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Abstract

Abstract
The molecular recognition exhibited between particular protein molecules has been
analyzed, utilising the Brookhaven databank of atomic resolution protein structures.
Specifically, an extensive study of the recognition between serine proteinases, and their
protein inhibitors and substrates has been made. The analyses involve comparisons of the
molecular structure of these protein inhibitors, specifically at their recognition regions,
and further comparisons with protein substrates of the proteinases. These comparisons
reveal a common recognition motif possessed by the binding loops of serine proteinase
inhibitors, which is absent in the substrates (limited proteolytic sites). This conserved
recognition motif is maintained despite the sequence and global structural dissimilarity
between inhibitor families. In contrast, the recognition regions of the substrates are
structurally diverse, and could not be bound to their target enzymes in their crystal
conformations. This implies mobility is vital for their recognition, to allow structural
rearrangement.
Modelling experiments are carried out to ascertain the degree to which the limited
proteolytic sites may adopt inhibitor-like conformations, thus mimicking the expected
recognition conformation. This was done by first testing the ability of the substrates to
adopt such a conformation geometrically, and secondly to simulate the types of motions
that might occur.
Finally, an algorithm is presented that predicts the likely location of limited
proteolytic sites within proteins. The predictive power of the method and its individual
component parameters are critically assessed.
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A

: Angstrom

ASA

: Accessible surface area

BPTI/PTI

: Bovine (or Basic) Pancreatic trypsin inhibitor/ Pancreatic trypsin inhibitor

BRCODE

: Brookhaven Protein Databank four-letter code

C-terminal

: Carboxyl terminal

CI-2

: Chymotrypsin Inhibitor 2

CDR

: Complementarity Determining Region

DNA

: Deoxyribose nucleic acid

EDTA

: Ethylenediamine tetraacetic acid

HIV

: Human Immunodeficiency Virus
: Association constant

Kcal mol'1

: Kilocalories per mole

Mips

: Mega instructions per second

N-terminal

: Amino terminal

nm

: nanometre

OMJPQ3

: Japanese Quail ovomucoid third domain

OMSVP3

: Silver pheasant ovomucoid third domain

OMTKY3

: Turkey ovomucoid third domain

PCI-1

: Polypeptide Chymotrypsin Inhibitor 1

P.I.

: Protrusion Index

ps

: picosecond

PSTI

: Pancreatic Secretoiy Trypsin Inhibitor

RMS (D/E)

: Root Mean Square (Deviation/Error)

SGPA

: Streptomyces griseus Proteinase A

SGPB

: Streptomyces griseus Proteinase B

SSI

: Streptomyces Subtilisin Inhibitor

SST

: Secondary Structure

STI

: Soybean Trypsin Inhibitor
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Introduction to protein-protein molecular recognition

CHAPTER 1
INTRODUCTION TO
PROTEIN-PROTEIN
MOLECULAR RECOGNITION

Protein-protein recognition processes play many vital roles in molecular biology.
These include protein self association, enzyme action and regulation, immune system
responses, and cell surface receptor interactions. Detailed information at the molecular
level on many of these processes is now available due to the elucidation of the structures
of the proteins involved at atomic resolution, predominantly by X-ray crystallography.
The co-ordinates of most structures are deposited with the Brookhaven protein databank
(Bernstein et a i, 1977), which forms the primary data source for structural studies on
protein-protein recognition contained in this thesis.
Protein-protein interactions considered in this thesis may be sub-divided into 2 basic
classes;
1. Interactions that occur between monomeric forms, that produce the quaternary
structure of the protein. These interactions are therefore intermolecular. These
multimeric interactions may be classed as homogenous or like-interactions.
2. Interactions that occur between different protein molecules ie. intermolecular
interactions between two different proteins. Examples of these include antibodyantigen interactions, and enzyme-inhibitor interactions.
These intermolecular interactions are, of course, of the same type as intramolecular
interactions, such as between domains in large proteins, although only the former are
considered here.
The interactions that occur in individual co-ordinate sets deposited with Brookhaven,
are described in detail by the authors concerned. In this introduction an overview of the
Page 15
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basic features of protein-protein recognition will be given, with particular reference to the
studies attempting to identify common structural features that underlie protein-protein
recognition more generally.
There are some 450 co-ordinate sets currently available in the Brookhaven databank,
and the number is steadily increasing. Current examples for which detailed structural
information is available on intermolecular protein-protein interactions include multimeric
structures (over 30 structures), antibody-antigen (5 structures), and enzyme-inhibitor
complexes (over 12 structures). The following overview restricts itself to intermolecular
interactions between proteins.

1.1 Fundamental principles of protein-protein recognition
1.1.1 Hydrophobic free energy
Studies of the molecular interactions that occur at protein-protein interfaces to date
have established the basic principles which govern protein-protein association. These
studies have considered features including buried surface area and the hydrophobic
contribution to association, the physical and chemical nature of the interfaces, and
preferred contacts observed at interfaces.
Early studies introduced the concept of "hydrophobic energy" resulting from the
exclusion of solvent from protein interfaces as the main driving force of protein subunit
association. Chothia and Janin (1975) calculated the amount of surface area buried and
the chemical nature of this surface for 3 recognition systems; the insulin dimer, the ap
oxyhaemoglobin dimer, and the trypsin-PTI complex. These results are summarised in
Table 1.1 adapted from this study (Chothia & Janin, 1975). In all 3 systems, there was a
reduction of at least 1000 A2 of surface area accessible to solvent upon association of the
protein subunits. For two of these systems, the insulin dimer and the a p oxyhaemoglobin
dimer, the interface surface was characteristically less polar than the surfaces of the
monomeric forms alone. In light of the Kauzmann (1959) model for protein association,
Chothia and Janin, (1975), estimated the hydrophobic contribution to the free energy of
association for the 3 systems, on theoretical grounds. Kauzmann (1959), proposed that

Page 16
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Table 1.1 Chemical nature of protein surfaces, from Chothia & Janin,(1975).
Percentage contribution to total surface
Surface

non-polara (%)

polarb (%)

charged (%)

Area buried at
interface (A2)

Insulin
Monomer Ml

62

31

7

530

Monomer M2

59

33

8

600

Interface

74

22

4

1130

Trypsin-BPTI
Trypsin

53

38

8

640

BPTI

57

23

20

750

Interface

56

32

12

1390

Oxyhaemoglobin
a subunit

64

20

16

930

P subunit

58

23

19

790

Interface

68

16

16

1720

a All carbon atoms,

b N, O and S atoms except in charged groups.

burying hydrophobic groups, thus removing them from unfavourable contacts with polar
water molecules, provided the energy for protein association. Chothia and Janin estimated
the hydrophobic free energy contribution using a result from earlier work (Chothia,1974,
Chothia, 1975) which described an empirical correlation between the accessible surface
area of amino acids, and their free energies of transfer to water. This gives a value of 25
cal m ol1 of hydrophobic free energy per 1 A2 of area lost to solvent (Chothia, 1975).
Using this value Chothia and Janin,(1975) account for the large free energies required for
association with a corresponding term of hydrophobic free energy of approximately 30
kcal mol'1. Thus a favourable association free energy is obtained from the entropy gained
by "released" water due to the reduced total accessible surface of the protein subunits.
This hydrophobic term compensates for the entropy lost upon complex formation.
The hydrophobic free energy term is put forward as the major stabilising factor of
protein-protein complexes. The enthalpic contributions of hydrogen bonds and van der
Waals interactions, although not negligible, are unlikely to contribute so greatly since any
such contacts made in the complex can be made with solvent in the uncomplexed form.
Chothia and Janin (1975) showed that for the 3 systems they considered, most of the
polar and charged groups that could form hydrogen bonds with solvent in the
Page 17
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uncomplexed forms, made similar interactions with protein groups when the subunits
were complexed.
However, the hydrophobic effect is totally non-directional. Shape complementarity and
electrostatic interactions must determine the specificity of protein-protein association.
Janin and Chothia,(1976) and in their earlier paper (Chothia & Janin,1975) conclude that
the interfaces they consider must show very good shape complementarity. Similarly polar
interactions across the interface provide specificity. Many important hydrogen bonds are
made in the trypsin-PTI and trypsin-SU complexes (Janin & Chothia, 1976). The
interfaces were also seen to be closely packed (Chothia & Janin, 1975, Janin &
Chothia, 1976), in a manner typical of proteins in general (Richards, 1974). Thus the non
specificity of the hydrophobic energy is complemented by the high-specificity of shape
complementarity and electrostatic interactions.

1.1.2 The nature of interacting surfaces
The nature of interacting surfaces within and between proteins has been considered
by several authors. They have attempted to identify from co-ordinate sets what
determines a particular surface type. The different surfaces are illustrated in figure 1.1.
They may be classified thus, making certain naive assumptions:
Buried surface (1): Found within all subunits. Defined as the surface lost upon
folding to native conformation from a fully extended one. Expected to be hydrophobic
in nature since it does not contact solvent.
Accessible surface (2): Least hydrophobic surface. Permanently in contact with
solvent and must be stable in solution.
Oligomeric interface surface (3): Interface surface buried upon association of
monomers to quaternary structure. May be in contact with solvent as subunits can be
stable in solution; hence likely to be similar to buried surface, but possibly slightly less
hydrophobic.
Non-like interface surface (4): Buried upon complexation of 2 proteins. Subunits
must be stable in solution, and hence would be expected to resemble accessible surfaces,
but retain some features of buried surfaces, as complexes are often very stable too.
These assumptions ignore the fact that polar groups are favourably buried if they can
Page 18
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Buried

®

surface

Accessible

MONOMER
Interface

s\3

Interface

s4

DIMER

NON-LIKE PROTEIN
COMPLEX
Figure 1.1 Schematic showing 4 different interacting surfaces within and between proteins.

still satisfy their hydrogen bonding potentials. Chothia (1976) and Miller et al.,( 1987a)
considered the accessible and buried surfaces of monomeric proteins. They sub-divided
the surfaces into non-polar, polar and charged on an atomic basis and found that the 2
surface types were both dominated by non-polar atoms. The buried surface was seen to
be more polar than the accessible, but less charged. The bulk of this polar contribution
was due to polar groups hydrogen bonding in the protein interior, particularly main chain,
and also within secondary structure. The surfaces between secondary structural elements
were seen to be very hydrophobic, even more so than both the buried and accessible
surfaces (Chothia, 1976, Richmond & Richards, 1978). On a residue level, however, strong
preferences were found for hydrophobic residues to be buried (Miller et al., 1987a).
Hence, the naive assumptions made above are essentially correct, with a predominance
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of hydrophobic residue types found at buried interfaces, although the atomic accessible
surfaces are equally hydrophobic. The accessible surface is also less polar and more
charged than the buried.
Miller et al.,(1987b) and Janin et al,(1988) considered the interface surface, as well
as the buried and accessible surfaces, of 23 oligomeric proteins. They found the
oligomeric interfaces to be much like the buried surface in terms of amino acid
composition. In terms of atomic contributions, they were seen to be slightly more non
polar than both the accessible and buried surfaces.
Compared to non-like protein interfaces (Janin & Chothia, 1976), the oligomeric
interfaces are different (Janin et a/.,1988). The oligomeric interfaces were observed to be
more hydrophobic than the proteinase-inhibitor, and antigen-antibody interfaces, which
are similar to accessible surfaces in general in terms of their hydropathy and residue
composition (Janin & Chothia, 1990). This is in agreement with the assumptions made
here, although it is clear that they are an over-simplification of the complex processes at
work in protein recognition. Different systems will show variations from the basic themes
that are found.

1.1.3 Preferred contacts
The specific residue contacts between oligomeric interfaces have also been examined
(Janin et a/.,1988, Argos,1988). Janin e ta l,(1988) compared the amino acid composition
of oligomeric interfaces with that observed in the buried surface and the accessible
surface. They found that the oligomeric interface surfaces were like the buried surface
in terms of amino acid composition, and unlike the protein-accessible surface. The
charged residues Asp, Glu and Lys were observed to contribute much less to interface
surfaces than to accessible surfaces, with the exception of Arg. Arginines made the
second largest contribution to the interface surfaces, with the largest being Leu. Argos
(1988) considered 24 oligomers and calculated the atomic subunit contacts for polar
atoms (contacts less than 4.0A) and for all atoms (contacts less than 5.0A). The results
were essentially the same as observed within proteins in general (Narayana &
Argos, 1984). Argos describes a preference for "self' interactions, such as Arg-Arg, LeuLeu, Ile-Ile across subunit interfaces. However, this could be an artifact of the symmetry
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displayed in most subunit interactions. Argos (1988) also notes a preference for aromatics
at subunit interfaces, which are described as forming "good glue" for stabilising
oligomers.

1.1.4 Summary
In summary, the studies described here have established the basic principles that
stabilise and specify protein-protein recognition. The stability is provided by the
hydrophobic free energy gained upon complexation due to the favourable entropy change
in the solvent. The specificity is produced via the shape complementarity of the
interacting proteins, and the polar interactions formed between them. On average,
oligomeric interface surfaces are seen to be more hydrophobic than non-like protein
interfaces.

1.2 Oligomeric interactions
Having presented the basic principles with which oligomeric proteins associate,
specific examples are now considered illustrating the variations on the basic themes that
occur in nature.
Miller (1989) analyzed the different ways in which dimers and tetramers associate,
in terms of the secondary structural "motifs" observed across interfaces. The oligomeric
interfaces were seen to be predominandy made up of simple structural motifs seen within
proteins in general. Miller (1989) describes 4 types of interface, in terms of the secondary
structural motifs currently observed at interfaces. These are;
(i) extended p-sheet. Strands from each subunit hydrogen bond across the interface
thus extending the sheet across the interface.
(ii) helix-helix packing. Helices from different subunits pack at the interface in
a similar fashion as found within proteins (Chothia et al., 1981).
(iii) sheet-sheet packing. Packing of sheets from different subunits

at the

interface. Packing is similar to the face-to-face packing or aligned packing
described by Chothia and Janin,(1981), found in proteins in general.
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(iv) loop interactions. Interactions between loops from different subunits. Loops
typically interact with other loops or the ends of secondary structures.
Four exam ples described by M iller (1989) are shown in figure 1.2 below. M iller (1989)
classifies the interactions at 18 dimer and tetramer interfaces using these definitions.
Some have com binations of the above (nearly all possess some loop-loop interactions),
whilst the interactions within tetramers may be different at the different interfaces, such

Figure 1.2 Oligomer schematics, (a) Interface of Cro-repressor showing extended (3-sheet, (b) interface of
melittin showing helix-helix packing, (c) interface of glyceraldehyde-3-phosphate dehydrogenase, showing
sheet-sheet paclang, and (d) interface of triose phosphate isomerase. One subunit is shown in dark grey.
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as prealbumin (Blake et al., 1978). Miller (1989) also observes solvent channels between
some interfaces, but these are only found within tetramers.
Some other examples found in the database are discussed here. Gene 5 binding
protein dimer associates via a twisted p-barrel (Brayer & McPherson, 1983), and this
constitutes an extended sheet interface. The interface is described as being essentially
hydrophobic, thus stabilising the dimer. The dimer is the most favourable species in
solution, being stable under high ionic strength, extreme pH, dilution and at elevated
temperatures (Cavaleri et a l, 1976).
The superoxide dismutase dimer is formed with the outside surface of a P-barrel from
each monomer contacting, as well as the last few residues at the C-terminus and a
disulphide loop (Richardson et al., 1975, Tainer et al., 1982).
Ferricytochrome c’ forms a dimer via association of two helices from each monomer
(Finzel et al., 1985, Weber et al., 1981b). Loop interactions are prevalent at nearly all
interfaces. Ferricytochrome c’ and melittin are two of the exceptions (Miller, 1989).
As mentioned, the monomer-monomer, and dimer-dimer interfaces of prealbumin are
quite different (Blake et al., 1978). The monomer-monomer interface is an extended 8
stranded p-sheet Although the two 8-stranded sheets thus formed face each across the
dimer-dimer interface, the interactions are made predominantly via loops (Blake et
a/.,1978).
Viral coat proteins are vital to protect the viral nucleic acid. The information for the
association of the subunits to form the total coat must be contained in the subunit’s
binding regions. The C-subunits of Tomato Bushy Stunt Virus possess an extended Nterminal arm (Harrison etal.,\91%). Three of these interdigitate to form a structure known
as a P-annulus, which could be classed as an extended sheet interaction. Harrison (1984)
suggests that the formation of p-annuli leads to a network possessing gaps for 60 A and
60 B subunits. Such a network would then be unambiguous, and the formation of the
correct coat protein would be made. Clearly, the specific nature of the protein-protein
interactions between viral subunit proteins leads to the formation of the correct capsid
structure.
As reported by Chothia and Janin (1975), dimers bury a similar amount of surface
per monomer upon association; around 600 A2. The deoxy- and met- forms of
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haemoglobin bury different amounts of surface upon association (Chothia et al., 1976).
The deoxy- form buries 600 A2 more in total across all interfaces, making it the most
stable form in solution. The extra surface buried helps stabilise the lower oxygen affinity
conformation that the deoxy- form possesses (Chothia et al.,1976).
Although the reduction of external surface area of monomers upon association
provides an excellent energetic argument for formation of oligomers, it does not confer
specificity for recognition. Hydrogen bonding stabilises secondary structure in proteins,
and many important hydrogen bonds and salt bridges have been reported between
subunits of oligomers. Due to the close packing also reported (Chothia & Janin, 1975),
many van der Waals contacts are also present
Some examples of the contacts observed at oligomeric interfaces are discussed here.
The Gene 5 binding protein has at least 10 electrostatic interactions formed upon
association of dimers. Two salt bridges are also formed, from the side chains of Arg 80
and Arg 80’, and Glu 30 and Glu 30’ (Brayer & McPherson, 1983). The glutathione
peroxidase tetramer has 20 residues per monomer, that form 36 hydrogen bonds (Epp et
al., 1983). The prealbumin tetramer interfaces as well as differing in secondary structural
motifs also differ in hydropathy. The monomer-monomer interface is predominantly
hydrophilic, and the dimer-dimer interface more hydrophobic (Blake et a/.,1978). Apart
from the (3-sheet hydrogen bonding at the monomer interface, the BC loops from each
monomer also contact. These interactions are in a groove between the pairs of BC loops
and are entirely charged. This amounts to 20 residues in total, which run parallel to the
monomer-monomer interface. Blake et al.,( 1978) observed that no specific ion pairs were
present, but rather a general net of "balancing charge" was formed. This is unusual, as
polar interactions are more usually associated with being very specific in protein-protein
contacts. The a-chymotrypsin dimer (formed at pH 3.5), forms some ion-pairs at the
dimer interface (Blevins & Tulinsky,1985). These include the terminal carboxyl group
of Tyrl46 and the protonated imidazole ring of the active site His57. A further 8 to 10
hydrogen bonds are made between this basically asymmetric dimer.
Virus structures contribute a large amount of information j on protein-protein
interactions due to the many different subunit interfaces they possess. The Tomato Bushy
Stunt Virus (TBSV) subunit interfaces show networks of hydrogen bonding and salt
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Figure 1.3 Adapted from Harrison,(1984). Subunit contacts in the TBSV protein coat. The grey areas
indicate the hydrophilic contacts. I and II represent the "divided" contacts, and I’ and II’ the "direct"
contacts. The hydrophobic contacts lie in between I and II (I’ and II’).

bridges (Harrison, 1984). Due to the symmetry of the trimer, many of the interfaces are
fully conserved, whilst others are very different. Harrison states that the two hydrophilic
contact regions between the S domains of the coat protein subunits, are separated by
smaller hydrophobic regions. These polar regions vary only slightly throughout the trimer
contacts. Broken hydrogen bonds or salt bridges generally find alternatives, at different
trimer contacts. In general throughout the interfaces the quasi-equivalent symmetrical
positions are either fully conserved, or very different. That is to say, particular quasi
equivalent symmetry contacts are often maintained, and where they are not, few others
are conserved. Contacts between the S domains at trimer interfaces may also be classified
as "direct" or "divided" depending on whether the extended arm from the C subunit is
found between the contacting interfaces, as illustrated in figure 1.3. Polar interactions are
predominant in the direct contacts, with arginines, tyrosines and bound waters apparently
acting as "spacers". Bloomer et al„(1978) describe a chain of salt bridges and hydrogen
bonds that occurs along variable sets of intersubunit contacts in the Tobacco Mosaic virus
structure. As observed in TBSV, there is also an intersubunit region of alternating polar
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and non-polar patches.
The interactions between arginine and carboxylates in proteins have been analyzed
(Singh et al., 1987, Thornton et al., 1988) and a distinct statistical preference has been
observed for the groups to bond "end on" in intermolecular interactions, as opposed to
"side-on" for intramolecular interactions. In the "end-on" orientation, the carboxyl group
hydrogen bond to the two nitrogens NH1, and NH2 of the arginine. The "side-on"
involves the carboxyl group bonding to the NE nitrogen and/or one of the NH nitrogens.
Clearly, such polar interactions as have been described are vital for bringing
oligomers together in the correct orientation, although energetically they do not explain
oligomer stability on their own.
Oligomerisation is clearly important functionally. The Gene 5 binding protein
(G5BP) is predominantly a dimer in solution (Pretorius et a/., 1975, Cavalieri et al., 1976).
The protein binds DNA in its dimeric form, and this is its active form (Brayer &
McPherson,1983). This study reports that the crystal structure data backs up the chemical
data, and that dimer formation is absolutely necessary for retaining the' molecule’s
stability. Hence, monomeric G5BP would be unable to bind DNA. Many DNA binding
proteins are functionally active as dimers (see Harrison, 1991, for a recent review).
Dimerisation also plays a part in enzyme functionality. The retroviral proteinases, such
as the HIV-proteinase, are dimers, with one active site catalytic aspartic acid coming
from each subunit (Pearl & Taylor,1987, Schneider & Kent,1988, Wlodawer et al., 1989).
The interactions between subunits in oligomers have been well characterised by
analyses of crystal structure data. Although there are many important features that have
been observed stabilising oligomers, we do not fully understand how subunits recognise
each other. One of the crucial characteristics of oligomeric/multimeric subunit recognition
is the symmetry displayed in many systems. This should help in the prediction of
potential recognition sites for such systems, although to date, the problem of
differentiating interface and non-interface surface remains unsolved.
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1.3 Non-like interactions
The recognition between non-like protein systems does not involve secondary
structure motifs but is dominated by loop interactions (Miller,1989). The two recognition
systems for which structural data are available are proteinase-inhibitor interactions, and
antibody-antigen interactions. In the former, the inhibitor typically presents one loop
region to a recognition site made up from several discontinuous segments of the enzyme.
The antibody recognition regions are formed by the hypervariable loops of the
immunoglobulin domains. The two systems are discussed here.

1.3.1 Proteinase-inhibitor interactions
Unlike oligomers, these interactions are not between subunits, but between different
proteins. The main source of data in the database is from the solution of structures of
serine proteinases complexed with specific inhibitors, many of which are at high
resolution (Marquart et al., 1983, Bode et al., 1987, Read et al., 1983). Current
understanding of the serine proteinase catalytic mechanism has been derived from this
structural data (Kraut,1977, Delbaere et al, 1985) and this is dealt with in more detail in
chapter 2.
There are structural data available for the same inhibitor bound to different enzymes
(Fujinaga et <z/.,1987, Fujinaga et al., 1982) as well as different inhibitors bound to the
same enzyme (Greenblatt et al., 1989, Fujinaga et al., 1982). Recognition exhibited by
serine proteinases forms the bulk of the work presented in this thesis, and specific details
are described in the relevant chapters. A brief overview is given here.
Bovine Pancreatic Trypsin Inhibitor (BPTI) is one of the most widely studied
proteins, by theoreticians and laboratory workers alike. The structure of this inhibitor,
complexed to trypsin, was solved by Ruhlmann et al.,(1973) and Huber et al.,(1974). In
Janin and Chothia,(1976) the contact regions of trypsin, and soybean trypsin inhibitor
(STI), solved by Sweet et al.,(1974) were considered. Janin and Chothia observed that
70% of the surface area buried by PTI was contributed by six residues of the "binding
loop". These residues were the P3-P3' peptide, according to the notation of Schechter and
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Berger,(1967) (see Appendix A). This was slightly larger for STI, being 77%. The
residue at the Px position, buries about 200 A2 of surface area, which represents about
one quarter of the total buried by the inhibitors.
The P2 primary specificity of trypsin comprises a lysine side chain binding into the
Sj specificity pocket of trypsin. Marquart et a/.(1983) observed that the side chain did
not go all the way to the bottom of the pocket, but hydrogen bonded to solvent instead
of the aspartic acid at the pocket’s base. The solvent molecule was, however, hydrogen
bonded to the Asp side chain. The solvent is described as an "integral and invariant
constituent" of the Pj pocket; this being the case for lysine side chains binding into the
Pj specificity pocket. Bode et a/.(1984), replaced the Pi lysine in PTI with an arginine
and solved the structure of the resulting complex with the zymogen trypsinogen. They
observed that the integral solvent molecule responsible for mediating the Lys-Asp
hydrogen bonds was expelled by the larger guanidyl group of the arginine. The binding
site of the enzyme was observed to accommodate the different side chain well, with some
new hydrogen bonds forming. Some of the side chains shifted by as much as 0.6 A. In
general, no hydrogen bonds were "lost"; enzyme polar groups found new partners with
aspartic acid atoms.
The specificity of molecular recognition is a complex process which must be exacting
to allow only particular interaction modes to be stable. The specificity of enzymes is
dependant on the chemical and physical nature of their active sites and binding regions.
Crystal structures of enzymes and their inhibitors have facilitated the understanding of
their specificity for their inhibitors and substrates. All of the authors of serine proteinaseinhibitor complexes describe tight shape complementarity at the interface. This
contributes to the tight binding (PTI binds to trypsin with a very high affinity, with an
association constant

> 1014, Vincent & Lazdunski,1972).

