2 .2 0  and 2 .2 1 ) of the sites that are 

deemed suitable, the optimum additional disulphide cross-linked loop may 

have a counter-intuitively small loop length. This is an important point 

that is often overlooked in calculation of theoretical A S x  estimates for 

comparison with experiment.
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4.5; Comparison of observed percentages for scram bled  

disu lphide-bridged  in term ediates o f the leech  p rotein  

hirudin  w ith  percentages calculated from cross-linkage 

theory

The calculation of the percentage of disulphide-hridged 

intermediates observed under refolding conditions has recently been 

reported for the small leech protein hirudin, which has 62 residues 

(Chang, et al., 1995). These were termed ‘scrambled' disulphide 

intermediates. This protein occurs in the SWlSSPROT-derived data set, 

with the code ITH1_HIRME and an arrangement entropy value of 1.4R e.u 

(see Appendix 1). This enables a comparison between observed and 

theoretical percentages, calculated according to the cross-linkage theory 

detailed in chapter 2, section 2.1.4.1.

The observed probabilities of the 11 observed arrangements are 

compared to those percentages arising from the diffusive weighting (fig. 

4.18). A correlation plot is indicated for the observed and calculated 

fractions for the 11  intermediates detected in the peptide digestion 

experiments on scrambled hirudin intermediates, as described (Chang, et 

al., 1995). The theoretical and experimental estimates correlate well 

(Pearson r^ coefficient =0.88). Three intermediates that were not detected 

are not characterised here.

A percentage is not given in the original paper (Chang, et al., 1995) 

for the native connectivity pattern. The observed intermediates are 

ranked using the procedure detailed in section 4.2.3. The native 

connectivity would be ranked sixth in the list of intermediates (out of 12  

experimentally observed — 11 plus the native connectivity), according to 

the connectivity arrangement ranking procedure. The formation of the
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Figure 4.18: Correlation plot for the observed and calculated 
percentages for scrambled intermediates of hirudin observed under 
refolding conditions. The calculated percentages are based on the 
standard WUF theory described in section 2.1.3.4, and are the 
same as the diffusive model weightings, as described in the text.

The Pearson r̂  coefficient is 0.88, and the line fitted by linear 
regression is shown.
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native connectivity is not appropriately described by a random diffusion 

model, which does however, describe the probabilities of the 11  possible 

intermediates well. This demonstrates the importance of disulphide- 

rearranging enzymes, such as protein disulphide isomerase (PDI), in 

facilitating formation of the native connectivity and chain conformation. 

This observation does not contradict the classification of native 

connectivities for small sequences described in section 4.3.

4.6; C onclusions

(i) Disulphide bridges per residue. The distribution of the number 

of disulphides per residue is bimodal. The connectivity data can be 

classified into two groups, disulphide-rich (where the disulphide content is 

a dominant feature of the fold), and others for which the disulphide 

content is not a defining feature.

(ii) Connectivity types. Connectivity types were classified. Not all 

possible three-disulphide connectivities were found, although in a previous 

survey of three-disulphide connectivities (that of Wame and Laskowski, 

1990), all fifteen possible three-disulphide connectivity patterns were 

observed.

(iii) Classification based on cross-linkage theory -  trend with 

sequence length. A simple taxonomy of disulphide connectivity does not 

account for the variability of loop lengths. A classification based on cross- 

linkage theory has been applied. A distinct trend in the types of 

connectivity is observed with increased sequence length (fig. 4.10),
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independent of the number of disulphides. Identification of a particular 

connectivity as unusual for a particular sequence length, by consulting the 

distribution over sequence length, may stimulate further lines of 

biochemical enquiry for the protein.

(iv) Disulphides at sequence ends. Disulphides near sequence 

termini tend to be two or three residues in from the end of the sequence, 

which is consistent with a feature of the excluded volume effect.

(v) Disulphide-like contacts. It is observed that the distribution of 

cross-linked loop length for disulphides differs from tha t for defined 

disulphide-like contacts, although the distributions fall off over long range 

(>50 residues) in a similar manner. This observation is inherently  

sensitive to the manner of the definition of the disulphide-like contact.

(vi) Assessment of the entropie effect for single disulphides and for 

connectivities. An improved equation for the estimation of the entropie 

effect due to a single disulphide is given. In connectivities of multiple 

disulphides with many interfering loops, use of the theory described in 

chapter 2  is advised. Arrangement entropy is introduced as a measure of 

the complexity of a connectivity, and the entropie stabilisation due to the 

relative arrangement of the disulphides.

(vii) Implications of the classification based on cross-linkage theory. 

The classification based on cross-linkage theory suggests tha t the idea 

that the entropie effect of disulphides is dominant for small, disulphide- 

rich proteins (< -100 residues) cannot he rejected. For larger proteins, the

154



diffusively more probable arrangements predominate. This is explicable 

by a tendency to form distinct folding units and domains.

The classification results also suggest that enzymatic disulphide 

rearrangem ent is requisite for the considerable majority of small 

disulphide-bridged polypeptides, whose ultimate destination is almost 

always extracellular.

(viii) The possibility of connectivity prediction. The comparisons of 

the observed and theoretical N/M distributions for each of the sequence 

groups SLi to SL3 , suggest that similarly ranked patterns involve loops 

tha t span a similar fraction of the pattern length (M). This may have 

some predictive use. However, disulphide connectivity is not encoded in 

the sequence in the same manner as secondary structure, as it is a 

effectively a set of tertiary contacts. A more useful predictive exercise may 

be the use of known disulphide connectivity to improve secondary 

structure prediction.

(ix) Comparison of observed and theoretical percentages for hirudin 

disulphide intermediates. Observed percentages for the occurrence of 

hirudin intermediates with re-arranged disulphides, as characterised in a 

disulphide ‘scrambling’ experiment (Chang, et al., 1995), show a good 

correlation with percentages calculated from the multiple-loop theory of 

cross-linkage, as used to classify disulphide connectivities. The formation 

of the native connectivity is not appropriately described by a random 

diffusion model, which does however, describe the probabilities of the 11  

possible intermediates well. This observation does not contradict the 

classification of native connectivities for small, disulphide-rich sequences 

described in this chapter.
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C hapter 5; S tructural p r in cip les for d isu lp h id e-b rid ged  

B-sheet and clu stered  d isu lp h id es  

5.0; Sum m ary

The structural distribution of disulphides in proteins has been 

analysed in a set of dissimilar protein chains. Firstly, it is shown that 

there is a relationship between the separation distance that a cystine 

rotamer can span and the orientation of the secondary structures that it 

connects. This relationship results in distinct preferences in the 

distribution of disulphides between and within p-sheets. For example, 

disulphides seldom bridge between P-sheets with an antiparallel 

orientation for the flanking polypeptide segments (1/16 examples), as the 

separation distances between packed p-sheets are such that the only 

rotamers that can straddle them easily are those that require a parallel 

orientation. A left-handed chirality preference for the intervening 

connection for disulphides bridging between p-strands in different sheets 

in a parallel manner, at points where the sheets are mutually packed, is 

described. An exception to the preference occurs in a large cystine-knot 

fold (transforming growth factor-p). The preference is suggested to arise 

from a combination of intrinsic preferences for certain 4—p-strand 

arrangements in proteins in general, and the relationship for disulphide 

bridges and the relative orientation and separation of the secondary 

structures that they connect, referred to above.

Secondly, a geometric framework for the analysis of clusters of two 

and three disulphides in protein chains is derived. This analysis of the 

geometry of disulphide clusters has revealed a recurrent feature of
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disulphide-bridged p-sheet, a motif that we have termed the disulphide 

cross. This motif consists of two disulphides that are packed against a P~ 

hairpin. At least 17 independent examples of this motif occur in a variety 

of non-homologous protein folds:- the large (cytokine) cystine-knot, the 

small (toxin) cystine-knot, the large and small scorpion toxin a+p folds, the 

lectin fold, the Bowman-Birk inhibitor fold, the hirudin fold, the fold of the 

three-fingered toxins, the EGF-like domain, and the folds of potato 

carboxypeptidase inhibitor, echistatin, cellobiohydrolase I, omega 

conotoxin IVB and neurophysin. The defining characteristics of this motif 

are described. This motif underpins some partial fold similarities that 

have been previously been described by other workers. The analysis 

herein draws together these similarities and two further such partial 

similarities are described. The disulphide cross motif provides a higher 

level of structural classification — above that of fold — that subsumes a 

substantial proportion of the unique small, disulphide-rich protein chains 

tha t are known. It is suggested that the disulphide cross motif is so 

common because it provides a folding nucleus for small, disulphide-rich 

proteins, that enables the rapid rearrangement of half-cystine pairings.

5.1; In troduction

The substantial increase in the size of the structural database in 

recent years enables workers to search for new structural principles. 

Previously, the distribution of disulphides in protein structure has been 

analysed in terms of disulphide geometry, solvent accessibility, secondary 

structure distribution and disulphide connectivity (Thornton, 1981; 

Richardson, 1981; Srinivasan, et al., 1989; Mao, 1992; Benham and Jafn,
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1992). Here, we report predictively useful principles for the distribution of 

disulphide bridges in p secondary structure and for the clustering of 

disulphides close in space.

The regularities identified herein will help in the taxonomy and the 

tertiary- and secondary-structure prediction of small disulphide-rich, 

predominantly p/irregular protein folds {e.g., the snake, snail and arachnid 

toxins of various forms, or the folds of small protease-inhibitors), which 

have not previously been amenable to extensive taxonomy. These small 

disulphide-rich proteins tend to have less regular secondary structure 

(Richardson and Richardson, 1989) and are often best treated as a 

separate group in predictive procedures, such as for structural class, and 

for solvent accessibility of residues (see section 1.3.1 for discussion of this). 

Much literature has accumulated on the use of disulphides in protein 

engineering (for a review see Betz, 1993, and section 1.5.1). Also, recently, 

the use of small, disulphide-rich proteins as protein-design scaffolds has 

been suggested (Vita, et al., 1995). This analysis should inform such 

manipulations, and be useful in qualifying disulphide distance constraints 

in fold prediction either through combinatorial procedures (Cohen and 

Kuntz, 1989) or in filtering out some of the possible matches in fold 

recognition. Also, the present study suggests that small, disulphide-rich 

proteins should be classified with respect to their core disulphide-cluster 

arrangements in a way that extends the general taxonomy of protein folds 

on the basis of their regular secondary structures.

Section 5.3.1 describes trends in cystine conformation and its 

relationship with the separation distance between the connected 

secondary structures and their relative orientation. Structural principles 

for disulphide-hridged P-sheet that arise in part from this relationship, 

including a chirality preference for those disulphides that connect between
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p-sheets in a parallel orientation, are described in section 5.3.2. Trends in 

the geometry of two-disulphide clusters are reported (section 5.3.3.2). The 

defining characteristics of the disulphide cross motif (as described in the 

Introduction) are summarised and a hypothesis to explain why this motif 

is so abundant is presented (section 5.3.3.3). Arrangements of three 

disulphides in which they form a ladder or stacks one lying on top of the 

other are analysed in section 5.3.3.5. These three-disulphide stacks tend 

to contain a disulphide cross motif. The disulphide cross underpins 

previously reported partial similarities between small, disulphide-rich 

proteins; this is discussed and two further examples are presented, 

namely a partial similarity between the hirudin fold  and the three

fingered toxin fold and a similarity in the three-disulphide arrangement 

between small cystine-knot and large cystine-knot folds (sections 5.3.3.5 

and 5.3.3.6 ). It is suggested that the disulphide cross motif provides a 

higher level of structural classification above that of /bZd, that subsumes a 

substantial proportion of the known small, disulphide-rich predominantly 

P/irregular protein folds (section 5.3.3.7).

5.2; M ethods 

5.2.1: C vstine geom etry

The conventions for cystine geometry are now summarised (fig. 5.1). 

In this figure, the atoms of the N-terminal half-cystine are labelled Ni, 

Cai, Cpi, etc. and with subscript 2 for the C-terminal half-cystine. The 

distributions of the side-chain dihedrals were derived and the modes of the 

distributions discerned. All side-chain dihedral values were assigned to
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Figure 5.1: Cystine geometry. The terminology is described in the text.
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the mode nearest to them, and the ranges for each rotamer value were 

derived from taking a range covering the mean ±5 standard deviations for 

each modal group rounded off to the nearest 5 degrees. For %l and %5 , the 

value is gauche" ig~) if it is in the range 30—90°, gauche+ (g+) if it is in

the range -3 0 -----90°, and trans {t) in the range -150— hl50°. For %2 and

X4 , the ranges are: 30—120°, g~\ - 3 0 -----120°, and -150—+150°, t. For

the central dihedral (%3 ), a left-handed value ig) is in the range -30 — 

-90°, a right-handed value {d) 30—90°. Other values (outside these 

ranges) are deemed non-rotameric and are labelled o. The separation 

distances between the CaS and the Cps are termed Dc„Ca and DcpCp- A

short-hand description of the rotamer {gauche~ — gauche'^ — right- 

handed — gauche"^ — gauche~] is {g~g'^dg^g~] and by convention, 

similarly for other rotamers. A cystine rotamer is left-handed if the 

central torsion angle %3 has a left-handed value (— 90°), and conversely 

for right-handed rotamers (~ +90°). A special name is given to the rotamer 

the left-handed spiral, after Richardson (1981), which in 

previous analyses has been the most common rotamer.

The orientation of the regions of polypeptide that are bridged by the 

disulphide is calculated from vectors connecting the N and carbonyl C 

atoms of the relevant residues (fig. 5.2). The angle k  is derived from the 

inner product of the vectors, NI ->  C l and N2 ->  C2. This angle is used 

to define whether the orientation is parallel (P), antiparallel (A) or 

orthogonal (O). The exact definition of these orientation groups is 

discussed in section 5.3.1.3. Two further definitions of orientation are 

similarly calculated, but using vectors connecting the preceding and 

succeeding residues to where i is the sequence position of the

half-cystine), and the same but with the Ca coordinates smoothed over a 

window of 3 residues. These two further orientations are used in the
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Figure 5.2: Illustration of | k  | orientation angle calculation. The N -> C 

vectors are indicated.
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section on chirality analysis (section 5.3.2.2). The hand of this angle is not 

considered in the present study.

5.2.2; Secondary-structure definitions

Secondary structures were defined using a shght modification of the 

Kabsch and Sander (K&S) algorithm (1983 and SSEX, Islam, S., 

unpublished), with positional numbering starting at 1 for the N I  residue 

of an a-helix (using the nomenclature as described in Richardson and 

Richardson, 1989), and so on.

In the present analysis, four types of secondary structure are 

considered. These are denoted h  for all a-helices of 5 residues or more 

(K&S designation H), g for all 3io helices of 4 residues or more (K&S 

designation G), e for P-strands of 3 residues or more (E in K&S) and i for 

all other structure. All 3io helices of less than 4 residues, a-helices of less 

than 5 residues and p-strands of less than 3 residues were denoted as 

irregular secondary structure (i). Any residues designated as involved in a 

p-bridge (B), are considered as in i regions if they are not bounded by 

either another p-bridge residue or a P-strand residue on both sides, in 

which case they are considered as e. The Kabsch & Sander designations 

T, S and I are converted to i in the present work, as are those regions that 

are undesignated by the K&S algorithm. Secondary structure could not be 

assigned for the chains Ipec  (pectate lyase) and la in  (annexin I), which 

consist of Ca coordinates only.
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5.2.3: Chain reversal

It was investigated whether a notion of connection chirality for 

those loops that have a parallel orientation in the polypeptide segments 

flanking the disulphide is useful. The chirality of connection for a 

disulphide is explained in fig. 5.3. If the chain passes underneath the 

disulphide at the point where it crosses the disulphide irreversibly, then 

the connection is left-handed (L). Otherwise, it is right-handed (R). If any 

of the three chain orientations, the calculation of which is described above 

in the cystine geometry section, are parallel (P) for a cystine, then the 

connection is considered for analysis. Three schematic examples are 

shown for each chirality (fig. 5.3). In particular for disulphides connecting 

P-strands, the chirality can be very rarely ambiguous, as the intervening 

segment is generally comprised of other P-strands. The binomial 

distribution is used to assess the significance of any observed preferences, 

with a two-sided test (p =q =0.5). The test statistic d  was calculated for 

each observed number (x) and the expected number (p), with d  given by: 

d  = IX -  p I /  V[np (1-p)] (5.1)

where n is the total number of observations and p  is the probability of 

being left-handed.

5.2.4: Geom etry for c lustered  disulphides

A disulphide cluster is defined to occur when two or more cystines 

are within disulphide bonding distance of each other. That is, for cystines 

A and B, the following expression must be satisfied:

m in(D c„iA c„,B  , . DCa2^C„i ® )< 7  5 A  (5.2)
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LEFT R IG H T

\

Figure 5.3: Schematic illustration of the chirality of connection for loops 
bridged by a disulphide in a parallel orientation. All of the situations on the 
left are left-handed. The chain trace is depicted dipping under or over the 
thin lines, which represents the continuation of the disulphide-hridged 
segments. The disulphide vector is the thick line, the segments of 
polypeptide thin lines. The arrowed thin lines indicate the parallel 
orientation of the polypeptide stretches containing the half-cystines.
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where DCai^Cai® is the distance between the first (N-terminal) a-carbons

of cystines A and B, and similarly for the other a-carbon pairs. The value

of 7 .5  À is taken as a reasonable upper bound, and is derived from 

rounding up the largest Dc^Ca value in the present data set to the nearest

0.5 Â and adding a tolerance of 0.5 À.

For calculating van der Waals (VDW) contact of the cystine pairs, 

the parameters from the AMBER force field are used (Weiner, et al. y 1984). 

The upper limit for VDW contact of two sulphurs is taken as 4.0 Â plus a 

0.5 Â tolerance. Also, two cystines are considered to he in VDW contact if 

any of their non-hydrogen atoms are in VDW contact, with 0.5 À tolerance.