The different proteinases show different specificities towards their substrates. The
primary specificity of trypsin, for cleavage after lysine or arginine residues is governed
by the presence of the aspartic acid at the base of the primary specificity pocket
(Kraut,1977). This aspartic acid is a serine in chymotrypsin. As the specificity pocket is
composed largely of backbone atoms from residues in the binding region, a planar
aromatic ring is most suitable for the chymotrypsin

site (Kraut,1977). In elastase, the
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pocket is not as large due to the side chain of Val216 (Gly in chymotrypsin) and a
threonine residue at the base of the pocket (Shotton & Watson,1970). This allows only
a small side chain to fit in the Px site. Specificity is not only provided by P2 contacts.
Kallikrein, another serine protease, has a hydrophobic subsite at the P2 position (Chen &
Bode, 1983). The physical nature of the| kallikrein active site also plays an important role
as there are loops protruding from the main bulk of the protein, about the active site
(Bode et a l, 1983). These have been suggested to explain the less favourable binding of
proteinase inhibitors with extended binding segments. This agrees with the observed
results that inhibitors such as the avian ovomucoids bind' kallikrein only weakly or not
at all (Nagamatsu et al,. 1981). Chymotrypsin has an enhanced specificity for arginine at
the P3' site. This was observed by Fujinaga et u/.,(1987) as compared to SGPB (Read
et al., 1983). Distal recognition sites have also been observed. Bogard et al.,(1980)
showed that replacement of serine 32 in an ovomucoid from Japanese quail resulted in
an increase in the dissociation constant, with its reaction with (3-trypsin. This site is
located at the Pl4' site, most proximate to Glu 192 in trypsin.
The solution of 3-D structures of enzymes complexed with inhibitors and substrate
analogues has lead to greater understanding of the catalytic mechanism of given enzyme
families. There have not been any structures solved of natural substrates bound to their
enzymes throughout the catalytic pathway. Although millisecond x-ray crystallography
(Hajdu et al., 1987) and low temperature crystallography (Douzou & Petsko,1984) may
be able to elucidate transient occurrences in crystals, most hypotheses of catalytic
pathways have come from enzyme/inhibitor structures. The mechanism by which serine
proteinases catalyse their reactions was reviewed by Kraut,(1977). The hypothesis that
the enzymes stabilise the tetrahedral transition state complex of the reaction pathway was
upheld by Kraut,(1977). The catalytic serine itself provides the nucleophilic attack upon
the carbonyl carbon of the peptide bond to be cleaved. This residue is unusually
nucleophilic due to its proximity to two other fully conserved residues, Asp 102 and
His57. The mechanistic information obtained from X-ray data is discussed in more detail
in chapter 2.
The crystal structure of a cysteine proteinase inhibitor from chicken egg white has
recently been solved (Bode et a l, 1988) and was docked into the active site of papain.
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Prior to this, data on the mode of interaction of cysteine proteinase-protein inhibitors had
been purely speculative. The proposed model of Bode et a/.(1988), has cystatin binding
via two conserved inhibitor loops to the enzyme in a way that is unlike a bound
substrate. This model, in essence, was confirmed with the solution of the structure of
human stefin b in complex with papain (Stubbs et al., 1990). The inhibitor binds into the
papain active site in the form of a tripartite wedge, and the method of inhibition is quite
different from that seen in the serine proteinases.

1.3.2 Antibody-antigen interactions
Only a few antibody-antigen complexes structures have been solved. However, a
common recognition pattern has been observed. The immunoglobulin binding domains
consist of a p-barrel framework, upon which 6 hypervariable loops that form the CDRs
are situated. These loops have been observed to adopt canonical main chain
conformations, which can be accurately modelled (Chothia et al.,1989, Martin et
al., 1989). The conserved repertoires of hypervariable loops interact with antigen epitopes.
These are constituted by discontinuous* segments from the antigen. The two lysozyme
epitopes for HyHEL-5 (Sheriff etal.,\9%l) and D1.3 (Amit et al., 1986) are discontinuous
and involve two segments. The epitopes for NC41 Fab on neuraminidase (Colman et
al., 1987) and for HyHEL-10 on lysozyme (Padlan et al., 1989) both have four segments
however.
The amount of surface area lost upon recognition is comparable with that observed
in other protein-protein complexes (Janin & Chothia,1990). Both the anti-lysozyme
fragments HyHEL-5 and D1.3 were reported to lose around 700 A2 of surface area upon
formation of the complex (Sheriff et a/,1987, Amit et al., 1986).
The nature of antibody combining sites have been recently reviewed (Padlan, 1990,
Mian et al., 1991), and they report veiy similar findings in terms of the hydrophobic
nature of the binding sites. Marquart et al.,( 1980) noticed the likely binding site on their
intact Kol structure was filled by Trp (x4), Tyr (x3) and His (xl) residues. The
preponderance for aromatic residues at CDRs has been noted by several authors. Padlan
(1990) calculates the frequency of occurrence of all amino acid types at the
complementarity determining regions (CDRs) of 3 anti-lysozyme Fabs. These calculations
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found that tyrosines were 3 times, and histidines and asparagines 8 times, more likely to
be found in CDRs than the framework regions of the immunoglobulin. Mian et al. ,(1991)
postulate a reason why such residues as Tyr and Trp may be common at CDRs, as they
are amphipathic, being able to tolerate hydrophobic and hydrophilic conditions, and can
form many electrostatic and van der Waals contacts.
The intermolecular electrostatic interactions found in antibody CDRs typically involve
at least one charged group and are mostly made via side chains (Janin & Chothia, 1990).
In the HyHEL-5 complex (Sheriff et al.,1987) two protruding arginines, at residues 45
and 68 in lysozyme, form a ridge that binds into a groove in the antibody. The positive
charge of the two arginines is matched by two glutamic acids found in the antibody
heavy chain. These electrostatic interactions detailed between the arginines and glutamic
acids in HyHEL-5 are not found in the D1.3 antibody complex (Amit et al.,1986). The
polar residues in the CDRs are often buried (Janin & Chothia, 1990), and may play both
structural and binding roles (Padlan, 1990). Asparagines are structurally important,
stabilising one of the hypervariable loops, and glutamates are more often involved with
interactions with ligands (Padlan, 1990). Particular contacts within the hypervariable loop
H2 with framework residue 71 strongly determine the conformation of the H2 loop
(Chothia et al., 1989, Tramontano et al., 1990).

1.4 Computational approaches to protein molecular recognition
The prediction of protein-protein recognition may be divided into two areas. The first
deals with attempts to predict the regions on one protein molecule that are likely to be
involved with binding when the structure is typically unknown. These methods commonly
involve predicting exposure, or accessibility. The second, more complex predictions,
involve predicting how 2 protein molecules of known structure will associate. These
predictions are easily tested when using systems where the recognition system is well
characterised ie. BPTI/trypsin.
Attempts have been made to predict likely antigen epitopes from sequence data
(Hopp & Woods, 1981), and correlations have been observed between epitopes and
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surface accessibility (Novotny et a l, 1986). Another correlation has been observed
between antigenicity and protrusion from the surface of a protein (Thornton et al, 1986).
These last two are based on the structure and not sequence. There is also evidence for
flexibility being important for antigenic recognition (Westof et a l, 1984, Tainer et
a l, 1984, Petsko & Ringe,1984, Karplus & McCammon 1983). Predictions of epitopes
from sequence are currently limited to continuous epitopes, as the structure of the
antibody itself is not considered, and hence discontinuous epitopes are hard to predict.
Novotny et a l,(1986) calculated surface areas on proteins from the Brookhaven database
using a lnm radius probe. Such a size was considered similar to an antibody binding
domain. A good correlation between the antigenic sites on myoglobin, lysozyme and
cytochrome c, was obtained with the segments most accessible to such a sphere. It was
also noted that these segments were exposed and this resulted in them having high
mobility. This follows on from the correlation shown between antigenicity and segmental
flexibility. Thornton et a l,(1986) used crystal structure data to calculate a protrusion
index, for all the residues in a given protein. The protrusion index had a similar success
rate to that of predictions based on mobility (Tainer et a l, 1984,1985). Correlation
coefficients were calculated, and it was demonstrated that accessibility, mobility and the
protrusion index all correlated well.
The second type of predictive work focuses on what has come to be known as the
"protein-docking problem". The problem may be considered thus; given 2 protein
molecules which we know to associate, it should be possible to develop an algorithm that
generates possible orientations of the molecules, evaluates each possibility and gives each
one a "score". The actual experimentally observed orientation would be expected to
possess the best "score". Thus there are 2 problems; a suitable search must be made of
possible orientations, and secondly these must be evaluated efficiently in some manner,
and the "true" complex should be distinguishable. The algorithm of Wodak and Janin
(1978), represents one of the earliest attempts to do this. They used a simplified model
of atomic co-ordinates, ignoring side chain detail, to search all possible alignments of the
two molecules. Those with low non-bonded interaction energies, and a large buried
surface area were further considered. Nine final complexes satisfied the final criteria, one
of which was the native complex, although it could not be unambiguously selected. This
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method was first applied to sickle cell haemoglobin association (Levinthal et al., 1975)
in a simpler form, and the method and results are comprehensively reviewed for both
systems (Wodak et al., 1987). Another fundamental approach is that of "knobs and holes"
as implemented by Connolly (1986). This defines critical interaction points termed "knobs
and holes", and attempts to find all matches of quartet-pairs of these (4 knobs/holes on
one molecule, and 4 on the other). All the resulting generated complexes are then
screened by collision checks and surface buried. Connolly (1986) successfully predicts
the ajpj haemoglobin dimer, but fails with the BPTI/trypsin complex. The "knobs and
holes" approach was originally pioneered by Lee and Rose (1985), but their knobs and
holes were cruder. A recent application by Wang (1991) uses only one match between
one knob and one hole, whereas Connolly (1986) uses 4. Wang (1991) then optimises
each possibility, thus requiring much more computer time, but successfully predicts the
BPTI/trypsin complex orientation. Zielenkiewicz and Rabczenko (1984) use a very simple
approach to predict the orientation of the insulin dimer using a projection of each surface
down on to a 2D grid, with limited success. Warwicker (1989) concentrates on an
electrostatic term utilising a reduced charge set. This method results in an electrostatic
6D contour map of the protein-protein associations. The correct orientations for the
systems assayed lie close to favourable peaks in this 6D map. Shoichet and Kuntz (1991)
review many of the techniques used to assay predicted complexes, putting forwards
energy minimisation as the only method commonly used capable of distinguishing true
complexes from false ones.
The complex nature of these algorithms, and vast amounts of computer time applied,
have yet to solve the "docking problem" unambiguously or satisfactorily, and a simple,
accurate test capable of identifying true modes of association remains elusive.

1.5 Structure of this thesis
There is still only a limited dataset of structural data which to use for structural
studies on the recognition of proteins. There are as yet, no structures for cell receptors
complexed with their binding proteins, and there are still only a few antibody-antigen
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complexes available. One novel system for study, which is expected to be quite different
to that of the types of recognition discussed in this chapter, is the recognition of limited
proteolytic sites by proteinases. The recognition of inhibitors provides a complementary
system, to which the recognition of limited proteolytic sites can be compared. Flexibility
in protein-protein recognition forms one of the central issues in this thesis, with particular
reference to serine proteinase recognition.
Chapter 2 summarises the previous studies on the recognition of serine proteinase
protein inhibitors, and a comprehensive analysis of the currently available inhibitor
structures is undertaken, with particular reference to the structures of the recognition
regions themselves, and the conformational change observed upon binding.
In chapter 3, the recognition of limited proteolytic substrates is compared and
contrasted with the inhibitors. Limited proteolysis is introduced, and briefly reviewed,
before a similar structural analysis to the inhibitors is undertaken. This chapter examines
in particular the role of flexibility, in the recognition of limited proteolytic sites.
In chapter 4, modelling and docking experiments are undertaken, in order to assay
the ability of limited proteolytic sites to adopt inhibitor-like conformations.
Chapters 5 and 6 focus on the prediction of limited proteolytic sites from structure
and sequence. For the purposes of prediction from sequence, an accessibility prediction
algorithm is presented in chapter 5, and is used in conjunction with other techniques in
chapter 6 to predict limited proteolytic sites from sequence.
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CHAPTER 2
SERINE PROTEINASE
RECOGNITION I:
COMPARISONS OF SERINE
PROTEINASE INHIBITORS
2.1 Introduction
Serine proteinases and their complexes with protein inhibitors provide a major source
of crystallographic structural information from which to study the molecular recognition
between proteins. The detailed interactions within some of the complexes have been
surveyed by other workers (Kraut, 1977, Read & James, 1986) as well as the structures of
the inhibitors themselves (Laskowski & Kato,1980, Read & James, 1986). Serine
proteinase recognition of folded proteins can be divided into two classes. The recognition
of protein inhibitors, and the recognition of protein substrates. The latter consist of
proteolytic sites within native folded proteins which are specifically recognised and cut
by the proteinase. These sites are termed limited proteolytic sites or "nicksites" as there
are only a few such sites of fission within any given protein structure. In this chapter, the
recognition of protein inhibitors by their proteinases has been considered, to identify
common structural recognition features with which to compare to nicksites in the
following chapter. Inhibitor topologies, molecular interactions and the catalytic
mechanism of the proteinases are briefly reviewed, prior to an analysis of the inhibitor
binding loops.

2.2 Serine proteinase recognition of protein inhibitors
The number of structures of serine proteinase-protein inhibitor complexes solved by
x-ray crystallography is large, and the structures themselves are from diverse sources.
Page 35

Structural analysis o f serine proteinase inhibitors

Table 2.1 Serine proteinase/inhibitor complexes used in this study
ENZYME

INHIBITOR

Brcode

Resolution

Trypsin
Trypsinogen
oc-chymotrypsin
SGPB
Subtilisin
Thermitase
Subtilisin
Subtilisin
SGPB

BPTI
PSTI
OMTKY3
OMTKY3
Eglin
Eglin
CI-2
SSI
PCI-1
BPTI
OMJPQ3
OMSVP3
CI-2

2PTC
1TGS
1CHO
3SGB
1CSE
1TEC
2SNI
1SIC,
4SGB
5PTI
10V 0
20V 0
2CI2

A
1.8 A
1.8 A
1.8 A
1.2 A
2.2 A
2.1 A
2.0 A
2.1 A
1.8 A
1.9 A
1.5 A
2.0 A

—
—
—
...

1.9

References
Ruhlmann et a/.(1973)
Bolognesi et alX1982)
Fujinaga et a/.(1982)
Read et a l (1983)
Bode et a/.(1986)
Gros et alX1989)
McPhalen et a/.(1985)
Hirono et alX 1984)
Greenblatt et alX1989)
Wlodawer et alX1984)
Weber et alX 1981a)
Bode et alX 1985)
McPhalen & James(1987)

j Only a-carbon co-ordinates available.

Currently other solved structures are being processed for inclusion into the Brookhaven
structural databank, and there are also some solved structures whose co-ordinates remain,
as yet, unavailable. A list of co-ordinate sets used in this study, including uncomplexed
(native) inhibitors is given in Table 2.1. The inhibitors themselves may be classified into
different families (Laskowski & Kato,1980). The most famous and well characterized
serine proteinase inhibitor is Bovine Pancreatic Trypsin inhibitor (BPTI). A schematic
cartoon (Richardson, 1981) of the fold of this protein is shown in figure 2.1 along with
3 other inhibitors, representing a total of 4 different inhibitor families. They are all
orientated with the inhibitory binding loop at the bottom.
Most of the protein inhibitors considered here are small proteins, of less than 60
residues in total, rarely containing large amounts of secondary structure, and typically
possessing a number of disulphide bridges and/or a network of intra-molecular hydrogen
bonds. BPTI is the most potent known protein inhibitor of trypsin, binding tightly to the
enzyme with a binding constant

> 1014 (Vincent & Lazdunski,1972). The reactive site

loop of the 58 residue protein is situated immediately before a segment of strand, at the
"base" of the inhibitor, forming a pointed loop section. This segment enters the active site
of trypsin. BPTI is a member of the Pancreatic Trypsin Inhibitor (Kunitz) family,
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BPTI

PSTI

Eglin

PCI-1

Figure 2.1 Schematic cartoon representations of the folds of 4 serine proteinase protein inhibitors, represent
-ing 4 different families of inhibitors. The reactive site loops are shown in black.

(Laskowski & Kato,1980), named after BPTI the first inhibitor to be isolated in
crystalline form (Kunitz & Northrop, 1936). Although there are many known homologous
sequences to BPTI, there are no other structures solved from this family. PSTI also lends
its name to a family, Pancreatic secretory trypsin inhibitor (Kazal). The Kazal type
inhibitors also include the avian ovomucoids, and possess broad, flatter reactive site loops
than BPTI. Eglin is a m em ber of the "potato I" inhibitor family (Laskowski & Kato,1980,
Read & James, 1986). It inhibits a wide range of enzymes including subtilisin,
chym otrypsin, human leucocyte elastase and cathepsin G (Seemiiller et a l,\9 1 1 , Baici &
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<

(a)

(b)

(c)

h

(d)

Figure 2.2 Stereo Ca traces of serine proteinase inhibitor complexes, (a) BPTI/trypsin (Brcode 2PTC), (b)
PSTI/trypsinogen (Brcode 1TGS), (c) CI-2/subtilisin (brcode 2SNI) and (d) PCI-1/SGPB (brcode 4SGB).
The inhibitors are shown with bold lines, with their binding loops in the same orientation.

Seemuller,1984). It shares a very similar structure to the chymotrypsin inhibitor CI-2
(Greenblatt et al., 1989). In both structures the reactive site loop is situated at one end of
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the molecule opposite from a segment of a-helix at the other, with two (3-strands in
between. PCI-1 is a chymotrypsin inhibitor whose structure was solved complexed to
SGPB (Greenblatt et a l, 1989), and clearly possesses a different tertiary fold to any other
known inhibitor family, although it is also from potatoes.
Figure 2.2 illustrates members of these four families complexed to their respective
proteinases. Stereograms of Ca-traces of the complexes are shown with the inhibitors
emboldened. The complexes are shown with the inhibitor reactive site loops in a common
orientation. The BPTI/trypsin complex shown in figure 2.2(a) illustrates well why these
complexes are often referred to as "mushroom-shaped". The inhibitors form the "stalk"
whilst the proteinase forms the "head" of the mushroom.

2.2.1 Molecular interactions in serine proteinase-inhibitor complexes
The Schechter and Berger (1967) nomenclature to describe proteinase subsites is used
throughout this thesis and described in the Appendix A.
The crystallographic literature describes the interactions present at the interface
regions of proteinase and inhibitor in some detail, for each individual complex. Some of
the common features will be described here, which are not only relevant to binding, but
also to catalysis and inhibition. Schematic diagrams of the interactions BPTI/trypsin,
PSTI/trypsinogen, eglin/subtilisin, and PCI-1/SGPB are shown in figure 2.3 (a)-(d).
In all of the serine proteinase/inhibitor complexes discussed here, a number of intra
molecular interactions are present within the inhibitor structures that serve to stabilise the
reactive site loop itself. In the BPTI structure, a disulphide bridge links cystine 14 at P2
in the reactive site loop with cystine 38. Such disulphide links are common in the
inhibitors. In the PSTI structure, a similar disulphide links Cysl6 with Cys35. The
cystine in the reactive loop is situated at P3, instead of P2 in BPTI, for PSTI. In PCI-1
there are two disulphide bridges linking Cys36 at P3 with Cys7, and Cys40 at P2' with
Cys3. Eglin possesses no such disulphides. Instead there are a number of hydrogen bonds
between the reactive site loop and the segments above it. The side chain of Arg51 forms
hydrogen bonds with the side and main chain of Asp46, and the side chain of Arg53
forms hydrogen bonds with the main chain of Leu45 and the side chain of Thr44. There
is also a type I |3-tum at Arg48, which hydrogen bonds to Arg51. There are also other
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A n 189

TRYPSIN

S*rl90

Oy216

(a)

TRYPSINOGEN

; 0

y

Serl90

G#y216

(b)

Figure 2.3 Schematics of the molecular interactions in the proteinase-inhibitor complexes, (a) BPTI/trypsin,
(b) PSTI/trypsinogen, (c) eglin/subtilisin, and (d) PCI-1/SGPB. Hydrogen bonds are shown as dotted lines.
Disulphide bridges are shown as grey lines joining two cystine Ca atoms. The inhibitors are shown with
the dark lines, and the enzymes with the grey.
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Figure 2.3 continued from previous page.

intra-m olecular hydrogen bonds in the other inhibitors which help stabilise the reactive
site loop as shown in figures 2.3 (a)-(d).
There are a number of common inter-molecular interactions found in all the
com plexes solved to date. The catalytic serine (Serine 195 in trypsin, trypsinogen and
SGPB, Serine 221 in subtilisin) approaches the carbonyl carbon of the P! residue in all
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the complexes. Several main chain amides lie proximate to the carbonyl oxygen, forming
hydrogen bonds with this group. This group of amides are often referred to as the
oxyanion binding pocket. In trypsin, 3 such amides form hydrogen bonds with the P2
lysine carbonyl oxygen, from Glyl93, Asp 194 and Seri95. Only Glyl93 and Seri95
forms such bonds in the PSTI/trypsinogen and PCI-1/SGPB complexes. In subtilisin, this
pocket is formed by the backbone NH of Ser221 and the side chain NH2 of Asnl55.
Another common feature is the anti-parallel (3-sheet formation between extended sections
of the proteinase and inhibitor. In trypsin, trypsinogen and SGPB this is formed via
residues from Ser214 to Gly216 to a stretch of usually 3 residues from P2 to P3 in the
inhibitor. The corresponding residues in subtilisin run from Seri 25 to Glyl27.
There are also a number of non-conserved interactions that are particular to each
complex. In particular, each proteinase has a primary specificity. In the case of trypsin,
it cleaves at the two large basic residues, lysine and arginine. BPTI has a lysine at P1
which binds into the St specificity pocket shown in the figure 2.3(a). At the base of this
pocket lies an aspartic acid, and the Pi lysine makes contacts to this residue via a water
molecule, and also to a serine side chain. This is the same in the zymogen complex
formed between trypsinogen and PSTI. Subtilisin has a much broader specificity at Pj and
will cleave most residues. Similarly, SGPB has a broader specificity than trypsin and the
asparagine and serine in the Sj pocket are replaced by a cystine and an alanine, thus
accommodating large hydrophobics.

2.2.2 Catalytic mechanism
The elucidation of serine proteinase/inhibitor complexes has led to understanding of
the catalytic mechanism of this family of enzymes that is unmatched by other families.
The understanding of the mechanism in the light of crystallographic determinations was
first reviewed by Kraut (1977). It was proposed that the structures supported the
hypothesis that the enzymes stabilised the tetrahedral transition state complex of the
reaction pathway. Indeed, it has been suggested that covalent linkage between the
catalytic serine side chain and the tetrahedral peptide carbon might be seen in crystal
structures. Such covalent linkage between inhibitor and enzyme has not been observed
in structures solved to date. However, the reactive carbonyl is tetrahedral in the
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complexes and typically too close to the catalytic serine for comfortable van der Waals
contact. Huber and Bode (1978) examined the structural evidence for trypsin catalytic
action. They also noted that BPTI/trypsin action involves catalytic action and that the
complex is an intermediate in peptide bond cleavage. James et al.,{ 1980) reported more
evidence on the formation of a covalent link between the catalytic serine and scissile
peptide carbonyl carbon. The crystal structures of a Streptomyces Griseus proteinase
complexed to 3 different peptide inhibitors, as well as in its native (uncomplexed)
conformation were reported. From this work, the oxyanion binding site (Glyl93 and
Seri 95 backbone NHs) was proposed as the main driving force for conversion of the
enzyme-substrate complex to the covalent tetrahedral intermediate. Specifically, the
peptide dipole moments of the oxyanion binding site were proposed to provide this force.
In contrast to Huber and Bode (1978), this report did not detect a strong tetrahedral
distortion of the scissile carbonyl carbon. The enzyme-product complexes solved by
James et al.,{1980) had similar serine Oy - carbonyl carbon distances to trypsin/BPTI
however, and the strong distortion in BPTI may be due to forces in a protein not
applicable in peptides. Further work by Delbaere and Brayer (1985), solved the structure
of the same enzyme SGPA with a naturally occurring serine proteinase inhibitor,
chymostatin. Again the formation of a covalent, tetrahedral intermediate, being stabilised
by the enzyme was proposed as a catalytic model. The non-planar distortion of the
peptide was reported, again due to the pull of the oxyanion binding pocket. It was
proposed that this represents the activation barrier to cleavage of the peptide. Since the
hydrolysis of a peptide bond is energetically favourable (McGilvery & Goldstein, 1983),
it is the activation barrier that must be the limiting factor in kinetic terms. The lowering
of this barrier is achieved by distorting the scissile peptide, thus destabilising it, via the
oxyanion binding site. This proposal is well supported by most crystallographic evidence.
However, Greenblatt et al.,( 1989) cast some doubts over the importance of this distortion.
Although the scissile peptide is seen to be distorted in the PCI-1/SGPB structure,
Greenblatt et al.{1989), point out that in all serine proteinase-inhibitor complexes, there
is always a peptide more distorted than the scissile one. This is the case even in the very
high resolution structures such as eglin/subtilisin (Bode et al., 1987). It would seem to be
more than coincidence that the scissile peptide should always be distorted however.
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Although some details of the interactions required for catalysis remain controversial,
the general picture is clear. The putative substrate must present the scissile peptide in
such a fashion so that the catalytic serine can form the nucleophile that attacks the
substrate carbonyl carbon, and the carbonyl oxygen binds into the oxyanion binding
pocket. To accomplish this a putative substrate would also be expected to form some of
the anti-parallel (3-sheet interactions, to orient the scissile peptide towards the catalytic
residues. It would be expected that at least 6 residues would be required to be in the
same conformation as an inhibitor to do this, as is required for proteolysis
(Ottensen,1967, Berger & Schechter,1969, Morihara & Tsuzuki,1970). A question that
is still unanswered is why the inhibitors, which appear to be "idealised substrates", are
not cleaved. All the inhibitors bind very tightly but are cleaved extremely slowly
(Laskowski & Kato,1980, Read & James, 1986). Current theory suggests this may be due
to their rigidity (Read & James, 1986), which would not be possessed by a flexible
substrate. A small peptide would be able to take up many conformations in solution, and
hence upon binding there would be an entropy decrease due to the loss of internal
degrees of freedom, possibly coupled with a free energy increase due to the binding
conformation being unlikely to be the lowest energy one for the peptide (Read &
James, 1986). Hence their binding would be expected to be less favourable than the
inhibitors (see also chapter 7).

2.3 Comparisons of inhibitor binding loops

2.3.1 Binding loop sequences
The sequences of the reactive site loops of inhibitors whose structures are known and
available are shown in Table 2.2. For comparison the sequences of other known serine
proteinase protein inhibitor binding loops for which the structures have not yet been
deposited, or are not freely available, are listed. As can be seen there are no absolutely
conserved amino acids in the reactive site loops. These differences reflect the specificities
of the inhibitors. There are commonly occurring amino acids at particular positions, such
as several arginines at P3'. Cystines are common at P3 and P2 and this is due to their
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Table 2 2 Sequences of reactive site loops of selected inhibitors
Protein
Inhibitor

Brcode

Amino acid sequence
P4

P3

p2

Pi

P /

P
r 2'

P
'
r 3

P
'
r 4

BPTI

2PTC

G

P

c

K

A

R

I

I

PSTI

1TGS

G

C

p

K

I

Y

N

P

OMTKY3

1CHO

A

c

T

L

E

Y

R

P

Eglin

1CSE

P

V

T

L

D

L

R

Y

CI-2

2SNI

I

V

T

M

E

Y

R

I

PCI-1

4SGB

S

c

P

L

N

C

R

P

SSI,

-

M

c

P

M

V

Y

D

P

CMTI-1 b

-

V

c

P

R

I

L

M

E

SLPIb

-

G

Q

C

L

M

L

N

P

STIb

-

P

s

Y

R

I

R

F

I

A-II,

-

L

c

D

R

R

A

P

P

a Alpha-carbon co-ordinates available only.
b Structures as yet unavailable.
Abbreviations: SSI, Streptomyces subtilisin inhibitor, CMTI-1, Cucurbita maxima trypsin inhibitor 1 (Bode et al. 1989), SLPI,
secretory leucocyte proteinase inhibitor (Griitter et al. 1988), STI, soybean trypsin inhibitor (Sweet et al. 1974), A-II, peanut BowmanBirk type proteinase inhibitor (Suzuki et a/. 1987).

structural role in constraining the loop to an inhibitory conformation. Similarly prolines
are common from P4 to P2. Again, the role of prolines may be in reducing the
conformational space available to the inhibitor binding loops. It is clear that there are no
preferred residues which are structurally necessary within P4 to P4'. This is expected
since any sequence conservation would reduce the specificity available to inhibitors in
general.

2.3.2 cj>,\|/ assignments of binding loops
To classify the general fold of the inhibitors across their binding loops, each residue
was categorised into one area of the Ramachandran plot, as illustrated in figure 2.4.
Regions were defined similarly to those of Efimov (1986), and then extended by Wilmot
and Thornton (1990), by A-L. Morris in our laboratory using 414 proteins from the
Brookhaven databank (see also Morris et a/,(1991) in press). A grid of 10° by 10°
squares was used to classify main chain

pairs onto the map shown in figure 2.4. The
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regions were defined as follows:
A, core a R ( > 100 occurrences in these squares, all other regions > 8 occurrences,
for 414 proteins),
a, non-core a,
B, idealized {3-strand (3g,
P, extended polyproline (3p,
L, left-handed a-helix c^,
G, y region,
E, £, region,
O, outside allowed regions.
Despite lack of sequence similarity, the (j)-y assignments show that the mainchain
conformations of these loops broadly follow the same path across the Ramachandran plot
as illustrated in Table 2.3. Apart from BPTI, the inhibitors all lie in the (3 (extended)
region from P4-P3', with the P! residue lying in the allowed a region in all cases except
for PCI-1. The prime side of the loop up to P3' is also in an extended conformation

pP) for all the

(pE,

inhibitors. Ignoring BPTI and PCI-1, all the other inhibitors share the same

pattern from P3- P / . By classifying B or P as

p,

and A or a as

a,

we can specify this

template as " (3-(3-a - (3-(3-(3 ". Considering that BPTI and PCI-1 differ at only one position
each, and that the actual ({) and y values may lie nearer on the Ramachandran plot than

180

-180°
180°

BLp
iiiiir

Table 2.3 <}),\|/ assignments for serine proteinase
inhibitors

:

'1

%

-18(f

<j),y assignment

Inhibitor
BPTI

P4
0

P3
A

PSTI

B

B

P,

P ,'

Pf

P
P

a

P

B

B

P

a

P

B

B

P
P

K

a

P

B

a

P

B

B

A

B

P
P
P

B

a

P

B

B

A

B

P

B

B

P

P

a

OMTKY3

B

B

eglin

P

B

CI-2

P

PCI-1

P

E

P4'

P2

Figure 2.4 Ramachandran plot illustrating regions
used to classify <)),\|/ pairs.
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Figure 2.5 Torsion angle conservation within reactive site binding loops of serine proteinase inhibitors. The
inhibitors used were BPTI (2PTC), PSTI (1TGS), eglin (1CSE), PCI-1 (4SGB), CI-2 (2SNI), OMTKY3
(1CHO), OMTKY3 (3SGB), BPTI (5PTI), OMSVP3 (20VO), eglin (1TEC). The Brookhaven four-letter
codes are listed in brackets.

the classifications suggest, the <J),\j/ assignments agree very well. To further test the
similarity the actual torsion angles themselves were considered.

2.3.3 Comparisons of main chain torsion angles
The standard main chain torsion angles for all the inhibitor binding loops were
calculated along with the torsion angle a as defined for a residue i as the torsion angle
about the Ca positions of residues i-1, i, i+ 1 and i+2. The torsion angle a was used in
conjunction with $ and \\f as complementary changes in $ and \|/ may lead to only small
changes in the overall path of a loop. This will be borne out as only small changes in a.
The torsion angles of 11 inhibitor reactive site loops are plotted in figure 2.5. The
inhibitors used are listed in the figure legend and includes both bound and unbound
inhibitors. The positions where the torsion angles are conserved will result in tight
bunches of points whilst positions where there is no such conservation will result in a
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Figure 2.6 Pairwise comparisons of torsion angles <|>, y and a between serine proteinase inhibitor binding
loops. The absolute differences in degrees at equivalent positions are plotted for each comparison from P5
to P5'. The Schechter and Berger (1967) notation is indicated beneath each position, (a) BPTI bound to
trypsin (2PTC) compared to native BPTI (5PTI), (b) CI-2 bound to subtilisin (2SNI) compared to unbound
CI-2 (2CI2), (c) BPTI bound to trypsin (2PTC) compared to PSTI bound to trypsinogen (1TGS), (d) BPTI
bound to trypsin (2PTC) compared to CI-2 bound to subtilisin (2SNI), and (e) BPTI bound to trypsin
compared to PCI-1 bound to SGPB (4SGB).

spread of points across the line. As can be seen in figure 2.5, the points all cluster quite
well for the $ values from P10 to P10'. This is because the two chief minima in the
Ramachandran plot possess

values quite close together (a ~ -60° and p ~ -90°). Hence

it is not easy to distinguish between the two states on the plot in terms of <|>values alone.
Nevertheless, the <|) values are particularly well clustered from P2 to P2'. The \|f values
exhibit a greater spread in general. From P10 to P3 inclusive, the \\f values in the inhibitors
take up a large range of values, although they are well clustered at P4. On the prime side,
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the \|f values are well conserved from P / to P3'. Large ranges of \|f values occur from
P / outwards towards P10'. In general, the a torsion angles show the greatest spread of
values for residues in the inhibitors from P10 to P10'. The clusters from P2 to P j' are very
tight, although all other positions except at P3' show broad spreads. The conservation of
a angles would not be expected to extend as far as for $ and \|/ as the a is calculated
from atomic positions from 4 residues, instead of 2 for § and \|/. Further to this,
comparisons of these 3 torsion angles were made between two inhibitors, as shown in
figure 2.6. The absolute differences in main chain torsion angles are plotted from P5 to
P5' in each case. Similar comparisons to these have been made previously by several
workers (Papamokos et al., 1982, Bode et al., 1987, Fujinaga et al., 1987, Greenblatt et
a l, 1989, Bolognesi et a l, 1990), although they restricted themselves to only a few
inhibitors, or did not have such a large dataset of structures as is currently available.
Figure 2.6(a) shows the comparison of trypsin-bound and unbound BPTI. It is clear
from this plot that the change in torsion angles on complexation are very small indeed.
The average changes from P5-P5' are 9.8° for <J), 6.6° for \jf, and 4.5° for a. Such
variations are probably indistinguishable from crystallographic error. The BPTI binding
loop does not alter its binding loop upon binding as observed previously (Read &
James, 1986). CI-2, as shown in figure 2.6(b), exhibits slightly larger changes in torsion
angles upon binding, including a 40° change in $ at P! (McPhalen & James, 1987). The
other three plots show comparisons of the inhibitors PSTI, CI-2 and PCI-1 with trypsinbound BPTI. The torsional differences from P5 to P3 are large, denoting a different main
chain conformation. However, the changes from P2 to P2' are almost as small as for the
comparison of bound and native BPTI, with PCI-1 being the most different. The large
P4 and P3 differences agree with the differences in <|>,\{f assignments shown in Table 2.3
for BPTI. Although not shown, the other inhibitor torsion angles compared to BPTI, and
to other inhibitors in the dataset, showed the same trend with the differences in the
torsion angles from P2 to P2' being very small, and divergence from P3 outwards from
the reactive site.

2.3.4 Comparisons of side chain Xi torsion angles
Figure 2.7 shows pairwise comparisons of side chain

angles, calculated using the
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Figure 2.7 Pairwise comparisons of side chain %\ angles in inhibitor reactive site loops. The absolute
differences are plotted in degrees at each position from P4 to P4'. The amino-acid one-letter code of the
first sequence is listed above that of the second for each comparison, (a) BPTI bound to trypsin (2PTC)
vs PSTI bound to trypsinogen, (b) BPTI bound to trypsin vs eglin bound to subtilisin (1CSE), (c) BPTI
bound to trypsin vs PCI-1 bound to SGPB (4SGB), (d) BPTI bound to trypsin vs unbound BPTI (5FIT),
(e) CI-2 bound to subtilisin (2SNI) vs unbound CI-2 (2CI2), and (f) OMTKY3 bound to a-chymotrypsin
(1CHO) vs OMTKY3 bound to SGPB (3SGB). The Brookhaven four-letter codes are given in brackets.

standard conventions (IUPAC-IUB,1970). The absolute differences are plotted from P4
to P4' for comparisons between 2 inhibitor reactive site loops. Figure 2.7(a)-(c) shows
comparisons with the trypsin-bound form of BPTI (brcode 2PTC) at the reactive site
loops of three enzyme-bound inhibitors. The orientation of the Px %i angle is the same
for all of these inhibitors, since the P2 residue (Lysl5 for BPTI) must point into the same
binding pocket for all the inhibitors. It is the size, shape and chemical nature of the
pocket that varies throughout the serine proteinases, and not its relative position. The
other

angles show differences of up to 120° indicating the variation in specificity of

the enzymes and inhibitors. The proline and cystine, at P3 and P2 respectively in BPTI,
are swapped in PSTI. Both cystine residues form disulphide links back into their
respective proteins. Hence the %i values of these residues are quite different when
compared. The

° f the arginine at P2/ in eglin is conserved, having a very similar

to the isoleucine in the equivalent position in BPTI. All the PCI-1 %1 values are different
from BPTI except at the P2 position itself. It is clear that unlike the main chain torsion
angles, there is no side chain torsion angle conservation within different inhibitors.
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Figure 2.7(d) and (e) show a similar comparison between unbound and bound forms
of BPTI and CI-2, and (f) a comparison between two bound forms of OMTKY3 (to achymotrypsin and SGPB). Only one large Xi change is observed upon BPTI binding, at
Argl7 (P2')> which is a highly accessible residue. Two significant %1 shifts are observed
between bound and unbound CI-2, at Thr58 (P2) and Met59 (P2). The differences between
side chain X\ values for the two bound forms of OMTKY3 are negligible, indicating that
OMTKY3 inhibits SGPB and a-chymotrypsin with the same basic side chain orientations.
Table 2.4 Least squares fitting of serine proteinase inhibitor reactive site loops.

P4 - P /
BRCODE
2PTC
1TGS
1CHO
3SGB
1CSE
1TEC
2SNI
1SIC
4SGB
2PTC
1TGS
1CHO
3SGB
1CSE
1TEC
2SNI
1SIC
4SGB
2PTC
1TGS
1CHO
3SGB
1CSE
1TEC
2SNI
1SIC
4SGB

2PTC
___

1TGS
1.71 A

1CHO
1.71 A
0.32 A

3SGB
1.80 A
0.38 A
0.23 A

1CSE

1.88 A
A
A
A

0.70
0.61
0.62

1TEC
1.95 A
0.73 A

0.66 A
0.65 A
0.22 A

2SNI

2.01 A
0.82 A
0.71 A
0.66 A
0.36 A
0.36 A

1SIC
1.71 A
0.39 A
0.52 A
0.63 A
0.98 A
1.03 A
1.13 A

4SGB
2.28 A
1.35 A
1.26 A
1.27 A
0.84 A
0.82 A
0.80 A
1.70 A
----

___

0.54

A

0.56
0.26

A
A

P ,“ K
0.61 A 0.59 A
0.37 A 0.33 A
0.19 A 0.32 A
0.39 A

A
A
A
A
0.20 A

0.65
0.35
0.34
0.39

0.64
0.42
0.29
0.29
0.28
0.31

A
A
A
A
A
A

0.56
0.33
0.49
0.60
0.49
0.49
0.48

A 0.70 A
A 0.55 A
A 0.45 A
A 0.49 A
A 0.32 A
A 0.42 A
A 0.40 A
0.58 A
----

___

0.26

A

0.20 A
0.20 A

P2- P2'
0.25 A 0.23 A
0.30 A 0.28 A
0.14 A 0.33 A
0.41 A

0.27
0.25
0.33
0.43
0.18

A
A
A
A
A

A
A
A
0.22 A
0.22 A
0.29 A

0.18
0.19
0.17

0.46
0.23
0.33
0.43
0.54
0.38
0.41

A 0.21 A
A 0.26 A
A 0.22 A
A 0.27 A
A 0.32 A
A 0.47 A
A 0.28 A
0.25 A
----

Brcode refers to the 4-letter code assigned to the complex in the Brookhaven databank. All fits made using
backbone atoms only apart from fits involving SSI (1SIC), where a-carbon atoms only were used due to
unavailability of other co-ordinates.
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These results show that these is some motion of binding loop side chains during
recognition by a proteinase. Although the inhibitors themselves possess different side
chain orientations, the last plot in (f) suggests that they may inhibit different proteinases
in the same fundamental way. Unfortunately there are still only a few co-ordinate sets
generally available where there are bound and unbound forms of the same inhibitor
available.

2.3.5 Least squares fitting and superpositions of inhibitor binding loops
The structures of all the inhibitor binding loops were fitted to each other using a least
squares algorithm (McLachlan,1979) to superpose backbone atom co-ordinates. Backbone
refers to the main chain nitrogen, carbonyl carbon and a carbon only, hence excluding
carbonyl oxygens. Three different segment lengths were used; P4- P / , P3-P3' and P2-P2'.
The resulting root mean square differences are shown in Table 2.4.
The trypsin bound inhibitor loop of BPTI (2PTC) is the most variant from the other
inhibitors over 8 residues. All fits to BPTI (2PTC) are above 1.5 A from P4- P / . Except
for the SSI and PCI-1 comparisons, all other RMSDs are below 1.0 A. Such differences
between the inhibitor loops drop off when the number of residues fitted is reduced to 6
(P3-P3')> where all the RMSDs are comparable and small. This is maintained for 4 residues,
P2-P2', indicating the similarity in structure between the inhibitors. These results further
illustrate that the inhibitor binding loop is structurally conserved, in particular over the
P3-P3' region.
Superpositions of these binding loops are shown in figure 2.8(a)-(c). These were
achieved by applying the resultant rotation and translation matrices from the least squares
fitting to the co-ordinates being fitted. All fits were made to trypsin bound BPTI (2PTC)
using P3-P3' backbone atoms only.
The superpositions shown in figure 2.8(a) and (b) show very clearly that when bound
to a proteinase, the inhibitor loops share a common main chain conformation. The
superpositions, based on fitting over P3-P3', emphasize the divergence of BPTI (shown
in bold) from the other inhibitors, outwards from P3. All the inhibitor main chain
conformations to diverge outward from P3'/P 4'. Figure 2.8(c) shows that this conserved
main chain conformation is not induced upon binding by the proteinase, as the unbound
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(a)

(b)

(c)

Figure 2.8 Stereo superpositions of serine proteinase inhibitor binding loops. The reactive site loops are
shown from P4 to P / , although only the P3-P3' backbone atoms were used to superpose them. The BPTI
(2PTC) binding loop is shown in bold. The other inhibitor binding loops shown in (a) and (b) are PSTI,
OMTKY3, eglin, CI-2 and PCI-1 (brcodes: 1TGS, 3SGB, 1CSE, 2SNI and 4SGB respectively). The 2 plots
show: (a) all atoms, (b) main chain atoms only, (c) shows uncomplexed inhibitor loops similarly superposed
on BPTI (2PTC) bound to trypsin in bold. These loops are: native BPTI (5PTI), CI-2 (2CI2), OMJPQ3 (all
4 chains of 10V 0) and OMSVP3 (2 0 VO).

loops also share this conformation.

2.4 Flexibility of inhibitors on recognition
To examine the degree of flexibility involved in the proteinase inhibitor binding loops
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Figure 2.9 Residue averaged temperature factors of enzyme-bound and uncomplexed serine proteinase
inhibitors, (a) BPTI bound to trypsin (2PTC), (b) uncomplexed BPTI (5PTI), (c) CI-2 bound to subtilisin
(2SNI), (d) uncomplexed CI-2 (2CI2), (e) 0MTKY3 bound to chymotrypsin and (f) uncomplexed 0MJPQ3
(1 0 V 0 chain A). There are no co-ordinates available for uncomplexed OMTKY3, and the closely related
OMJPQ3 temperature factors were used instead. The Pj residues are indicated by arrows for each protein.

upon recognition, the temperature factors of bound and unbound forms have been
compared. The temperature factors, taken from the Brookhaven databank co-ordinate sets
were averaged over all atoms for each residue and are plotted in figure 2.9(a)-(f). The
temperature factors, or B-values, as determined crystallographically, are linearly related
to the mean square displacement of the atoms and gives an indication of atomic mobility
in the crystalline state. When bound into their target proteinase active site, the reactive
site loops all possess low temperature factors (Read & James, 1986) and are therefore
quite rigid, as illustrated in figure 2.9(a), (c) and (e). Unfortunately, there are few
uncomplexed inhibitor structures solved with B-values present. Of those that have been
solved, the reactive site loops are typically reported to have higher than average
temperature factors (Papamokos et al., 1982, Bode et al., 1985, McPhalen & James, 1987,
Hubbard et al., 1991). This is illustrated in figure 2.9(b), (d) and (f). The binding loop of
BPTI is more flexible in the uncomplexed form than when bound to trypsin, where there
is a marked dip in the B-value profile. In particular the two polar residues Lysl5 and
Argl7 are more flexible when the inhibitor is unbound. This observation is more
pronounced when comparing bound and unbound CI-2 in figure 2.9(c) and (d). Excluding
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the N-terminus, the reactive site loop in unbound CI-2 is by far the most mobile segment
in the protein. This is also the case for OMJPQ3. The reactive site loop of another
ovomucoid third domain OMSVP3 is also seen to be flexible (Bode et al., 1985) along
with mutants of OMJPQ3 and OMSVP3 (Musil et al., 1991).
The observed changes in main chain conformation within the reactive site loops upon
complexation however are typically small (Greenblatt et al., 1989, Read & James, 1986,
Fujinaga et al., 1987, McPhalen & James, 1987). This is certainly the case when compared
with the differences observed between inhibitor families. Crystallographic structures of
OMTKY3, bound to two different proteinases, SGPB and a-chymotrypsin have been
considered (Fujinaga et al., 1987). The superposition of all the a-carbon co-ordinates of
the inhibitor structures revealed differences in the orientation of the reactive site loop.
The Ca of the Pj Leu 18 was seen to deviate by 1.9 A after fitting, when comparing the
two bound forms (Fujinaga et al.,1987). However, when fitting the backbone atoms from
P4-P4' alone, a RMSD of 0.23 A was obtained, with the Ca of Leu 18 differing in position

by only 0.37 A. Thus, although the loop position shifts, the degree of conformational
change within the loop itself is slight, but greater than that observed upon BPTI binding
to trypsin. Bolognesi et al.,( 1990) observe similar results for eglin c, when bound to achymotrypsin and subtilisin. After a least squares fit of all Ca atoms of the two bound
forms of eglin, Bolognesi et al.,(1990) report a RMSD of 0.59 A, describing deviations
over 1.5 A in the reactive site loop itself after such a fit. However, the loop from P4 to
P3' shows a RMSD of only 0.22 A when fitting this segment alone to the corresponding
one in PSTI. This confirms the observation that inhibitors possess a certain degree of
flexibility that allows a small amount of hinge bending, to allow the binding loop to fit
into the cognate enzyme’s active site. Such available mobility may broaden specificity
by permitting the adaption of the reactive site loop to different active sites as suggested
by many authors (Greenblatt et al., 1989, Read & James,1986, Fujinaga et al., 1987, Bode
et al., 1985). This helps to explain the ability of inhibitors such as eglin to inhibit such
a wide range of proteinases. It is presumed that such broadening of specificity would be
offset against tight binding.
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2.5 Summary and conclusions
The comparisons of serine proteinase inhibitors, and particularly their reactive site
loops have revealed how the basic recognition mechanism within this system is highly
conserved for the inhibitors considered. Although there is little sequence identity between
inhibitor families (Laskowski & Kato,1980), they have evolved a conserved recognition
loop which recognises serine proteinase active sites. This must surely be an example of
convergent evolution considering the diverse nature of the inhibitor families, and sources
from which they come. Subtle changes to the basic recognition theme give the inhibitors
their different specificities.
The proteinase-inhibitor recognition system represents a classic example of "lock and
key" recognition. Although the inhibitor side chains move in some examples upon
recognition, the main chain conformation remains constant. There is however, a slight
movement of the loop with respect to the rest of the protein in some instances, which
serves to broaden the specificity of some inhibitors. This does not alter the basic
recognition, and the proteinase-inhibitor recognition system remains essentially "lock and
key".

Page 56

Structural analysis o f trypsin nicksites

CHAPTER 3
SERINE PROTEINASE
RECOGNITION II:
COMPARISONS OF TRYPTIC
LIMITED PROTEOLYTIC SITES
3.1 Introduction
Limited proteolytic sites form the second serine proteinase recognition system under
consideration. As mentioned in chapter 2, they are sites of fission within a folded protein,
cut by a given proteinase. Hence they must fit into the active site of the attacking
proteinase. The inhibitors considered in chapter 2 also bind into the serine proteinase
active site. The binding loop segment of the serine proteinase inhibitors has been seen
to be structurally conserved, and this conformation binds into the proteinase active site
in the manner of an "idealised substrate". There are a number of conserved interactions
within the proteinase-inhibitor complexes, and it would be expected that the limited
proteolytic sites adopt a similar conformation in order to be cleaved.
To compare the recognition of the two systems, trypsin limited proteolytic sites have
been compared structurally to the BPTI binding loop. The BPTI binding loop provides
an excellent template for comparison, since the serine proteinase inhibitors recognition
loop is conserved, and BPTI specifically binds trypsin | and not any other serine
proteinases. Structural comparisons, similar to those made between inhibitors in chapter
2, were made involving

assignments, torsion angles and least squares fitting.

Conformational parameters such as accessibility and protrusion have also been
considered as determinants for proteolysis. Similarly, the amount of flexibility required
by the limited proteolytic sites upon recognition has been studied. Simple modelling
experiments were carried out to try and assess the degree of flexibility, if any, required
by the proteolytic sites upon recognition, in order for cleavage to take place.
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3.2 Occurrence of limited proteolysis
Limited proteolysis plays an important role in biology; in vivo, such as zymogen
activation, and in vitro for probing structural and functional domains in native proteins.
The term limited proteolysis was introduced to describe the specific fission of only a few
peptide bonds amongst the many in a folded protein. This differs from the general
degradation of unfolded proteins, which are not in the native form. Hence limited
proteolysis by a given proteinase will occur only at particular bonds in a protein
structure, or not at all.
Proteins, in general, must possess proteolytic sites of some kind in order to be
degraded. Limited proteolysis sites will be widespread, so that under certain conditions
every protein can be degraded. Protein turn-over or degradation plays an important
biological function, removing abnormal proteins, enabling adaptability to environmental
changes, and also allowing use of protein as an energy source during hard times
(Goldberg & Dice, 1974). More obvious biological functions include zymogen activation
(Neurath & Walsh,1976), hormone precursor activation (Steiner et al.,1975), blood
coagulation (Cabib & Farkas,1971) and serpin regulation (Loebermann et al., 1984, Carrel
et al., 1991).
A classic example of limited proteolysis by a serine proteinase is the cleavage of
ribonuclease A by subtilisin (Richards & Vithaythil,1959), to ultimately produce an Speptide and S-protein, which associate to form an almost fully active S-complex.
Principally, only one peptide bond is cleaved, between residues 20 and 21, to give RNase
S, which has full enzymatic activity.
Another example of such cleavage is that of DNase A by a-chymotrypsin, where
cleavage occurs between Trpl78 and Serl79, with the nicked enzyme retaining 70% of
the native enzyme’s activity (Hugli,1973). Although limited proteolytic sites must be
ubiquitous throughout protein structure, certain conditions must be met which reduce the
possibilities of cleavage, to prevent general degradation taking place. These obvious, but
necessary considerations must be met by nicksites to prevent gratuitous degradation of
proteins intracellularly:
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• sequence specificity of substrate protein/peptide.
• steric properties of site, with respect to the rest of the protein
•

other properties as yet to be fully understood, ie. accessibility, flexibility,

physiological conditions.
Also, the attacking proteinase must satisfy certain criteria;
• enzyme must be present in its fully active form to cleave substrate effectively.
• enzyme must not be inhibited, either specifically or non-specifically.
• correct physiological conditions ie pH, metal ion concentration etc.
Other more specific factors may be required for individual cases. A limited proteolytic
site is not cleaved by a given proteinase under all conditions, and cleavage may occur
only in the presence or absence of some co-factor. An example of this is the limited
proteolysis of calmodulin by trypsin (Drabikowski et al., 1982), which is highly calcium
dependent (Walsh et al., 1977). Calmodulin is a calcium binding protein consisting of two
domains, connected by a single a-helix (Babu et al., 1985). The tryptic cleavage site is
situated within this connecting helix, and there is experimental evidence that calcium ion
binding influences the structure of this helix, when 3 carboxyl-carboxylate interactions
become 4 salt bridges upon addition of calcium (Cox,1988, Heidom & Trewhella,1988).
This has been cited as the reason for calcium dependence of tryptic cleavage. Conversely
metallothionein is only cleaved by such proteinases as subtilisin in the presence of a
chelating agent such as EDTA to remove Zn2+ ions and destabilize the 3-metal cysteine
cluster (Winge & Miklossy,1982).
Other occurrences of limited proteolysis have been looked at in more detail.
Thermolysin, a,metalloendoproteinase whose x-ray crystal structure has been solved at
high resolution, is known to possess a number of limited proteolytic sites (Holmes &
Matthews, 1982, Dalzoppo et al., 1985). A thermolysin fragment FII may be cut with
subtilisin, chymotrypsin, trypsin and by autolysis. All these enzymes produce similar
cleavage products (Dalzoppo et al., 1985). These authors went on to look at the subtilisin
and autolytic sites of the complete enzyme in more detail (Fontana et al., 1986, Vita et
al., 1988). The idea that limited proteolysis occurs at surface segments and flexible loop
regions of the structure was developed and backed by experimental evidence from the
thermolysin cleavage. Since subtilisin and thermolysin itself exhibit broad specificities,
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the nicksites would be expected to occur at exposed regions, since there would be many
sites that satisfy sequence criteria alone. Segmental mobility was also correlated with the
limited proteolytic sites, by plotting the average main chain temperature factors from the
crystal structure along the amino acid chain. The peaks in the plots correlate well with
the limited proteolytic sites discovered by previous experimentation (Fontana et al., 1986,
Vita et al., 1985).
Other studies have considered other physical features of known protein structures.
One such study (Novotny & Bruccoleri,1986) considers accessibility of sites as well as
flexibility, and suggests the former may be more essential to proteolysis. Unlike standard
solvent accessibility, a larger probe size of 2 nm was used instead of 0.14 nm, to
simulate the size of a proteinase enzyme radius. Accessibilities were also smoothed over
a seven residue range since the proteolytic process involves 6-8 amino acid segments
(Ottensen,1967). Again, a good correlation was achieved between regions of high
accessibility and limited proteolytic sites of thermolysin, trypsinogen and ribonuclease
A. There was one trypsinogen site which did not correlate with the temperature factor
profile however, although it was an accessible site. This result was used to infer "surface
exposure seems to be more essential to proteolysis than flexibility". This is disputed by
other workers (Vita et al., 1988), due to the fact that the trypsinogen site in question is
not cleaved in porcine trypsin, and the reaction quoted is one found for commercial
samples only. Indeed, such discussion leads onto a number of interesting points
concerning the conditions under which limited proteolysis takes place. Under unusual
conditions, or conditions that differ from those used for the crystallisation of the proteins
in question, there is no guarantee that the protein structure at these sites is the same as
that found in the x-ray crystal structure. This is one of the main problems with the data
used in the structural studies on limited proteolytic sites. It is possible that the supposedly
"rigid" trypsinogen site (Novotny & Bruccoleri,1986) may not be so in vivo.
A further problem arising with structural studies on limited proteolysis was stated by
Vita et al.,( 1988) that "limited proteolysis can only be interpreted in terms of
conformational parameters if proteinases of low specificity are employed". As trypsin is
highly specific, it cuts at lysines and arginines only, the above statement would suggest
that trypsin nicksites would be unsuitable for such studies. However, it is intended to
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illustrate in this thesis that tryptic nicksites can be interpreted in terms of conformational
parameters, and that their identification, even from structure is non-trivial.