5.2,4.1: T w o-d isu lph ide  c lu sters

For all disulphide pairs (A, B) that meet the distance criterion for 

clustering, cluster dihedrals (u a b ) are calculated from the a-carbons as 

illustrated in fig. 5.4(a). Disulphides are formed between half-cystines p  

and Qy with p  more N-terminal than q and between r and s, with r more N- 

terminal than s. The cluster dihedral is always calculated in the sequence 

q-p-r-s for the C(%s. Also, the magnitude of the angle arising from the 

inner product of the inter-Ca vectors (ia b ) for the pair is examined.

5.2.4.2: T h ree-d isu lph ide  c lu sters

A three-disulphide cluster must consist of disulphides A, B and C, 

where A and B form a two-disulphide cluster, as do B and C. Previously, 

the author has noticed that recurrent motifs (between sequentially 

dissimilar folds) have been observed, a common feature of which is a
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three-disulphide ladder or stack, the disulphides lying one on top of the 

other when viewed side-on (see, e.g. , Holm and Sander, 1993; Pallaghy, et 

al., 1994 and Narasimhan, et a l, 1994 on disulphide-rich toxin folds). A 

formal analysis of such stacked arrangements is undertaken here. A 

three-disulphide cluster is defined as stacked if any part of the line joining 

the CaS of cystine B is found within the tetrahedron formed by the four 

CaS of the two outer cystines A and C, as illustrated in fig. 5.4(b). This is 

determined by calculating five tetrahedral volumes as explained in the 

figure. This criterion for three-disulphide stacks is termed the tetrahedron 

rule.

The cluster dihedrals d a b  and u b c » and angles ia b  and ib c  are 

studied for the pairs (A, B) and (B, C) of the three-disulphide clusters. 

This geometry allows us to compare similar clusters containing cystines of 

varying length (DcaCa value). In addition, we wish to examine the 

stacked disulphide clusters independent of the chain path through the six 

half-cystines.

So that we may detect similar stacked disulphide clusters in 

dissimilar protein folds, where the chain path visits the constituent half

cystines in a different order, least-squares superimpositions are performed 

by equivalencing the C» atoms of the corresponding residues. All possible 

reasonable equivalences for the six half-cystines, between two stacks that 

have been detected by the tetrahedron rule, are investigated. For each 

pair of compared three-disulphide stacks there is a maximum of four such 

sets of equivalences; however, some of these can easily be dismissed by 

inspection as unfeasible. The programs STAM P  (Russell and Barton, 

1992) and Isqftt (S.Islam, unpublished) are used to superimpose. Single

linkage cluster analysis was performed to define groupings of similar
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(a)

(b)

Ac
Figure 5.4; Illustration of (a) Geometry of disulphide pairs and (b) the calculation of 
a stacked three-disulphide cluster, (a) The calculation of the cluster dihedral

always follows the order q-p-r-s. Similarly for the i angle, (b) Algorithm to define a 

three-disulphide stacked cluster. For each of a large number of points (100 are 
suitable) along the length of the vector for the middle cystine B, the volume of

the four tetrahedrons formed by the point and each possible set of three points from 
the Cq̂s Aq , Cĵ , Cq is calculated and summed (V̂ gst̂ * ^be volume of the

tetrahedron formed by the four points A^, A q , C^, C q  is also calculated If

I V^est “ ^total I where 8 is a small volume tolerance, then the point is within the 

tetrahedron and the cluster of three disulphides is a disulphide stack. 8=1.0 was 

found to be a suitable value for the volume tolerance.
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three-disulphide stacks (the word clusters is not used in this context to 

avoid confusion) using the RMS over the six half-cystine CaS.

A structural motif that comprises a cluster of three disulphides and 

that is discussed in the present chapter is the cystine knot. This motif 

occurs where a central cystine pokes through a closed loop formed by two 

outer cystines and the connecting segments of main-chain (see Murray- 

Rust, et al. (1994) for a more detailed definition). Two types of fold contain 

the cystine knot, those termed the large (cytokine) cystine knots {e.g., 

transforming growth factor-p), and those termed the small (toxin) cystine 

knot {e.g., omega conotoxin GIVA).

5.2.5: D ata set construction

The data set of disulphide-hridged protein chains was constructed 

using an earlier version of the procedure {SIEVE, P. Harrison, 

unpublished) described in Chapter 3, that is designed to yield a non- 

redundant data set from an initial list of protein chains that is as large as 

possible. A 30% sequence identity threshold was used. The data set 

construction procedure was over-ruled to use a native structure of poorer 

quality to a chain that has been engineered, e.g., by disulphide deletion. 

The program STAMP (Russell and Barton, 1992) was then used to filter 

out closely analogous or structurally homologous chains, using a 

structural similarity cut-off of Sc =6.0 (see the quoted reference for 

definition of the structural similarity score Sc). The resulting data set 

comprised 49 chains of resolution <2.0 Â resolution and R-factor of 25.6% 

or less, and a further 27 chains of between 2.0 and 2.5 Â resolution and R- 

factor of 25% or less, totalling 79 chains. The chain la c x  resolved to 2.0 Â 

and refined, but with no reported R-factor, is included here. A further two
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chains in this list are included of R-factor between 25 and 30%, lcc5  

(resolution 2.5 Â, R-factor 29%) and Im d a m  (resolution 2.5 A, R-factor 

28.5%). This gives a total of 79 chains which comprise the R2.5 data set. 

The R2.0 data set comprises the 49 chains of resolution <2.0 Â and R- 

factor <25.6%.

Any analysis of % angles is only performed on the R2.0 set, 

otherwise it can be assumed tha t the whole data set (the R2.5 set) is 

analysed. It is noted in the text where only the R2.0 set is used.

Even though a structure has good resolution and R-factor, the bond 

geometry may still be poor due to artefacts of the refinement procedure. 

To avoid analysing disulphides with unfeasibly strained geometry, the 

strain energy (Estrain) in the disulphide bridge is calculated using a 

modification of the formula given in (Hazes and Dijkstra, 1988). This is: 

^strain = Ebond + Ebond angle + Edihedral 

Ebond “ 0.5K(b — bQ)̂

Ebond angle = O.5K(0 — Gq)̂

Edihedral = 2.0(1 + cos(3%i)) + 2.0(1 + cos(3%5)) + (1+ cos(3%2)) + (1 + 

cos(3%4)) + [3.5(1 + cos(2x3)) + 0.6(1 + cos(3%3))]

(5.3)

Variables b and bo are the actual and mean bond lengths and 6 and 6q are 

the actual and mean bond angles. The reader is deferred to Hazes and 

Dijkstra (1988) for the values of the parameter K  for each bond length and 

bond angle. The dihedral strain energy term is taken from the AMBER 

force field formula for disulphide strain, as it gives energetic minima at 

±83°, which are closer to those observed for small-molecule disulphides 

(Weiner, et al. y 1984). The mean bond lengths, bond angles (for each bond 

type) and dihedrals were calculated from the subset of the present data set 

of disulphide-hridged structures that are resolved to <2.0 Â resolution and
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have an R-factor of <20%. Some distinct outliers from the distributions for 

these lengths and angles are removed in the calculation of these means. 

The mean bond lengths and angles are taken from the present data set as 

the strain  energy is investigated for different groupings of cystine 

rotamers.

The data set was checked for any chains tha t were of poor 

stereochemical quality, as judged by examination of the output of the 

program PROCHECK  (Laskowski, et al., 1992). All cystines of strain 

energy <15 kcal/mol according to equation 5.3, were in chains adjudged to 

be of sufficient stereochemical quality. These were analysed for rotamer 

data, where present in the R2.0 set. Thirteen disulphides were removed 

from the R2.0 list with strain energy >15 kcal/mol that were in chains of 

poor stereochemical quality (e.g., la cx  83-88). All cystines, regardless of 

cystine strain energies, are considered in the R2.5 set. The full list of R2.5 

data set members is (with R2.0 set members asterisked):- la6 a* , lacx, 

laec*, la in , laozb*, larc'^, layh*, lazcb*, Ibgc^, Ibove, lcc5, Icdtb, 

Icm"^, Ictc*, Idfnb*, Idnka, lezm*, Ifxd*, Igal, Ihoe*, Ihsba*, 

Ihsbb" ,̂ Ihyp" ,̂ l l c f ,  llgab , Imdam, Imrra, Insdb*, lovad^, Ipec, 

lp l2 , lpk4*, Ipobb^, Ipoc*, Ircb, Irbh*, Irbp" ,̂ Isgt*, Isim*, lsn3*, 

ItfS*, Ithg^, Itie, 2aaa, 2liv, 2msbb*, 2pkax, 2pkay, 2sarb*, 2sas, 

2sici'^, 2sody*, 2trxb" ,̂ 2utgb*, 3cbh, 3cd4, 3cms*, 3ecad, 3grs" ,̂ 3inkd, 

3rubl*, 3sc2a, 3sc2b, 3sgbi*, 3tgl*, 4cpai, 4htci, 4htcl, 5er2e, 5sgae*, 

6ebxb*, Gfabh*, 6fabl*, 6lyt*, Srlxc' ,̂ 9insa*, 9pti*, 9rnt*, 9wgab*.

The data set is augmented in the section on chirality analysis 

(5.3.2.2), with 8 proteins of resolution 2.5-3.0 A and refined, or determined 

by 2D NMR spectroscopy, forming a larger nonredundant data set of 

structures. These are:- la tx ,  lbn21, lb w 4 , Icco, Ih c c ,  l ix a ,  Itnfc, 

2bds. Detection of two-disulphide and three-disulphide cluster motifs and

171



features is also reported in section 5.3.3 for the following structures of 

resolution 2.5-3.0 Â and refined, or determined by 2D NMR spectroscopy, 

similarly forming a larger non-redundant data set:- Icco, I c t i ,  l ix a ,  

lom h , 2crd, 2ech, Igp t, 2cbh, 4tgf, Ih p t. Also, the chain 9wgah  has 4 

repeated domains of 4 disulphides each; only one of these domains is 

studied throughout.

In summary, analysis of % angles is only performed on the R2.0 data 

set and any other geometric analysis is only performed on the R2.5 data 

set. Chirality analysis and detection of motifs of two and three 

disulphides are reported for the structures of lower resolution or that are 

NMR-derived, as listed above.

5.3; R esu lts and d iscu ssion

5.3.1: C vstine geom etry  — ro tam ers . se p a ra tio n  d is tan c e  an d  

o rien ta tion

Trends in cystine conformation, the separation distance between 

the secondary structures tha t the cystines connect and the relative 

orientation of the secondary structures are now described.

5.3.1.1: Rotam ers

A total of 55 rotamers for cystines are observed (table 5.1) in the 

present data set of 122 independent examples (R2.0 set only). Thirty-six 

of these are rotamer singletons. In agreement with the previous surveys 

of Richardson (1981), Thornton (1981) and Srinivasan, etal. (1989), the

172



Rotamer tally for the R2.0 set

Frequency  

(T o ta l 122)

22 (18%)

8 (7%)

R otam er type

g+g+dg+g+

g+g+dg-t

g+g+gg^t

tg+gĝ g+
ĝ ĝ dg+g+
tg-dg+g+

Exam ples

lcdt(b) 3-24,1ms 26-84, Itfg 44-109, 

Ihyp 29-67

1cm 4-32, Insd(b) 121-126

lsn3 12-65, larc 12-80, laec 56-98,

lezm 270-297

Ithg 276-288, 9pti 30-51

llct 19-36, 1cm 16-26, Ibgc 37-43

Ihoe 11-27

laoz(b) 180-193

All other multiply represented rotamers tally as follows: tg~dg t (4), g+g+gog*" (3), 

tg+dtg+ (3), ttgtt (3), g^g+gg^ (2), g+g+gtg -̂ (2), g+g+dg-g- (2), g+odg+g+ (2), g+tg^g+ (2), 

g~g~dg~t (2), tg~dtg“ (2), todg-g+ (2). The remaining 36 rotamers are singletons.

Table 5.1: The tally of rotamers for the R2.0 data set of cystines that are not excessively 

strained (<15.0 kcal/mol). All those with 5 or more representatives in the data set are 

tabulated.
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Figure 5.5; The distribution of cystine strain energy for the R2.0 data set, before deletions of those cystines that 
are excessively strained due to poor stereochemistry for their protein chains. Note the number of disulphides that 
have excessive strain energies (>15 kcal/mol). Many of these may be due to artefacts of the refinement procedure. 
The four categories are defined in the text.



most common rotam er is the left-handed spiral, 

Approximately one sixth (22/122, 18%) of all disulphides have this 

conformation. This conformation is generally among the least strained 

(see strain distribution in fig. 5.5), and does not occur between irregular 

secondary-structure regions (ii connections). The distribution for the total 

strain energy is shown for the complete R2.0 data set (fig. 5.5), separated 

into left-handed spirals, other multiply represented rotamers, rotameric 

singletons and non-rotameric singletons. A non-rotameric singleton is a 

cystine conformation that occurs only once and that has at least one non- 

rotameric (o) chi angle. The more common rotamers tend to be relatively 

less strained, cystine conformation singletons the more strained.

A further 22% (27/122) of cystines have four left-handed torsion 

values {i.e., g for the central torsion and for the other torsions), 13% 

(16/122) have three. Thus, in general, disulphides have a predominantly 

left-handed character. The second most common rotamer is {g+g+c/g+g+l 

(8/122; 7%), which always occurs in ee (P-strand-P-strand) contacts within 

the same sheet, or no more than two residues beyond the ends of the P- 

strands. Such cystines are not particularly strained (<8.0 kcal/mol strain 

energy), as previously purported (Richardson, 1981). They occur between 

antiparallel strands in the same p-sheet. This rotamer is also the only

F ig u r e  5.6: {overleaf) An example of the right-handed staple conformation 

{{g'^g'^dg'^g' }̂). This is for residues 121 and 126 from neuraminidase ^nsdb).  The 

standard scheme (as used in the QUANTA modelling package) for atom colours is used. 

Two views are shown; the first looks down the disulphide group, the second looks across 

it.
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rotamer that allows the Dcpcp value to be greater than the DcaCa value 

(see (h) below). We term it the right-handed staple conformation (fig. 5.6 

shows an example).

5,3,1.2: S ep a ra tio n  d is ta n ces

The distribution of DcaCa and Dcpcp for the R2.5 data set is 

grouped into left-handed rotamers, right-handed rotamers and non- 

rotameric conformations, according to the value of the %3 dihedral (fig. 

5.7). The left-handed rotamers tend to have smaller Dcpcp values and 

larger DcaCa values, as observed by Richardson (1981). However, this is 

an oversimplification, as illustrated in the plots of DcaCa versus Dcpcp for 

the seven most common rotamers listed (table 5.1; R2.0 set only), where 

{tg-dg-t} is found clustered with the left-handed rotamers. One can reach 

a similar conclusion from the plot with the cystines grouped into right- 

handed, left-handed  and other  (fig. 5.7). The rotamer

segregates from other cystine conformations, requiring both DcaCa and 

Dcpcp to be -3.9 Â. There are a further five cystines in the R2.5 data set, 

that have the conformation {g+g+og+g+l, where the central dihedral of the 

cystine takes on a value that is closer to d than g, that group close to the 

rotamers on this plot. These are distorted and/or less well 

refined examples of the right-handed staple.

5,3,1,3: O rien ta tion

The distribution of the orientation angle k  (fig. 5.8) is trimodal and 

motivates classification of the data into antiparallel (A) [0-1.05 rads.], 

orthogonal (O) [1.05-2.09 rads.] and parallel (P) [2.09-3.14 rads.] groups.
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Figure 5.7: The versus plots, (a) The plot of distance

versus Dc^ca distance grouped according to left-handed, right-handed and

non-rotameric central dihedral values (R2.5 set), (b) The same plot but 
showing the eight most common rotamers (R2.0 set only).
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Fig. 5.8: Orientation distributions. (a) The overall orientation ( | K | )

distribution for the R2.5 data set. These orientations are calculated fron the 
N->C vectors, (b) The orientation for all disulphides in the R2.5 set 
segregated by the chirality of the central rotamer. These orientations are 
calculated fron the N->C vectors.
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of roughly equal number. Chain orientation is measured according to the 

(N-> carbonyl C) vectors here.

There is a correlation between the rotamer type and the orientation 

and separation values DcaCa and Dcpcp* For example, the left-handed 

spiral requires a parallel orientation, and dominates the P group along 

with other left-handed rotamers (74% of P  group) (fig. 5.8), requiring 

DcaCa values of >5.0 A. In general, left-handed rotamers dominate the P 

group, right-handed rotamers the O group, and either are roughly equally 

probable for A, as illustrated.

For P“P disulphides specifically, about half (16/31) of the 

disulphides are P, with (5/31; 16%) in the O group. Figure 5.9 shows the 

relationship between the secondary-structure connection type, the 

orientation of the flanking polypeptide segments and the separation 

distance (DcaCa), the disulphides being separated into within psheet, 

between p-sheets and all other contacts. Those cystine rotamers that can 

connect between p-sheets generally require a parallel orientation, which 

includes the left-handed spiral. The right-handed staple conformation, 

which requires an antiparallel orientation in the flanking strands for all 

examples found herein, dominates those that connect within p-sheets.

In summary, these observations show that certain disulphide 

rotamers distinctly require either parallel, antiparallel or orthogonal 

orientation {e.g., the left-handed spiral), and also need definite ranges for 

DcaCa and Dcpcp distances. There is thus a close relationship between 

the orientation of the two connected secondary structure segments and the 

values of the distances that are allowable. The implications of this for p- 

strand-disulphide relationships are discussed below.
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5.3.2; Distribution of disulphides in or near p secondary structure

Simple structural principles for the distribution of disulphide 

bridges are reported that arise in part from the relationship between 

cystine conformation and the secondary structures tha t the cystines 

connect, described above (section 5.3.1). This includes a chirality 

preference for disulphides connecting between strands in separate (3- 

sheets that flank the disulphide in a parallel orientation (5.3.2.2).

5.3,2.1: D istribution between or w ith in  ^-sheets

The disulphide-bridged loops between (3-strands were examined 

individually to discern any obvious principles for their distribution.

The distribution of disulphides across (3 secondary structure is 

summarised in table 5.2. Thirteen ee contacts (43%) are between adjacent 

strands in the same sheet. The A disulphides are always between 

adjacent strands when within a P-sheet and take on the right-handed 

staple conformation for all of the examples detected here. There is one P 

disulphide within a p-sheet (in human defensin, Idfnb). This is allowed 

as it is between non-adjacent strands in the same sheet, which causes a 

threaded loop, i.e. the intervening strand pokes through the cycle formed 

by the disulphide. (Another two proteins have similar connections but two 

residues beyond the end of the strands, Ihoe  45-73 and I r b h  40-95.) 

Sixteen connect P-sheets, such as in the immunoglobulin superfold (e.g., 

3cd4f Gfabh in the present data set); for one of these are the connected 

strands not P , the A loop for 9 r n t  6-103. Other notes on the ee 

distribution are arrayed in table 5.2.
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class num ber notes
w ith in , p a r a lle l 1 Idfhb  5-20, between non- 

adjacent strands
w ith in , o r th ogon a l 4 these occur at the end (±2 

residues) of the strands; 2 are 
A according to the hydrogen 
bonding, the other two P.

w ith in , a n tip a ra lle l 9 Two are not across beta- 
hairpins, 2pfeay(136-201) and 
3cd4  (130-159).

betw een, p a r a lle l 15
betw een, orth ogon a l 0
betw een, a n tip a ra lle l 1 9 m t  6-103 ro

00

Table 5.2: The distribution of disulphides across beta-strand structure (ee disulphides). They are classified according to whether they are within 

or between beta-sheets and whether they are parallel, orthogonal or antiparallel with respect to the disulphide.



A few simple principles for disulphides situated between ^-strands

are:—

(i) Disulphides between non-adjacent strands within a sheet are 

rare, and only then occur just beyond the end of the strands that they 

bridge and/or in highly twisted sheets, causing a threaded loop with the 

intervening p-strand.

(ii) Disulphides between strands in the same P-sheet are very 

seldom in a parallel orientation, with an exception occurring where the 

strands are non-adjacent.

(Hi) Disulphides within p-sheets between antiparallel strands in 

register with respect to the main-chain-main-chain hydrogen-bonding, 

always take on the right-handed staple conformation, unless at the end of 

the strands that they bridge, where they may bond out of register as the 

deformation in the p-p main-chain hydrogen bonding is such that the 

strands terminate.

(iv) Disulphides within p-sheets between half-cystines that are not 

in register only occur near the ends of the strands that they bridge. The 

orthogonal disulphides (see table 5.2) within p-sheets occur within two 

residues of the end of the strands between which they straddle, bridging 

between residues that are out of register, in terms of hydrogen bonding.

(v) Disulphides between sheets are seldom not parallel. This last 

principle is readily explicable. The range of distances observed for inter

sheet separations (5-7 Â) means that only rotamers that require a parallel 

orientation can cross-link them easily (e.g., the left-handed spiral; see 

section 5.3.1).

A corollary of this point is that disulphides between sheets connect 

at points where the opposed strands in the mutually packed P-sheets are 

oriented in a parallel manner relative to each other.
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5,3,2,2: C on n ection  c h ir a l i ty  fo r  d isu lp h id e s  a c ro ss  p se co n d a ry  

stru c tu re

It was investigated whether a notion of connection chirality for 

disulphide-bridged loops is useful. This connection chirality was assigned 

visually for P~P P loops. The data set of P~P connections was augmented 

to include all connections ie, ee, ei and ii involving parallel connections, 

where the cystine is in an i region <2 residues from the end of a P-strand. 

As described in section 5.2.5, 8 protein chains determined by 2D NMR or 

resolved to <3.0 Â and refined were added to the data to form a larger non- 

redundant set. The data set of disulphides was reduced for any fold 

analogy that affected the counting of the loops. A loop is included in the 

analysis if any of the three definitions of chain orientation as described in 

section 5.2.1 lead to its classification as P. Disulphides involving a half

cystine at a terminal residue of a chain are not considered as an 

orientation cannot sensibly be derived for them. The results are 

summarised in table 5.3.

The data set is split up into those between sheets (termed Ri (right) 

or Li (left)), or between strands within the same sheet {Rw and Lw). For 

strictly inter-sheet connections (Li), the fraction of L connections is 

(12/14). This is increased to (12/13) if one further requires that the parts 

of the sheets in question must pack against each other. The exception is 

15-78 in I t fg ,  a cystine-knot fold (Murray-Rust, et al., 1994). This fold 

type is characterised by a pseudo-knot where one of the cystines pokes 

through a closed cycle formed by two other cystines and the main-chain. 

(It is not a true knot as it can be continuously deformed into an ‘un-
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In ter-^stran d connections for disulphides connecting in a para lle l orientation

Left(L) R ight (R)

i 12  2 (1*)

w 1 3

Table 5.3: The distribution of parallel inter-p-strand connections for disulphides.

See text (section 5.3.3) for definition of the i and w groupings. The Ri connections are 

I t fg  15-78, and l a c x  83-88. (*) The latter is between parts of beta-sheets that are not 

mutually packed. The connections are l b w 4  52-86, I tn fc  69-101 and l a z c b  3-26 (the 

one Lu, is in Irbh ,  40-95). The Lj connections are: In sd b  181-228, lp h 4  22-63, Is im  42- 

103, I tfg  44-109, 6fabh  22-96, Gfabh 148-203, Icd tb  3-21, I c d tb  14-38, I m d a m  46-77, 

4h tc i  16-28, 4 h tc i  22-39 and Ih c c  33-58. The lists have been reduced for any similar 

loops in closely analogous folds that affects the counting of the connections.
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knotted’ state.) The observation on inter-sheet connections suggests an 

overall proportion of about 1 in 6 to 1 in 7 for R connections which is 

significant by the binomial distribution (p =q =0.5) at the 5% level for a 

two-sided test. The disulphides in each category are listed in the table 5.3 

legend.

Of the 4 connections within sheets, 3 are right-handed (see table 

5.3). The exception is 40-95 in Irbh  (ribonuclease S), which is left-handed 

in relation to the disulphide.

All of the left-handed, inter-g-sheet connections are to strands in 

the second sheet that directly oppose the strand in the first sheet at the 

point where the disulphide bridges, except the left-handed connection in 

I t fg  (44-109) that clusters close by the right-handed instance in I t fg  (15- 

78). This is illustrated by the histogram of distances to the nearest 

strands in the opposite packed p-sheet in fig. 5.10. The only right-handed 

instance is in the large cystine-knot fold {Itfg  in the present data set), for 

an assembly of two p-hairpins and two disulphides in which the 

disulphides bridge between strands that are not directly opposed, but are 

offset by one strand. The preference may be the consequence of a 

combination of a more general propensity in proteins for certain 

arrangements of 4-p-strand units and the relationship between cystine 

conformation and the flanking secondary structures described in sections 

5.3.1 and 5.3.2.1. It is nonetheless interesting that the only right-handed 

instance between separate, mutually packed p-sheets occurs in the cystine 

knot. It suggests that this feature does not occur elsewhere to avoid such 

knotting in the absence of other fold features that make the cystine knot 

more stable.
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Figure 5.10: The distribution of the separation distance for the disulphide
bridging between (3-sheets in a parallel orientation. The data is separated into two 
groups: those disulphides that connect to the second strand (in the opposing sheet) 
that is nearest to the first strand in the first sheet, ands those that do not. The 
protein chain ( Itfg, a large cystine knot) with the left-handed connection (between 
half-cystines 15 and 78) contains disulphides that do not bridge between nearest 
strands in opposing sheets. These distance values are for the nearest Cas in the 
respective (̂“strands.
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In summary, in this section distribution rules for disulphide bridges 

in or near p-sheets have been identified, which restrict the number of 

possible conformations for a small, disulphide-rich, predominantly 

p/irregular protein fold (SDBIF).

5.3.3: G eom etry o f  c lu stered  d isu lo h id es

The geometric framework detailed in section 5.2.4, is now applied to 

study the characteristics of two- and three-disulphide clusters. The trends 

in two-disulphide cluster geometry are analysed for the R2.5 data set 

(section 5.3.3.2). (Detection of two- and three-disulphide cluster motifs in 

the NMR-derived and low-resolution structures listed in section 5.2.5, is 

also reported where appropriate.) A prominent peak for the two- 

disulphide cluster dihedral (d ab ), results from the abundance of a two- 

disulphide motif which is termed the disulphide cross (as described briefly 

in the Summary and Introduction). The defining characteristics of this 

motif are described in section 5.3.3.3. The occurrence of similar three- 

disulphide stacks (as defined in section 5.2) in otherwise dissimilar protein 

folds, that tend to contain a disulphide cross, is discussed (section 5.3.3.5). 

The disulphide cross motif underpins the partial similarities of a large 

number of small, disulphide-rich predominantly p/irregular protein folds. 

Two examples of this are discussed (sections 5.3.3.5 and 5.3.3.6). The 

implications of the abundance of the disulphide cross motif for protein 

taxonomy are briefly discussed in section 5.3.3.7.
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5.3.3.1: D istan ce  criterio n  fo r  d isu lp h id e  c lu ster in g

Half (50%, 89/179) of disulphides meet the distance criterion for 

two-disulphide clustering; about a quarter (26%) are involved in a three- 

disulphide cluster. The range within which the sulphurs may be 

considered as in VDW contact is <4.5 Â. Eighteen of the two-disulphide 

clusters involve such a VDW contact for the disulphide sulphurs.

5.3.3.2: C lu ster geom etry

The a-carbon cluster dihedral (uab) shows a prominent tendency for 

values of — 50° and ~ +70° (fig. 5.11). These tendencies can be explained 

by steric restrictions on the relative orientation of spatially close 

disulphides, as can be discerned from the same distribution for those 

cystines that are in close VDW contact (data not shown). A ‘knobs-in- 

holes’ explanation is thus suggested, similar to that for helical packing 

(Richardson, 1989; Cohen and Kuntz, 1989) (fig. 5.14(a) shows an 

example). The two-disulphide clusters that are not part of larger clusters 

are in general less restricted to the more common u values for the overall 

data set (fig. 5.11(a)). This greater orientational freedom is best 

illustrated by fig. 5.11(b), where the peak for (+50° — +90°) for iab for two- 

disulphide clusters from larger clusters, which corresponds to the -50° 

peak for the cluster dihedral (uab), does not appreciably occur for isolated 

two-disulphide clusters {i.e., those that do not occur as part of a larger 

disulphide cluster).
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Figure 5.11: Two-disulphide cluster geometry.
(a) The distribution for the cluster dihedral ( 

for cystine pairs A and B for R2.5 set grouped into isolated two- 
disulphide clusters and those two-disulphide clusters that occur 
as part of a larger cluster. Part (b) of this figure is overleaf.
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Figure 5.11: (h) The I angle distribution

grouped as for the D dihedral, depicted in part (a) 
of this figure.
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The peak for -50° for the cluster dihedral (uab), arises from a 

feature that recurs in dissimilar folds encorporating two disulphides 

packed against a p-hairpin, which is termed here disulphide cross. A 

least-squares superimposition over the four C^s of two-disulphide clusters 

with UAB =50°(±20) and ia b  =70°(±30) in the present data set is shown 

in fig. 5.12, using I t fg  as a reference for the superimpositions, for the 

purposes of illustration. The similar disulphide clustering of the motif 

was previously noticed by Holm and Sander (1993) in six chains with 

distinct folds, detected by their structural superimposition program DALI 

(these distinct examples are the disulphide crosses in 4 cpa i, 9wgab, 

2cbh, lbn21, 2eti—trypsin inhibitor from the jumping cucumber—and 

Icdtb). Murzin includes a fold type in the fold classification database 

SCOP (Murzin, et aZ., 1995), which he describes as two disulphides and a

Figure 5.12: {overleaf) Multiple superimposition of examples of the disulphide cross 

motif. They are superimposed over the 4 C^s of the half-cystines. The example in I t f g  

(15-78, 48-111) is used as a reference structure in the superimpositions for the purposes 

of this illustration (i.e., all structures are superimposed on this example) and the residues 
of the motif in this chain are labelled in the figure. The Cot trace ±2 residues of the half

cystines are shown for each example. All of the illustrated disulphide cross motifs 
superimpose at <1.5 Â RMS with the I t f g  example over CaS and <1.9 Â RMS over the

main-chain atoms and <1.8 Â over the heavy atoms of the cystines. They comprise 

cystines that are in VDW contact. They are (code, disulphide #1, disulphide #2, uab 

value):-

I t fg  (15-78, 48-111, -40°); l s n 3  (16-41, 25-46, -56°);

9w gah  (132-147, 141-153, -57°); Icd th  (3-21, 14-38, -35°);

l p i 2  (11-56, 13-21, -54°); 4cpa i  (12-27,18-34, -52°);

4htc i  (16-28, 22-39, -49°); lom h  (12-25, 19-36, -42°).

The last example {lom h)  is omega conotoxin IVB from the set of low-resolution/ 

NMR-derived structures listed in section 5.2.5. The full list of examples of this motif is 

given in Table 5.5 .
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b e ta -h a irp in , in which 6 of the folds of the present examples are noted 

Oivgaby lp i2 ^  lsn3^ 4cpa i, Ic c o  and 2chh). Further examples are 

detected by the cluster geometry in the present analysis: I t fg , lom h, 

4htci, l ix a , 4 tg f an d Icti. The complete list of 17 independent examples 

of this motif detected in the R2.5 and low-resolution/NMR-derived data 

sets is given in table 5.4. Three further examples are included that differ 

from the consensus features of the motif by a single feature are also listed, 

totalling 20.

The defining characteristics of this feature of two disulphides 

clustered against a (3-hairpin, termed the d isu lp h id e  cross, have not been 

previously described and are discussed below (section 5.3.3.3). All of the 

examples of the motif, that cluster at <1.5 Â RMS for the four CaS (14 in 

total) comprise cystines that are in VDW contact.

Those examples near the +70° cluster dihedral peak (50-90°) show 

more varied characteristics. A key feature is the requirement for an 

orthogonal or antiparallel loop for one of the disulphides. Specifically, 

lp k 4  22-63 and 18-34 contains a small (3-barrel-like structure with the 

two disulphides clustered at the core. The respective parts of the p-sheet 

pack at right angles against each other. This two-disulphide packing is 

quite similar to that for disulphides 12-27 and 18-34 in 4cpai except that 

a three-stranded sheet in this chain is quite distorted and is not 

acceptable by Kabsch and Sander definitions (1983), and their is no 

closure to a barrel structure. This orthogonal packing also occurs in the 

three-disulphide stack of Itfg , for disulphides 15-78 and 44-109. However, 

here it is achieved by the passage of the knot-making cystine 15-78, 

through the loop made by disulphides 48-111 and 44-109. In summary, 

the +70° cluster dihedral tendency does not at present seem to result from

195



the occurrence of a well-defined motif or motifs, as for the -50° dihedral 

tendency.

5.3.5.3; The disu lphide cross m o tif

The defining characteristics of this disulphide cross motif are now 

discussed. A multiple superimposition of several examples of this motif 

that superimpose at <2.0 Â RMS over main-chain atoms is shown in fig. 

5.12, with fold cartoons of two examples in fig. 5.13. All of the detected 

disulphide crosses are listed in table 5.4. This includes examples detected 

in the NMR-derived and low-resolution structures listed in section 5.2.5. 

In fig. 5.14 are depicted (a) a. schematic diagram of the motif and (b) a 

space-filling diagram of the disulphide cross occurring in lsn3 .

The schematic figure shows the consensus features of this motif (fig. 

5.14). One of the cystine rotamers (N2->C2 in the figure) must be left- 

handed or {tg-dg-t} f which can bridge across parallel loop connections, and 

straddle such a loop. The chain trace from N2(->C1)->C2 follows a left- 

screw path in 17/20 of the tabulated examples. (This is a left-handed 

parallel connection like that discussed for P~P disulphides in section 

5.3.2.2.) There is a requirement that the C-terminal half-cystines of the 

disulphides are in a p-hairpin, at positions in each of the strands that are 

relatively in register with respect to the main-chain-main-chain hydrogen 

bonding (there is one exception to this, the example in 9wgab 146-160 and 

164-169, where there is a single p-bridge between the two regions that are 

connected). There is a preference for the N-terminal half-cystines to be in 

a continuous segment of polypeptide (17/20 of the tabulated examples). 

The disulphide cross occurs only for chains with >3 disulphides wherein a
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(a)
R2,5 da ta  set

code disulphide
A

disulphide
B ^AB (in 

degrees)
RMS 
over Cas 
from Itfg
(A)

N-terminal 
half
cystines 
continuous ?

Is the 
disulphide 
cross in a 
stack?

exception to
consensus
schematic |N 2 -N 1 | IC2-C11

fold
description

lsn3 16-41 25-46 -56° 0.9 Y Y 9 5 large ot/p 
scorpion 
toxin fold

Itfg 15-78 48-111 -40° — N Y — D 33 large cystine 
knot

9wgab 132-147 141-153 -49° 0.5 Y N* — 9 6 lectin
9wgab 146-160 164-169 -57° 0.9 N N* not p~ 

hairpin
D 9 lectin

Icdtb 3-21 14-38 -35° 0.9 Y Y — 11 17 3-fingered
toxin

lpi2 11-56 13-21 -54° 1.1 Y N** enclosed
connectivity^

2 45 Bowman- 
Birk inhibitor

lpi2 30-37 34-49 -52° 0.7 Y — 4 12 Bowman- 
Birk inhibitor

4cpai 12-27 18-34 -52° 0.7 Y Y 6 7 small 
protease- 
inhibitor t

4htci 16-28 22-39 -49° 0.6 Y Y — 6 9 hirudin
6ebxb 3-24 17-41 -30° 0.9 Y Y — 14 17 3-fingered

toxin

Table 5.4: (see page 199 for full legend) The examples of the disulphide cross motif detected in (a) the R2.5 data set and (b) in the low-resolution 

and NMR-derived structures.



(b)

low resolution an d  N M R -derived  structures

code disulphide
A

disulphide
B ^AB (in 

degrees)
RMS 
over main- 
chain from 
Itfg ik )

N-terminal 
half- 
cystines 
continuous ?