3.3 Conditions for limited proteolysis
Of the conditions previously listed for proteolysis, their primary requirement is that
the sequence in question can be cleaved by the proteinase in question. The specificity
throughout the serine proteinase family is varied, and not always simple to define.
Trypsin is highly specific and cleaves only at arginines and lysines, due to the aspartic
acid present at the base of the Pj specificity pocket (Kraut, 1977). In elastase, the pocket
size is reduced by valine 216 partially occluding the pocket, and the specificity altered
due to the replacement of the aspartate with threonine (Shotton & Watson, 1970). Elastase
is thus specific for small hydrophobics at P2. Specificity is not provided entirely by such
P! binding pocket interactions. Another serine proteinase Kallikrein possesses a P2
hydrophobic binding pocket (Chen & Bode, 1983). This hydrophobic P2 subsite coupled
with a preference for arginines at Px illustrates why the highest catalytic rate is observed
for Phe-Arg-X esters (Fiedler & Leysath,1979). However, the cleavage of peptides by
serine proteinases is not wholly governed by primary and subsite specificities as
"abnormal" residues can occasionally be cleaved under certain conditions (Kraut,1977).
The physiological conditions, under which limited proteolysis occurs, that are cited
in the literature vary considerably and definitely affect limited proteolysis. Cleavage of
o^-macroglobulin provides a good example. This protein possesses numerous limited
proteolytic sites in close proximity and has been described as a "universal" proteinase
inhibitor (Barrett & Starkey, 1973, Ohlsson, 1976), since it "captures" proteinases after
cleavage due to some conformational change in the macroglobulin. The region containing
the nicksites is known as the bait region. The serine proteinases known to cut there are
trypsin, plasmin, thrombin, Staphylococcus aureus strain V8 proteinase (SP),
Streptomyces griseus trypsin-like proteinase (SGT), Streptomyces griseus proteinase B
(SGPB), chymotrypsin, elastase and subtilisin Novo (Mortensen et al., 1981). Cleavage
of (Xj-macroglobulin by trypsin, SGT, SGPB and subtilisin was studied (Mortensen et
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al., 1981). They performed their experiments using a 2-fold molar excess of active
enzyme, and incubated the digest at room temperature. The incubation times differed
between enzymes but were all less than 3 minutes. Some of the digests also took place
with the presence of competitive inhibitors, such as Soybean trypsin inhibitor (STT), and
the small molecule inhibitor benzamidine. For chymotrypsin digests, it was impossible
to assign cleavage sites since a large number of different N-termini products were
produced. In the presence of STI, it was possible to assign a single cleavage site in the
bait region between T y rll and Glul2. For trypsin digests, the Arg22-Leu23 bond was
cleaved with the normal digest. Additionally, Arg7-Val8 was cleaved when the enzyme
was strongly inhibited with benzamidine, and also when the pH was reduced to 6.0.
Mortensen et a/.,( 1981), state that the tryptic cleavage of Arg22-Leu23 originally
observed was likely to be a secondary proteolytic site, which followed the primary
cleavage at Arg7-Val8.
Examples such as these illustrate how "tweaking" experimental conditions can reduce
the number of bonds cleaved, and target specific bonds. This does not alter the type of
bonds cleaved but targets the most easily cleaved, by reducing the ease with which
proteolysis can occur.
Fontana (1989) discusses a number of limited proteolytic sites with reference to their
physical nature; specifically their mobility. The nicking of DNase A by a-chymotrypsin
takes place only in the presence of a bivalent cation chelator. The nicked enzyme’s 70%
activity is fully restored upon addition of calcium. In the crystal structure (Suck et
al., 1984), a loop proximate to the nicksite is fixed by the binding of a calcium ion.
Fontana (1989) infers that when calcium is bound, the fixed loop impedes the path of
chymotrypsin to the nicksite, thus preventing cleavage. The reactivation of the enzyme
by calcium may be due to a structural effect on the nicked chain mediated by the fixing
of the neighbouring loop by calcium.
The diversity of conditions is clearly great when considering limited proteolysis in
general. It was thus considered important to try and select sites which were cleaved in
the native protein in native or near-native conditions, and therefore would be unlikely to
be significantly distorted from the form which they take in the crystal structures.
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3.4 Rationale for nicksite comparisons
The basic premise of this work is that proteolytic substrates must adopt an "inhibitor
like" conformation in order to be cleaved. If this is not the case, any comparisons to
inhibitor structures will reveal no insight into the amount of conformational flexibility
required by the nicksites in order to be cleaved.
It has been established biochemically that many serine proteinase inhibitors bind
productively as substrates and are cleaved at the reactive site loop, although the binding
is very tight and the cleavage very slow (Laskowski & Kato,1980, Read & James, 1986).
Indeed, BPTI is rapidly digested by a trypsin from another species Dermasterias
imbricata (starfish), j as are

several other trypsin inhibitors (Estell & Laskowski,

1980). The bulk of the information leading to current views upon the catalytic mechanism
of serine proteinases was obtained from observations concerning the atomic positions in
crystal structures. The mode of binding of the inhibitors is quite similar to that expected
of substrates (Read & James, 1986). Robertus (1972) proposed a hypothetical serine
proteinase

substrate, whose proposed structure agreed with the subsequently

determined SSI/subtilisin complex (Hirono et al., 1984). Crystal structures have also been
solved of tetrapeptide products bound to SGPA (James et al.,1980) which possessed a
very similar conformation to OMTKY3 bound to the same enzyme. The interactions that
occur commonly within proteinase-inhibitor complexes as detailed in chapter 2 must be
important in proteolysis ie P2 binding into the specificity pocket, oxyanion binding to
carbonyl oxygen, and antiparallel P-sheet hydrogen bonding. Some serine proteinases also
exhibit strong subsite specificity towards inhibitors and substrates alike. This specificity
is explained by the interactions observed in the proteinase-inhibitor complexes, which
suggest that substrate binding mimics inhibitor binding.
There is also some limited spectroscopic evidence that substrates must be extended,
like inhibitors, during proteolysis as anti-parallel p-sheet formation has been observed
during proteolysis of elastase substrates (Berry et al., 1988). Even with such a wealth of
biochemical and crystallographic evidence, it is impossible to prove conclusively that
nicksites must adopt the same conformation as the inhibitors immediately prior to
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proteolysis. It is currently extremely difficult to accurately determine the transient steps
leading up to, during and after proteolysis, in terms of structure.

3.5 Structural comparisons of tryptic limited proteolytic sites
with BPTI.
3.5.1 Dataset (1)
The dataset of limited proteolytic sites shown in Table 3.1 were chosen for the
analyses presented in this chapter. The trypsin nicksites, which satisfied the conditions
of being truly "limited" and cut in native or near-native conditions represented the largest
group that were detailed in the literature. It was considered expedient to restrict the initial
analyses to the study of limited proteolytic sites cut by one proteinase. The dataset is
still, however, quite small although it proved to be of an adequate size for the results
Table 3.1 Tryptic limited proteolytic sites used in this study (Dataset 1)

PROTEIN

PI

Brcode Resolution References (proteolytic)

Staph Nuclease

Lys5

2SNS

1.5

A

Taniuchi et al.(1967)

(structural)

Cotton et al. (1979)

Taniuchi et aL( 1968)

Lys48
Lys49

Ribonuclease

Lys31

5RSA

2.0 A

Winchester et a/.(1970)

Wlodawer et al.{ 1982)

Bode et a/.(1976)

Bode et a/.(1976)

Arg33

Trypsinogen

A rgll7 1TGN

1.65

A

Kossiakoff et a/.( 1977)

Lysl45

Elastase

Argl25 3EST

Calmodulin

Lys77

3CLN

1.65

A

2.2 A

Ghelis et a/.(1978)

Meyer et al. (1988)

Drabikowski et al.(1982) Babu et al.(1988)
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presented here, since a consistent set of results were obtained. In chapter 6 in this thesis,
a second set of nicksites are considered, which are cut by several different proteinases,
for the purposes of testing a prediction algorithm.

3.5.2 Comparisons of nicksite sequences
The sequences of the tryptic nicksites under consideration, have been compared,
similarly to the comparisons of inhibitors in chapter 2. The sequences local to the nicked
peptide are shown in Table 3.2 below.
Trypsin primary specificity requires an arginine or lysine be present at the Px
position, and this is of course reflected in the nicksite sequences. Apart from this obvious
conservation there are no other apparent trends evident. There! is a reasonably higher
number of polar/charged residues in the sequences. This can quite easily be explained in
terms of the higher propensities for such residues to occur at the surface of proteins
(Hopp & Wodds,1981, Eisenberg,1984), such as exposed loops. These are characteristic
Table 3 2 Sequences of reactive site loops of tryptic nicksites
Nicksite
Protein

Brcode
& P,

Amino acid sequence
P4

P3

P2

Pi

P.'

P
r2'

P3'

P'
r4

Staphylococcal
nuclease

2SNS
P1=Lys5

T

S

T

K

K

L

H

K

Staphylococcal
nuclease

2SNS
P,=Lys48

K

H

P

K

K

G

V

E

Staphylococcal
nuclease

2SNS
P,=Lys49

H

P

K

K

G

V

E

K

Ribonuclease

5RSA
P,=Arg31

Q

M

M

K

S

R

N

L

Ribonuclease

5RSA
P,=Lys33

M

K

S

R

N

L

T

K

Trypsinogen

1TGN
Pj=Argll7

L

N

S

R

V

A

S

I

Trypsinogen

1TGN
P!=Lysl45

G

N

T

K

s

S

G

T

Elastase

3EST
P,=Argl25

V

L

P

R

G

T

I

L

Calmodulin

3CLN
P,=Lys77

R

K

M

K

D

T

D

S
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regions for nicksites to occur in (Fontana, 1989).

3.5.3 Comparisons of (|),\|/ assignments
The main chain torsion angles § and \|f were used to classify residues into pre-defined
regions of the Ramachandran plot, in the same manner as used for the inhibitors in
chapter 2 (see chapter 2, figure 2.4). The resulting <|),\|f assignments for the nicksites from
P4 to P / are shown in Table 3.3 below.
Table 3 3 <|),\|/ assignments for tryptic nicksites and BPTI
Protein
Staph, nuclease
Staph, nuclease
Staph, nuclease
Ribonuclease
Ribonuclease
Trypsinogen
Trypsinogen
Elastase
Calmodulin
BPTI

P.
residue
Lys5
Lys48
Lys49
Arg31
Lys33
A rgll7
Lysl45
Argl25
Lys77
Lysl5

P4
0

P
0

A
A
P
L
P
A
O

P3
A
O
A
A
A
B
A
P
A
A

P2
a
A
0

A
A
A
O
P
A
P

<j>,y assignments
P
'
P,
P/
r 2
E
P
0
E
O
0
E
P
0
A
A
A
A
L
A
A
B
B
O
P
a
P
P
L
A
A
A
P
B
a

P
r 37
B
P
P
L
a
P
a
P
A
B

P
r 4'
B
P
P
A
A
B
a
B
a

P

The (j),\j/ assignments show no consistency throughout for the nicksites, indicating
structural variance. Three of the nicksites are almost entirely a-helical, whilst four others
contain residues with a <j),\jf pair outside the major areas of the Ramachandran plot (see
figure 2.4). Less than approximately 10% of residues fall into this category in well
refined high resolution proteins. This indicates that these regions of structure are either
highly strained or badly defined by crystallographic determination and refinement.
None of the nicksite (|),\|f assignments show any great similarity with BPTI, or indeed
any other of the inhibitors. The overall <|>,\[f "template" for the serine proteinase inhibitors
was described as "p-P-a-(3-(3-p" for P3-P3'. None of the nicksites share this "template",
with the trypsinogen A rg ll7 site coming closest.
It is clear from examining these features that sequence and (|),\j/ similarity to BPTI
is not vital for cleavage. However, as for chapter 2, the actual values of main chain
torsion angles were also compared.
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Figure 3.1 Torsion angle conservation within nicksite regions of the following proteins, Staphylococcal
nuclease (2SNS) sites at Pj = Lys5, Lys48, Lys49, ribonuclease (5RSA) sites at P, = Lys31, Arg33,
trypsinogen (1TGN) sites at P, = A rgll7, Lysl45, elastase (3EST) site at Px = Argl25, and calmodulin
(3CLN) site at P! = Lys77. When there is no torsion for a given site, ie at P10-P5 for Lys5 site of 2SNS,
then no point is plotted.

3.5.4 Comparisons of main chain torsion angles
The conservation of <|>, \jf and a torsion angles from P10-P k/ was examined in exactly
the same manner as for the inhibitors in chapter 2, and the resulting plot is shown in
figure 3.1. It is immediately clear that unlike in the inhibitors there is no conservation
of main chain torsion angles over all the nicksite regions, at any of the positions. There
is a broad spread of values for all the torsion angles, particularly for y and a , at each
position in figure 3.1. However, similarly to the comparisons made in chapter 2, pairwise
comparisons of nicksite regions with BPTI were also made. Although no overall trends
were seen within the nicksite "loops", individual nicksites could still possibly resemble
the basic inhibitor conformation.
Example pairwise torsion angle comparisons are shown in figure 3.2. The overall
differences in main chain torsion angles \|f and a are much larger than were seen for the
inhibitor-inhibitor comparisons in chapter 2. The actual differences between nicksites and
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Figure 3 2 Pairwise comparisons of torsion angles (|>, \|/ and a between selected tryptic nicksites and BPTI
(bound to trypsin, brcode 2PTC). The absolute differences in degrees at equivalent positions are plotted for
each comparison from P5-P5'. The Schechter & Berger notation is indicated beneath each position. The
comparisons with BPTI are (a) Staphylococcal nuclease P, = Lys48, (b) elastase Pj = Argl25, (c)
trypsinogen P, = Lysl45, (d) ribonuclease Pj = Arg33, and (e) calmodulin P, =Lys77.
Table 3.4 Torsion angle differences between nicksites and the binding loop of BPTI (brcode 2PTC)
Nicksite
Protein

PI

Staph nuclease 5
Staph nuclease 48
Staph nuclease 49
Ribonuclease 31
Ribonuclease 33
Trypsinogen
117
Trypsinogen
145
Elastase
125
77
Calmodulin

P2

P3
«>

PI

PI

✓

P2

V

<t>

V

♦

V

♦

V

70
8
32
12
9
19
133

134
167
101
165
174
175
135

138
78
96

14
15
149

42
28
8
88

91
29
43
116

173
126
116
26
148

68
86
35
165
134

10

1

131
15

149
8

15
3

14
23

83

143

25

0

19

180

6

6

51

105

35

24

10

li

7

178

50

86

19

179

51

58

162

97

*

✓

V

P3
V
<►
30
24
3

91
98

40

19

5
33
42

23
29

69
84

166
13

24
39

79
21

16

33

32

165

159
13

94
91

46

3

10

131

32

64

91

120

All (absolute) torsion differences in degrees. Values in bold represent positions that are in different energy
tachandran
plot as compared-----------to BPTI,-----------------as represented
in chapter 2, figure
-------------------------2.4.ie a(A,a)
wells of the Rama*
* ’
p(B,P), etc.
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BPTI for (|) and \\f are tabulated in Table 3.4. The difference in \jt for the elastase nicksite
at the P3 position is a complete flip of 180°. Similar differences are found for all the
nicksites when compared to BPTI. There are two similarly large differences between the
\jr values at P2 and Px' for the calmodulin site as compared to BPTI. Every nicksite has
at least one position that has a torsion angle difference in excess of 140° and one <|>,\|f
pair that lies in a different energy well of the Ramachandran plot to the BPTI equivalent.
The large changes in <|> and \|f do not correspond to small changes in a and hence these
<|>,\|/ changes are not complementary.
No common pattern of differences between torsion angles amongst the nicksites was
evident, indicating that there is a high degree of variance within the nicksites themselves.
These differences between inhibitor and substrate show that gross changes in main chain
torsion angles would be required for the nicksites to adopt a "BPTI-like" conformation.
Such changes would involve residues traversing the Ramachandran plot, from one low
energy well to another (e.g. from

to p). However, it may be possible that alternative

torsion angle conformations may yield basic folds similar to the inhibitor loop, due to
complementary (|),\jf changes. To investigate further the similarity of nicksites to the BPTI
binding loop, the nicksites were superposed onto the inhibitor binding loop.

3.5.5 Least squares fitting of nicksites to BPTI
The RMSD from the BPTI conformation was calculated for all the tryptic nicksite
loops considered here using backbone atoms only and the McLachlan (1979) algorithm
as used in chapter 2. The RMSDs of nicksite fits to the BPTI binding loop are shown in
Table 3.5. Comparison with the inhibitor-inhibitor least squares fit RMSDs given in Table
2.4 in chapter 2 illustrates the structural dissimilarity between the limited proteolytic sites
and the binding loop of BPTI for all three segment lengths.
The nicksite RMSD values, when fitted to BPTI, range from 1.63A to 3.61 A for P4P4' fitting, indicating that some are closer to an inhibitory conformation than others. This
is confirmed when the nicksite "loops" are superposed upon the BPTI binding loop
structure as shown in figure 3.3. The P3-P3' regions of nicksites and inhibitor were used
for the fitting (the largest conserved segment of the inhibitors), to superpose the
structures. To avoid confusion, a superposition upon BPTI is shown for each individual
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(a)

(b)

(c)

(d)

(e)

Figure 3.3 Superpositions of nicksite loops upon BPTI (brcode 2PTC). Plots are shown in stereo with BPTI
in bold, and in the same orientation in all cases. The superpositions with BPTI are (a) Staphylococcal
nuclease P, = Lys48, (b) Pj = Lys49, (c) ribonuclease P, = Lys31, (d) P, = Arg33, (e) elastase P, =
Argl25, (f) cahnodulin P! = Lys77. continued over page.
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(g)

00

Figure 3.3 continued Superpositions with BPTI are; (g) trypsinogen Pj = A rgll7, (h) P! = Lysl45, and
(i) Stapylococcal nuclease Pj = Lys5.

nicksite, rather than superpose them all in one figure. Although none of the limited
proteolytic sites are as similar to BPTI (as shown in figure 3.3), as the other proteinase
inhibitors, it is clear that some like the elastase Argl25 and trypsinogen Lysl45 sites are
Table 3.5 RMSDs of tryptic nicksites on fitting to BPTI
RMSD
Fitted substrate

Pi-P/

Staph.Nuclease

Lys5-Lys6

Staph.Nuclease

Lys48-Lys49

Staph.Nuclease

Lys49-Gly50

Ribonuclease

Lys31-Ser32

Ribonuclease

Arg33-Asn34

Trypsinogen

A rgll7-V alll8

Trypsinogen

Lysl45-Serl46

Elastase

Argl25-Alal26

Calmodulin

Lys77-Asp78

PA'
2.06 A
2.27 A
2.05 A
3.61 A
3.33 A
2.72 A
1.63 A
2.23 A
3.42 A

P 3 -P 3 '

A
2.06 A
1.81 A
3.07 A
2.54 A
2.31 A
1.35 A
1.61 A
3.00 A
1.59

P2-P2'
1.41 A
1.56 A
1.23 A
1.99 A
1.52 A
1.13 A
1.37 A
1.30 A
1.65 A
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not too dissimilar. Their conformations are at least "loop-like" while the calmodulin
Arg77 and ribonuclease Lys31 sites are a-helical, and differ grossly from the extended
BPTI binding loop conformation. However, it is also important to consider these results
in the context of results obtained when fitting random "loop-like" structures against each
other.
To assess the significance of the RMSD results, the distribution of RMSDs obtained
when fitting random loop against loop structures was calculated. A large number of
"loop-like" regions were selected from a dataset of 20 non-homologous proteins. Regions
of structure were selected that had similar interatomic a-carbon separations from atom
i to all other atoms, atom i+ 1 to all other atoms etc (Jones & Thirup,1986). A large
tolerance value of 1.9 A of Ca-Ca separations was used to pull-out many "loop-like"
regions, that broadly conformed to the u-shaped BPTI binding loop structure that was
used as the template for the search. This was achieved using a database management
program 3-D SCAN, developed
(a .)

by

S.

P.

Gardner

in

our

laboratory. Initially many loop
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Figure 3 A Distributions o f RMSDs in A units o f "random" loop
fitting. Arrows above the distributions represent ranges of values for
inhibitor-inhibitor fits (i-i) and nicksite-BPTT fits (n-n). The 3 plots
are for (a) 8, P4- P / , (b) 6, P3-P3' , and (c) 4 residues P2-P2'.
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from fitting the limited proteolytic sites to BPTI lie in the centre of the distributions in
all 3 cases, and are essentially random. The inhibitor-inhibitor RMSD values are
significantly removed from the bulk of the distributions, towards the lower RMSD end.
A similar calculation was performed whereby all selected loop-like regions were
fitted to the BPTI binding loop, instead of each other, and a similar result was obtained
(not shown), with the centre of the distributions and the nicksite RMSDs coinciding.
These results show limited proteolytic | site structure bears little resemblance to that
of proteinase binding loops, and implies that features other than the local conformation
must be important for molecular recognition of such sites. The limited proteolytic sites
would not be expected to be cleaved by trypsin in their X-ray crystal structures’
conformations. The structural differences would presumably prevent them from binding
into the trypsin active site and forming any of the interactions made between enzymes
and all the inhibitors.

3.6 Conformational parameters of inhibitors and nicksites
The structural dissimilarity between inhibitors and nicksites suggests that factors
other than local conformation, such as accessibility and protrusion may be better
determinants of proteolysis. They are examined here, for both inhibitors and nicksites,
to compare and contrast the recognition.

3.6.1 Accessible surface area of serine proteinase inhibitors and trypsin nicksites
The accessible surface area (ASA) of each atom within the proteins considered was
calculated using an implementation of the Lee and Richards (1971) method, using an inhouse program (rather unimaginatively) called ACCESS. A full description of the method
is given in Appendix B with reference to the terms and accessibilities used in this thesis.
In this chapter, all accessible surface areas discussed were summed over each residue,
and are given in the units A2.
Figure 3.5 shows the changes in residue ASA of serine proteinase inhibitors
calculated between when bound to the proteinase and when the isolated inhibitor co-
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Figure 3.5 Changes in accessible surface area of serine proteinase inhibitors in A2 when comparing
enzyme-bound to uncomplexed forms. The bars represent the amount of solvent accessible surface lost by
each residue upon binding. The P, of each inhibitor is indicated by an arrow. Note that most surface is lost
by 1 segment local to the P, residue itself. The amino acid 1-letter code and residue number are given at
each position, (a) BPTI (brcode 2PTC), (b) PSTI (1TGS), (c) OMTKY3 (1CHO), (d) eglin (1CSE), (e) CI2 (2SNI), and (f) PCI-1 (4SGB).

ordinates alone are considered. Such differences, to a first approximation, represent the
amount of surface area lost by each residue in the inhibitor structures upon binding to a
proteinase. A corollary of this is that any residue whose accessibility is seen to change
must be involved in making contacts with the enzyme. In figure 3.5, the Px residues are
indicated by arrows.
The binding loops of the inhibitors form the majority of the recognition region
defined in this way, with only small contributions made from the rest of the structure.
The largest amount of surface buried is almost always buried by the Pj residue itself.
This is in stark contrast to the enzymes where six or seven small contiguous regions
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Figure 3.6 Change in accessible area of (a) trypsin (brcode 2PTC) and (b) SGPB (4SGB) in A2 upon
binding of BPTT and PCI-1, respectively. The bars represent the amount of solvent accessible surface lost
by each residue upon inhibitor binding. Note that surface area is lost by several discontinuous regions of
the enzyme structure.

constitute the recognition region as shown in figure 3.6. The inhibitors ASA change
profiles show an almost identical trend at the recognition region from P3-P2'. This shows
that the inhibitors must be recognizing their target proteinases by the same general mode,
as this accessibility pattern is maintained even though the sequence is not.
There are no complexed structures available for the nicksites and hence the changes
in accessibility cannot be calculated. Instead the residue ASAs have been considered and
are plotted along the sequence for each nicksite protein in figure 3.7. Each nicksite is
indicated by an arrow running from the top of the graph in this figure. None of the sites
are completely buried, with most of the nicksites at highly accessible regions of the
structure, particularly the adjacent Lys48-Lys49 sites in Staphylococcal nuclease. The
elastase nicksite Pj residue is the second most accessible residue in the entire protein.
In general, accessibility has been seen to correlate well with sites of limited
proteolysis, as observed previously (Novotny & Bruccoleri,1986). Indeed, the
experimentally documented trypsin nicksites were typically more accessible than the
average accessibility for Lys and Arg sites (see chapter 6). However, accessibility cannot
be the sole requirement for proteolysis, since the nicksites studied here must also be
flexible in order for conformational change to be effected. It would be quite possible for
a site that is only somewhat accessible, but very mobile, to undergo local unfolding and
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Figure 3.7 Accessible surface area in A2 of each residue in the nicksite proteins. The one-letter code and
residue numbers are shown below each position. The Pj residue of all the nicksites in each position are
indicated by arrows. The brcode of each protein co-ordinate set used is given in parentheses beside the
protein name below; (a) Staphylococcal nuclease (2SNS), (b) ribonuclease (5RSA), (c) trypsinogen (1TGN),
(d) elastase (3EST), and (e) calmodulin (3CLN).

make itself more accessible, which must be the case for cleavage.