Is the 
disulphide 
cross in a 
stack?

exception to
consensus
schematic |N 2 -N 1 | |C2-C1|

fold description

2cbh 8-25 19-35 -4 9 ° 1 .3 Y NU — 11 10 cellobiohydrolase
2ech 20-39 7-32 -6 6 ° 1 .4 N Y __*** D 7 echistatin
l ix a 51-62 56-71 -3 0 ° 2.0 Y Y — 5 9 EGF-like domain
lom b 12-25 19-36 -4 2 ° 1 .4 Y Y — 7 11 omega conotoxin 

IVB
4 tg f 8-21 16-32 -3 0 ° 2.8 Y ^**** — 8 11 EGF-like domain
Igp t 14-34 20-41 -4 6 ° 1 .4 Y Y . — 6 7 small ot/p 

scorpion toxin
2crd 7-28 13-33 -4 3 ° 1 .5 Y Y — 6 5 small ot/p 

scorpion toxin
Icco 8-19 15-26 -5 7 ° 1 .5 Y Y — 7 7 small cystine- 

knot
Icti 10-22 16-28 -4 3 ° 1 .4 Y Y — 6 6 small protease- 

inhibitort
lb n 2 61-73 67-85 -5 1 ° — — — ît — — neurophysin

00

Table 5.4: (see page 199 for legend) The examples of the disulphide cross motif detected in (a) the R2.5 data set and (b) in the low-resolution and 

NMR-derived structures.



Table 5.5: {table is on previous two pages) The examples of the disulphide cross motif detected in (a) the R2.5 data set and (b) in the low-resolution 

and NMR-derived structures.
The columns are as follows:- code (PDB code and chain identifier); disulphide #1; disulphide #2; cluster dihedral (\)ab> in degrees); RMS 

deviation from the example in I t fg  (that is used as a reference structure for superimposition in fig.5.12); yes/no (Y/N) for whether the N-terminal 

half-cystines of the disulphide cross are in a continuous stretch of polypeptide; yes/no (Y/N) for whether the cross is in a three-disulphide stack as 

defined by the tetrahedron rule (see section 5.2); exception to consensus schematic (examples are included that differ from the consensus schematic 

by one particular aspect, e.g., whether in p-hairpin; |N2 -N11 (the difference in number of residues between the N-terminal half-cystines of the 

two disulphides in the cross motif; where the N-terminal half-cystines are discontinuous, a D is in the appropriate field); | C2-C11 (the difference 

^  in the number of residues between the C-terminal half-cystines, i.e. those in the P-hairpin; fold description.

^  * For these examples in 9w gab  (wheat-germ agglutinin), a third disulphide does cluster close-by, but not in a stacked arrangement.

** For these examples in l p t 2  (Bowman-Birk inhibitor), a third disulphide clusters close-by in a three-disulphide arrangement that

would be considered stacked if the volume tolerance for calculation of stacking was increased to 4.0 (see fig. 5.4(b) for details of this calculation).

*** This is not a classic p-hairpin, but has an unusual turn or bulging. Part of this NMR-derived structure is disordered.

**** A third disulphide clusters close-by to the motif, but the arrangement cannot be described as stacked.

 ̂ The small protease-inhibitor fold common to potato carboxypeptidase inhibitor and various other plant protease inhibitors (such as

the trypsin inhibitors for the squash family).

tt This example was noted by Holm and Sander (1993) and was not detected by the present cluster geometry but is included here for

the sake of completeness. It is quite dissimilar from the remainder of the examples of the disulphide cross; the N l, Cl, N2 and C2 half-cystines of 

the consensus disulphide cross are rearranged to the order C2, N2, N l and Cl respectively in lbn2 .

 ̂ This example is the only one for which a third disulphide does not cluster close-by according to the present clustering criterion
( D C a C a  < 7 .5  Â ).

§ This example has enclosed connectivity arrangement for the two disulphides rather than the consensus overlapping arrangement

(fig. 5.14).



third disulphide clusters close by the cross (by our DcaCa <7.5 Â criterion) 

(There is one exception, the cross in cellobiohydrolase I, 2chh.) The 

consensus two-disulphide connectivity for the disulphide cross motif is the 

overlapping arrangement.

Those examples of the motif in the EGF-like domain that are not in 

close VDW contact, but close enough tha t there are no intervening 

residues { l i x a  (51-62 and 56—71) and 4 tg f  (8—21 and 16—32)), 

superimpose with I t fg  at 2.0 À RMS and 2.8 Â RMS respectively over CaS 

for the four half-cystines. These can be described as ‘pulled apart’ versions 

of the disulphide cross. Chapter 6 presents a detailed discussion of the 

EGF-like fold in relation to the comparative modelling of the small growth 

factor cripto.

The differing characteristics of the chain trace for two illustrative 

examples of folds that contain the disulphide cross are noted in fig. 5.13.

Figure 5.13: {overleaf and the following page) Fold cartoons of two examples of the 

disulphide cross motif. These two examples (overleaf, human factor IX { l ix a )  and on the 

following page, the leech protein hirudin {4htci)) illustrate differing tertiary-structure 

contexts for the motif. |3-Strands are represented as magenta-coloured arrows, coil as 

white tubing. The cystine residue side-chains are in full-atom representations, with the 

third cystine in each fold also shown. The residue numbers of the half-cystines in the 

motif are indicated (51-62 and 56-71 in factor IX, and 16-28 and 22-39 in hirudin). In 

hirudin the ^-hairpin comprises 11 residues between the C-terminal half-cystines of the 

disulphides, in factor IX it is 9 residues. Also, in both of these examples, the N-terminal 

half-cystines are in a continuous stretch of polypeptide (five intervening residues between 

the N-terminal half-cystines for factor IX, six for hirudin). The remainder of the fold for 

each is different (factor IX is an epidermal growth factor domain, hirudin is a unique 

fold). Both of these proteins have three-disulphide stacks (see section 5.3.3.5 for 

discussion), but the disulphide cross is in a different position within the stack for each of 

the examples. The factor IX structure is discussed in more detail in Chapter 6 , where it 

is used as a template for modelling by homology. A partial similarity between hirudin 

and a three-fingered toxin {Icd tb ) is discussed in section 5.3.3.6.
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(a)

N2

C2

C1 C2

Figure 5.14: Diagrams of the disulphide cross motif.
(a) A consensus schematic diagram of the disulphide cross motif. The 

cystines are depicted as thick lines and the main-chain as thin lines. The two 
cystines cluster near each other with a cluster dihedral value (u ^ ) of - (-30°

 70°). The connectivity of the disulphides in the sequence is also shown
with a standard disulphide connectivity representation. The disulphides are 
in register with respect to the main-chain hydrogen bonding of the beta- 
hairpin. The half-cystines are labelled N l,  N2, Cl and 02  according to their 
sequence order, where N  is the N-terminal half-cystine forming the 
disulphide and C is the C-terminal half-cystine forming the disulphide.

(b) {overleaf) Example of the motif showing the 'knobs-in-holes' 
nature of the close packing/clustering of the disulphide groups. This is taken 
from scorpion neurotoxin variant-3 {lsn3), cystines 16-41 (coloured green) 
and 25—46 (red). The ^-hairpin from residues 40 to 47 is shown as a ribbon.

The 16-41 disulphide is right-handed, 25-46 left-handed. Here, as for all 
other detected examples of this motif, the two other half-cystine pairings 
(16-25 and 41-46; 16—46 and 25-41) are possible, by the present clustering 
criterion (D̂ ĝ Q̂  ̂<7.5 Â, as described in section 5.2).
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Two specific examples are also treated in the sections below discussing 

partial similarities based around the disulpbide cross.

Why is this motif so abundant? The proximity of the disulpbides in 

this motif may lead to more efficient rearrangement in compact denatured 

states (see e.g., Ptitsyn, et al., 1990). It is kinetically more efficient to 

bave these obligatory contacts adjacent, as incorrect pairings would not be 

kinetically difficult to re-arrange to the native ones. The re-unfolding of 

native structure suggested to be the rate-limiting step in BPTI folding 

(Weissmann and Kim, 1992), might not be as extensive for proteins that 

contain this motif. The other two possible pairing schemes for the four 

balf-cystines can form readily (by our clustering criterion of DcaCa <7.5 

Â), suggesting th a t the four balf-cystines are amenable to such 

rearrangement during the folding process. This motif thus may provide a 

folding nucleus for small, disulpbide-ricb proteins, that enables the rapid 

rearrangement of balf-cystine pairings.

5.3.3.4: Secondary structure distribution  o f  clustered disu lphides

The distribution of the secondary-structure connection types for the 

clustered disulpbides shows a predominance of e structure, relative to the 

same distribution for all disulpbides (table 5.5). A propensity for certain 

secondary-structure connection types to be in disulpbide clusters is 

indicated in the table (termed P c l u s ) -  All of the connections involving e 

(extended) structure are favoured. The ie connections are most favoured 

because of the combined effect of the number of disulpbides in the 

disulphide cross feature (described above) and in X~P connections, where 

X is the connection for a rigbt-banded p-X~P unit (data not shown). There 

is no preference for any of the orientation groups (P/O/A) for the bridges in
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secondary number in number overall in propensity for
structure disulpbide the data set each types to be
connection type clusters in  clusters (Pdus)

EE 17 29 1.18
EH 5 10 1.01
HE 9 15 1.20
HH 7 21 0.67
HI 4 17 0.48
IH 8 18 0.88
II 9 29 0.62
IE 20 24 1.67
E l 10 16 1.27

TOTAL 89 179 —

Table 5.5: Comparison of the distribution of the secondary structure connection types in 

the data set overall and for those disulphides that are part of a cluster (i.e., within 
bonding distance of at least one other disulphide). Alpha- and 3io-helices are merged as 

H  category. Five of the HH  disulphides in the overall data set are within the same helix 
(either alpha- or 3io-helix). The propensities are given by the term:

P dus ~
[(number in connection type in clusters)/ (number in connection type overall)]/ 

[(number in all clusters)/ (total number of disulphides)] .

Those types that are preferred for clustered disulphides have propensity values >1.0.
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the two-disulphide clusters overall, each being roughly equally likely (data 

not shown).

5.3,3.5: Stacked three-disulphide clusters

Three-disulphide stacks were extracted according to the 

tetrahedron rule, as described in section 5.2.4. About two-thirds (8/13) of 

the distinct chains in the R2.5 set with 3 or more clustered disulphides 

contain a stacked three-disulphide cluster. This includes all but one of the 

three-disulphide chains, occurring between packed antiparallel ^-sheets, 

or antiparallel p-sheet and an a-helix, with the exceptions of l l c t  where 

the sheet is parallel, and Im dam  where it is mixed. A further 9 stacks 

are found in the 7 NMR-derived and low-resolution structures. The stacks 

for 4cpai and Itfg  are illustrated superimposed on each other (fig. 5.16). 

The complete list for (a) the R2.5 set and (b) the low-resolution/NMR- 

derived structures are given in table 5.6.

The UAB versus ubc plot for stacked three-disulphide arrangements 

(disulphides A, B and C) is illustrated (fig. 5.15). Examination of the —30° 

to -70° range of cluster dihedral (u a b  and \)b c ) shows that the stacked 

arrangements tend to have at least one two-disulphide cluster with an 

angle near the -50° mode (the exception is the stack in llct). These are all 

examples of the disulphide cross, with one exception, for the stack found in 

Imdam. In general, three-disulphide stacks found by the tetrahedron 

rule (17 in total, including the 9 detected in the 7 low-resolution and 

NMR-derived structures listed in section 5.2.5), tend to have one 

disulphide cross (14/17 examples). The 3 exceptions are those stacks in 

l l c t  and Im dam  and the second stack in 2ech (disulphides 2-11, 8-37, 7- 

32).
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cluster dihedral (D ) for two-
disulphide cluster (A,B)

170-

120 -

• •70-

20 -

-30

-80-

-130-

-180
180 -130 -80 -30 20 70 120 170

cluster dihedral ( )  for two-disulphide 
cluster (B,C)

Figure 5.15: The cluster dihedral for disulphides A and
B versus the cluster dihedral for disulphides B and C, 
for the three-disulphide stacks (A, B, C) in the R2.5 data set. 
AU but one of them (identified by an arrow on the plot) has a 
disulphide cross motif, the cluster dihedrals for which sit 
between the two heavy Unes on the plot. Similarly, aU but two 
of the 9 three-disulphide stacks found in the 7 low-resolution 
and NMR-derived structures listed in section 5.2.5 have a 
disulphide cross motif (the geometry of these examples is not 
included here as they comprise poorer structural data). The 
units are degrees.
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Least-squares superimpositions of the stacked arrangements enable 

examination of similar three-disulphide stacks that do not necessarily 

require the same chain trace through the six constituent half-cystines (the 

9 stacks found in the NMR-derived structures are included for 

completeness).

One example superimposition at <1.5 Â RMS for the CaS is shown 

for 4 cp a i  and I t f g  (fig. 5.16). The stacks in these chains do not 

necessarily have similar cluster geometry because of the variation in the 

chain trace between them. In the similar stack of 4cpai (8-24, 18-34, 12- 

27) and I t f g  (44-109, 15-78, 48-111), on looking down through the stack, 

the middle disulphide is approximately orthogonal to the two outer 

disulphides, which are approximately parallel to each other (fig. 5.16). 

This similarity is quite striking when one considers that both of these 

proteins have a cystine knot, but the order in which the chain trace visits 

the six half-cystines is different, and there is a large difference in chain 

size of 50 residues or so. (Pallaghy, e^aZ. (1994) showed that the small

Figure 5.16: {overleaf) Example of a superimposition of a three-disulphide stack from 

each of transforming growth factor-^ {Itfg), a large (cytokine) cystine-knot fold, and 

potato carboxypeptidase inhibitor {4cpai), a small cystine-knot fold. (The fold of 4cpa,  

and of other protease inhibitors like it, has been shown to be a small cystine-knot by 

Pallaghy, et al., 1994.) Cystines 44-109, 15-78 and 48-111 in I t fg  are equivalenced with 

8-24, 18-34 and 12-27 in 4cpai.  The six half-cystines are superimposed at 1.4 Â RMS for 
their CaS. Those residues that have equivalent roles in defining the cystine knot in the

small and large versions of the fold are equivalenced; the disulphide cross motif is in the 

same position in the two stacks. The termini of 4 c p a i  and the half-cystines of I t f g  are 

labelled in the figure. The cystine side-chains are coloured red, the Ca trace of I t fg  

orange and the Ca trace of 4cpa i  cyan.
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(a) R2M d a ta  se t
code disulpbide A disulpbide B disulpbide C (^AB, ^BC) Has disulpbide 

cross (Y/N)?
fold description

llct 170-181 157-173 115-198 (4°, 58°) N lactoferrin
6ebxb 56-60 3-24 17-41 (-30°, 159°) Y 3-fingered toxin
lsn3 29-48 25-46 16-41 (-56°, 38°) Y large ot/p scorpion toxin fold
Itfg 44-109 15-78 48-111 (79°, -40°) Y large cystine knot
Icdtb 54-59 3-21 14-38 (-35°, 154°) Y 3-fingered toxin
Imdam 46-77 36-119 38-86 (-51°, 63°) N methylamine dehydrogenase light 

chain
4cpai 8-24 18-34 12-27 (-78°, -52°) Y small protease-inhibitor
4htci 6-14 16-28 22-39 (-99°, -49°) Y hirudinK )

(b) low-resolution a n d  NM R-derived structures
code disulpbide A disulpbide B disulpbide C (l)AB, DBC) Has disulpbide 

cross (Y/N)?
fold description

Icco 8-19 15-26 1-16 (79°, -57°) Y small cystine knot
Icti 10-22 16-28 3-20 (73°, -43°) Y small protease-inhibitor
Igpt 14-34 20-41 24-43 (-i6°, 30°) Y small ct/p scorpion toxin fold
lixa 51-62 56-71 73-82 (-30°, -102°) Y epidermal growth factor domain
lomb 27-34 12-25 19-34 (92°, -42°) Y omega conotoxin IVB
lomb 12-25 19-34 4-20 (-42°, 134°) Y omega conotoxin IVB
2crd 7-28 13-33 17-35 (-43°, 46°) Y small ot/p scorpion toxin fold
2ecb 20-39 7-32 8-37 (-66°, 55°) Y echistatin
2ecb 7-32 8-37 2-11 (55°, -179°) N echistatin

Table 5.6: The examples of three-disulphide stacks (a) in the R2.5 data set and (b) in the low-resolution and NMR-derived structures. There are 

17 in total, 3 of which do not have a disulphide cross. The columns are as follows:- code (PDB code and chain identifier); disulphides A to C in the 

stack; the cluster dihedrals for each pair (A, B) and (B, C) in the stack; yes/no (Y/N) for whether the three-disulphide stack has a disulphide cross 

motif; fold description.



proteas e-inhibitors are somewhat analogous to the small (toxin) cystine 

knots, having all of the defining characteristics of the cystine-knot feature. 

4cpai is one such small protease-inhibitor.) For 4cpa i  and Itfg, the 

disulphide crosses are in equivalent positions. The 3-strand antiparallel 

p-sheet in 4 c p a i  is not acceptable by Kabsch and Sander (1983) 

definitions. Other three-disulphide stacks that are grouped with this pair 

at less than 1.5 À RMS are: Ic ti  10-22, 16-28, 3-20 and 4htci 6-14, 16-28, 

22-39 and loco  8-18, 15-26, 1-16.

Another grouping that clusters at less than 1.5 Â RMS for the six 

half-cystine C^s are the stacks in the following chains: lsn3, l lc t ,  2ech  

(first stack) Icdtb, Gebxb, lixa, Imdam, 2crd, Igpt. An example from 

this grouping (not illustrated) is a three-disulphide stack common to 

methylamine dehydrogenase light chain {Im dam  46-77, 36-119, 38-86) 

and factor IX {lixa  51-62, 56-71, 73-82), an epidermal growth factor-like 

domain. Although two of the cystines for this example are not closely 

packed, there are clustered sufficiently closely th a t there are no 

intervening residues. The disulphides do not have similar cluster 

geometries because the sequence order of the disulphides in the stack is 

different.