3.6.2 Protrusion of serine proteinase inhibitors and trypsin nicksites
Another conformational parameter that describes surface regions is the protrusion, or
protrusion index (Taylor et a/.,1983, Thornton et al., 1986). This parameter gives a
measure of how far from the core of a protein an individual residue is; quite literally its
"protrusion". As calculated previously (Taylor et al., 1983, Thornton et al., 1986) and in
this thesis, the protrusion index or P.I. of individual residues in a protein takes discrete
values from 0 to 9, where 0 signifies a core residue, and 9 a residue that is most
protruding. The protrusion index calculations were implemented in the Fortran program
ELLIPSE. The method determines the equimomental ellipsoid of a protein (Taylor et
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al., 1983) about the centre of mass of the protein co-ordinates. The direction and relative
lengths of the principal axes of the ellipsoid are calculated; its size is arbitrary.
Successively larger ellipsoids are generated, enclosing 10%, 20%, 30% etc. of the total
num ber of atoms, and assigning P.I. values to those atoms included in each shell 0, 1,
2 etc. The atoms lying in the sm allest (central) ellipsoid are assigned a value of 0, the
next 10% shell 1, and so on until the atoms on the surface protruding from the largest
ellipsoid are assigned a value of 9. For exam ple, the 90% ellipsoid will contain 90% of
the atoms, with 10% lying outside or protruding from the globular protein. A schematic
of the ellipsoids is shown in figure 3.8.
In practice, only a-carbon co-ordinates were used for the calculation. This speeds it
up dramatically, and also reduces noise. Side chain conform ations are often indeterm inate
and yet will have a big effect on the P.I. making the calculation over-sensitive to side
chain conform ation, and the data harder to interpret.
The P.I. of every inhibitor residue was calculated as described, and the results of
these calculations are shown in figure 3.9. The Pj residues of the inhibitor binding loops

Protrusion Index Calculations

1 0 % e llip s o id ,
2 0 % e llip s o id ,
3 0 % e llip s o id ,
4 0 % e llip s o id ,
5 0 % e llip s o id ,
6 0 % e llip s o id ,
7 0 % e llip s o id .
8 0 % e llip s o id ,
9 0 % e llip s o id ,
O u ts id e 9 0 %

P l= 0
P l= 1
P l= 2
PI = 3
PI = 4
P l= 5
PI = 6
P l= 7
P l= 8
PI =9

Figure 3.8 Schematic showing equimomental ellipsoids containing multiples of 10% of the total number
of atoms. The protrusion index assigned to atoms lying within each ellipsoid are shown.
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Figure 3.9 Protrusion indices of serine proteinase inhibitors. The P.I. is shown for each residue of the
inhibitors, as a discrete score form 0 to 9. The Pj residue is indicated by an arrow for each nicksite. (a)
BPTI (2PTC), (b) PSTI (1TGS), (c) OMTKY3 (1CHO), (d) eglin (1CSE), (e) CI-2 (2SNI), (f) PCI-1
(4SGB).

are indicated with arrows. All the inhibitor binding loops have high P.I. values and hence
protrude into the solvent For homologous eglin and CI-2 the protrusion profiles are very
similar, as expected, with the binding loops forming the most protruding section along
the sequence. This is also true for PSTI and OMTKY3, although the binding loops are
not quite the most protruding. The binding loops of BPTI and PCI-1 also form extended
protruding regions of the structure.
The general shape of proteinase-inhibitor complexes may be described as
"mushroom-like" or "pear-shaped" (Laskowski & Kato,1980) with the binding loop
situated where the "stalk" contacts the "head" of the mushroom. The protruding nature
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Figure 3.10 Protrusion indices of tryptic nicksite proteins. The P.I. is shown for each residue, with the
nicksite P, residues indicated by arrows; (a) Staphylococcal nuclease (2SNS), (b) ribonuclease (5RSA), (c)
trypsinogen (1TGN), and (d) elastase (3EST).

of the binding loops would also be expected from steric considerations; since they must
be able to fit into the proteinase active site cleft, without steric hindrance from other
regions of the inhibitor.
The protrusion indices for each residue of the nicksite proteins are shown in figure
3.10, with the exception of calmodulin. Calmodulin is a bi-lobal dumbbell-shaped protein,
with two domains connected by an a-helix (Drabikowski et a/., 1982, Babu et al., 1988).
The P.I. calculation (which relies on the protein shape being ellipsoidal) is totally
inappropriate. For the four proteins used, the nicksites, as indicated by arrows, are all
situated at protruding regions of their individual structures. All the Staphylococcal
nuclease sites are fully protruding with indices of 9. These values show how much the
sites protrude from the general ellipsoidal protein shape, as is also observed for the
inhibitors. Similarly to accessibility, protrusion is a conformational feature that nicksites
share with the serine proteinase inhibitors.
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Figure 3.11 Residue averaged temperature factors of nicksite proteins. The temperature factors are summed
over all atoms in each residue and averaged. The Pt positions of all the nicksites are indicated by arrows.
The dotted line indicated by <B> on the far right of each plot indicates the average temperature factor per
residue for the whole protein; (a) Ribonuclease (5RSA), (b) trypsinogen (1TGN), (c) elastase (3EST), and
(d) calmodulin (3CLN).

3.7 Flexibility of nicksites for proteinase recognition
The amount of flexibility observed upon recognition of the serine proteinase
inhibitors by their proteinases was small, yet important. The slight motions to re-orientate
the binding loop, and movements of side chains, give some inhibitors an ability to fit into
more proteinase active sites. However, the differences in structure between inhibitors and
nicksites is gross. To examine the amount of flexibility possessed and required by the
nicksites, their temperature factors have been examined, and simple modelling
experiments conducted to try and dock them into trypsin.
The residue averaged atomic temperature factors of the tryptic nicksites are plotted
in figure 3.11. No temperature factors are present in the Brookhaven entry 2SNS for
Staphylococcal nuclease. According to a recent crystal structure determination of this
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protein (Loll & Lattman,1989) the nicksites correspond with peaks in the published Bvalue profile.
Five of the sites in figure 3.11 correlate well with above average peaks in the
temperature factor profiles. One of the trypsinogen sites at Lysl45 is at a more flexible
region than the other at A rg ll7 , although both coincide with peaks. This difference has
been previously noted by Novotny and Bruccoleri,(1986), who claim that the latter site
is the preferential cleavage site, although there is some dispute in the literature
(Fontana, 1989, Vita et al., 1988). The elastase site coincides with only a sharp peak at the
Pi residue itself, whilst the calmodulin site is in the centre of a large mobile region. The
ribonuclease sites are not from a large mobile region, with only Lys31 possessing above
average temperature factors. In general, the nicksites are typically found within segments
that are highly mobile.
To crudely assess the degree of change needed by the nicksites to fit into the trypsin
active site, they were "docked" in by superposition onto the BPTI co-ordinates from the
Brookhaven dataset 2PTC, containing BPTI complexed to trypsin. The BPTI co-ordinates
were then removed. Superposition was achieved by least squares fitting the P3-P3'
backbone atoms of the nicksite onto the corresponding BPTI atoms, and using the
resulting rotation and translation matrices to transform the nicksite co-ordinates into the
BPTI co-ordinate system. This results in a crude nicksite/trypsin "model" with the
nicksite "docked" into the trypsin active site. Some example "models" are illustrated in
figure 3.12 (a)-(d), with figure 3.12 (e) showing the interactions in the true BPTI/trypsin
complex as comparison. The Staphylococcal nuclease nicksite loop (Pj=Lys48) can be
seen to be fitted into the trypsin active site without having to grossly alter the disposition
of the loop relative to the rest of the protein. However, figure 3.12 (b) shows a close-up
at the active site. The loops’s conformation is very different from the BPTI reactive site
loop in 3.12 (e), although only a few bad contacts are made between trypsin and
staphylococcal nuclease. Few of the interatomic hydrogen bonds, as made by BPTI, could
be formed in this primitive model. The Px lysine does not point down towards aspartate
189 at the base of the primary specificity pocket, to which it interacts in the BPTI-trypsin
complex. It is assumed that such interactions would be required before proteolysis can
take place.
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(a)

'S

46

.YS 45
VAL 51

(b)
46

SER E 195

SER E 195

iSP E 11

,ASP E 189

(c)

(d)

HR 79

SEI
LYS 77
,ASP E 189

ASP E 189

Figure 3.12 Superposition nicksite "models". Stereo images of 2 nicksites "docked" into trypsin active site. Docking is achieved by
superposing nicksites onto BPTI bound into the trypsin active site and then removing the BPTI co-ordinates. Backbone atoms from
P3 -P 3 ' were used to superpose the nicksites onto BPTI; (a) C0 trace of staphylococcal nuclease (2SNS) shown with bold lines,
P,=Lys48 modelled into trypsin active site, (b) close-up of active site region of (a) showing the putative P, residue and the Asp to
which it would be expected to hydrogen bond, (c) Ca trace of calmodulin (3CLN) shown in bold lines, P,=Lys77 modelled into the
trypsin active site, (d) close-up of (c) showing the putative P, side chain Lys77 better positioned than for (b). (continued over page).
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iGLY I 12

iGLY 112

(e)

ERE 195

iRG 117

E 195

iRG I 17

LYSI 16

Figure 3.12 continued (e)The trypsin-BPTI (2PTC) complex active site showing some of the important residues as a comparison for
(b) and (d). Note in (a), the staphylococcal nuclease site fits into the active site cleft, leaving the bulk of the rest of protein not in
contact with the enzyme. The calmodulin molecule is interfering with the trypsin co-ordinates after superposition of the binding loop.

Unlike the staphylococcal nuclease site, the calmodulin site after fitting, brings the
bulk of calmodulin down into the co-ordinate region occupied by trypsin itself. Clearly
a big change in the calmodulin reactive site, as well as some type of grosser movements
would be needed to allow binding and subsequent cleavage.
The staphylococcal nuclease "model" represents one of the best models in terms of
least bad steric contacts made with trypsin, and calmodulin one of the worst. The other
nicksite "models" fell broadly between the two. In no instances were the interactions
requisite for proteolysis, that are observed in the BPTI/trypsin complex, formed in any
of the nicksite "model" complexes with trypsin.

3.8 Conclusions
The limited proteolytic sites were expected to share some of the structural features
of the serine proteinase reactive site loops, since these are considered to be "idealized"
substrates. However, such features were not observed and the nicksites were seen to be
diverse in structure and sequence themselves. Their <f>, \|t values differed grossly from
those of the inhibitor BPTI, and they clearly do not share the same structure as the
inhibitors. Major changes of up to 180° flips in <|) and \jf are necessary to bring the
nicksites into conformations suitable for cleavage. Preliminary results suggest that
nicksites for enzymes other than trypsin display similar characteristics. For example,
Stein et a l.f 1990), report that the putative ovalbumin reactive site centre is situated in
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a protruding helix, which must undergo a large conformational change to an extended
conformation. Preliminary studies not detailed here show that thermolysin sites (Vita et
al., 1988) cut by subtilisin bear little structural resemblance to eglin, which binds
subtilisin. This also the case for a subtilisin site in ovalbumin (co-ordinates courtesy of
A. Leslie), and in ribonuclease A. Motions other than local torsion angle changes, such
as "hinge bending", may also be required to permit the entry of the nicksite loop into the
enzyme active site. Simple modelling experiments show that it would be impossible to
dock most of the nicksite "loops" into trypsin in their current conformations. Many bad
contacts are generated despite the high accessibility and protrusion that most nicksites
share with the inhibitor reactive site loops.
There are few examples of well documented nicksites since there are a number of
inherent problems with the experimental data. Some of the solution data are disputed
within the literature (see Vita et al., 1988). In staphylococcal nuclease and ribonuclease,
there are two sites in close proximity. It would be impossible for both sites to be
simultaneously in an ideal conformation for cleavage. Thus, it would be expected that
only one site is initially cleaved, introducing additional flexibility to the neighbouring
site, allowing further proteolysis to take place. Even so, none of the sites possesses a
significantly similar conformation to an inhibitor binding loop.
From the X-ray data, the derived <|), \\f assignments given for all three of the
staphylococcal nuclease sites and the Lysl45 trypsinogen site, possess at least one <|),\|/
pair that lies outside all of the major regions of the Ramachandran plot. These regions
are often quite mobile and therefore less accurately defined in the electron density. Thus,
the precise magnitude of conformational rearrangement required for proteolysis remains
unclear. Most of the structures studied here are derived exclusively from crystal data and
may differ in solution, particularly in these "mobile" loops. The apparent change required
by calmodulin to bind into the trypsin active site is a gross one. However, the density at
the centre of the inter-connecting a-helices is weak (Babu et al., 1988) and there is
growing evidence, both experimental (Heidom & Trewhella,1988, Heidom et al., 1989,
Seaton et al., 1985, Matsushima et al., 1989) and theoretical (Mehler et al., 1991) that
calmodulin adopts a different overall conformation in solution. Specifically that there is
some compaction of the structure. This would reduce the steric hindrance between
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proteinase and calmodulin, presumably making the nicksite more accessible.
In summary, the limited proteolytic site recognition considered here may be described
as "induced fit" type recognition, as the nicksites must be brought into the correct
conformation prior to proteolysis by the enzyme. The types of motions required to do this
are much larger than the small motions in the "lock and key" recognition system
exhibited by serine proteinases and their protein inhibitors.
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CHAPTER 4
MODELLING OF LIMITED
PROTEOLYTIC SITES
4.1 Introduction
The analysis and characterisation of trypsin limited proteolytic sites has led to the
conclusion that the nicksites rarely adopt the target conformation required for proteolysis.
A considerable amount of flexibility is required both local to the nicked peptide bond
itself, and to a lesser extent at the edges of the nicked "loop" region. Accepting this
conclusion leads to two important questions. Firstly, how much do the nicksites need to
alter their structure in order to be cleaved, and secondly, how much can they change their
structure. The latter presumably, must exceed the former. In order to attempt to answer
these questions, modelling experiments were carried out upon the the nicksites in situ in
their respective proteins. The assumption based on the prior analysis is that for
proteolysis the nicksite must assume a similar conformation to that of the inhibitors
across the reactive site loop. A modelling protocol has been developed to test if the
correct conformation could be

adopted by

the nicksite region. This involved

breaking a bond at the C-terminal region of the loop, changing the main chain torsion
angles within the loop to the corresponding BPTI values, and then attempting the closure
of the loop. This process was repeated for varying loop lengths and positions for the
tryptic nicksite dataset, and for model-built regular secondary structure. Subsequent
successful closures were filtered through several tests to determine the quality of the
conformation modelled in, and its suitability for cleavage. Energy minimisation was also
used to regularize the modelled conformations of the loops. One of the closed loop
models was also minimised and docked into the active site of trypsin to examine the
plausability of the resultant model.
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Further to the loop closure, molecular dynamics calculations were performed upon
one of the nicksite proteins, Staphylococcal nuclease, and also on the nicked helical
segment of the serpin Ovalbumin using the CHARMM program (Brooks et al. 1983).
Dynamics simulations were run on the whole of Staphylococcal nuclease unconstrained,
and with just the nicksite loop region unconstrained. The resulting trajectories were
examined, to analyse the range of movements available to the nicksite region, in
particular in the main chain torsion angles.

4.2 Loop closure, filtering and minimisation
4.2.1 Loop closure method
The loop closure algorithm of Sklenar (Sklenar et al., 1986, Sklenar,1989) as
implemented by F.Eisenmenger (unpublished) was used to anneal loops with altered main
chain torsion angles for the nicksite loops considered. These were the nicksite dataset 1
studied in chapter 3, ignoring the Staphylococcal nuclease site at residue 5 since this
residue was situated close to the N-terminus and is hence unconstrained N-terminally.
The closure of regular right handed a-helix and anti-parallel P-strand was also attempted.
Segments of 30 residues of alanine were built for this purpose using the molecular
modelling package QUANTA on a Silicon Graphics 40/310VGX workstation, and
R2

rx./
4n

>. + 1

Rn +1

R1

N-l

Residues varied during closure
Figure 4.1 Torsions allowed to vary during the loop closure are those contained within the square brackets.
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subsequently set to be in the two regular secondary structure states described.
The full details of the closure algorithm are already published (Sklenar, 1986) and
only the specific application of the method will be dealt with here. For each loop closure,
only a given number of main chain torsion angles are permitted to vary during the
closure. If a closure of length n residues is attempted, then 2(/i-l) torsions are allowed
to vary as illustrated in figure 4.1. The <|) and \|f of residue 1 of the loop are kept fixed,
as are those of residue n+1. All <|),\|/ pairs in between are allowed to vary, whilst all co
torsions are kept fixed to their original values. Figure 4.2 shows an example closure,
where n - 4. The original loop has a set of torsions
4.2(a). If these torsions are reset to

(i= l—>4), as shown in figure

(i=2—>4) which correspond to those found in

a second loop (BPTI in our case) then the N,Ca,C ' triplet of the

/I th

residue will be

00

+»

H.

I
co

Set torsions to new
(b)

^sco
old core N,CA,CO

4
Anneal new loop to old core N,CA,CO
(c)

f'3
3

<1

1

N

%

„

f t2
T

fixed

Figure 4.2 Example closure for loop of length = 4 residues.
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xx

variant
region

core
region

Figure 4 3 Definition of vectors R and S. The vector R links the origins (the nitrogen atoms) of two co
ordinate systems. After application of R, there must be a screw axis S about which a rotation of 0 will
coincide the two co-ordinate systems. The x-axis lies along the N-Ca bond, the y-axis in the plane
containing the main chain triplets N,Ca,C', and the z-axis along the cross product of the x and y-axes. The
vector a is the scalar product of 0 and S.

shifted away from its original core position, as shown in figure 4.2(b). By altering
torsions

(i=2—>4) to

(i=2—>4) which are not equal to the original

torsion angles <^,1^ (i=2—>4) then it must be generally possible to bring the N,Ca,C '
triplet of main chain atoms back to its original orientation as shown in figure 4.2 (c).
Thus the loop is closed and possesses a new conformation. If the torsion angle changes
in going from (b) to (c) are small then this new conformation will closely resemble that
of the conformation set in (b). Hence using this method, by selecting an inhibitor-like
conformation in (b), it is possible to model an inhibitory backbone conformation into the
nicksite protein.
The problem for any given closure is to find the set of torsion angles

ty x"

which satisy the closure condition. To formulate this condition, a column vector F is
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considered. Figure 4.3 illustrates where the components of this vector are,derived. The
triplet of main chain atoms N,CA,CO represent the first core residue (the

/Ith

residue in

the loop) and the triplet N ',C A ',C O ' the 11th residue in the loop after new torsion angles
have been set. If the nitrogen atoms of each triplet of main chain atoms represent the
origins of the two co-ordinate systems, then the vector joining them is R . The vector 5
is the screw-axis, about which a rotation of 0 relates the two axes systems. Indeed, when
shifting the origin of the original system N,CA,CO by R and rotating the co-ordinate axes
around 5 by 0, the two systems coincide. If we define a vector a which is equal to 0.5,
then we may define F as consisting of the 3 components of R and the 3 components of
a, giving 6 in total. Hence when the loop is successfully closed,
f

where

0

- 0.5

- ^ 2+« ; +R;2+^ +a j +a j

-

0

and 0 = 0 when the loop is closed.

Equation (1) represents the closure condition that must be satisfied. If we now consider
F as a non-linear function of the m (which equals 2(n-l) in our case) torsion angles,
given by v = vj? j= l to m, then for a satisfactory closure the problem may be restated as;
F,(iO - 0,

(2)

For small deviations Av0 from the initial set of starting torsion angles v0 the components
of F(v) can be expanded as a Taylor series. Since we require to make only small changes
to the starting conformation, this is applicable and gives;
r
F.{v) - F.(vo) + Avr

\
dF.1
dv

(3)

i - 1,2,..6

The superscript T denotes a row vector instead of a column vector.
Using only the linear terms from this expansion, and the result from (2) we obtain:
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(4)

AA v - -F (v J

where A is a matrix with the elements
r
A..V -

\
dF.I
3v.

V

i - 1,2,..6 j - 1,2,...m

(5)

1A

According to Sklenar et al.,(1989), these partial’derivatives with respect to each torsion
angle Vj may be calculated as follows:
dR
^
- U. x (R -r.)
dv
J
J

i - 1,2,3 for

dF.
'
dvt

(6 )

and
da
— - U.
0V.

J

i - 4,5,6 for —

(7)

0V,

where Uj is the vector, with |uj|= l, giving the direction of the f" single bond, and the
vector rj refers to any point on this bond.
Generally, there are an infinite number of solutions to this closure problem as stated
in equation (4), hence the problem is restricted by applying additional conditions to Av
to minimise any changes. According to Eisenmenger (personal communication), the
constraints upon Av may be expressed as;
Av + wg + A Tk - 0

(8)

where w is a weighting factor for an "energy-term" term vector g and the vector X a set
of Lagrange multipliers to the partial derivatives. The energy term g is calculated as a
function of the amount of displacement incurred by each rotation about a bond j. Hence
rotations about bonds near the N-terminal move more atoms than bonds near the CPage 91
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terminal of the loop and are more heavily constrained. Together with equation (4) this
yields:

U 4 r)X - F(v0) - wAg

W

Hence for a given starting conformation, the set of Lagrange multipliers X can be found
from the system of linear equations given by (9). Substituting these values back into (8)
gives a set of torsional changes to close the loop. Since only the linear terms of the
Taylor expansion are considered, the set of rotations found by Av do not in general lead
to F = 0. Thus the procedure is repeated up to a maximum of 20 steps to attempt to bring
F < 10'8. The weighting factor w is set to be the same as F throughout the closure so that
the torsion angles become more constrained as the closure distance gets smaller.
For each nicksite, 90 closures were attempted, ranging from 6 to 14 residues in
length. For each closure length from 6 to 14, all closures were attempted when the Pj
residue was situated within the closure length. For example, for a 6 residue closure,
closures were attempted for P^Pp P5- P / , P4-P2', P3-P3', P2- P / and P rP 5L For the
purposes of the closure algorithm all the side chains are ignored and then replaced after
the closure in the same orientation with respect to the appropriate N-Ca-C ' atoms. In all
cases the peptide torsion angle co was kept fixed for all residues.

4.2.2 Filtering and testing closed loops
For each closure attempt there were 4 possibilities for failure. These are listed below:
i) Proline (j) angle goes out of range -30° to -90°. Proline residue (|) angles are not
changed initially, but new torsions may be found during the closure.
ii) No solution. The closure algorithm fails to find a solution to one of the linear
equations from equation (9).
iii) Too many steps. More than 20 steps to try and close loop and bring F< 10'8.
iv) Too many trials per step. More than 100 trials exceeded during one step in
closure to try and find a set of new torsions that satisfy the closure constraints and
also the weighting constraints. For each trial the weighting value is halved
allowing larger Av’s.
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In practice, closures rarely fail due to ii) to iv). If a loop contains a proline, then the
closure algorithm often rejects closures due to failure of condition (i).
Using these rules to reduce the number of closure attempts, there are fewer successes
when attempting to close a loop. The closure algorithm formed filter 1, and successful
closures were passed on to further tests. These were intended to eliminate closures
exhibiting too large a divergence from the inhibitor-like conformation. These tests are
summarised in figure 4.4. The output from the closure algorithm allows the calculation
of the average change in the main chain torsion angles $ and \|/ during the closure as well
as the average (RMS) atomic shift in the loop co-ordinates. If the closure involved an
average change greater than 40° in the torsions, or 15 A in the co-ordinates, that closure
was rejected. The backbone co-ordinates from P3-P3' were least squares fitted to the
equivalent atoms in BPTI (from Brookhaven file 2PTC) and closed loops with RMS
deviations in excess of 1.0 A were rejected. The intra-molecular contacts within the
nicksite protein were then calculated and the number of contacts less than 2.5 A between
each closed loop residue and all other residues (excluding intra-residue and adjacent
residue contacts) were summed. Nicksite proteins containing greater than 20 such
contacts after annealing of the loop were rejected. These contacts were predominantly
side chain contacts as they are not considered during closure, and are replaced in their
original conformations. Although <|> and \|/ angles from disallowed regions of the
Ramachandran plot may be introduced, such closures would hopefully produce very large
numbers of bad intra-molecular contacts and be excluded.
After filtering out the least successful closures, the remaining closures were
superposed upon the BPTI loop bound into trypsin from the co-ordinate set Brookhaven
code 2PTC, by fitting across P3-P3'. Deleting the BPTI co-ordinates from this set then
left the closed-loop nicksite protein docked into the active site of trypsin. The resulting
inter-molecular contacts were calculated.
Loops that passed all the closure filtering tests still possessed some bad intra
molecular contacts (those less than 2.5 A). To eliminate such contacts the loops were
subjected to an energy minimisation. This was accomplished with the annealed loop in
situ in its resident protein using the molecular mechanics program CHARMM (Brooks
et a/., 1983). For each closed loop minimisation, all atoms not in the annealed loop were
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Loop closure and testing protocol
m

u

m

m

m

(14 residues max)
FILTER 1:
su ccess ?

FILTER 2 i
Reject successful loop closures with
average torsion changes > 40 degs
or average atomic shifts > 15 Angstroms
su ccess ?

FILTER 3:
Least squares tit closed loop to
Inhibitor template. REJECT loops with
high RMSEs to template (Inhibitor).
su ccess ?

FILTER. 4:
Calculate self-contacts between closed
loop residues, and with rest of test
protein. REJECT closures with > 20
atom-atom bad contacts (<2.5 A).
su ccess ?

FHSIALTESTC*
Dock xiicksftte protein containing
annealed loop into trypsin active
site by superposition onto BPTI
bound to trypsin. Calculate atomic
contacts thus generated.

Figure 4.4 Closure and filtering protocol for eliminating unsuccessful and poor closures.
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Table 4.1 Loop closure passes through filtering tests
Protein 4 letter code
& Pj residue number

FILTER NUMBER PASSES
#1

#4

#3

#2

2SNS LYS 48

53

42

14

11

2SNS LYS 49

51

38

16

7

1TGN ARG 117

84

58

20

1TGN LYS 145

77

52

16

4

5RSA ARG 31

81

45

1

1

5RSA LYS 33

75

37

6

3

3EST ARG 125

41

29

1

0

3CLN LYS 77

85

41

5

4

a-HELIX

88

42

9

9

P-STRAND (anti-parallel)

30

4

0

0

13

constrained to be fixed during the minimisation. Each minimisation was carried out using
the CHARMM default parameters and a distance-dependent dielectric for 150 steps of
steepest descents minimisation. This process was able to significantly reduce the number
of atom-atom (self) contacts in the closed-loop nicksite protein, typically to zero. The
resulting loop was refitted to the corresponding segment of BPTI across P3-P3' and re
superposed into the trypsin active site as before. The resulting inter-molecular interactions
with the enzyme were calculated as before.