In the low-resolution/NMR-derived structures there are two four- 

disulphide stacks, echistatin {2ech) and omega conotoxin IVB {lomb), i.e., 

these chains consist of two three-disulphide stacks with a common 

disulphide. The disulphide clusters in these poorer-quality structures 

exhibit the same trends in two-disulphide cluster geometry as do the 

higher-resolution data from the R2.5 data set (data not shown), including 

the tendency to have a disulphide cross for two disulphides of the stack 

(with one exception, in 2ech as mentioned above).
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In terms of broad fold characteristics, the p-sheet is almost always 

antiparallel for those chains with three-disulphide stacks and/or a 

disulphide cross (exceptions occurring in l lc t  and Im dam ,  where the 

beta-sheet is parallel and mixed respectively).

In summary, the three-disulphide stack is thus, in many instances, 

an example of a disulphide cluster arrangement built up around a 

disulpbide cross motif. Similar stacks recur in chains that are otherwise 

quite different. A specific striking example of this has been illustrated 

and discussed, between a small cystine-knot and a large cystine-knot fold.

5,3.3.6: P a r tia l  sim ilarities based around the disulphide-cross  

m otif

Previous workers have described motifs that are characterised by 

similar disulphide clustering and the chain trace that accommodates it. 

Richardson and co-workers (Drenth, et al., 1980) noticed a broad similarity 

in the chain trace and four-disulphide clustering of the lectin, wheat germ 

agglutinin (9wgab) and erabutoxin (a three-fingered toxin Sebxb in the 

present data set), describing this as the ‘toxin-agglutinin’ fold. The first 

two disulphides in the sequence of each cross-link a double hairpin 

structure, although, in the lectin, the hydrogen bonding is distorted and 

the segments equivalent to the p-strands in the toxin are in a different 

order. The two-disulphide clusters of residues 9wgab (132-147, 141-153) 

and Gebxb (3-24, 17-41) have similar cluster geometry, forming a 

disulphide cross. This similarity has been detected by the present cluster 

geometry. Pallaghy, et al. (1994), reported the cystine-knot motif common 

to many spider and cone-shell toxins, and also some small protease-
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inhibitors, such as 4 c p a i  (these are termed the small cystine-knot folds). 

Blundell and co-workers (1994), also reported this motif but did not notice 

its cystine-knot character. It comprises an X~P disulphide-bridged 

connection, two disulpbides packed against two strands of antiparallel P~ 

sheet, and a similar chain path through the 'criss-crossed' disulphides, as 

for the large cystine-knot folds (the cytokine cystine knots), such as 

transforming growth factor-^ (Murray-Rust, et al. y 1994). Lin and 

Nussinov (1995) described a feature comprising two disulphides packed 

against antiparallel p-sheet, as found in EGF-like domains {e.g., factor IX, 

l ix a )  and two of the small cystine-knot proteins (as described in Pallaghy, 

et al. y 1994), and also in omega-conotoxin IVB, (lom b)  which has marginal 

cystine-knot character. All of these previously noted fold similarities and 

partial similarities comprise a disulphide cross motif. The present 

analysis of disulphide clusters subsumes all of these previous similarities 

and the similarities described above (in section 5.3.3.3) that constitute 

disulphide crosses as noted by Holm and Sander (1993) and Murzin 

(SCOP database). The disulphide cross motif yields a whole network of 

such partial similarities.

An illustrative example of a further such partial similarity based on 

a disulphide cross motif is now described, between the leech protein 

hirudin (4htci 16-28, 22-39), and the three-fingered toxin fold ( Ic d tb  (3- 

21,14-38) and 6ebxb (3-24, 17-41) in the present data set).

The partial similarity is defined by a specific path through two 

disulphides and four P-strands forming two p-hairpins packed against 

each other. (A modified version of the feature occurs in the large cystine 

knot ( I t fg  15-78, 44-109), where one of the hairpins is flipped around.) 

The feature is discernible by a left-screw path starting at P-strand number
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Figure 5.17: The partial similarity between the leech protein hirudin (4htci) and 
the three-fingered toxin (Icdtb), green-mamba cardiotoxin.

(a) Schematic representation of the two-disulphide, two-beta-sheet units in 
the three-fingered toxins (green mamba cardiotoxin and sea snake erabutoxin in the 
present data set) and the leech protein hirudin. The disulphides are thick lines and 
are labelled A, B and C, the beta-strands are arrows and the connections between 
them thin lines. A, B and C form a three-disulphide stack with a disulphide cross, 
formed by B and C. The 4 strands in the unit are numbered sequentially 1 to 4.

(b) A diagram showing the superimposition of the equivalent half-cystines for 
this partial similarity. The cystine side-chains are coloured red, the Ca trace of

cardiotoxin is coloured green, and that of hirudin is coloured cyan. The four half
cystines superimpose for their main-chain atoms at 1.0 Â RMS. Cystines 22-39 and 
16-28 of hirudin are labelled in the figure and are equivalenced with 3-21 and 14-38 
of cardiotoxin. Residues 14-41 are shown for hirudin and residues 1-40 for 
cardiotoxin. The P-hairpins for the disulphide cross motif are shown as ribbons. 

Residues 14 and 41 of hirudin are also labelled.
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1 as illustrated (figs. 5.17(a) and (b)). The two disulphides between the 

strands have similar cluster geometry, forming a disulphide cross. A 

superimposition is illustrated , with the four cystine a-carbons 

equivalenced appropriately.

5.3.5.7; Im plica tio n s  fo r  p ro te in  taxonom y

As the disulphide cross is so widespread it can be used to underpin 

SDBIF classification. The SCOP database (Murzin, et al., 1995) contains a 

classification of small, disulphide-rich proteins, including a fold type 

described as two disulphides against a heta-hairpin. The present analysis 

draws together the folds assigned to this group in SCOP, and the partial 

similarities noted by Holm and Sander (1993), Lin and Nussinov (1995), 

Drenth, et al. (1980) and Pallaghy, et al. (1994). The disulphide cross 

motif presents an intermediate level of protein structural classification — 

above that of fold -  that subsumes a substantial proportion of the small, 

disulphide-rich predominantly p/irregular folds. One can draw in other 

protein structures into the classification that are somewhat similar to a 

member of the disulphide cross fold family. An example of this is the 

recently resolved tumour necrosis factor receptor structure (Banner, et al.,

1993). This structure consists of three repeats of a domain tha t is 

somewhat similar to the EGF-like domain, as found in factor IX. These 

repeats have the characteristic N- and C-terminal p-hairpins of many 

EGF-like domains. However, they no longer have a characteristic 

disulphide cross motif, as one of the half-cystines in the p-hairpin has 

shifted two residues.

It is envisaged that, in the near future, an extensive classification 

may be possible for SDBIFs, that is based on the occurrence of motifs such
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as the disulphide cross, on disulphide clustering arrangements, such as 

the stacked arrangements extracted in the present analysis, and the 

arrangem ents of their regular secondary structures and the in ter

relationships between these factors. The chirality preference identified 

herein may also be useful in this regard.

5.4; C onclusions

(i) Cystine conformation. The repertoire of cystine conformations is 

such tha t there is a close relationship between the secondary structure 

types connected, their relative orientation and their separation distance. 

For example, the left-handed spiral generally requires a parallel 

orientation in the flanking polypeptide segments, whereas the right- 

handed staple conformation always requires an antiparallel orientation, 

and can only be accommodated between antiparallel P-strands. This is 

also exemplified by the P secondary structure distribution preferences 

described.

(ii) Cystine p secondary-structure distribution. Distinct preferences 

in the distribution of disulphides between and within p-sheets are 

observed. For example, disulphides seldom bridge between sheets in other 

than a parallel orientation, as the separation distances between sheets are 

such th a t only those cystine rotamers that can bridge in a parallel 

orientation can cross-link across them easily. Bisulphides seldom bridge 

within sheets in a parallel orientation (1/14 examples), an exception being 

between residues in non-adjacent strands in a highly twisted sheet. The 

only rotamer allowed in instances where the antiparallel strands are
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adjacent, and the half-cystines are in register with respect to the main- 

chain hydrogen bonding, termed the right-handed staple conformation, 

has the approximate % angles {-60°, -60°, +90°, -60°, -60°}.

(iii) Chirality preference for disulphides connecting across fi-sheet. 

A chirality preference for disulphides connecting across p-sheet has been 

observed. All connections straddled by disulpbides in a parallel 

orientation between mutually packed p-sheets have a left-handed sense, 

with an exception being in a large cystine-knot fold. This preference may 

arise from the combined effect of the relationship between cystine 

conformation and the orientation and separation of the secondary 

structures connected, noted in points (i) and (ii) above and more general 

preferences in protein structure for certain 4 -P -strand  units. It 

nonetheless suggests that right-handed inter-connections of the sort 

observed in the large cystine-knot fold are avoided in the absence of other 

fold features that make the cystine-knot more stable.

This preference and the p-sheet distribution rules provide 

constraints on the number of possible conformations for small, disulphide- 

rich predominantly p/irregular protein folds. Distribution principles for 

disulphides in p-strands may be useful in the combinatorial prediction of 

protein structure (Cohen and Kuntz, 1989). Also, they may be useful in 

the filtering of some of the possible matches in fold recognition procedures 

(of previously known disulphide connectivity) that are judged as most 

unlikely to be compatible with the probe sequence, because of the 

disposition of the disulphides in the structure.

(iv) Two-disulphide geometry. Regularities are observed in the way 

that two disulphides cluster near or pack against each other. The most
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prom inent clustering tendency arises from the abundance in 

nonhomologous protein folds of a two-disulphide motif — termed the 

disulphide cross — that generally occurs with packing against a p-hairpin. 

In all but one of the 17 independent occurrences of the disulphide cross, 

does a third disulphide cluster close by (by the present clustering 

definition). This motif may be so common because it provides a folding 

nucleus for SDBIFs that enables efficient re-arrangement of disulpbides 

during folding.

(v) Three-disulphide geometry. A ladder or stack  of three 

disulpbides, clustered together, and lying one on top of the other, recurs. 

Eight of the chains with >3 disulpbides have this feature, which occurs 

packed between p/p or a/p secondary structures, but not a /a  (a further 9 

are observed in 7 NMR-derived and low-resolution structures). It has 

been shown that similar three-disulphide stacks of disulphides occur in 

dissimilar protein chains. For example, a striking similarity between the 

stacked three-disulphide clusters of a small cystine-knot and large cystine- 

knot fold is observed. All but three of the three-disulphide stacks, 

extracted according to an objective definition, including those found in 

NMR-derived and low-resolution structures (totalling 17), contain a 

disulpbide cross motif.

(vi) Partial similarities based around the disulphide cross motif. 

The disulphide cross motif is a defining component of several fold 

similarities and partial similarities that have been described previously 

(Drenth, et al.y 1980; Pallaghy, et al., 1994; Lin and Nussinov, 1995; Holm 

and Sander, 1993 and in the SCOP database). The present analysis 

subsumes all of these previously reported similarities and specifies others.
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As examples, a partial similarity between the leech protein hirudin and 

the three-fingered toxins, and between the three-disulphide stacks of a 

small and large cystine-knot fold have been described.

(vii) Implications for the taxonomy of small, disulphide-rich protein 

folds A higher level of structural similarity in the classification of small, 

disulphide-rich protein folds based on the disulphide cross is proposed — 

above that of fold — that subsumes a substantial proportion of the known 

SDBIFs. This disulphide cross fold family combines the large (cytokine) 

cystine knot, small (toxin/protease-inhibitor) cystine knot, EGF-like 

domain, hirudin fold, three-fingered toxin fold and several others.
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C h apter 6; A com parative m od el o f th e  grow th  factor  

cripto  

6.0; Sum m ary

A comparative model of the growth factor cripto is constructed 

based on its sequential similarity to three epidermal growth factor-like 

proteins. Information from the analysis of disulphide bridges and 

disulphide-bridged loops (Chapter 5) is applied. The model is useful in 

assessing receptor-binding hypotheses, and in suggesting sites for 

mutagenesis. The predicted structure shows some of the characteristics of 

both the ErbBl- and ErbB4-binding growth factors. Examination of the 

predicted structure and of site-directed mutagenesis information on 

structurally related growth factors supports recent experimental evidence 

that cripto may act independent of the epidermal growth factor receptor.

6.1: In troduction  — th e ep iderm al grow th  factor fam ily

Epidermal growth factor (EGF) and its family of growth factors are 

important in the control of cell growth and differentiation^ and act at cell 

surface receptors that dimerise on binding (Lemmon and Schlessinger,

1994). These cell surface receptors have protein-kinase activity, 

controlling the activation of intra-cellular signalling pathway components. 

Oncogenesis results from abnormal behaviour in this signalling pathway, 

e.g., through over-expression of the receptors. The growth factors include 

EGF itself, transforming growth factor-a, heregulin-a, amphiregulin and
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cripto. They bind with varying affinities to different hetero- and 

homodimerised receptors (named EGFR (epidermal growth factor 

receptor, also termed ErbBl), ErbB2, ErbB3 and ErbB4). These receptors 

form a sequence family with a modular structure, with some modules 

characterised by high cysteine content, including an EGF-like module and 

modules that are also found in the insulin receptor and the tumour 

necrosis factor receptor (TNFR; Hoyne and Flegg, 1995). Part of the 

structure of TNFR has recently been solved (Banner, et al., 1994). The 

mode and stoichiometry of binding for EGF-like growth factors and EGFR- 

like receptors has recently been the subject of debate (Gullick, 1994), i.e., 

whether 1:2 (one growth factor binding to a receptor dimer) or 2:2 (two 

growth factors bound to a receptor dimer, the growth factors binding 

individually but in a symmetrical fashion to each of the receptor subunits 

or two multiple sites between both halves of the dimer). Recent evidence 

has confirmed that one growth factor binds for every receptor monomer 

(Brown, et al., 1994). Heregulin-a binds to ErbB3 and ErbB4 homodimers 

(or heterodimers that comprise one ErbB3/ErbB4 monomer), but not 

ErbBl (EGFR), to which EGF and TGF-a bind, either as a homodimer or 

as a heterodimer comprised of one ErbBl monomer and another different 

receptor monomer (Lemmon, et al., 1994). The EGF-like growth factors 

can be separated into those growth factors that bind ErbB4 with high 

affinity but do not bind to ErbBl, and those that bind to ErbBl with high 

affinity but do not bind ErbB4. The former group comprises heregulins 

- a ,  -p i, - p 2 , “ Ps and neu differentiation factor; the latter group EGF, 

TGF-a, amphiregulin, vaccinia virus growth factor and heparin-binding 

EGF-like growth factor. Four residues near the N-terminus of the EGF- 

like module have been shown to confer specificity for ErbB4 binding, as a
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chimera of EGF with the relevant four residues from heregulin-a has high 

affinity for both ErbB4 and ErbBl (Barbacci, et al., 1995).

The structures of two of the EGF family of growth factors are 

known and are available in the PDB: murine EGF (Montelione, et al., 

1992) and human transforming growth factor-a (Page-Kline, et al., 1990). 

(Other structures for human (hu-) EGF (Cooke, et al., 1987) and heregulin- 

a  (Nagata, et al., 1994) have been solved but are not publicly available at 

the time of completion of this work.) The EGF module is an example of a 

small, disulphide-rich predominantly p/irregular protein fold (SDBIF), 

with a central P-hairpin, and a three-disulphide stacked arrangement, 

that packs against it. A substantial body of site-directed mutagenesis 

data has arisen for both EGF and TGF-a, in attempts to delineate those 

residues important in binding. The prime difficulty in such work is the 

discernment of mutations that affect the stability and structural integrity 

of the protein and other mutations that affect residues specifically 

involved in binding (but which may also have structural implications). 

Studies such as that of Campbell and co-workers (Dudgeon, et al., 1990) in 

the identification of a leucine residue (leucine-47) important in receptor 

binding of huEGF to EGFR, in which ^H-NMR spectroscopy was used, can 

delineate such mutations. Through such SDM experiments, residues at 

opposite ends of the EGF molecule (residues arginine-41 and leucine-47) 

have been implicated in binding (Gullick, 1994), although arginine-41 may 

also have a role in maintaining structural integrity (Hommel, et al., 1991).

Specifically, cripto (also known as teratocarcinoma-derived growth 

factor 1 and CR-1; (Ciccodicola, et al., 1989; Dono, et al., 1991)) is 

expressed in mesoderm formation during embryogenesis and at low levels 

in specific organs of the adult mammal, such as the spleen and heart 

(Dono, et al., 1993). It is co-expressed with other growth factors, such as

224



amphiregulin and heregulin-a, in breast carcinomas (Normanno, et al.y 

1993; Qi, et al., 1994), colorectal carcinomas (Ciardello, et al., 1991; 

Gagliardi, et al., 1994; Saeki, et al., 1992) and pancreatic cancer (Friess, et 

al., 1994; Tsutsumi, et al., 1994), in such a way that it may be a useful 

tumour marker. An autocrine/paracrine role for cripto in such tumours is 

suggested in this work; recent evidence suggests that cripto can act 

through an EGFR-independent pathway. No correlation of expression has 

been found between EGFR and cripto in breast and colon carcinomas 

(Brandt, et al., 1994; Saeki, et al., 1994a) and in gastric carcinomas (Saeki, 

et al., 1994b).

The EGF-like module is also found in proteins of the blood-clotting 

cascade {e.g.. Factor IX and Factor X). The example of the EGF-like 

module with the most sequence identity to the cripto sequence is not one 

for a growth factor, but for the blood-clotting Factor IX from the human 

(Baron, et al., 1992). The model is constructed based on sequence 

similarity of cripto to the three EGF-like modules of known structure 

(chiefly Factor IX).

6.2; M ethod

Multiple structural alignment

A FASTA search of the SWISSPROT database (version 28) indicated 

that the structurally resolved protein with the most identity to cripto was 

the EGF-like module of Factor IX from the human (Baron, et al., 1992). 

Although not a growth factor, this protein has 54% identity over 28  

residues with the cripto sequence, and, of the proteins of known structure, 

produced the best FASTA optimised alignment {initn score = 59, opt score
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=77) (Lipman and Pearson, 1985). An energy-minimised, coordinate- 

averaged, 2D-NMR structure for this protein (PDB code lixa)  was used as 

the structural template for the homology modelling procedure detailed 

below.