4.2.3 Closure results and minimisations
The results of the closure attempts and subsequent filtering are shown in Table 4.1.
This shows how many of the 90 closure attempts for each nicksite passed each stage of
filtering. For all the nicksites tested except the elastase Argl25 site, at least one closure
attempt passed was successful and passed all the closed-loop filtering tests. Of the two
regular secondary structure types investigated it was possible to model the a-helix
successfully into an inhibitor-like conformation although none of the p-strand closures
passed all the tests. This confirms that it was generally possible to model a conformation
similar to an inhibitory one into a resident loop in a folded nicksite protein, without deforming
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(b)

Figure 4.5 a) Annealed loop of Staphylococcal nuclease (bold) in situ, b) closed loop model of
Staphylococcal nuclease (bold) superposed onto BPTI. Main chain atoms only are shown.

more than just the local structure. An example closure is shown in figure 4.5(a). The
original nicksite loop of Staphyloccocal nuclease is shown with the closed loop
emboldened. This example closure is for a 9 residue segment starting at residue 46,
where the torsion angles set prior to closure were those of BPTI, with the corresponding
Pj residue being Lys48 in Staphylococcal nuclease. After closure this loop possesses a
RMSD from BPTI of 0.68 A across P3-P3'. Figure 4.5(b) shows Staphylococcal nuclease
and BPTI after superposing the corresponding segments across P3-P3'.
Many of the closures involved altering main chain! torsion angles of 12, 13 and 14
residues. It was intended to determine the shortest segment which could be successfully
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modelled into an inhibitor-like conformation to attempt to establish the minimum change
necessary to accomplish this. For each nicksite, the closure statistics for 5| successful
closures (where possible) are listed, where the first closure listed is the shortest, and the
remainder possess the smallest RMSDs from BPTI. This data is given in Table 4.2 on
the previous two pages. After minimisation to remove intra-molecular steric clashing, all
the closures listed in Table 4.2 were examined using the molecular graphics package
QUANTA, individually and when docked into the trypsin active site by superposing on
BPTI docked into trypsin. The results for these examinations are summarised below.
Further example closures from Table 4.2 are illustrated in figure 4.6:
Staphylococcal nuclease Pj=Lys48. The shortest successful closure (028 in Table 4.2)
is the example closure shown in figure 4.5. In general, all the closures for this residue
at Pj were extremely good. The loop was successfully closed into a BPTI-like
conformation for all the five closures listed, and remained exposed to solvent. After
docking into the trypsin active there were only a few bad contacts and these were all
from residues in the nicksite protein’s closed loop and not other regions of the protein.
Staphylococcal nuclease P!=Lys49. An eight residue closure was the shortest successful
closure. However, this was the poorest of the five listed in Table 4.2. All 5 closures kept
the loop exposed but for 017, there were several bad contacts after superposing the closed
loop into the trypsin active site. Several residues distant from the closed loop around
residue He 18 made bad contacts with trypsin. For all the other closures listed, all of the
few bad contacts were made via closed loop residues to trypsin.
Trypsinogen P ^ A r g i n . Similarly to the Staphylococcal nuclease lys49 site, the shortest
closure was the poorest. Although a BPTI-like conformation was modelled into the closed
loop, there were several bad contacts from residues sequentially distant from the closed
loop to the enzyme after docking. The other four were all much improved with the
majority of the few bad contacts from closed loop residues to the enzyme.
Trypsinogen PjsLysM S. The closures for this site were all quite poor. The closures all
possessed a BPTI-like conformation; however this conformation was induced so that the
loop did not point outwards from the bulk of the protein. This had the effect of producing
the large number of bad contacts listed in Table 4.2, after superposing the closed loop
into the trypsin active site. The two closures, numbers 026 and 035, did not suffer quite
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(a)

(b)

(c)

Figure 4.6 Further example loop closures. In all figures, the closed loop segment is shown with bold lines,
(a) Loop closure number 048 for trypsinogen with Argll7 at Pj. (b) Loop closure number 070 for
ribonuclease with Arg33 at P,. (c) Loop closure number 069 for calmodulin with Lys77 at P,. Main chain
atoms only are shown.

so badly from this effect, and closure number 061 was by far the worst (the superposition
of this closure is shown in figure 4.7).
Ribonuclease Lys31. Only one closure satisfied all the closure conditions. This closure
was a reasonable closure although there were several bad contacts between enzyme and
the closed-loop nicksite protein. Several of these closures were not from residues in the
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Figure 4.7 Stereogram superposition of the closed loop number 061 for the trypsinogen site lysine 145 into
the active site of trypsin using BPTI docked into the active site (co-ordinate set BRCODE 2PTC) as a
template. C a traces only are shown. The inhibitor BPTI co-ordinates are not shown. The loop had been
subject to minimisation as described in the methods before fitting onto BPTI and docking with the enzyme.
Trypsinogen is shown in bold lines. Note how the superposition brings more than a third of the trypsinogen
molecule down into the space occupied by the left-hand side of trypsin.

closed loop itself.
Ribonuclease Arg33. Of the three closures to pass the filtering tests the shortest was the
worst. This suffered from the same problem as the trypsinogen Lysl45 sites with many
bad contacts from all over the ribonuclease molecule after superposing into the trypsin
active site. The other two closures were much improved, with considerably fewer bad
contacts. Only a few of these were from non-closed-loop residues.
Calmodulin Lys77. The four closures for this site were mixed. The shortest closure was
the poorest with many bad steric clashes after docking, and the longest was the best with
a considerably smaller number of such bad contacts. These results were largely due to
the fact that the crystal structure of calmodulin contains an extended a-helix which
contains the nicksite. Closures involving short segments were always likely to bring the
ends of the helix down into the region of space occupied by trypsin whilst the longer
closures were less likely to do so. This observation is borne out by the closures for the
model-built regular a-helix in Table 4.2.
Elastase A rgl25. Although none of the closures passed the original closure filters, the
next best two were considered. Neither were particularly good closures, with many bad
steric clashes introduced upon docking into the trypsin active from several regions of
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Figure 4.8 Stereogram of loop closure of regular a-helix. The closure illustrated is number 082 (see Table
4.2). The closed loop itself is shown in bold. Main chain atoms only are shown.

elastase. The conformations introduced into the closed loop itself did not mimic that of
BPTI as well as for the other nicksite closures.
Regular a-helix. The closure results were very similar to those for calmodulin as stated
previously. The shortest closure to pass all the filters was 9 residues long, although the
longer closures possessed lower RMSDs from the BPTI conformation. In general, the ahelical closures were all satisfactory. An example closure is shown in figure 4.8. It was
shown to be quite possible to model an inhibitory conformation in to regular a-helix.
Compared to p-strand, these results suggest a-helix is by far the most preferable
secondary structure type to contain a nicksite. Few of the closures for p-strand were
successful, and none passed the RMSD test, indicating the difficulty in modelling in such
a conformation. Closure attempts above a certain length typically failed completely at
filter 1 itself, for p-strand. This was due to the inability of the algorithm to close a "loop
like" structure back on to an extended one. The only way the algorithm could accomplish
this was to return the dihedrals to an extended conformation similar to the original
starting point. Hence on the rare occasions the algorithm did manage to do this, the
conformation of the closed loop did not resemble BPTI. However, the algorithm applied
here imposes the conditions that the two ends of a closure region are fixed, which is not
likely to be the case in vivo.
Further to this the interactions between trypsin and the docked closed-loop nicksite
proteins are summarised and compared to those in the BPTI/trypsin complex in Table 4.3.
The types of interactions are broken down into apolar, mixed and polar. All nitrogen and
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oxygen atoms are defined as polar and all others apolar for this purpose. The interactions
with trypsin were also assessed with two solvent molecules from the 2PTC trypsin/BPTI
complex present which form hydrogen bonds via the lysine Pj side chain and aspartate
189 in trypsin. Hydrogen bonds were classified as polar interactions less than 3.2 A
and van der Waal contacts as all contacts less than the sum of the van der Waal radii of
the two contacting atom types. These were: carbon 1.80 A, nitrogen 1.60 A, oxygen 1.40
A, and sulphur 1.85 A. For each putative nicksite, one of the better closures listed in
Table 4.2 was selected for inclusion in the table below.
Table 4 3 Interactions between closed loop models and trypsin
Interactions less than 4.0
4-letter code
& Pj residue

Closure
number

2SNS lys48

028

7

2SNS lys49

026

1TGN argll7

A
Hydrogen
-bonds

Van der
Waals

Apolar

Mixed

Polar

148

44

78

26

12

57

10

223

96

101

26

10

104

048

12

179

50

86

43

19

50

1TGN lysl45

035

31

628

242

289

97

41

295

5RSA lys31

072

18

455

178

205

72

30

212

5RSA arg33

070

8

260

103

119

38

14

112

3CLN lys77

069

23

549

166

282

101

45

229

2PTC lysl5

-

13

130

26

73

16

6

no. of nick
site residues
involved

Total
number of
contacts

31

As compared to the interactions made by BPTI with trypsin in the complex 2PTC, the
closed-loop nicksite models showed that in general, they do not interact with the enzyme
in the same way. For some of the models, the interactions could not possibly occur in
reality due to bad steric clashing producing such large numbers of contacts. Those
putative complexes with in excess of 300 contacts are probably far from a realistic
conformation. For the enzyme/inhibitor complex the majority of contacts were mixed,
although polar contacts exceeded the apolar. For all the putative nicksite model
complexes, apolar contacts exceed the polar. Interestingly, similar numbers of hydrogen
bonds are found in the proposed complexes as compared to the actual one for those
models with less then 300 contacts. The complexes modelled here all have many more
van der Waals contacts than BPTI/trypsin. To further test one of the putative nicksite
model complexes, energy minimisation techniques were applied to one of the models.
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4.2.4 Further minimisation of Staphylococcal nuclease nicksite lysine 48
One of the nicksites from the closures performed upon Staphylococcal nuclease was
selected to assay the ability of the modelled nicksite to conform to the expected
conformation required for proteolysis. The shortest closure for the nicksite at lysine 48
was selected for this purpose, closure number 028. Examining this using molecular
graphics, the conformation set across the loop from P3-P3' closely resembled that found
in BPTI and the loop was in an exposed position. Upon superposition on to BPTI bound
to trypsin, and thus into the enzyme’s active site there were few bad contacts between
residues not in the loop and trypsin. The majority of bad contacts were down to side
chain contacts between closed loop and trypsin active site atoms that could presumably
be reduced or removed by energy minimisation. Such a minimisation was carried out
with the closed-loop of this protein superposed onto the BPIT binding loop in the trypsin
active site as before. All trypsin co-ordinates were held fixed during the minimisation,
including two solvent molecules that form hydrogen bonds between the lysine Px side
chain in BPTI and aspartate 189 in trypsin. Further dihedral constraints were applied to
the modelled Staphylococcal nuclease from the first residue to the residue one before the
loop, and the first residue after the loop to the end. All dihedrals were constrained to
their original values; <|>and \j/ with a force constant of 500, and co with a force constant
of 1000. This keeps dihedrals not in the loop firmly fixed but allows movement of the
dihedrals in the loop and side chain dihedrals of all atoms. The minimisation was run for
100 cycles of steepest descents minimisation to remove the majority of bad contacts and
then 200 cycles of abbreviated Newton-Raphson minimisation.
After minimisation, the contacts with the enzyme were re-calculated and again
compared with those found in the BPTI/trypsin complex shown in Table 4.4. Although

Table 4.4 Interactions between Staphylococcal nuclease closed loop model and trypsin
Interactions less than 4.0 A
Closure
no. of nick
number site residues
involved

2SNS lys48 after minimisation
2PTC Lysl5

028
-

7
13

Total
number of
contacts
122

117.
130

Mixed

Polar

30
30a

68

24

26

73

Apolar

66

a

22

31

Hydrogen
-bonds
11

a

10.

16

Van der
Waals
10 ] oo
&
—

4-letter code
& P, residue

6

a contacts not including solvent.
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the co-ordinates do not move much, (RMS shift of the co-ordinates of 0.24 A during
minimisation), there is quite a large change in the inter-molecular contacts. The large
number of van der Waal contacts is reduced from 57 to 28, although this is still much
larger than the 6 in the BPTI/trypsin complex. The numbers of contacts are reduced in
all cases, and are of a similar level to those in the BPTI/trypsin complex. In detail, many
of the contacts needed for proteolysis are formed in the modelled complex as shown in
Table 4.5.
Table 4.5 Detailed contacts in modelled and actual complex
substrate residue
Lys 48

C

Lys 48
Lys 48

0
0
o

Lys 48

NZ

Lys 48

NZ

Lys 48

trypsin residue model complex actual complex
Oy Ser
N Gly

195

2.89

193

2.70

—> N

Asp 194

3.28

—»

N

Ser

3.13

0

Hoh 400

3.35

O

Hoh 401

2.43

—»

195

A
A
A
A
A
A

2.68 A
A
3.06 A
2.81 A
2.79 A
2.84 A

2.76

The detailed contacts in the modelled complex are very similar to those in the actual
complex between BPTI and trypsin. The attacking y-oxygen of the catalytic serine is
approaching the carbonyl carbon of the Pj lysine, and the oxyanion binding pocket
formed by the main chain nitrogens of the trypsin residues 193 and 195 are forming
hydrogen bonds to the carbonyl oxygen. The Px lysine in the modelled complex has
moved nearer to one of the waters in the modelled complex.
The overall arrangement of the modelled complex is shown in figure 4.9a. The
overall orientation of Staphylococcal nuclease remains the same after the minimisation
with the nicksite loop protruding into the trypsin active site. In more detail, as shown in
figure 4.9b, the Pi side chain lies in the PLbinding pocket towards aspartate 189 in the
enzyme. This is comparable with the interactions shown in figure 4.9c, made between
BPTI and trypsin in the actual complex. The modelled Staphylococcal nuclease loop
appears to protrude further into the complex than the BPTI reactive site loop. This would
agree with the result in Table 4.4 that there are considerably more van der Waal contacts
present in the modelled complex. The Pi carbonyl oxygens of both complexes point down
towards the oxyanion pocket, a group of main chain amides from glycine 193 to serine
195. The Pj lysine of the modelled loop is closer to aspartate 189. Such features as this
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(a)

V

X/

,102

195

195

Lys
I 15

Ly»

(b)

102

Ser
195

Figure 4.9 (a) Model of putative complex of closed-loop model 028 of Staphylococcal nuclease (in bold)
docked into the active site of trypsin. The stereogram shows Ca-traces for both molecules. The complex
shown is the final result after CHARMM energy minimisation upon the whole complex with trypsin fixed.
Note that the proteolytic loop protrudes from the bulk of the modelled nuclease into the active site of the
enzyme and that no other regions of the nuclease are in apparent contact with trypsin, (b) Detail from the
above showing the arrangement of residues around the P, lysine 48. The catalytic serine 195 approaches
the carbonyl carbon of the P, lysine and the carbonyl oxygen lies in the oxyanion binding pocket, (c)
corresponding detail to (b) from the BPTI/trypsin complex.
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may be due to the minimisation which may pull the lysine further in to the pocket.
In general the modelled complex exhibits all the general features seen in proteinaseinhibitor complexes that are presumed necessary for proteolysis. Although only one
closed loop model was taken to this final stage of modelling, it seems quite reasonable
to assume that several of the others could be modelled similarly to obtain equally
acceptable final models.

4.2.5 Conclusions from closure and modelling studies
The loop closure algorithm applied here has been shown to be able to introduce a
conformation into the nicksite regions of their resident proteins very similar to that found
in the proteinase inhibitor’s binding loops. By attempting many closures of such a
conformation, one can be found for almost all of the nicksite proteins that satisfies a
number of criteria. Namely, that the closed loop still closely resembles a proteinase
inhibitor binding loop; that once closed, the loop does not introduce a large number of
bad contacts within the nicksite protein; and that it can be docked (by superposition) into
the active site of the proteinase so as to produce a reasonable starting point for further
modelling.
Similar modelling of the two secondary structure types revealed that it was extremely
difficult to transform (3-strand into the inhibitory conformation required, using this
algorithm. Conversely, a-helix could be quite easily modelled into a BPTI-like
conformation. This is presumed to be due to the fact that strand is extended and hence
difficult to convolute or twist without bringing the start and end points of the "loop"
closer together. Helix packs more residues between two points and it is simply a matter
of rearranging the residues into the required conformation. This observation is somewhat
surprising when the conformation of the inhibitor binding loops are considered. They are
mainly extended across the binding loop. An extended conformation would appear not
to be preferable for a substrate however, as suggested elsewhere in this thesis (see
chapter 6) and by Fontana (1989).
The amount of flexibility required in the nicksite loops is difficult to quantify. Some
loops could be successfully closed and modelled using only 8 residues, whilst superior
closures were obtained using 14. Also, the method used here by no means searches all
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possible conformations of the regions of structure containing the nicksites. However, it
would seem that at least

8

residues are required to alter their conformations in order to

achieve an inhibitor-like conformation.
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4.3 Molecular dynamics simulations
4.3.1 Dynamics rationale and protocol
The

molecular dynamics

calculations

were performed upon the

proteins

Staphylococcal nuclease and ovalbumin (co-ordinates coutesy of A.Leslie) using the
CHARMM system of programs (Brooks et al., 1983). The purpose of the simulations was
simply to explore the conformational space available to the protein nicksite regions.
Molecular dynamics was the tool selected to accomplish this. Preliminary experiments
using conformational searching in the QUANTA package did not produce successful
results. The nature of the problem requires that the torsion angles of a "loop" region are
varied whilst constraining the ends of the loop to be fixed. This becomes effectively a
ring system, which must be "closed" after altering the torsions in each step of the
conformational search. It proved ! extremely difficult to escape from the initial starting
conformation, since the "ring" must be closed after every step (typically by energy
minimisation). It was hoped that molecular dynamics would more successfully explore
available conformations whilst maintaining the ends of the loop fixed.
Simulations were run on the whole of the Staphylococcal nuclease molecule
unconstrained, and also on the whole molecule with only short segments containing the
nicksite unconstrained. A similar simulation was run upon Ovalbumin with most of the
molecule constrained, and only residues in the vicinity of the nicksite permitted to move.
A summary of the simulations run is given in Table 4.6. As can be seen, 7 simulations
were run on Staphylococcal nuclease. By constraining most of the molecule, only terms
involving at least one unconstrained atom need to be evaluated, thus reducing the cputime required for the run. The two residues at each end of the "loop" were harmonically
constrained for runs 1-6. This was done to permit only very small movements in these
residues, whilst allowing greater flexibility in the segment under investigation.
For the ovalbumin simulation, only atoms within a given sphere were allowed to
move. This was done to allow the helix to move and also any residues contacting it that
could potentially interfere with unfolding of this helix.
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Table 4.6 Molecular dynamics simulations run.
Run

PROTEIN

Temperature

Simulation times
(1 step= O.OOlps)

Constraints

1

Staphylococcal
nuclease

1000°K

Heating for 2ps.
10°K every 20 steps
Equilibrated for 5ps
Trajectory for lOps

Pi = Lysine 48
P6- P / unconstrained
P7-P8 & P7/ -P8/ harmonically constrained
using CHARMM force constant 200.0
All other atoms constrained to be fixed

2

Staphylococcal
nuclease

1000°K

Heating for 2ps
10°K every 20 steps
Equilibrated for 5ps
Trajectory for lOps

P] = Lysine 48
P7- P / unconstrained
P8-P9 & P g '-P / harmonically constrained
using CHARMM force constant 200.0
All other atoms constrained to be fixed

3

Staphylococcal
nuclease

1000°K

Heating for 2ps
10°K every 20 steps
Equilibrated for 5ps
Trajectory for lOps

Pj = Lysine 48
Pg-Pg' unconstrained
P9-P10 & P9'-P 10' harmonically constrained
using CHARMM force constant 200.0
All other atoms constrained to be fixed

4

Staphylococcal
nuclease

1000°K

Heating for 2ps
10°K every 20 steps
Equilibrated for 3ps
Trajectory for lOps

Pj = Lysine 49
P6-P6' unconstrained
P7-P8 & P / - P 8' harmonically constrained
using CHARMM force constant 200.0
All other atoms constrained to be fixed

5

Staphylococcal
nuclease

1000°K

Heating for 2ps
10°K every 20 steps
Equilibrated for 3ps
Trajectory for lOps

Pi = Lysine 49
P7-P7' unconstrained
Pg-P9 & P8' -P9' harmonically constrained
using CHARMM force constant 200.0
All other atoms constrained to be fixed

6

Staphylococcal
nuclease

1000°K

Heating for 2ps
10°K every 20 steps
Equilibrated for 3ps
Trajectory for lOps

Pj = Lysine 49
Pg-Pg' unconstrained
P9-P10 & P / - p 10' harmonically constrained
using CHARMM force constant 200.0
All other atoms constrained to be fixed

7

Staphylococcal
nuclease

300°K

Heating for 6ps
3°K every 60 steps
Equilibrated for 34ps
Trajectory for 20ps

All atoms unconstrained

8

Oval hum in

300°K

Heating for 6ps
3°K every 60 steps
Equilibrated for 24ps
Trajectory for 20ps

All atoms within 16.0 A o f C a O f P ,'
were unconstrained.
All other atoms constrained to be fixed

For all simulations, no explicit solvent molecules were considered. Instead, the
CHARMM distance-dependent dielectric (RDIE) was used to attenuate long range
electrostatic interactions and thus partially account for bulk solvent effects. This speeds
up the calculation considerably, allowing longer simulations to be run.
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Staph nuclease

Ovalbumin

Starting conformations

«aj
^ = 4*4*
P1=4»«
p•ap'2p•p1 ' D<2’pf
'a

Target conformation:
Inhibitor binding loop

BPTI —► a p a p p P—►
PSTI - ► P p a p p p -> >

p9 p2 p,p;HH
Figure 4.10 Schematic of molecular dynamics rationale. The object of the simulations was to test whether
or not the starting conformations approached the target one during the trajectory. TheEfimov assignments
shown below each loop structure give a measure of the changes required, for all nicksites concerned. They
are based on those used in chapter 2, where a = A & a ,P = B & P , e = E, and O = outside allowed
regions.

In all simulations, the CHARMM shift function was used for the non-bonded and
electrostatic terms in the energy function. This accounts for the discontinuity in the
energy function close to the cutoff limits for each respective term (electrostatic and non
bonded). This ensures abnormally large energies are not calculated at long distances,
close to the cutoff. Following experience with Staphylococcal nuclease, the electrostatic
term in the energy function for ovalbumin was turned off after equilibrating the
simulation in order to allow greater movements in the a-helical segment. Since this
segment of the structure is exposed to solvent, the hydrogen bonding groups in the helix
would easily be able to satisfy their hydrogen bonding potential with solvent. Hence the
electrostatics were turned off to remove the influence of electrostatic interactions,
particularly hyrogen bonds, that could otherwise dominate the simulation.
The step size used in all runs was 0.00lps, which is recommended for most purposes.
However, the times simulated for each stage varied for the different simulations. This was
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largely dependent on the computer time available. Even using the approximations listed
here, the simulations were still computationally intensive. All calculations were performed
on a Silicon Graphics Power Series Iris (about 27Mips/processor). The simulation for the
full Staphylococcal nuclease molecule lasted for over 10 days real time.
The systems under investigation are summarised in figure 4.10. The molecular
dynamics simulations will move the loops from their starting conformations. By
calculating main chain torsion angles of the loops during the simulation, the movements
of each residue during the simulation can be assessed. Hence we can test to see how the
starting conformations in figure 4.10 approach the target one, that of an inhibitor, such
as BPTI. Similarly, least squares fits of trajectory snapshots to BPTI will also give a
measure of the similarity to the target conformation.

4.3.2 Results for Staphylococcal nuclease
The simulations 1-6, were analysed in two principal ways. Firstly, snapshots during
the trajectory were taken at 0.2ps intervals. The main chain torsion angle range over
which each § and \\f angle varied during the trajectory was plotted, after assigning all
torsions into 10° bins. Also the average atomic RMS shifts for each residue were
calculated during the trajectory. These results are plotted in figures 4.11 and 4.12, for
simulations 1-3, and 4-6 respectively. The average torsion range for § and \|/ across P6P6' and P3-P3 ' was also found for each simulation, and these results are summarised in
Table 4.7 below.
Table 4.7 Average torsion angle ranges taken up for simulations 1-6.
Angle

Average torsion range

3

4

94°

102°

V

124°

120°

<J>

102°

102°

V

156°

140°

5

6

'

P 3-P 3'

♦

91°

V

95°

98°

♦

97°

O
O
OO

r-

2

P A

0

83°

0

86°

Average torsion range

0
0

<>

00

1

Angle

P3-P 3'

00
-j

p 6- v

Simulation

0

Simulation

140°

133°

♦

89°

90°

V

172°

167°
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Figure 4.11 Torsional variance and average RMS fluctuations during simulations 1, 2 and 3. a), b), and
c) refer to simulation 1, d), e), and f) to simulation 2, g), h) and i) to simulation 3. The grey bars in the
torsional variance plots (a,b,d,e,g,h) are made up of 10° wells. The torsions of the snapshots taken during
the trajectory are placed into these bins. Any bin containing at least one value during the simulation is
coloured grey. The marked points on the torsional variance plots refer to the corresponding torsions found
in the inhibitor BPTI (from the complex 2PTC co-ordinate set) designated by "inhibitor" in the key, and
the torsions after equilibration in that particular simulation, designated "equilibrium" in the key. The torsion
equivalences refer to Lys48 as the Pj residue. The average RMS fluctuations are shown split up into the
side chain and main chain components. Ca atoms are considered to be part of the side chain to give
glycines a real value.
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Figure 4.12 Torsional variance and average RMS fluctuations during simulations 4, 5 and 6. a), b), and
c) refer to simulation 4, d), e), and f) to simulation 5, g), h) and i) to simulation 6. The grey bars in the
torsional variance plots (a,b,d,e,g,h) are made up of 10° wells. The torsions of the snapshots taken during
the trajectory are placed into these bins. Any bin containing at least one value during the simulation is
coloured grey. The marked points on the torsional variance plots refer to the corresponding torsions found
in the inhibitor BPTI (from the complex 2PTC co-ordinate set) designated by "inhibitor" in the key, and
the torsions after equilibration in that particular simulation, designated "equilibrium" in the key. The torsion
equivalences refer to Lys49 as the P, residue. The average RMS fluctuations are shown split up into the
side chain and main chain components. Ca atoms are considered to be part of the side chain to give
glycines a real value.
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In figure 4.11, more residues are unconstrained going down the page from simulation 1
to 3. As expected, the average range of torsion angles increases from simulation 1 to 3
for both

and y , as shown in Table 4.7. For simulations 1 to 3, most of the 0 torsion

angles are negative throughout the trajectory. The exceptions are His46, Gly50 and Tyr54
whose § angles all take positive angles during the simulation. These residues needed to
sample negative (|> space to resemble BPTI in this respect. The corresponding BPTI <|)
angles are all negative, except at the position occupied by Lys45.
The \|f torsion angles in simulations 1 to 3 take up a greater range of values than $
as shown in table 4.7. The two chief minima in the Ramachandran plot (a-right and p)
possess similar (p values (c.-60° and -90°), but the \j/ values are further apart (c.-60°and
+120°). Hence any residue moving between these two minima might show only small
changes in <(), but larger changes in y . This may explain the larger y deviations observed
during the simulations.
Several of the y values of BPTI are not sampled during the simulations 1 to 3. Close
to the Pj residue, His46, Lys49 and Gly50 do not sample similar y values to the BPTI
equivalents, as shown in figure 4.11. Many of the y torsion ranges described by the
dynamics trajectory do encompass the corresponding value for BPTI.
The greatest RMS fluctuations of side chain atoms were close to 2.5 A for all 3
simulations, as shown in figure 4.11 (c),(f) and (i). The corresponding main chain
fluctuations did not follow the same trend as the torsion angles, as the level of RMS
fluctuations did not increase from simulation 1 to 3 with increasing unconstrained
segment sizes. This suggests that a large change in torsion angles does not necessarily
correlate with large changes in atomic position. There are also several "dips" in the RMS
fluctuation profiles for side chain groups, particularly at polar residues. The reasons for
this became apparent when the trajectories were viewed using molecular graphics. Many
hydrogen bonds were formed by these side chains which persisted throughout the
simulations, thus restricting the mobility of that residue. An example snapshot taken at
5.4ps in simulation 3 is shown in figure 4.13. Lysine 45 formed several hydrogen bonds;
with Asp 19, Asp21 and Thr41, and many other transient hydrogen bonds formed from
the putative nicksite side chains lysines 48 and 49. The distance dependent dielectric term
does not attenuate such short range electrostatic interactions, and hence the hydrogen
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.YS

LYS 49

LYS 49

Figure 4.13 Example snapshot taken during simulation 3. A stereogram is shown of all atoms around the
P, residue lysine 48. Note the many hydrogen bonds formed by Lys45. Many of these were seen to persist
throughout the trajectory.

bonds persisted throughout the simulations.
In figure 4.12, the results for simulations 4 to 6 are shown, where the putative Px
residue is Lys49. The average torsion ranges for simulations 4 to 6 shown in Table 4.7
increase from 4 to 6 for \|f but not (|). The average <J) ranges remain close to 90° for all
cases. The average

ranges are larger than in simulations 1 to 3 for Lys48 at Pj. Again

the \j/ changes during the simulations were on average much larger than for (J).
As seen for simulations 1 to 3 the $ angles of the residues in simulations 4 to 6
remain generally negative. The exceptions being His46, Gly50 and Tyr54 again. When
comparing these to the BPTI torsion angles equivalenced when lysine 49 is at P! in
Staphylococcal nuclease,| the <|>corresponding to His46 is also positive, so the inhibitor
torsion was sampled. For Gly50, negative § torsional space is sampled in (a), to some
extent in (d), but not at all in (g). It is somewhat surprising that the torsion angles
sampled by this residue are most restricted when more of the loop is permitted to move.
Tyr54 remains in positive (|) space for all three simulations.
Considering \|/, His46 does not sample the equivalent \j/ torsion of BPTI, and further
from Pj, Gly55 to Glu57 do not either. These three residues lie either close to or in the
constrained region of the simulations however. The residue averaged RMS fluctuations
follow a very similar pattern to those in figure 4.11. Again, after studying the trajectory
on the graphics, many hydrogen bonds were seen to be maintained throughout the
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Table 4.8 Sampling of BPTI torsion space during simulations
Simulation numbers

Ps

P2

Pi

P
r 2'

P i'

♦

¥

<l>

¥

♦

¥

♦

¥

Simulations 1, 2 & 3

/

X

✓

/

✓

✓

✓

X

Simulations 4, 5 & 6

✓

✓

/

/

✓

✓

✓

X

P 3'

¥

*

¥

X

X

✓

/

✓

✓

/

/

simulation, restricting the movement of some residues. Again, lysine 45 remained
hydrogen bonded to at least one of Asp 19, Asp21 and Thr41 during the simulation. In
general, however, simulations 4, 5 and 6 suffered less from this type of problem as
compared to simulations 1, 2, and 3.
A summary of the whether or not each residue sampled the equivalent (f)y space of
BPTI is shown in Table 4.8. If a residue possessed a snapshot torsion angle within 10°
of the equivalent BPTI angle during simulations 1-3, and 4-6, collectively, then that angle
was considered to have been sampled.
Figure 4.14 shows a stereogram of Staphylococcal nuclease and some example
snapshots taken from the trajectory for simulation 3 at 2ps intervals. Although only the
main chain atoms are shown it is clear to see how the hydrogen bonding has affected the
simulation. The snapshot loops have been drawn up into the core of the protein and the
hydrogen bonding of the lysine 45 side chain is largely responsible for this effect.
The simulation upon the whole of Staphylococcal nuclease unconstrained was run
primarily as a control for the restricted runs, but produced an interesting result of its own.
Figure 4.15 shows the average RMS fluctuations during the trajectory. As the temperature
factors for Staphylococcal nuclease are not present in the Brookhaven entry (code 2SNS),
the average atomic RMS shifts during the simulation provide a theoretical form of Bvalues which are directly related to the mean square atomic displacements by the DebyeWaller equation (Petsko & Ringe,1984). Figure 4.15 shows that the most mobile segment
of Staphylococcal nuclease is the loop region containing the two nicksites under
consideration here. This result also agrees with the temperature factor plot published with
a

recent

crystallographic

determination

of

Staphylococcal

nuclease

(Loll

&

Latman, 1989)where the most mobile segment was seen to be the nicksite-containing loop.
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Figure 4.14 Staphylococcal nuclease trajectories from simulation 3. The original 2SNS co-ordinates are
shown in bold, with snapshots taken at 2ps intervals shown in thin lines. Only main chain atoms are shown.
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Figure 4.15 Residue average atomic RMS fluctuations during dynamics trajectory for Staphylococcal
nuclease. All atoms unconstrained. Fluctuations are split into side chain (including Ca atoms) and main
chain as indicated in the key.

When the dynamics trajectory was viewed using molecular graphics, many hydrogen
bonds formed between polar surface side chains to both side and main chain groups in
other residues. As can be seen, there are many "dips" in the fluctuations profile for side
chains in figure 4.15 at polar residues, including lysine 45.
To further assess the movement made by the loops in simulations 1-6, snapshots at
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Figure 4.16 RMSD histograms of dynamics trajectory snapshots at 0.2ps intervals. The light grey histogram
refers to RMSDs obtained when fitting trajectory snapshots against themselves. The black histogram refers
to RMSDs when fitting trajectory snapshots against BPTI. (a) simulation 1, (b) simulation 2, (c) simulation
3, (d) simulation 4, (e) simulation 5, and (f) simulation 6. All RMSDs are for fitting P3-P3', using lys48
as P, for (a)-(c), and lys49 as P, for (d)-(f).

0.2 ps intervals were extracted from each of the six trajectories, giving 50 snapshots for
each simulation. These were then least squares fitted from P3-P3' against each other for
each simulation, and also against the equivalent BPTI structure. All fitting was done
using backbone atoms only, using the method of McLachlan (1979). From the resulting
RMSDs calculated, the frequency histograms shown in figure 4.16 were determined. The
small dark bars represent the fits to BPTI. It is clear that none of the Staphylococcal
nuclease loop conformations approach that of BPTI during the simulations, as none of
the dark bars stretch to less than 1.0 A. However, the RMSDs of the loop to BPTI for
P3-P3' are 2.1 A and 1.8 A for Lys48 and Lys49 at Pj respectively. Many conformations
possessed lower RMSD values during the simulations for both residues at Px. It was also
clear that the length of loop that was unconstrained did affect the amount of movement
available to the loops. Considering (c) to (a), where the Px residue is lys48, the
distributions of RMSDs become narrower and closer to zero. This is expected; that when
fewer residues overall are allowed to move, the deviations of a subset of them will be
smaller. For (f) to (d), this is not the case, as the broadest distribution of RMSDs is that
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Figure 4.17 Torsional variance and average RMS fluctuations during simulation 8 for ovalbumin. The grey
bars in the torsional variance plots (a,b) are made up of 10° wells. The torsion angles of the snapshots
taken during the trajectory are placed into these bins. Any bin containing at least one value during the
simulation is coloured grey. The marked points on the torsional variance plots refer to the corresponding
torsion angles found in the inhibitor BPTI (from the complex 2PTC co-ordinate set) designated by
"inhibitor" in the key, and the torsion angles after equilibration in that particular simulation, designated
"equilibrium" in the key. The torsional equivalences refer to Ala352 as the P, residue. The average RMS
fluctuations are shown split up into the side chain and main chain components. Ca atoms are considered
to be part of the side chain to give glycines a real value.

obtained in (e), and the narrowest in (d). Thus it is generally true to assume that allowing
more residues to move will result in greater movements during a simulation. The
constraints placed upon surrounding residues clearly affect the motions open to the
unconstrained ones in these simulations.
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4.3.3 Ovalbumin simulation results
The simulation performed on the exposed a-helical region containing the ovalbumin
nicksite at alanine 358 was analyzed similarly to the simulations performed for
Staphylococcal nuclease. Figure 4.17 illustrates the torsional variance and averaged RMS
fluctuations during the trajectory of ovalbumin. The sequence shown in figure 4.17 is
renumbered so that residues in ovalbumin are labelled from 1 (Ala358=Ala352). The
simulation was run at a lower temperature than simulations 1-6 for Staphylococcal
nuclease, but no electrostatic terms were included in the energy function for the trajectory
stage. The <|) torsion angles of the a-helical segment from Ser344 to Ser355 (as defined
by the method of Kabsch and Sander, 1983) remained negative throughout the simulation,
with the exception of Gly348. The equivalent BPTI <|) angle at this position is negative,
and was hence not sampled during the simulation. The only positive § angle value in the
BPTI reactive site loop lies at the equivalent position to Val349 in ovalbumin. This
residue possessed a negative <|) angle throughout the simulation and hence did not sample
the BPTI value.
For the \\f torsion angles, very few of the BPTI ¥ values were sampled by ovalbumin
during the simulation. It is clear that the majority of the residues in the a-helix remained
in the a-right region of the Ramachandran plot during the simulation, with the exception
of Glu346, Ala347, Asp350 and Val354. A summary of whether or not each ovalbumin
torsion angle range encompassed the BPTI equivalent during the trajectory is given in
Table 4.9 for P3-P3'.The averaged RMS fluctuations showed comparable RMS shifts to
the most fluctuating Staphylococcal nuclease runs, even though this run was conducted
at only 300°K. This was presumably due to the removal of the electrostatic term in the
energy function. In contrast to the Staphylococcal nuclease runs, the side chain
fluctuations follow the main chain fluctuations more closely. Again, this supports the idea
Table 4.9 Sampling of BPTI torsional space during simulation 8 for ovalbumin
Simulation number

Simulation 8

P 3

P 2

4>

¥

✓

✓

✓

K

P i

¥

♦

¥

4>

X

✓

✓

✓

rP 2 '

P 3 '

¥

♦

¥

♦

¥

X

✓

✓

✓

X

A tick indicates the BPTI torsion equivalent was sampled
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that the Staphylococcal nuclease runs were dominated by electrostatic interactions,
particularly via side chains.
When viewed using molecular graphics, it was clear that although the torsion angle
changes were small, the helical conformation was greatly distorted during the trajectory.
None of the helical hydrogen bonds remained throughout the simulation, and given a
longer run, a much greater region of conformational space should be explored.

4.3.4 Conclusions from molecular dynamics simulations
In general, the molecular dynamics simulations illustrate the ability of the
Staphylococcal nuclease loop to alter its conformation significantly, even over short
simulations of molecular dynamics of less than 20ps. To explore the conformations open
to a loop region, molecular dynamics has proved to be an appropriate tool. The residues
within the loops were able to move from one energy minima in the Ramachandran plot
to another (ie a-right to p). Although the BPTI conformation itself did not occur, the
diversity of motion in the loop indicated that the nicksite loops should be able to do so.
By calculating RMSDs from the BPTI conformation, many of the trajectory snapshots
were nearer to the BPTI conformation than the conformation found in the wild type
native structure. For ovalbumin, similarly, it was clear that it is possible to unfold the
exposed helical segment, and produce a more extended conformation.
That the simulations did not produce a conformation exactly like that seen in an
inhibitory binding loop is not surprising. The conditions in which these simulations were
carried out were unlike those to be expected at the enzyme’s active site. The non-explicit
model for solvent clearly did not reduce the potency of electrostatics for the
Staphylococcal nuclease simulations. Also, any induced effects produced by the enzyme
on a potential substrate have not been considered here. It should also be noted that the
BPTI conformation is unlikely to be at an energy minimum for the nicksite loops,
particularly in vacuo. Also, due to the limited computer time available, only a small
amount of the conformational space available to the loops has been sampled. However,
it has been shown that molecular dynamics is a useful tool for driving the torsion angles
of a loop region through conformational space whilst maintaining the integrity of the
connecting regions of the loop. Further studies are required.
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4.4 Overall conclusions
The loops closure, modelling and molecular dynamics experiments discussed in this
chapter have gone some way to answering the two questions originally posed. Namely,
how much do nicksite "loops" need to alter their conformations, and how much can they
alter their conformations in order to be cleaved ? The loop closure and modelling has
shown that it is possible to successfully model a cleavable conformation into a nicksite
protein by only changing a limited region of the protein’s structure. In general, upwards
of 8 residues were required to do this, although the nicksite segment was totally rebuilt.
Although it was possible to model a conformation close in structure to that of BPTI in
all cases, some of the resulting models would lead to bad steric clashing when docked
into the trypsin active site. In particular from regions of structure distant from the nicked
peptide itself. This confirms that larger motions than just torsion angle changes must
occur prior to proteolysis in order to correctly present the nicksite for cleavage. An
example of the type of flexibility required is "hinge bending" whereby the loop itself
moves in relation to the rest of the protein.
From the molecular dynamics experiments it has been shown that the range of
movement in the nicksite "loops" can be quite large. It was possible to simulate
movements in the torsion angles of the order of magnitude likely to be necessary to
correctly present the site for cleavage. The number of residues required to be flexible is
difficult to quantify. Preliminary molecular dynamics simulations using less than 12
residues totally unconstrained suggested that they would not move very far. Hence these
simulations suggest that some movement in at least 12 residues would be necessary.
Further simulations or conformational searching approaches would be required to examine
the conformational space available to the nicksites in more detail.
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CHAPTER 5
PREDICTION OF SOLVENT
ACCESSIBILITY FROM AMINO
ACID SEQUENCE
5.1 Introduction
The identification of protein surface residues from amino acid sequence information
alone lies at the core of many problems in the study of protein structure and function. A
priori knowledge of the residues constituting a protein’s atomic accessible surface can
supply constraints for theorists tackling the folding problem and putative site-directed
mutagenesis targets for experimentalists. Many aspects of protein functionality and
structure have been correlated with accessibility including antigenicity (Hopp &
Woods,1981, Novotny et aL, 1986, Thornton et al., 1986, Padlan,1990) limited proteolysis
(Novotny & Bruccoleri,1986, Hubbard et al., 1991) and P-tums (Rose ,1978, Rose et
al., 1985a). Hydrophobicity has been comprehensively studied in connection with
accessibility. Rose and co-workers compared hydrophobicity in terms of residue
accessibility (Rose etal., 1985b), and later with atomic sub-groups (Lesser & Rose,1990).
Bowie et al.,{ 1990) have shown a correlation between hydrophobicity and accessibility
patterns within proteins. Hydrophobicity and related scales have also been derived from
the accessibility of residues in proteins (Janin,1979, Chothia,1976, Eisenberg &
McLachlan,1986).
The calculation of static solvent accessible surface from the atomic cartesian co
ordinates of a protein molecule was originally implemented by Lee and Richards (1971).
It has been used subsequently by many workers (Satow et al., 1980, Lesser & Rose, 1990,
Rose et a/., 1985b, Argos, 1988, Chothia,1976, and many others). Such calculations require
3D co-ordinate sets determined experimentally. Without co-ordinates the calculation can
not be performed and the only way to assign accessibility is to attempt a prediction from
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the amino acid sequence of the protein chain.
The classic approach to predicting exposed residues from sequence used simple
hydrophobicity scales (Rose,1978, Rose & Roy,1980) using a linear profile moving
window to average hydrophilicity scores assigned to the amino acids in a sequence. This
was also utilised to estimate exposure (Hopp & Woods,1981, Eisenberg,1984). However,
there are a great number of such hydrophobicity scales and there is considerable variation
amongst them (Comette et al., 1987). Also, they do not fully take into account the
information provided by neighbouring residues to the one being predicted. Averaging
over a window (Hopp & Woods, 1981) does not accomplish this. However, until recently
this has been the method of choice for estimating surface exposure from amino acid
sequence. Neural networks have been used quite successfully to assign residue
accessibilities (Holbrook et al., 1990), although only 5 proteins were tested. This has the
advantage of actually quantifying the accessible state of each residue in a chain, and
permits the standard statistical tests to be made to evaluate thej algorithms that are
typically performed for secondary structure prediction methods.
Neural networks also number among the techniques applied to the prediction of
protein secondary structure from sequence (Qian & Sejnowski,1988, Holley &
Karplus,1989). One of the most popular secondary structure prediction techniques utilises
information theory (Gamier et a l, 1978, Gibrat et al., 1987). This method is used to assess
the information contained in the neighbouring sequence about a given residue.
Here the information theoretic method is implemented in its simplest form to make
a two state prediction method. Each residue is predicted to be either accessible or buried,
for all the 41 proteins in a dataset of non-homologous, monomeric proteins, using sets
of directional parameters derived from the dataset to test the method. These parameters
were re-calculated from the dataset for each protein to be predicted, with that protein
omitted from the dataset, in order to prevent biasing of the predictions. Physical
interpretations of these parameters can also be made and are discussed here.
In comparison to the information theory method, a second accessibility prediction
algorithm has been developed to predict relative residue accessibilities. This method is
based on the classic Chou and Fasman (1974) secondary structure prediction method,
whereby propensities are calculated for each amino acid type to be in a given
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conformational state. The propensities were calculated from the same dataset as used for
the previous method. In this case, the conformational states become accessible states. The
propensities were calculated not for single amino acids, but for pairs of amino acids.
Hence instead of 20 propensities, 400 are calculated. By multiplying the final predicted
propensity score by the mean accessibility for all residues, it is possible to assign a
residue accessibility for each amino acid in the sequence. The method was tested over
varying window smoothing sizes. It is simple to calculate meaningful correlation
coefficients between predicted and actual accessibility for this method, as the prediction
does not allocate each residue into a discrete accessible state.
The reason for developing these methods was to predict surface exposure from amino
acid sequence in order to further attempt the prediction of limited proteolytic sites from
sequence. The prediction of accessibility from sequence has a wider! range

of

applications such as prediction of antigenic regions on proteins. The success of these
methods at predicting antigenicity has been briefly assessed.

5.2 Dataset
A dataset of 41 non-homologous monomeric proteins was used, where no protein
showed a statistically significant homology to any other based on alignments with
randomised sequences, resulting in an effective cutoff of 22% homology (Dataset
courtesy of D.T.Jones). All co-ordinate sets were taken from the Brookhaven databank
(Bernstein et al., 1977), and are listed in Table 5.1. It was considered adequate not to
further restrict the dataset on the criteria of strictly high resolution to maximise the
number of residues in the dataset. All structures used have equal or better than 2.5 A
resolution.

5.3 Accessible surface area calculation
The atomic solvent accessible surface area of all atoms in the dataset were calculated
using the algorithm of Lee and Richards (1971), with a probe radius of 1.4 A as
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Table 5.1 Dataset of Monomeric Proteins
BRCODEa
RNumber of Resolution
Residues

(A)

factor

1CSEE
3SGBE
5TMNE
1TECI
5CYTR
1ABP
1BP2
1CRN

274
185
316
63
104
306
123
46

1.2
1.8
1.6
2.2
1.5
2.4
1.7
1.5

0.178
0.125
0.171
0.179
0.159

1CY3
1ECD
1FD2
1FX1
1GCR
1ILB
1LZ1
1NXB
1PSG
1R69
1RHD
1SN3
1UBQ
2CA2
2CPP
2CYP

118
136
106
147
174
154
130
62
365
63
293
65
76
256
405
293

2.5
1.4
1.9
2.0
1.6
2.0
1.5
1.4
1.6
2.0
2.5
1.8
1.8
1.9
1.6
1.7

0.34

2GBP
2LBP
2LH3
2SNS
3DFR
3ICB
3LZM
3PGK
5ACN
5CPA

309
346
153
141
162
75
164
416
754
307

1.9
2.4
2.0
1.5
1.7
2.3
1.7
2.5
2.1
1.5

0.146
0.213

5CTS
5PTI
5RXN
5TNC
7RSA
9PAP

429
58
54
162
124
212

1.9
1.0
1.2
2.0
1.3
1.6

0.185
0.200
0.115
0.155
0.150
0.161

-

0.171
-

0.232
-

0.230
0.189
0.177
0.240
0.173
0.193
-

0.176
0.176
0.190
0.202

-

0.152
0.178
0.157
-

0.215
-

a - The Brookhaven four letter code for each protein is shown, along with the chain identifier where
appropriate.
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described in more detail in Appendix B. Prosthetic groups were included in the
calculations where appropriate, so as to emulate the accessibility of the residues in their
native states. Relative accessible surface areas (RASAs) were used for all proteins to
classify residues and for comparisons with predictions.

5.4 Information theory accessibility prediction
5.4.1 Methods
Information theory applied to secondary structure prediction has been dealt with in
very great detail previously (Robson,1974, Gamier et a/.,1978, Gibrat et a/.,1987) and
will not be discussed in such detail here as the method is essentially identical. However,
a

description of how the directional accessibility parameters for each state were

calculated and utilised will be given here. Using a two state (buried or accessible) model,
all the residues in the dataset were assigned to be in one of two accessible states for five
different cut-off values; 20%, 25%, 27%, 30% and 35%.
Predictions were achieved by calculating the information score for both states
(accessible and buried) for a given residue, and the state with the highest score was the
one predicted. The information score for each state was calculated from directional
parameters over a 17 residue window. These were calculated for each given residue type
at each position over 17 residues (i-8 to /+8), for both accessibility states A (accessible)
and B (buried), so that 20 (types of residue) x 17 (positions in window) x 2 (accessible
states) = 340 were calculated. The directional parameters were calculated irrespective of
the residue type at the central position (except when the residue concerned is as the
central position). The calculation of the directional parameters is described below.
Information theory gives us the following equation;

(i)
where the information I* for a residue r in a state S is equal to the logarithm of the
propensity P,S of that residue to be in that state. When making a prediction, these
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information values are summed for all the residue types in a 17 residue window from j-8
to j+ 8 for a prediction at position j = 0. The value PrS may be expressed as a propensity
for a residue type r to influence the residue at position j - 0 to be in a conformational
state S. Hence the summed information score L may be given as;

L

i

- ^ ' +8
2 ^ /j—8

ri - ° S t

(2 )

Hence equation (2) shows the summation that must be made for both states. The value
i is either 1 (accessible) or 2 (buried) and the summation for L need only be made twice.
In words, equation (2) means that L for the residue at j = 0, is equal to the sum of the
information carried by each residue from j- 8 to j +8 pertaining to the residue at the central
position j =0 in a state S. This somewhat complex formalisation translates into a relatively
straightforward method in practice. The individual information values or directional
parameters are calculated from the propensities (see eqn.l) which are approximated by
frequency ratios.

/(V ?
P

-

(3)

L
Equation (3) shows this approximation. The propensity P is calculated as the number
of residues of a given type at a position j where the central residue is in a state S,
divided by the number of occurrences of this "pattern" regardless of the accessibility
state, divided by the total number of residues of all types in the state 5, divided by the
total number of residues. The top half of the equation is the conditional probability that
a residue will be in a given state, whilst the bottom half is the probability of that state
occurring. These 340 propensities were calculated for each of the five accessible state
cutoffs.
Hence, the summed logarithms of the propensities over the 17 residue window give
two values for L in this case, where L is given the units of nats (Robson, 1974). One
value for the accessible state and one value for the buried state. Whichever L value is the
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largest is the state that is therefore predicted for that residue. Gamier et al.,(1978) make
use of decision constants to adjust these final values. For the prediction of accessibility
these have not been applied, as preliminary results showed they were of little value for
accessibility prediction.
To assess the success of a prediction, the percentage correctly predicted %oPred^ is
given as:
%Pred^ -

(4)

where: NPA is the number of correctly predicted accessible residues,
NpB is the number of correctly predicted buried residues and
Ntot is the total number of residues.
Given that there is not a symmetric distribution of residues in the two states for a given
cutoff, the random prediction was calculated by equation (5).
%Pred r a n d o m - 100 x
where:

(%PredAxN A) + (%PredBx N B)
______*___t—
N.

(5)

%PredA = percentage of residues predicted accessible,
%PredB - percentage of residues predicted buried
Na = number of accessible residues,
N b = number of buried residues,
Ntot = total number of residues.

The information scores for a given residue in each state were calculated in centinats
(simply by multiplying by 100) for convenience. To examine the prediction success as
a function of the difference in information scores, predictions were made on the whole
dataset only when the absolute difference in the scores exceeded a value N. This was
repeated for values of N ranging from 0 to 250 in 10 centinat steps. Hence, a decreasing
amount of the dataset was predicted as N increases. The percentage correctly predicted
was calculated for the whole dataset, as well as being broken down into the two states
A and B. Using the Kabsch and Sander (1983) definitions of secondary structure, the
results were also analyzed in terms of the three secondary structure states helix, strand
and coil (H,E, & C).
The accessibilities of several multimeric proteins were also predicted using the
directional parameters calculated from the full 41 protein set of monomeric proteins. Only
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one chain at a time was considered from the multimers, and the accessibility prediction
was compared with the actual accessibilities observed in both the monomeric and
multimeric forms.

5.4.2 Distribution of dataset
As stated in the methods section, different cutoff values were used to define the two
accessible states employed in the information theory prediction algorithm. It was intended
to discover the cutoff value that produced the best overall prediction success, without too
heavily over predicting. The distribution of amino acids from the 8250 residues in the
dataset are shown below in Table 5.2 for the five cutoff values used. The mean
accessibility for all residues was 29.5 %. Apart from at the 20% cutoff, the majority of
the residues in the dataset defined in this are way are buried.
Table 5.2 Distribution of accessibilities in the
dataset
% cutoff

% of dataset
accessible

% of dataset
buried

20 %

53.7 %

46.3 %

25 %

48.7 %

51.3 %

27 %

46.7 %

53.3 %

30 %

43.9 %

56.1 %

35 %

38.9 %

61.1 %

5.4.3 Information theory directional parameters
The raw directional parameters for all the 20 amino acids are listed in Table 5.3.
They are also shown graphically for the buried state only in figure 5.1. Since these
profiles represent the influence that a residue at position j has on the residue at position
j= 0, it is possible to assign some physical significance to the observed patterns. For most
residue types shown in figure 5.1, the greatest information is carried when they are at the
central position, j=0 itself. This is not surprising when the total information contained in
the central column of the directional parameter matrices is considered. Table 5.4 shows
the percentage of information in the central column of the two matrices with respect to
subsets of the matrices as a whole. The numbers shown are calculated from the
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Table 5.3 Directional parameters for accessible and buried states, defined using a 30% cutoff to
define the two states. All values are given in centinats.