Factor IX is an SDBIF with three-disulphide stacked arrangement 

and a disulphide cross motif for the disulphides 51-62 and 56-71 (see 

Chapter 5 for definition of stack and disulphide cross). The p-hairpin 

between the half-cystines 62 and 71 is outlined as a ribbon in fig. 6.1. The 

cystine side-chain geometry in l i x a  is of the best quality of the three 

template structures, the NMR ensembles of TGF-a and EGF exhibiting 

excessively strained conformations with non-rotameric chi angles. 

Residues 60-65 and 68-73 form the p-hairpin, with a p-bridge between 

residues 78 and 84, which expands to a two-stranded p-sheet of 4 or 6 

residues in other examples of the EGF-like module. A type-II p-turn  is 

formed by residues 74-77, and a five-residue turn from residues 79 to

F ig . 6 .1; {overleaf} A stereo representation of the structural superimposition of the three 

known structures that are used in the modelling procedure: human factor IX { lix a ) ,  

human TGF-a {4tgf) and murine EGF {legf). The terminal residues of l ix a  are labelled. 

The cystines for each of the structures are coloured red, and are labelled according to the 

numbering of the EGF sequence. The conserved region defined, as described in the text, 

is coloured green for l ix a .  The P-hairpin delimited by the disulphide cross motif in l ix a  

is marked with a ribbon.

226



0»

u

227



83. The chief differences between this structure and the structures of 

TG F-a and EGF are as follows. Firstly, EGF forms a p-strand in the N- 

terminal region (equivalent to residues 46-49 for the l ix a  structure), a 

region which is irregular in the factor IX structure. Both EGF and TGF-a 

form a region of extended structure beyond the N-terminal half-cystine of 

the third disulphide of factor IX, which is regular enough to be defined as 

an additional p-strand in TGF-a. An unusual half-cystine with a positive 

phi angle at residue 82 is conserved for all of the EGF-like domains of 

known structure (see Baron, et al., 1992 for detailed description).

A structurally conserved region was assigned for the 3 template 

structures as follows. A representative was chosen from the NMR 

ensembles of each of murine EGF and human (hu-) TGF-a, such that no 

structure in the ensemble was greater than 3.0 Â  RMS deviation away 

from the representative, for superimposition over all C^s. These 

superimpositions were performed using the program mulstr (Pickett and 

Sternberg, 1992). These representatives and the factor IX structure were 

then multiply superimposed, again using mulstr, to assign a structurally 

conserved region between the three structures. TGF-a is the most 

sequentially divergent of the three, and has a one residue deletion in the 

first segment of the conserved region under construction. A structurally 

conserved region (OR) was thus assigned between the two structures EGF 

and factor IX. This CR comprises residues 56-62 and 71-83 of factor IX 

equivalenced with residues 14-20 and 31-43 of EGF. The RMS between 

the three chains for this CR for the C^s are: 1.5 À (lEGF/ IIXA), 1.4 À 

(IIXA/ 4TGF) and 1.8 Â (4TGF/ lEGF). The part of the factor IX structure 

that corresponds to this structurally conserved region was used as the 

template for model construction. The multiple structural superimposition 

of the three structures is shown (fig. 6.1).
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9 19 29 39  49
lEGF S YPGC PS S YDGYCLNGGVCMHIESLDS YTCNCVJGrfiTGDECQTRDLRWWEL
4TGF VSHFNDCPDSHTQFCF-HGTCRFLVQEDKPACVCHGGYVGARCEHADLL-------
IIXA —  DGDQC -  E SNP— CLNGGSCKD -  D INS -  YE CWCPFGFEGKNCE-------------------

56  62 71  82
cripto KELNRTC-------------- CLNGGTC----MLGS -  F -  CACPPSFYGRNCEKDVRKE 

1 7 8 14 20  31 38

huEGF NSDSECPLSHDGYCLHDGVCMYIEALDKYACNCWGYIGERCQYKDLKWWEL

HRG-a GTSHFNDCAEKEKTFCVNGGECFMVKDLSNPSRYLCKCQPGFTGARCTENVPMKVQNQEKAEELYQK
huEGF NSDSECPLSHDGYCLHDGVCMYIEAL DKYACNCWGYIGERCQYKDLKWWEL

1 10 20  30  40 50

Figure 6.2: The multiple sequence alignment of cripto with the three known structures. The sequences of huEGF and of human heregulin-a 

(HRG-a), which is an ErbB3/4-binding growth factor, are also shown aligned against each other, with the residue numbering for huEGF indicated. 

HuEGF is also included in the multiple alignment with cripto. The residue numbering for the sequences of lEGF, IIXA and cripto are indicated 

above (lEGF) or below {cripto and IIXA) their respective sequences. The disulphide connectivity pattern common to all EGF-like domains is 

shown. The conserved regions are in hold ita lic . Residues 7 to 37 of the cripto sequence are modelled. The two indels are at residues 7-8 and 14- 

20 of the cripto sequence. The RMS deviation over the main-chain atoms for superimposition of the model cripto structure and the huEGF 

structure made using the main-chain of murine EGF is 1.25 Â (huEGF residues 14-20 and 31-42 aligned with cripto residues 8-14 and 20-31).



Sequence alignment

A multiple sequence alignment with cripto was obtained by manual 

adjustment of a combination of an initial FASTA alignment of the cripto 

sequence with that of factor IX, and the multiple sequence alignment 

resulting from the structural alignment described above (fig. 6.2). The 

structurally conserved region identified was thus mapped onto the 

sequence of cripto. As the exact boundaries of the functional cripto module 

are unknown, as much of the sequence as possible that aligns well was 

modelled (from residue 7 onwards). There are two insertion/deletion sites 

(indels) that are delimited by the disulphide bridges. While the length 

and conformation of the first indel varies widely between the structures, 

the variation in the length of the second indel is more restricted, which 

sits at the head of a p-hairpin. The boundary between the CR and the p- 

hairpin indel is delineated by half-cystines 62 and 71 of the disulphide 

cross motif in factor IX. The residue numbers for the cripto sequence that 

are used and the positions of the first, second and third disulphides in the 

structure are shown (fig. 6.2). The sequence of heregulin-a, which binds to 

ErbB3 and ErbB4 but not ErbBl, is also shown, as is the sequence of 

huEGF. Conserved features between huEGF and human cripto are noted 

later; therefore, as the huEGF structure is not publicly available, a model 

of huEGF was made by replacing the side-chains of the murine EGF 

structure used in the present procedure with those of the corresponding 

residues in huEGF. The Biosym Inc. (1992) modelling software was used 

to do this.

Construction of the CR for cripto (residues 8-14 and 20-31)

The mapping of the CR onto the cripto sequence was performed 

using the HOMOLOGY facility of the Biosym modelling package. The
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side-chains were added for the CR at this stage by taking the rotamers for 

the equivalent residues in factor IX. Any side-chains that are unconserved 

are given suitable rotamers taken from the Ponder and Richards (1987) 

rotamer library (e.g., tyr-21 in cripto, which replaces a glutamate).

The P-hairpin deletion (cripto residues 14-20)

It was decided that disruption of the opposed half-cystine residues 

at the ends of the p-hairpin (cys 62 and cys 71 in factor IX) was not 

feasible in modelling the 3-residue deletion in this region, as these half

cystines are essential for the integrity of the defined CR and form a 

disulphide cross in factor IX, a motif that recurs in widely varied small, 

disulphide-rich folds (as described in chapter 5). The P-turn in this region 

in factor IX has an unusual conformation. The serine at the fourth turn 

position adopts the p conformation ({(j), x/) = (-110°, +177°}). Also, there is a 

bifurcation of the main-chain-main-chain hydrogen-bonding pattern for 

the strands, between the carbonyl O of phe-lS  and the peptide Ns of met- 

14 and leu-15 in factor IX. It is thus not clear how to assess this p-hairpin 

according to the hydrogen-bonding pattern classification of Sibanda and 

Thornton (1989, 1992). In EGF and TGF-a the equivalent turn is a type-I 

turn, with the fourth residue in the ttL conformation. The sequence of the 

hairpin between the half-cystines is MLGSF. This sequence was modelled 

as a 5-residue loop (a 3:5 hairpin, according to the Sibanda and Thornton 

classification). A feasible hairpin structure was generated using the 

Searchloop facility of the Biosym HOMOLOGY package. Short-lists of 

possible insertions for the P-hairpin were obtained by using various 

definitions for the postflex, flex  and preflex regions as defined by this 

Searchloop facility. A loop was chosen that gave a relatively small RMS 

for the flanking segments of the CR (<1.0 Â RMS) and which, on
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inspection, gave sensible values for the (j) and y  dihedrals of the residue 

types in the five-residue sequence. A 5-residue loop from a p-hairpin of 

Is im  (residues thr-21Z -  thr-2Vl) fitted the site with 0.9 Â RMS for the 

flanking 5 residues on either side, and which accommodated glycine-17 in 

the La conformation. A similar loop (0.9 Â RMS deviation for 

superimposition over mainchain atoms) occurs from residues iZc-300 to 

met-304 for I g d l ,  and residues leu-1 to glu-11 (1.1 Â RMS) for Ithg^ 

which have the equivalent glycine in the same conformation. The side- 

chains of cripto in this region were given the conformations of the 

corresponding residues from this chosen loop. This choice was then 

melded appropriately, mending the omega dihedrals at the points where 

the loop was joined to the CR, with a brief regime of forced minimisation 

(100 cycles of conjugate-gradients minimisation, with the charges in the 

molecule suppressed), keeping all residues fixed but residues 13-14 and 

20-21 on either side of the indel. This yielded satisfactory geometry for 

the peptide groups in the region, within the range 180° (±10). In this and 

all minimisations described herein, the default values for parameters are 

used from the CVFF forcefield employed by the Biosym, Inc. (1992) 

package, unless otherwise stated.

The P-hairpin deletion predicted here is asymmetric with respect to 

the main-chain-main-chain hydrogen bonding pairings in the p-hairpin. 

An asymmetric deletion also occurs between the heregulin and TGF- 

a/EGF structures in the same region (see Nagata, et at., 1994), where 

there is a three-residue insertion with respect to EGF.

The second and third disulphides (cystines 8-20 and 22-31)

To accommodate slight changes in the cystine stereochemistry 

resulting from the minimisation to meld the p-hairpin indel (see above) a
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brief energy minimisation was required to improve the stereochemistry of 

the left-handed spiral conformation of the second cystine. The third 

cystine was also allowed to move in this minimisation, as it is in close 

VDW contact with the second cystine. All but the residues immediately 

flanking the half-cystines in the sequence were kept fixed. Conjugate- 

gradients minimisation (100 cycles) was applied, with the charges in the 

molecule suppressed. The two cystines had left-handed spiral 

conformations with good stereochemistry at the end of this minimisation.

The N-terminal deletion and the first disulphide ("cripto residues 7-8)

As this insertion/deletion site (indel) is the most variable of the two 

indels between members of the EGF structural family (see fig. 6.1), it was 

modelled second. Seven residues are deleted relative to EGF and TGF^ 

and four relative to the template structure factor IX. Initially, it was 

assumed that the backbone conformation of the distal half-cystine forming 

the first disulphide, emergent from the p-hairpin (residues 12-20), was not 

substantially disrupted. The conformation of the backbone of the N- 

terminal half-cystine of the second disulphide of cripto was taken from the 

template structure, but was allowed to move in subsequent modelling 

steps. For the six sequentially adjacent cystines that cluster near each 

other in a parallel manner (cluster dihedral | uab I <30°) in the data set 

analysed in Chapter 5, at least one of the cystines is in an a-helical 

conformation (see section 5.2.4 for a definition of cluster dihedral Uab)- 

The conformation of the first half-cystine here was thus forced into an a- 

helical conformation ((j) = -60°, \\f = -40°), and the first disulphide bond was 

generated. Fifty cycles of conj ugate-gradients energy minimisation, with 

charges suppressed and all but the immediately flanking residues fixed, 

were performed to try to complete the disulphide bridge. Initially, the
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disulphide conformation obtained did not conform to any observed rotamer 

{{ttdtg~]). (For explanation of the rotamer name format, see section 5.2.1.) 

A naturally observed rotamer was obtained for this cystine by adjusting 

the first % angle of the half-cystine emergent from the P-hairpin, to trans 

(180°), and then performing a brief regime of conjugate-gradients energy 

minimisation (200 cycles, with conditions as before). The half-cystines and 

their immediately flanking residues were allowed to move, with the rest of 

the chain fixed at its original coordinates. The rotamer [ttdg-t] was 

obtained with DcaCa value of 6.2 Â and a Dcpcp value of 3.8 Â and % 

values {+169°, -162°, +76°, +100°, -171°}. This rotamer occurs for cystine 

87H-133 in ovalbumin (lovad), with a DcaCa value of 5.4 Â and a Dcpcp 

value of 3.8 Â. A distance to the Sy atoms of the second disulphide of >3.5 

Â is maintained by fitting this rotamer, which is an acceptable limit for 

VDW contact for sulphur atoms.

Because of the substantial change in the sequence at the N- 

terminus relative to the templates, and because of the conformational 

heterogeneity between the 3 template structures in this region, the 

remaining six residues at the N-terminus are not modelled and are left in 

extended conformation.

C-terminus of the model structure and remaining side-chains

The C-terminus (from residue glu-Z2 to the end of the cripto 

sequence) was fitted from the appropriate region in the TGF-a structure, 

which has adequate sequence similarity with the cripto sequence in this 

region. The structural heterogeneity of the murine EGF NMR ensemble 

for the corresponding segment is such that it precludes the utility of the 

region in modelling cripto. The side-chains in cripto  are given the 

conformations of the corresponding residues in this region for TGF-a.

234



Any remaining side-chains in the model not previously assigned a 

conformation were then fitted using the rotamer library facilities of the 

Biosym package, with a version of the Ponder and Richards (1987) side- 

chain rotamer library.

A final brief regime of energy minimisation (100 cycles of conj ugate- 

gradients minimisation with explicit charges suppressed) was then 

applied to the whole molecule.

Structure verification

The health of the resultant structure was assessed using the 

program PROCHECK (Laskowski, et uZ., 1992). The modelled structure 

was of comparable structural health to the template structure for all of the 

qualities: hydrogen-bond energies, alpha-carbon tetrahedral angles, 

peptide bond planarity, bad VDW contacts and chi angles. Both structures 

have stereochemical quality that would be expected for a structure 

resolved crystallographically to between 2.5 and 3.0 Â. The cripto model 

has 63% of its ((j), \|/) values in the most favoured regions of the 

Ramachandran plot, compared to 53% for the l ix a  structure. Figure 6.3 

shows a Ramachandran plot for the model structure, and for the template 

structure. It is difficult to see how to avoid the positive phi angle for ser- 

25. The conformation of the model and of the three template structures in

Figure 6.3: {overleaf and the following page) The Ramachandran plots produced by 

PROCHECK (MacArthur, et al., 1992) for each of the template structure l i x a  and the 

model structure of cripto. The structures are of comparable stereochemical quality as 

adjudged by examination of this (phi, psi) plot and other structural properties assessed by 

the program PROCHECK.
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l i x a
Ramachandran Plot
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-1 80  -135 -90  -45  45
Phi (degrees)
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Total number of points plotted = 37
Glycine residues are marked with a cross, x. Number =

Non Glycine residues in the disallowed region are indicated by a *. Number = 1

Percentage of residues in most favoured regions = 53.3
Percentage of residues in additional allowed regions = 40.0
Percentage of residues in additional generously allowed regions = 3.3
Percentage of residues in disallowed regions = 3.3

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.

(In the calculation of the percentages Gly and Pro are not included 
and the end residues bring the above total to 100%)
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6cri
Ramachandran Plot
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Phi (degrees)
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Total number of points plotted = 36
Glycine residues are marked with a cross, x. Number =

Non Glycine residues in the disallowed region are indicated by a *. Number = 2

Percentage of residues in most favoured regions = 63.3
Percentage of residues in additional allowed regions = 23.3
Percentage of residues in additional generously allowed regions = 6.7
Percentage of residues in disallowed regions = 6.7

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.

(In the calculation of the percentages Gly êind Pro are not included 
and the end residues bring the above total to 100%)
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this region of the CR resembles an incomplete turn of a left-handed alpha- 

helix. Indeed, a very similar conformation occurs for amicyanin (PDB code 

laa j)  residues 70 to 78, with residues Zys-73, lys-lA and gZz/-75 in a similar 

conformation to residues pro-23, pro-24, ser-25, the glutamate with a 

positive phi angle being equivalent to ser-2b. This (3-arch connection fits 

residues 21 to 28 of the model structure with RMS 1.3 Â over the 

mainchain atoms. Furthermore, the equivalent 3 residues in the EGF-like 

domains heregulins -p i, -p 2 and -ps are pro-asn-glu, with the glu in the 

equivalent position to that of the serine here.

6.3; R esu lt and d iscu ssion

The modelled structure is now described, and discussed in relation 

to the known structures of other growth factors of the EGF family (EGF, 

TGF-a and heregulin-a), with some reference to mutagenesis information 

for members of the EGF-like family of growth factors. The implications for 

receptor binding are discussed.

6.3.1: O verview  o f th e  pred icted  structure

The predicted cripto structure consists of a closely packed three- 

disulphide stack, with a disulphide-cross motif for the first and second 

disulphides (fig. 6.4(c)). The three-disulphide stack, which effectively 

constitutes the core of the protein, packs against the first of the two P~ 

hairpins in the sequence. Each of these P-hairpins comprise six residues 

(N-terminal, 13-15 and 19-21; C-terminal, 25-27 and 33-35), and 

constitute two sub-domains delineated by the third cystine, as discussed in
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the structure determination papers for TGF-a, EGF and factor IX (see 

section 6.2). The C-terminal cripto (3-hairpin is equivalent to the single 13- 

bridge found in l ix a  for residues 78 and 84, but which expands to a larger

F ig u r e  6.4: {overleaf and the following two pages)  Representations of the model 

structure of cripto. (a) A full-atom stereo diagram with the residues listed as forming the 

hydrophobic patch in cripto, as described in the text, coloured in green and labelled. A 

solvent-accessible surface constructed w ith a w ater probe radius of 1.4 Â is coloured  

according to the residue colourings. Positively and negatively charged residues forming a 

ridge on the opposite side of the P-hairpins are coloured blue and red respectively, and 

are labelled. The aromatic residues (Tyr-27 and Phe-26) that flank His-33 are coloured 

m agenta for clarity. The remainder of the molecule is coloured black, (b) A structural 

superimposition of the cripto model and the huEGF structure constructed as described in  

the section on the multiple sequence alignment, over the structurally conserved region as 

defined in section 6.2. Some equivalent residues of note for the two structures are 

illustrated, w ith their side-chains coloured red for huEGF and blue for cripto.  (c) Fold 

cartoon of cripto  in an orientation that clearly shows the array of charged residues. The 

hydrophobic patch is centred on the opposing side of the two P-hairpins. Those residues 

that are noted in  (b) appear in full-atom  representation here. The P-hairpins are 

depicted as pairs of arrows. The position of the disulphides is also indicated, partially  

hidden behind the N-term inal P-hairpin, w ith  one the residues for each disulphide  

labelled as for the other illustrated residues. The standard convention for the colouring 

of atoms in the side-chains is followed.
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p-hairpin of 4-6 residues in some recently resolved, functionally distinct 

examples of the EGF-like domain, e.g., human e-selectin (lesD, sheep 

prostaglandin H2-synthase (Ip rh )  and human plasminogen activator 

{ lu rk ). (There are now enough examples of the EGF-like domain in 

sequentially and functionally distinct proteins to call it a superfold 

(Orengo, et al., 1994).) This results from the fact that a continuation is 

taken for the C-terminus of the module beyond the conserved region from 

the equivalent region in TGF-a, which takes on p-strand conformation, for 

the two residues beyond the CR. Half-cystine 31 of cripto maintains the 

positive (j) angle that is a defining characteristic of the EGF-like domain.

A hydrophobic surface patch and a ridge of charged residues are 

centred on opposing sides of the two p-hairpins (fig. 6.4(a)). The cripto 

hydrophobic patch is comprised of residues cys-7, cys-8, leu-9, met-15, leu- 

16, phe-19, cys-20, aZa-21, cys-22. The ridge of mainly charged/polar 

residues consists of residues glu-38, lys-31, arg-38, asp-34, his-33, tyr-21, 

glu-32, arg-29. These patches segregate from each other. The turns at 

residues 28-32 and 8-12 take on the approximate conformations of the 

equivalent turns in the template structures l ix a  and leg f, the third turn 

15-19 having been modelled as described above.

6.3.2; S p ecific  resid u es in  the pred icted  structure

Side-chain positioning for NMR-derived structures, especially for 

solvent exposed residues, is inherently imprecise, so any discussion of the 

side-chain conformations should only concentrate on their gross positions. 

The positions of residues discussed here are illustrated in figs. 6.4(a)-(c) 

for cripto and in fig. 6.4(b) for huEGF. A superimposition over the main

chain atoms in the assigned CRs is shown with the positions of some
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important side-chains. Cripto and huEGF superimpose at 1.25 Â RMS 

deviation for the main-chain atoms of the CR. Some conserved residues 

(relative to huEGF, huTGF-a and heregulin-a) that are not directly 

implicated in a structural role are discussed below with respect to their 

possible role in receptor binding. This excludes the cystines and the 

glycines at positions 11, 12 and 28.

Residues mef-15 and phe-19 in cripto sit at the border of the 

hydrophobic patch and the patch of charged/polar residues and are 

conserved/conservatively mutated relative to huEGF. Mutation of the 

tyrosine residue in human EGF equivalent to phe-19, reduces binding 

affinity (Engler, et al., 1987), so that this residue may be similarly 

implicated in the cripto structure (though there may be a structural 

effect). Tyrosine-27 is at a position which is occupied by serine in muEGF, 

isoleucine in huEGF and valine in huTGF-a (and in the ErbB4-binder 

heregulin-a, the equivalent residue is threonine). The variety of 

conservation at this residue position suggests that it does not play a major 

role in receptor binding. It is positioned close to the charged residues glu- 

32, his-33 and arg-29 which sit at the centre of the charged ridge in cripto 

(fig. 6.4(a)).

An aromatic residue is sequentially and structurally conserved at 

the position equivalent to cripto phe-23 across all of the known ErbBl 

binders, although it is tyrosine in the known ErbB l binders, and 

phenylalanine in the known ErbB4 binders, such as heregulin-a, whose 

sequence is shown in fig. 6.2. A role in maintaining structural integrity 

cannot be ruled out for this residue, as it is the only hydrophobic residue 

packed on its side of the C-terminal p-hairpin. It is surrounded in cripto 

by charged/polar residues. An aromatic residue at the equivalent position
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in TGF-a is required for EGFR binding (although a structural role cannot 

be ruled out for this residue) (Lazar, et al., 1988; Feild, et al., 1992).

Arginine-29, although not equivalent in the sequence alignment 

with huEGF and huTGF-a, on examination of the predicted position in the 

model structure of cripto, may take on an equivalent role in receptor 

recognition for cripto, as for arg-44 in huEGF, and the equivalent arginine 

that is conserved across EGFR (ErbBl) and ErbB4 binders. This residue 

has been implicated in EGFR binding using mutagenesis and IH-NMR 

data for the mutated structure (Hommel, et al., 1991). Glu-32 and his-33 

are sequentially and structurally conserved relative to TGF-a, and may 

take on a similar role in receptor binding in the two structures. They may 

be useful mutagenesis targets, particularly in the light of recent evidence 

tha t the C-terminal sub-domain which contains these two residues 

becomes relatively immobile in the growth factor/receptor complex for 

TGF-a and EGFR, while the N-terminal sub-domain remains mobile 

(Hoyt, aZ., 1994),.

Valine-35 in cripto can be considered equivalent to leucine-47 in 

huEGF which has been shown in mutagenesis experiments to be 

important for receptor recognition by huEGF (Dudgeon, et al., 1994). 

Substitution of valine for isoleucine in this region for EGF, reduces its 

affinity for ErbBl receptor (Dudgeon, et al., 1994). The occurrence of 

valine for cripto at the equivalent position in the structure thus suggests 

that if cripto does bind to EGFR, it is with reduced affinity.

The hydrophobic patch that resides mainly on the side of the 

hairpin opposite that which comprises the ridge of charged residues, is 

conserved in position between human EGF and cripto, including the 

conserved methionine (in cripto, residue 15) and the conserved aromatic at 

cripto residue position 19. The residues involved in cripto are listed above.
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In huEGF, the equivalent residues are:- cys-15, leu-lQ^ uaZ-20, cys-21, met- 

22, iZc-24, aZa-26, leu-21, tyr-29, ala-Sl and cys-32. This region of the 

EGF-like domain in the growth factors has not reportedly been 

investigated with site-directed mutagenesis as extensively as the region 

mainly comprised of charged residues on the opposite side of the two p- 

hairpins. One example is that tyrosine-29 mutagenesis to glycine in EGF 

diminishes EGFR binding affinity (though there may be structural 

reasons for this; Engler, et al., 1987).

In summary, these structural observations suggest some important 

residues to consider in assessing the (possible) binding of cripto to any of 

the known ErbB receptors. Mutagenesis of glu-32 and his-33 may be 

informative on their relative role in TGF-a, a known EGFR binder, and 

cripto; similarly, for the relative roles of valine-35 and arginine-29 in the 

cripto structure and the equivalent residues in the huEGF structure. It 

may also be informative to probe the role of the hydrophobic patch that is 

common to huEGF and cripto.

6.3.3: Sum m ary o f im plications for recep tor b in d in g

In general, those residues that have been implicated as of possible 

importance in binding to ErbBl and ErbB4 all sit on the same side of the 

double hairpin structure, or just at the head of the N-terminal P-hairpin. 

The equivalent residues in cripto show a similar general segregation. 

However, the pattern of specific structural features that are conserved 

relative to both ErbBl and ErbB4 binders, and that are unconserved 

relative to both these sets of binders, suggests tha t cripto may have 

receptor binding behaviour that is intermediate in character. These 

features are now summarised (table 6.1).
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Firstly, an arginine is conserved at the sequence position 

immediately previous to the most C-terminal half-cystine of the EGF-like 

domain across ErbBl- and ErbB4-binding growth factors. In cripto there 

is an asparagine at the same position, with an arginine in the previous 

position in the sequence. Examination of the predicted structure for cripto 

suggests that this arginine-29 may take on an equivalent role in receptor 

binding for cripto. However, the omission of the conserved arginine 

adjacent to the conserved half-cystine in cripto is unusual among EGF-like 

growth factors, and does not occur in any of the known ErbBl- and ErbB4- 

binders listed previously. Arg-41 has been implicated in ErbBl binding 

for huEGF (Hommel, et al. , 1991).

Secondly, the occurrence of valine-35 in a position that may be 

considered equivalent to leucine-47, a residue that is important in EGFR 

binding by huEGF, and the fact that mutagenesis of this leucine to a 

valine in huEGF considerably reduces affinity for EGFR (Dudgeon, et al., 

1994), supports the hypothesis that cripto does not bind to EGFR. 

Heregulin-a and other ErbB4-binders have a valine residue at a position 

equivalent to that of valine-35 in cripto. Also, the succeeding residue in 

ErbB4-binders is usually either methionine or proline (here it is arginine).

Thirdly, the aromatic side-chain packed on the opposing side to the 

charged ridge for the C-terminal p-hairpin is phenylalanine(-26) in cripto, 

in common with the ErbB4-binding growth factors (heregulins - a ,  -p i, 

~p2> -Ps and neu differentiation factor), as opposed to tyrosine in the 

ErbB 1-binders (EGF, TGF-a, amphiregulin, vaccinia virus growth factor 

and heparin-binding EGF-like growth factor). An aromatic residue at this 

position may be required for ErbBl binding (Lazar, et al., 1988; Feild, et 

al., 1992).
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crip to  sequence  

po sitio n

cr ip to  residue(s) the eq u iva len t  

residue(s) in  

E rbB l b in ders

th e  eq u iva le n t  

residu e  (s) in  

E rbB 4 b in ders

30

35

26

3 to 6 (before cys-7 

in the sequence)

Asn*

Val

Phe

Leu-Asn-Arg-Thr^

Arg

Leu

Tyr

Ser-Asp-Ser-Glu

Arg

Val

Phe

His-Phe-Asn-Asp

Table 6.1: Table summarising the structural evidence for cripto receptor binding 

behaviour. See text for details. The columns are:- the residue position in the cripto 

sequence as labelled in fig. 6.1; the residue occupying this position in the cripto sequence; 

the equivalent residue(s) in the ErbB 1-binders; the equivalent residue(s) in the ErbB4- 

binders.

* The model however suggests that Arg-29 could take on an equivalent role in 

receptor binding.

See the discussion in the Introduction of the experiment of Barbacci, et al. 

(1995) for details.
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Fourthly, a feature of cripto that does not support binding to ErbB4 

is the lack of a peptide preceding the first half-cystine, similar to that 

described in Barbacci, et al. (1995), that confers specificity for ErbB4 

binding when transplanted into the huEGF structure from heregulin-a 

(an ErbB4-binder).

In summary, the predicted cripto structure is consistent with recent 

experimental evidence that cripto can act through an EGFR-independent 

pathway (see section 6.1). Cripto has features that are conserved and 

unconserved relative to the ErbB4-binders and relative to the ErbBl- 

binders, that suggest an intermediate binding character. This may be by 

means of a different receptor homodimer of the ErbB family that has some 

of the characteristics of the ErbBl and ErbB4 receptors. Another 

possibility is that the combination of features can be accommodated in a 

more complex model of binding behaviour, in which different parts of the 

EGF-like growth factors bind at multiple sites between the two 

components of a homo- /heterodimer complex, and that the intermediate 

nature of the structural features of cripto suggested to be important in 

binding reflect a different profile of heterodimer affinities for cripto.

6.4; C onclusions

A homology model of the growth factor cripto has been made, which 

indicates that its sequence is consistent with an EGF-like module. This 

model can be used in assessing its receptor binding, and in guiding 

mutagenesis experiments. Those conformational features th a t are 

conserved or unconserved between cripto and other EGF-like growth 

factors have been noted, including distinct clusters of charged residues
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and hydrophobic residues centred on opposite sides of the N-terminal p- 

hairpin. Several features of the predicted structure suggest that if cripto 

does bind to EGFR, then it is with reduced affinity relative to EGF. This 

is consistent with recent experimental evidence (discussed in section 6.1) 

that cripto expression is not correlated with EGFR expression in breast, 

colon and gastric tumours. Furthermore, as the predicted cripto structure 

shows some conserved and unconserved features relative to both ErbBl- 

and ErbB4-binding growth factors that are important for binding to their 

respective receptors, it is reasonable to suggest that it may favour binding 

to a different receptor (homodimerised) th a t has some of the 

characteristics of both the ErbBl and ErbB4 receptors. Alternatively, the 

intermediate nature of the features of cripto that are suggested to be 

im portant in receptor binding may reflect a different profile of 

heterodimer affinities for cripto, for a model of receptor binding in which 

the EGF-like growth factors bind to multiple sites between the two 

components of the homo- /heterodimer receptor complexes.

The structure described herein demonstrates the application of 

structural analysis to customise a procedure for homology modelling. 

Various modelling, alignment and model-assessment tools and programs 

have been combined with some relevant analysis of disulphide-bridged 

conformation, to design a modelling procedure that is appropriate.
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C hapter 7; G eneral con clu sions  

7.0: Sum m ary

General conclusions are presented on the work of this thesis. 

Suggestions are made for further investigations.

7.1: C on clu sion s and  su g g estio n s  for p o ss ib le  fu r th er  

w ork

This thesis has presented analysis of disulphide bridges in proteins 

that has identified regularities in their primary-, secondary- and tertiary- 

structure distribution.

Chapter 3 described a procedure designed by the author to produce 

non-redundant data sets of protein chains from an initial redundant list 

from the PDB. An inherent, and as yet unsatisfactorily addressed, 

problem of such procedures to make representative sets is that unique 

domains in multi-domain proteins may be overlooked. One possible way 

around this problem may be to use the remainder of the protein sequences, 

outside of the aligned subsequences for a pairwise sequence comparison, 

by feeding it back into the data set construction procedure as a ‘new’ 

sequence. Also, overall structural quality is a complex function of the 

resolution, R-factor and stereochemical quality of a protein structure. A 

measure which adequately balances consideration of all three of these 

aspects is needed.
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Cross-linkage theory of proteins by disulphides (Chapter 2) was 

applied to the classification of disulphide connectivity in proteins in 

Chapter 4. This classification of disulphide connectivity in protein 

sequences has revealed a distinct trend in the distribution of 

connectivities with increased sequence length. The predominance of 

certain classes of disulphide connectivity in smaller, disulphide-rich 

sequences is such that the hypothesis tha t the entropie effect of 

disulphides is important cannot be rejected for these sequences. A present 

point of debate is whether disulphides stabilise the native state either 

primarily through the enthalpic effect suggested by Doig and Williams 

(1991), or the non-local entropie effect of cross-linkage. Interesting further 

experimental work would be in the design of more elaborate protein 

engineering experiments that investigate these theoretical ideas about the 

important energetic components. It may be possible to design altered or 

novel disulphide connectivity for protein chains. The most sophisticated 

investigations in recent years have been the multiple-disulphide 

engineering and circular permutation experiments on phage T4 lysozyme, 

described in section 1.5 of this thesis. Adjustment in the amino acid 

composition in the introduced linker regions for such circularly permuted 

proteins is an attractive proposition in this respect.

Chapter 5 analysed aspects of the secondary- and tertiary-structure 

distribution of disulphides in proteins. Small, disulphide-rich proteins are 

problematic in structural prediction and taxonomy; they are often best 

treated as a separate group in predictive procedures (see section 1.3.1 for 

examples), and tend to have less regular secondary structure which makes 

classification of their folds and fold features difficult. Previously 

undescribed principles for the distribution of disulphide bridges in p 

secondary structure and for the clustering of disulphides near p-strands
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have been presented herein. A motif has been characterised tha t 

comprises two disulphides clustered against a p-hairpin that is present in 

a wide array of protein folds.

It is now quite straight-forward to determine the disulphide 

connectivity of a protein using peptide digestion methods (see 

Introduction, section 1.1.1). The present research on the distribution of 

disulphides in p secondary structure raises the interesting question of 

whether rules for the distribution of disulphides between secondary 

structures can be used to improve a predictive secondary structure profile 

for a small, disulphide-rich protein of known disulphide connectivity. In 

addition, the author of this thesis has observed tha t the secondary 

structure distribution and the positional distribution of free cysteine/ half

cystine within secondary structure elements are quite different (not 

reported in the thesis). The possible combined effect of these two sets of 

observations is worth investigating. The observations reported in Chapter 

5 may also be useful in filtering out possible tertiary-structure matches in 

fold recognition or combinatorial prediction tha t are adjudged to be 

unlikely because of the disposition of the disulphides in the connectivity. 

Because of the peculiarities of SDBIFs, a novel combined secondary- and 

tertiary-structure prediction procedure for these proteins may be useful 

that combines the best features of fold recognition and combinatorial 

prediction, and that uses the network of partial similarities arising from 

their taxonomy.

The author believes that an extensive taxonomy of SDBIFs (small, 

disulphide-rich predominantly p/irregular folds) may be possible in the 

near future. The observations in Chapter 5 should help in this respect. 

Firstly, more folds that are similar to the disulphide cross family of folds 

(such as the example of the tumour necrosis factor receptor given in
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section 5.3.3.7) can be drawn into an ‘outer circle’ of inter-relationships for 

SDBIFs. Additionally, other motifs and structural themes are identifiable 

in SDBIFs. For example, a further such structural theme (not mentioned 

in Chapter 5) that the author has noticed is the X~Py connection, where X 

is the intervening connection in a right-handed p-X-p unit and py is a 

strand in the antiparallel P-sheet of which the unit is a part. This feature 

combined with a small, three-stranded antiparallel p-sheet comprises a 

partial similarity between the small cystine-knot fold (e.g., omega 

conotoxin GIVA, PDB code Icco) and the fold of anti-hypertensive anti

viral protein {2hds). These two folds can be seen as different solutions to 

the problem of using a three-stranded anti-parallel P-sheet and three 

disulphides to produce a viable fold. Generalisation of such recurrent 

structural themes arising from taxonomy would be useful predictively.

In Chapter 6, a homology model was constructed for the small 

growth factor cripto based on its sequential similarity to known EGF-like 

growth factors. The predicted structure was consistent with recent 

experimental evidence that cripto may act at the cell surface independent 

of the epidermal growth factor receptor. The structure would be most 

informative if used in tandem with cell-biological studies to assess its 

possible binding affinity to different homo- and heterodimers of the ErbB 

family of receptor molecules. The procedure that was followed to construct 

the model demonstrated the combined use of structure manipulation tools 

and programs, relevant structural analysis and appropriate human 

intervention in predicting protein structure.

This thesis has demonstrated tha t the detection of structural 

principles in proteins is a continuing process and that this detection of 

structural principles facilitates structure prediction.
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A ppendix I; Table o f th e d isu lp h id e co n n ectiv itie s  tak en  

from  th e SWISSPROT database (version  25)

The table below lists the 186 disulphide connectivities analysed in

Chapter 4 and derived from the SWISSPROT database version 25 feature-

table records. They are listed in alphabetical order of their SWISSPROT

codes, with the PDB code after the SWISSPROT code in brackets, where

appropriate. The number of disulphides in the connectivity and the

arrangement entropy, which quantifies the complexity of the disulphide

connectivity are indicated, with a brief description of the function of the

protein. EC is an abbreviation for extracellular. The sequence codes in

the final column have the following meanings
An individual domain connectivity for a sequence thatD

P
T

has multiple such domain connectivities, as detailed in 

the SWISSPROT feature records.

A sequence of 12 to 18 residues.
A sequence fragment.

SWISSPROT CODE

A1AG_HUMAN
A2GL_HUMAN
ACH1_XENLA
AFP.ASPGI
AGI2_WHEAT(9wga)
ALBU.BOVIN
ALKl.HUM AN
ALPS_LlMPO
AMYA_ASPOR(2taa)
AMYP.PIG
ANFB_BOVIN
ANSA_STRCZ
ANT3_HUMAN
APAM.APIME
APB_HUMAN
APOH.BOVIN
APOH.BOVIN
ARA5_AMBTR
ASG2_ECOLI
ATNB.CANFA
ATPG.SPIOL
AVID.CHICK

Np, Ŝ rr (/R̂  
DSBs

BRIEF FUNCTIONAL TITLE SEOUENCE
CODE

2 2.758 ALPHA-l-ACID GLYCOPROTEIN 1 (OROSOMUCOID)
1 -  LEUCINE-RICH ALPHA-2-GLYCOPROTEIN (LRG)(2 domains) D
2 0 ACETYLCHOLINE RECEPTOR a -lA  CHAIN (EC domain)
4 2.651 ANTIFUNGAL PROTEIN
4 4.600 AGGLUTIININ ISOLECTIN 2 (chitin binding domain) D
6 0.680 SERUM ALBUMIN (second domain) D
4 6.633 ANTILEUKOPROTEINASE1 (ALP) (first domain) D
1 -  ANTI-LIPOPOLYSACCHARIDE (LPS) FACTOR
4 0 TAKA-AMYLASE A
5 0.988 ALPHA-AMYLASE
1 -  BRAIN NATRIURETIC PEPTIDE (BNP)
1 -  ANTIBACTERIAL SUBSTANCE A
3 3.107 ANTITHROMBIN-III
2 2.919 APAMINE p
1 -  APOLIPOPROTEIN B-lOO T
2 1.462 BETA-2-GLYCOPROTEINI (fourth domain) D
3 2.267 BETA-2-GLYCOPROTEINI (fifth domain) D
4 8.041 ALLERGEN AMB T V
1 -  L-ASPARAGINASEII
3 0 Na/K-TRANSPORTING ATPASE p-1 CHAIN (EC domain)
1 -  ATP SYNTHASE GAMMA CHAIN
1 ~  AVIDIN
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AW N.PIG 2 0
AZUR_ALCDE(2aza) 1 -
B2MG_M0USE 1 -
BBP_PIEBR(lbbp) 2 2.248
BDSl_ANESU(2bds) 3 6.936
BLAT_ECOLI 1 -
BRAC_PSEAE 1 -
CALO.HUMAN 1 -
CAPA.CHICK 1 -
CAVP.BRALA 1 -
CBPA_BOVIN(6cpa) 1 -
CBPM.STRGR 3 0
CD4_MOUSE 3 0
CD8A_HUMAN(lcdS) 1 -
CGHB.HUMAN 6 5.299
CHH.CARMA 3 1.376
CHIT.SACER 2 0
CHLY.HEVBR 3
CHTB.VIBCH 1
CLCB.BOVIN 1
C0L2_PIG 5
CRAM_CRAAB(lcrn) 3
CSF2_HUMAN 2
CUTLFUSSO 2
CXAl.CONGE 2
CXA3_CERLA 3
CXMl_CONGE(lctg) 3
CYC5_AZOVI(lcc5) 1
CYC_RANCA 1
CYPH.BOVIN 1
DEFLAPIME 3
DEFN_HUMAN 3
DHMH.THIVE 2
DHML_THIVE 6
DRNl_BOVIN 2
DTX.CORBE 2
ECLH.MANSE 3
ELl_PIG(7est) 4
ELAS_PSEAE(lezm) 2
ENV.HIVIO >6 -
ENV_MLVFR >6 -
ET1_PIG 2 2.688
ETC1_STAAU 1 -
FENR_SPIOL 1 -
FER_DESGI(lfdd) 1 -
FMAH.BACNO 2 0
GBGT_BOVIN 1 -
GHR.HUM AN 3 0
GLBl.PHESE 1 0
GLHA.SHEEP 5 5.658
GLTP.PIG 1 -
GRFA.MYXV 3 1.168
GSEP.BACLI 2 0
GUXl_TRIRE(2cbh) 2 1.145
GUX.CELFI 3 0
HCYA.PANIN 3 0
HEMO_HUMAN 6 -1.550
HISJ.SALTY 1 -
HLYl.VIBPA 1 -
HR2A_TRIFL 3 0.752
HST2_ECOLI 3 5.245
H VIA.H UM AN 1 ~
IAA2.WHEAT 5 3.802
lAAS.HORVU 1 -
lACS.PIG 3 1.702
IBBl.PH AAN >6 -
IDE3_ERYCA 2 0
IGF2_HUMAN(lgf2) 3 5.130
IL2_HUMAN(3ir&) 1 -
IL4_HUMAN(lrcb) 3 3.332
IL8_HUMAN(2il8) 2 4.068
IMEP_STRNI 2 0
INAA.H U M AN 2 2.470
IOVO_MELGA 3 1.618

CARBOHYDRATE-BINDING PROTEIN AWN  
AZURIN
BETA-2-MICROGLOBULIN 
BILIN-BINDING PROTEIN (BBP)
ANTIHYPERTENSIVE ANTIVIRAL PROTEIN BDS-I 
BETA-LACTAMASE 
LEU-, ILE-, VAL-BINDING PROTEIN 
ALPHA-TYPE CALCITONIN 
F-ACTIN CAPPING PROTEIN ALPHA SUBUNIT 
CALCIUM VECTOR PROTEIN (CAVP)
CARBOXYPEPTIDASE A
MURAMOYL-PENTAPEPTIDE CARBOXYPEPTIDASE 
T-cell SURFACE GLYCOPROTEIN CD4 (EC domain)
T-cell SURFACE GLYCOPROTEIN CD8 a  CHAIN(EC domain) 
CHORIOGONADOTROPIN BETA CHAIN 
CRUSTACEAN HYPERGLYCEMIC HORMONE 
CHITINASE 

-0.103 HEVAMINE A
CHOLERA ENTEROTOXIN, p CHAIN 
CLATHRIN LIGHT CHAIN B 
PROCOLIPASE II 
CRAMBIN
GRANULOCYTE-MACROPHAGE CS FACTOR 
CUTINASE
ALPHA-CONOTOXIN GI 
CYTOTOXIN A-III 
MU-CONOTOXIN GIIIA 
CYTOCHROME C5 
CYTOCHROME C
PEPTIDYL-PROLYL CIS-TRANSISOMERASE 
ROYALISIN
NEUTROPHIL DEFENSIN 
METHYLAMINE DH HEAVY CHAIN 
METFIYLAMINE DH LIGHT CHAIN 
DEOXYRIBONUCLEASE I 
DIPHTHERIA TOXIN 
ECLOSION HORMONE 
ELASTASE 1 
ELASTASE
ENVELOPE POLYPROTEIN GP160 
KNOB PROTEIN GP70 
ENDOTHELIN-1 
ENTEROTOXIN TYPE C-1 
FERREDOXIN-NADP REDUCTASE 
FERREDOXIN 
FIMBRIAL PROTEIN
GUANINE NUCLEOTIDE-BINDING PROTEIN y-6 SUBUNIT 
GROWTH HORMONE RECEPTOR (EC domain)
GLOBIN I, EXTRACELLULAR (ERYTHROCRUORIN) 
GLYCOPROTEIN HORMONES ALPHA CHAIN  
GLYCOLIPID TRANSFER PROTEIN 
GROWTH FACTOR (MGF)
GLUTAMATE SPECIFIC ENDOPEPTIDASE 
EXOGLUCANASEI (cellulose binding domain) 
EXOGLUCANASE (catalytic domain)
HEMOCYANIN A CHAIN.
HEMOPEXIN
HISTIDINE-BINDING PROTEIN J 
THERMOSTABLE DIRECT HEMOLYSIN 1 
HEMORRHAGIC METALLOPROTEINASE HR2A 
HEAT-STABLE ENTEROTOXIN ST-2 
IG HEAVY CHAIN V-I REGION 
ALPHA-AMYLASE INHIBITOR 
ALPHA-AMYLASE/SUBTILISIN INHIBITOR 
SPERM-ASSOCIATED ACROSIN INHIBITOR. 
BOWMAN-BIRK TYPE PROTEINASE INHIBITOR 
TRYPSIN INHIBITOR DE-3 
INSULIN-LIKE GROWTH FACTOR II 
INTERLEUKIN-2 
INTERLEUKIN-4 
INTERLEUKIN-8
METALLOPROTEINASE INHIBITOR 
INTERFERON ALPHA-A 
OVOMUCOID (first domain)

7.894
4.512
0.662
3.401
2.602
2.284
6.043

2.716
6.011
0
14.292
0
0
1.890
1.959
0

D

D
D

D

D
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IPI3 ASCSU 3 1.590 MAJOR PEPSIN INHIBITOR PI-3
IPLS STRAN 2 G PLASMINOSTREPTIN
IPR2 SOLTU 4 3.938 PROTEINASE INHIBITOR PCI-I
IPRB SAGSA 2 G PROTEINASE INHIBITOR B
ITHl HIRME(6hir) 3 1.4G1 HIRUDIN VARIANT-1
ITRl CUCMA(2cti) 3 2.557 TRYPSIN INHIBITOR I (CMTI-I)
ITRP_ASCLU 5 8.721 TRYPSIN INHIBITOR
ITRY.TRIKI 3 2.919 TRYPSIN INHIBITOR
IVBl DENAN(ldtx) 3 4.866 VENOM BASIC PROTEASE INHIBITOR I
JHER_APAKA 1 — JUVENILE HORMONE ESTERASE REPRESSIVE PEPTIDE
KAD2 BOVIN 1 — ADENYLATE KINASE ISOENZYME 2 (mitochondrial)
KPPR SPIOL 1 - PHOSPHORIBULOKINASE
KVIA.HUM AN 1 — IG KAPPA CHAIN V-I REGION (AG)
LAMB ECOLI 1 - LAMBDA RECEPTOR PROTEIN
LCA BOVIN 4 3.965 ALPHA-LACTALBUMIN
LECS_RANJA 4 3.348 SIALIC ACID-BINDING LECTIN
LIPP.PIG >6 — TRIACYLGLYCEROL LIPASE
LIP RHIMI 3 -3.179 LIPASE
LMPl HUMAN 2 G MEMBRANE GLYCOPROTEIN 1 (first luminal domain)
LYCH CHASP 1 — N,0-DIACETYLMURAMIDASE
M llP  YEAST 3 3.179 Ml-1 PROTOXIN
MACM STRMA 2 G MACROMOMYCIN
MCDP MEGPE 2 3.664 MAST CELL DEGRANULATING PEPTIDE
MCPI S0LTU(4cpa) 3 2.67G METALLOCARBOXYPEPTIDASE INHIBITOR
MDHC MAIZE 1 — MALATE DEHYDROGENASE
MGP BOVIN 1 — MATRIX GLA-PROTEIN
MLCl.ONCKE 1 — MELANIN-CONCENTRATING HORMONE 1
MYP2 BOVIN 1 — MYELIN P2 PROTEIN
M YXl.CRO W 3 4.855 MYOTOXIN A
NGF MOUSE 3 4.845 BETA-NERVE GROWTH FACTOR
N U Pl PENCI 2 -.617 NUCLEASE PI
NXB4 CERLA 4 5.9G8 NEUROTOXIN B-IV
NXLl_BUNMU(2abx) 5 1.G47 LONG NEUROTOXIN 1
ONCM HUMAN 2 2.342 ONCOST ATIN M
OPSD BOVIN 1 — RHODOPSIN
OVAL CHICK 1 — OVALBUMIN
PA21 HUMAN >6 - PHOSPHOLIPASE A2
PAPA_CARPA(lppd) 3 G.531 PAPAIN
PAPD.ECOLI 1 — CHAPERONE PROTEIN PAPD
PEPl MACFU 3 G PEPSINOGEN A-1
PERA ARMRU 4 -2.397 PEROXIDASE CIA
PIGR_HUMAN 2 -G.1G6 POLYMERIC-Ig RECEPTOR (PLGR) (fourth domain)
PIGR HUMAN 3 3.G96 POLYMERIC-Ig RECEPTOR (PLGR) (fifth domain) 

PROTEIN-BETA-ASPARTATE METHYLTRANSFERASEPIMT BOVIN 1 —
POPI BOVIN 2 G POSTERIOR PITUITARY PEPTIDE
PPAP HUMAN 3 G.154 PROSTATIC ACID PHOSPHATASE
PPB ECOLI 2 G ALKALINE PHOSPHATASE
PPCT BOVIN 2 G PHOSPHATIDYLCHOLINE-TRANSFER PROTEIN
PPMl LIMPO 2 1.374 POLYPHEMUSINI
PRIO MESAU 1 — MAJOR PRION PROTEIN (core domain)
PRLA_LYSEN(lplO) 3 G ALPHA-LYTIC PROTEASE
PRL BOVIN 3 G PROLACTIN
PRIA ASPNG 2 1.161 ACID PROTEASE A HEAVY CHAIN
PRTK_TRIAL(2prk) 2 G PROTEINASE K
PRXC CALFU 1 0 CHLOROPEROXIDASE
RBP.CHICK >6 - RIBOFLAVIN-BINDING PROTEIN
RL37_RAT 1 G 6GS RIBOSOMAL PROTEIN L37
RNAS.ASPGI 2 2.188 RIBONUCLEASE ALPHA-SARCIN
RNP CAPHI 4 3.585 RIBONUCLEASE PANCREATIC
RNRH RHINI 5 1G.644 RIBONUCLEASE RH
RNST_SACER 1 G GUANYL-SPECIFIC RIBONUCLEASE ST
SABP_HUMAN 2 G.2G4 SECRETORY ACTIN-BINDING PROTEIN
SAMP HUMAN 1 — SERUM AMYLOID P-COMPONENT
SAP2 ARBPU 1 - RESACT
SCF RAT 2 1.7G6 STEM CELL FACTOR
SCKC LEIQH 3 3.G28 CHARYBDOTOXIN (CHTX)
SCX2_ANDAU 4 3.9G4 NEUROTOXIN II PRECURSOR (AAHII).
SECP_APIME 1 G SECAPIN
SFPl BOVIN 2 1.365 SEMINAL PLASMA PROTEIN PDC-1G9 (first domain)
SG1_HUMAN 1 — SECRETOGRANINI
SLTB BPH30(lbov) 1 — SHIGA TOXIN B-CHAIN
SMSl HUMAN 1 — SOMATOSTATIN I
SMS2 CTPU 1 — SOMATOSTATIN II
SODC_BOVIN(2sod) 1 — SUPEROXIDE DISMUTASE
SOMA.HUMAN 2 G SOMATOTROPIN

D

D
D

D

D
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SSBP_HUMAN 2
STEL_RHUVE 1
TAP_ORNMO(laap*) 3
TF_HUMAN 2
THIl.CHLRE 1
THM1_THADA >6
THYl.MOUSE 2
TIM l.HUM AN 6
TKN2_SCYCA 1
TNFA_HUMAN(ltnf) 1
TRFE.HUMAN >6
TRXB_ECOLI(ltrb) 1
TRYP.SACER 3
TUBE.MYCTU 1
UR2B_CATC0 1
VSM2_TRYBB(lvsg) 2

5.371
0

3.341
7.731

0.820

SEX HORMONE-BINDING GLOBULIN 
STELLACYANIN.
TICK ANTICOAGULANT PEPTIDE (TAP) 
TISSUE FACTOR (EC domain) 
THIOREDOXIN CHI, H-TYPE 
THAUMATINI
THY-1 MEMBRANE GLYCOPROTEIN
METALLOPROTEINASE INHIBITOR 1
SCYLIORHININII
TUMOR NECROSIS FACTOR
SEROTRANSFERRIN
THIOREDOXIN REDUCTASE
TRYPSIN
TUBERCULIN-ACTIVE PROTEIN 
UROTENSINIIB
VARIANT SURFACE GLYCOPROTEIN
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