ACCESSIBLE
j-8
ALA
ARG
ASN
ASP
CYS
GLN
GLU
GLY
HIS
ILE
LEU
LYS
MET
PHE
PRO
SER
THR
TRP
TYR
VAL

-0.9
4.5
-7.4
1.5
18.8
2.5
-2.1
-9.1
-3.2
2.1
-2.0
0.0
21.3
1.0
-3.4
-3.7
-6.3
-8.9
1.5
3.2

j-7

j-6

1-5

j-4

J-3

j-2

J-l

j

j+1

j+2

j+3

j+4

1.7 -1.7 -5.1 -1.4 -0.3 -0.4
7.0 -17.6 -0.7 -7.1 -5.8 -3.1
0.0
1.2 5.2
3.7 32.2 -12.0 -8.4
4.4 -8.1
2.0 -8.7 -5.9
7.1 -0.5
-8.5 -8.8 -7.7
2.1 -1.4
4.7 -9.6 29.1
9.2 -7.7
2.4
-0.5 -2.2 -1.9 -0.6
6.8
1.6 -0.5 35.2
5.3 -1.2
6.9
3.1
5.2
0.8
3.0 -90.6 17.3
8.7
2.5
8.1 -3.8 10.2 11.1
5.7
3.7
1.6 35.9
9.5
1.0
3.3 -3.9 -8.1 10.5
0.2
5.9
6.4
7.1
9.4
1.4 -0.3 11.2 15.1 -8.9 -5.4 39.3
8.4 -5.8
4.7 11.1 -2.4 -5.4 -15.5
-7.6 -14.9 -8.0 -6.6 -7.8
2.8 -2.7
4.3
1.7 -13.0 -2.2
5.0 -4.9 -10.5 -4.9 -12.3 -4.9 -20.3 -21.6
-4.3 -3.8
4.5 -8.4 -1.2
2.1 -19.4 -13.6 -12.8 -14.3 -91.9 -17.0
-1.2
7.1
3.6 -4.8 -3.2
0.5 -18.9 -10.0
8.9 -1.7 -77.2 -5.8
5.4 -3.0
1.3 13.7 10.6
2.9 16.8 14.6 -1.7 15.6 54.1 -0.3
3.7
2.8
9.3
1.9 -13.4 -5.1 -2.5 -58.2 -12.0 -3.1 -15.7 -17.2
1.6 -5.9 -11.8
-1.5 18.7
9.4 -2.5 -17.8
4.8
1.0 -90.6 -2.2
-0.6 -6.9 -9.8 -2.2 -2.7 -3.0 21.2 25.1 -4.8 13.1 16.4 -1.4
3.0
4.8
-7.1 -4.7 -6.2 -7.3
4.5 -4.9
0.1 12.6
5.3
3.8
5.8
7.8 -4.1
5.7 -10.3
1.0 -2.2
-1.1
1.0
2.8
5.0 -3.4
1.8 -6.3
7.3
4.9 -8.8 -0.6 -2.2 -18.7 -86.2 -9.7 -19.8
-8.9
3.3 -9.7 -4.7 -25.6
3.5
3.5 -3.5 -6.5
4.9 -3.1 -4.0
-9.1
7.7
4.4
7.0 -8.6 -12.5 -5.5 -11.9 -62.4 -12.4 -2.4 -7.5
3.3

j+5

j+6

J+7

j+8

-5.2 -7.1 -7.1 -5.1
3.7
3.6 -8.1
3.9
9.6
1.9
-2.5 -11.2
3.8
2.7
-6.9 -0.7
5.9 17.0
8.6 16.3
0.0
3.6
-3.7 -3.7
3.2
4.8
0.1 -7.1
-9.1 -4.7 -10.1 -7.8
2.0
2.0 -12.4 -7.7
7.4 -2.6 -7.1
5.0
3.7 -8.6 -4.8
5.9
3.6
2.9
-4.9 -9.2
-3.1 12.2 -0.4 -10.7
3.7
2.2
2.7
10.1
1.5 -9.4
-3.1 -0.8
1.5
-8.7 -3.7 -1.3
-2.1 -3.9 -6.3 -6.3
0.4
-7.1 -2.1 -17.2
0.8 -2.5 -7.8 -5.9
5.4
2.0
6.2 11.2

BURIED
ALA
ARG
ASN
ASP
CYS
GLN
GLU
GLY
HIS
ILE
LEU
LYS
MET
PHE
PRO
SER
THR
TRP
TYR
VAL

0.4
0.4 -8.7 17.1
1.1 -2.0
5.6
1.6
1.9
6.4 -4.4 -58.2
-5.5
0.0 -1.4 -6.4 -2.4
9.3
9.0
9.3
8.2 -2.6
1.6 -5.8 10.0 -49.6
8.0
0.6
2.5
0.7 -8.5 -1.9
0.6 -67.1
-1.8
2.1
-27.4 -6.4 -0.9 -10.3
4.2 -13.3 -14.6 -3.6 52.5
4.4
8.7 -13.7 -4.5 -0.2 -1.9 -69.4
-3.0 -4.0
2.4 -12.1 -1.6
0.3 -14.7 -21.0
9.4
5.9 -81.8
9.7
8.1 14.9
7.1
8.4 -3.3
3.0 -5.8
8.5
3.6 -5.3 -2.0 13.2
2.5 -6.1
5.4 11.0
5.4
4.7
-2.5
4.2 -2.5 18.6 13.7 13.0 14.4 52.9
1.4 -8.9 -4.4
5.3
3.6 -11.4
2.0 48.5
2.2
0.0 -6.7
3.4 -3.5 -23.9 -20.1
2.0 -21.8-178.6
5.7
-32.1 -4.5 -3.4 -11.9 -2.3 13.6
2.9 41.3
-1.2
1.7 -27.2 -12.1
2.8 17.3 -5.8 -1.2 52.5
3.8
0.7
7.4 10.3
2.5
3.1
3.4 -32.1 -40.3
7.7
6.7
4.1
5.1
5.4 -0.1 -16.9
7.9 -5.5
6.8
1.3 -1.2 -3.3 -6.1
3.8 -9.9
4.5 -7.1
9.4
9.4 -9.2 -6.0
9.4
0.7
2.5 18.1 51.3
-1.8
9.6 -5.9
3.5
4.5 -4.0 10.2
5.1 23.3
6.1 12.2 43.1
-3.9 -4.0 -5.4 -8.8
9.1 12.8

5.6
7.7
5.7
7.7
6.4
3.5
0.8
7.7
8.7 -4.7 -4.5
8.6 -4.3
12.3
9.0 -5.3
0.6
2.8 11.6 -12.4 -2.2
8.2 -8.9
-11.9
0.8 -3.3 -4.6
7.5
-6.5
1.3 -2.9 -8.7
-24.7 -11.1 -2.9 -3.8 -11.0 -23.0 -7.3 -24.2
0.0
4.1
4.1 -4.3
-12.3 -1.2 -7.3 -7.0
7.7 -5.8 -3.9
-10.7
6.4 -8.0 -8.9 -0.1
8.4
9.6
5.1 10.6
-14.7
2.8
5.9 15.4
12.6
5.4 19.3 20.3 -2.4 -2.4 12.7. 8.3
7.7
2.9
1.4 -6.2 -9.4
16.6 -5.4
8.9
5.2
9.1
6.3 -0.6 18.2 10.5 -7.3 -4.5
9.7 -3.5 -4.4
5.4
0.3 -1.5 -18.7 -13.9
0.5 11.1
3.5 -16.4
12.3
3.5 15.6 16.8
6.4 12.1 -13.2 -3.3 -2.6 -4.5
2.5 -1.9
9.9
1.6
3.5
5.3 -17.8 -23.2
0.9 -1.8
1.5 -1.7
4.1
-6.6 -4.6 -3.6 -5.8
9.2
6.8
6.8
4.4
2.4 -7.2
2.4
10.8 -1.1
7.7
2.4 16.8 -0.5
6.8
10.2 18.9 -2.2
6.4
8.3
2.8
7.1 -0.9
-4.2 -4.2
3.9
12.7
2.7
8.0 -9.7 -7.7 -14.7 -6.7 -2.3
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directional parameter matrices by summing the absolute scores in each column of the
matrices, and calculating the total in the central column as a percentage of the total
absolute scores in columns ±j inclusive.

Table 5.4 Information content in the central column of directional parameter matrices with respect to
columns ± j inclusive
Matrix

j
1

2

3

4

5

6

7

8

Accessible >30%

74%

64%

54%

48%

43%

39%

37%

33%

Buried <30%

70%

59%

49%

43%

38%

34%

32%

29%

The central column dominance is typified by lysine, aspartate, tryptophan and isoleucine
where it is clear that they prefer to be solely in one of the two states. Other residues
show more complex profiles. Glutamic acid is a strong helix former (Chou &
Fasman, 1974,1978), and the periodicity shown in the profile for this residue may be
explained in terms of this secondary structural preference. Glutamic acid has a strong
preference to be accessible itself. When situated at j -1 and j- 2, it influences the /** residue
to be buried. Valine, the strongest strand forming residue (Chou & Fasman, 1974,1978)
prefers to be buried, and when situated downstream j-l, j-2, j-3 and j-4, influences the
f 1residue to be buried too.
Although cystine shows a strong preference to be buried itself, residues adjacent to
it can still be exposed. Disulphide bridges tend to be found in coil regions
(Thornton, 1981) but the side chain of the most exterior cysteine is likely to orientate
towards the protein interior, thus burying it. Adjacent residues will not be so constrained.
There is a high propensity for P-tums to contain prolines (Wilmot & Thornton, 1988,
1990), and hence they tend to be accessible. As they are most commonly found at residue
2 in turns, the next residue will also be accessible. This trend is seen in figure 5.1. This
makes the proline profile quite asymmetric. Such asymmetry is also seen for other
residue types and suggests that these residues influence the central residue differently
depending on whether they are up or downstream.
Glycine, histidine and threonine have stronger effects upon other positions than
when they are at the central residue itself. The information maxima or minima are not
Page 133

Prediction O f Accessibility

<

a

>

)
>
8

k S

\
8

k

8

k

>

<^ 8

8

N

>

>
<

r

{

i

I
k

k ^ ■
«>
>
<

, ,

i

8
^

i

: i +-*"^8 8 3!
>
(
>
r

i

—
(
)

\

J

£.

1

k

k

k

---

k

<
^> 8

8 8

k ^ k ---

8

<
/

\

)

'

>
k

k

\8

8

i

3

L-HSr"

3

8

3

i

s
)

(

TJ

Figure 5.1 Directional parameters derived for the twenty amino acid types for the buried state. The buried
state was defined as < 30% relative accessibility. The values shown for each amino acid are for positions
±8 of the central residue (inclusive). All values are in centinats.
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at y'= 0 for these three residues.

5.4.4 Information window size
As stated in the methods, the information theory algorithm of Gamier et al.,(1978)
utilises an information window size of

when making predictions. The effect of

±8

reducing the size of the information window was investigated, and the results for the five
different cutoffs are shown in figure 5.2. All predictions were made on the dataset
proteins using directional parameters derived using the dataset with that particular protein
removed. This is often referred to as "jack-knifing". It can be seen that for all but the 20
% cutoff, there is a small increase as the information window is increased from

0

and

that this starts to fall off after about ±4 residues for all cutoffs shown. The best prediction
in terms of percentage correctly predicted is 71.1 % achieved with a cutoff of 30 % and
an information window size of ±4 residues. It was somewhat surprising to note that this
represents only a very small increase of 2-3% by using extra information from the
directional parameter matrices, than is contained in the central column alone. In general
there is little to choose between window sizes although it is clear that after ±4 the data
must contain significant levels of noise which begins to adversely affect the predictions.
When using only the central column of the directional parameter matrices, j=0, the
prediction success is still very good, being only a few percent lower than with a larger
information window.
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Figure 5.2 Prediction accuracy as a function of information window size used for predictions for the five
different two state cutoff values. The cutoffs given for defining accessible states are % relative
accessibilities.
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5.4.5 Choice of 2-state cutoff
The success of the prediction method when predicting the dataset using a ±4 residue
information window is shown in Table 5.5 for the 5 cutoffs used. Clearly the 30 % cutoff
produces the highest level of overall prediction of the dataset. This cutoff is the nearest
to the mean relative accessibility of the amino acids in the dataset, which was 29.5 %.
The overall correctly predicted score remains close to 20 % above random for all cutoffs.
Also, the prediction of the buried state was superior to that of the accessible state, even
at the

20%

cutoff value where the majority of the dataset is in the accessible state.

For further assessment of the prediction method only the 30% cutoff was considered.

Table 5.5 Prediction success with cutoff
% correct
(accessible)

% correct
(buried)

% correct
(all residues)

% expected
random

8250

66.0 %

74.1 %

69.7 %

49.8 %

8250

66.8 %

73.7 %

70.4 %

50.1 %

27 %

8250

67.3 %

73.3 %

70.5 %

50.3 %

30 %

8250

69.3 %

72.6 %

71.1 %

50.5 %

35 %

8250

69.9 %

70.7 %

70.4 %

51.1 %

Cutoff

Number of
residues

20 %
25 %

5.4.6 Prediction of dataset proteins
Predictions for the full dataset are shown in Table 5.6, for the 30% cutoff. Although
the prediction accuracy varies for all proteins, it never drops below 60% for any protein.
The worst predicted protein is Streptomyces griseus proteinase B (3SGB) which, upon
closer inspection, was seen to have some unusual accessibilities due to missing density.
Crambin (1CRN), is not soluble in polar solvent, is only 46 residues in length and
possesses only 15 buried residues. The predicted score for this protein is 65.2%. This
protein should have been omitted from the dataset, although it explains why it is
predicted so badly. None of the overall prediction scores is less than 10% better than
random. At best, 87% of the intestinal calcium binding protein (3ICB) is correctly
predicted. Three example predictions are illustrated in figure 5.3. The Kabsch & Sander
(1983) secondary structural assignments are also represented. The three proteins shown
are representative of good, average and bad predictions. These are represented by
intestinal calcium binding protein (3ICB), eglin (1TEC), and thermolysin (5TMN). Only
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Figure 5 3 Example accessibility predictions of proteins in the dataset The actual accessibility of the
proteins are shown above the predicted. The boxes represent buried residues and straight lines accessible.
Also shown above the accessibilities is the secondary structure as represented by Kabsch & Sander (1983)
assignments. Zigzag represents helical segments (H), boxes strand (E), and all other states coil. The
sequences of the three proteins are shown with the actual accessibility above, and the predicted below. (A
= accessible, B= buried). All accessible or buried states are defined with respect to the 30% relative
accessibility cutoff and predictions were made using a ±4 information window. The three proteins shown
are; 3ICB - Intestinal calcium binding protein, 1TEC (chain I) - Eglin, inhibitor of subtilisin, 5TMN (chain
E) - Thermolysin. The periodicity of some secondary structural elements is evident, indicated by the
alternating buried/exposed patterns.
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Table 5.6 Predictions of dataset proteins
Protein &
Chain (if any)

% correctly Protein &
predicted Chain (if any)

% correctly Protein &
predicted Chain (if any)

% correctly
predicted

2A L A A

67.4 %

1ILB

69.5 %

2SNS

67.4 %

1CSEE

73.4 %

1LZ1

76.9 %

3DFR

74.1 %

3SGB E

63.2 %

1NXB

69.4 %

3ICB

86.7 %

5TM NE

65.5 %

1PSG

68.2 %

3LZM

75.6 %

1TECI

71.4 %

1R69

66.7 %

3PGK

73.8 %

5CYTR

70.9 %

1RHD

72.0 %

5ACN

69.2 %

1ABP

75.5 %

1SN3

67.7 %

5CPA

61A %

1BP2

68.3 %

1UBQ

77.6 %

5CTS

74.1 %

76.6 %

5PTI

63.8 %
72.2 %

1CRN

65.2 %

2CA2

1CY3

68.6 %

2CPP

71.6 %

5RXN

1ECD

72.8 %

2CYP

69.3 %

5TNC

75.2 %

1FD2

77.4 %

2GBP

77.0 %

7RSA

71.0 %

1FX1

73.5 %

2LBP

74.3 %

9PAP

67.9 %

1GCR

66.7 %

2LH3

79.7 %

ALA

ARG

ASN

Total(mean)

ASP

71.1 %
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Figure 5.4 Prediction accuracy of amino acid types as a function of two state cutoff. All cutoff values are
expressed as % relative accessibilities.
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10 residues out of 76 are incorrectly predicted for 3ICB. Even sections of 5TMN, one
of the worst predicted proteins, are predicted very well.
A breakdown of the prediction success for the 20 residue types is shown in Figure
5.4, for the five cutoff values tested. The trends shown illustrate how the strong
hydrophobics such as isoleucine and phenylalanine are predicted with increasing accuracy
as the cutoff value increases. The converse is true for polar/charged residues such as
lysine and aspartic acid. Some residues are relatively unaffected by different cutoffs such
as proline, glycine and serine. At the 30% cutoff being used, some residues are predicted
surprisingly badly. Arginine and aspartic acid being notable. At this cutoff level, all the
strong hydrophobic residues are predicted well, but some of the polar and charged
residues are not.

5.4.7 Prediction accuracy with increased prediction confidence
By restricting the prediction of the dataset with increasing centinat cutoff values for
the difference in the information scores for the two states A and B, the plots shown in
figure 5.5 were produced. This process was carried out at the 30% cutoff level for the
definition of states. For the total prediction, it is possible to increase the percentage
success of prediction right up until almost none of the dataset is predicted at all. When
predicting 50% of the dataset, the correctly predicted percentage is increased to 82%.
This rises to about

88%

when only 10% of the dataset is predicted.

At all fractions of the dataset predicted, buried residues are predicted with a much
higher accuracy using the 30% state cutoff. At 100% predicted, 72.6% of buried residues
are correctly assigned by the method. Remarkably, when only 40% of the dataset is
predicted, 90% of buried residues are correctly assigned. Using this cutoff, this
constitutes 55% of the predictions that are made, or 22% of the entire dataset of 8259
residues. The converse is true for the accessible state, which drops off after 50%
predicted due to the diminishing data, and the fact that buried residues are being over
predicted.
When the predictions made are sub-defined into the three secondary structural
classes normally associated with secondary structure prediction techniques, there is little
to choose between them. The helical (H) and extended (E) residues have their
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Figure 5.5 Prediction accuracy as a function of the dataset predicted. Predictions were restricted as detailed
in the methods. On the left graph, the three lines represent; To - % of Total number of residues correctly
predicted, Ac - % of accessible residues correctly predicted, Bu - % of buried residues correctly predicted.
All accessibilities defined to 30% cutoff. On the right, the lines are; E - % of strand residues’ accessibility
correctly predicted, H - % of helical residues’ accessibility correctly predicted, and C - % of coil residues’
accessibilities correctly predicted.

accessibilities predicted equally well throughout, whilst the coil state (C) does slightly
less well. Hence the regular secondary structure has its accessibility slightly better
predicted than the non-regular.

5.4.8 Prediction of multimeric proteins
The prediction of 6 multimeric protein chains was made using a 30% state cutoff and
a ±4 information window. These chains were; insulin A and B (3INS: chain A and B),
tumor necrosis factor (3TNF: chain A), human leucocyte antigen (2HLA: chain A),
oxidoreductase (1GD1: chain O) and Rhe-Bence Jones fragment (2RHE: chain A). The
predictions made were compared with the accessibilities these proteins possess as
monomers and as multimers. The results of the prediction success for these comparisons
are shown in Table 5.7. The accessibilities are predicted from information values derived
from a dataset of monomeric proteins, and it might be expected that the predicted
accessibilities might be closer to the monomeric accessibilities. This was not seen to be
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Table 5.7 Prediction of multimeric and monomeric accessibilities
% cutoff

no. of
residues

Prediction of multimer accessibility
residues
correctly
predicted

Prediction of monomer accessibility

% correct % random
prediction

residues
correctly
predicted

% correct % random
prediction

20 %

921

649

70.5

50.0

617

67.0

49.3

25 %

921

661

71.8

50.5

626

68.0

49.6

27 %

921

653

70.9

50.8

620

67.3

49.7

30 %

921

651

70.7

51.0

611

66.3

49.9

35 %

921

631

68.5

51.8

602

65.4

50.5

the case. The predictions agree better with the multimeric accessibilities (mean score =
70.5%) than with the monomeric values (mean score =

6 6 . 8 %)

as shown for two proteins

in figure 5.6. Particularly, one of the strand segments of 1TNF is buried in the trimer,
and partially accessible as a monomer. This segment is predicted to be buried.
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Figure 5.6 Prediction of accessibilities of multimeric proteins. The same representations are used as figure
5.3. The extra line is the accessibility of the protein in its multimeric form (labelled "Dimer"). The
monomeric accessibility is calculated using only the co-ordinates of the isolated chain. The stars on the
multimeric line represent residues whose accessibility alters by 30% or more between the monomeric and
multimeric states. The two proteins are; 1TNF - Tumor necrosis factor (chain A), and 2RHE - Bence-Jones
fragment (Chain A represents the only chain in the co-ordinate set although it is unlabelled in Brookhaven).
All accessible states defined using the 30% cutoff.
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5.5 Accessibility prediction using pairwise propensities
5.5.1 M ethod
The pairwise propensity method also utilises the monomeric dataset of proteins listed
in Table 5.1. Four sets of pairwise propensities are calculated from this dataset and then
averaged for each residue in the predicted sequence to obtain an overall predicted
propensity for each residue. These pairwise propensities are calculated for the residue
pairs i-2, i-1, i+ l, and i+2, for the accessibility of the residue at i. Unlike the information
theoretic method applied here, this does take into account the residue type at all positions
in the pair. Hence for each of the four pairings 400 propensities are calculated, giving a
total of 800. The calculation of propensities may be formalised thus:

P ( X \ Y m) - I ^ Sail

(6)

where m = i-2 , i- 1 , i+l i+2 .
The propensity P for a pairing of residue type X at any position i with residue type
Y at m is given as the mean accessibility 5 ^ of all residues X with Y at position m
divided by the mean accessibility Sou of all residues. To make a prediction the four
propensities are then read off from a table in which they are stored, for each given
residue in a sequence depending on its type,

and the type of its

neighbours. Thefour

propensity scores are then averaged to give a final score. This final score is in turn
multiplied by the average accessibility of all residues to give a predicted accessibility.

5.5.2 Prediction of the dataset
The overall success of this method was assessed in two ways. By defining two states
and assigning each residue (both predicted and actual) into one of the two accessible
states (accessible and buried), the percentage of residues correctly predicted was assessed
similarly to the information theoretic method. Also, the final predicted residue
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accessibilities were compared with the actual accessibilities and the linear correlation
coefficient between the two calculated for each protein in the dataset. The prediction
success and the linear correlation coefficients were also calculated for varying window
sizes over which the predicted and actual accessibilities were averaged. The accessible
state of each residue is assigned after averaging over a given window size.
Using 30% relative accessibility as a cutoff for the two states, the overall success rate
of the prediction method was 71.7% as shown in Table 5.8. This is almost exactly the
same as the 71.1 % correctly predicted using the information theoretic method.

Table 5.8 Prediction success with varying window size
% all residues
% buried correctly
predicted
correctly predicted

window
size

% accessible
correctly predicted

1

78.5 %

66.4 %

71.7 %

2

70.2 %

71.2 %

70.8 %

3

71.3 %

70.8 %

71.0 %

4

70.8 %

72.8 %

71.8 %

5

70.8 %

74.1 %

72.5 %

6

70.1 %

75.1 %

72.6 %

7

68.7 %

75.3 %

72.0 %

8

68.4 %

75.8 %

72.0 %

9

6 8 .2

%

75.7 %

71.9 %

10

67.4 %

76.0 %

71.6 %

The percentage of residues correctly predicted drops down to 70.8 % when the actual and
predicted accessibilities are averaged over 2 residues. This value then increases with size
up until the

6

residue averaging window, when the percentage correctly predicted

increases to 72.6 %. This is the highest prediction score for all averaging window sizes,
although they are all very similar. The prediction success for buried residues generally
increases with window size although this is due to more residues being classed as buried
(< 30% relative ASA) after averaging over increasing window sizes.
The correlation coefficients calculated for the predicted and actual accessibilities also
had the highest value for a window size of

6

residues, being 0.62. This value was also

obtained for window sizes of 5 and 7 residues. The correlation falls off either side of
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Figure 5.7 Predictions of accessibility using pairwise propensities. Predictions are compared with actual
relative accessibility. All accessibilities are smoothed over a 6 residue window. The predicted accessibility
is represented by the darker, dotted lines. All accessibilities are normalised to the average accessibility
29.5% ie. 1.00 corresponds to 29.5% accessibility.
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these two window sizes, and for the unsmoothed prediction the correlation between
predicted and actual accessibility was 0.55.
Some example predictions are shown in figure 5.7. The data plotted is the actual and
predicted relative accessibility divided by the mean accessibility (29.5%) along the
sequence. It is clear that although this prediction method is good at predicting trends (the
"phases" of the predicted and actual profiles regularly coincide), it is not so good in
accurately predicting the percentage accessibility for each residue. This is not surprising
since the propensities are derived from averages for a given sequence pairing, and the
extremes that occur in reality are unlikely to be predicted. Nevertheless, many sections
of the predicted profiles shown in figure 5.7 match almost identically with the actual
accessibilities.
Table 5.9 Comparison of information theory and pairwise propensity predictions
Protein &
Chain

^ info.theory

Correlation
coefficient

0.76

2SNS

+5.0%

0.74

-0.8%

0.79

3DFR

+4.9%

0.64

1NXB

+3.2%

0.82

3ICB

0.0

0.79

0.69

1PSG

0.0

0.67

3LZM

+4.3%

0.79

+3.2%

0.71

1R69

+12.7%

0.59

3PGK

-4.2%

0.74

5CYTR

+0.7%

0.68

1RHD

+1.0%

0.73

5ACN

-0.7%

0.73

1ABP

-4.6%

0.77

1SN3

+1.5%

0.81

5CPA

-2.0%

0.69

5CTS

+1.6%

0.68

Protein &
Chain

Protein &
Chain

^ info.theory

Correlation
coefficient

2AZA A

+3.6%

0.72

1ILB

+3.4%

1CSEE

-2.9%

0.60

1LZ1

3SGB E

+2.2%

0.57

5TMNE

-1.9%

1TEC I

info theory

Correlation
coefficient

1BP2

+3.3%

0.89

1UBQ

+3.9%

0.75

1CRN

+2.2%

0.87

2CA2

-3.5%

0.79

5PTI

+3.5%

0.79

1CY3

+5.9%

0.76

2CPP

-0.2%

0.71

5RXN

-5.6%

0.81

1ECD

+5.2%

0.78

2CYP

-1.0%

0.79

5TNC

+0.5%

0.73

1FD2

+2.8%

0.83

2GBP

-1.0%

0.76

7RSA

+2.4%

0.76

1FX1

+4.1%

0.73

2LBP

+2.3%

0.78

9PAP

0.0

0.74

1GCR

+10.9%

0.72

2LH3

+1.3%

0.80

Average

N/A

0.74

In comparison with the information theoretic method, as stated previously, the two
methods achieve very similar overall results. The twc^ method’s scores correlate with a
value of 0.74. However when individual protein predictions are compared there is some
disagreement as shown by the correlation coefficients between the two methods shown
in Table 5.9. These correlations are calculated by assigning 1 to residues predicted
accessible and

0

to buried residues and then calculating the linear correlation coefficient
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as normal. The predictions for the pairwise propensity method that were used for this
calculation were for unsmoothed predictions. The difference between the two methods
in the percentage correctly predicted is also listed. For pepsinogen (1PSG), both methods
predict

6 8 .2 %

of the residues correctly but the two predictions only correlate with a

coefficient of 0.67. Hence the two methods must be predicting different residues
correctly, at least for part of the structure. Most proteins are predicted with the same
level of accuracy, and all but two predictions disagree by 6 % or less. In all cases there
is never 100% agreement between the two methods. This suggests that using both
methods could be useful since there are occasions when different methods predict
correctly the states of the residues.
The pairwise prediction method was also compared to the Hopp and Woods (1981)
parameters as accessibility predictors. The Hopp and Woods parameters were normalised
so that the distribution of parameters was centred around

1 .0

for comparative purposes.

Predictions were made by simply assigning the appropriate normalised parameter to each
residue. The scores were then averaged over window sizes from 1 to 10. Scores above
1 were then predicted accessible and below 1 buried. For unsmoothed Hopp and Woods
parameters the overall prediction score was

6 8 .6 %

for the 41 proteins in the dataset. This

is a comparable success rate to that obtained when using only the central column of the
directional parameter matrices of the information theory method. When the window size
is increased the overall percentage correctly predicted falls off and then increases again,
peaking at 65.6% correctly predicted for an

8

residue window. The correlation between

accessibility and the averaged Hopp and Woods scores is not as good as for the pairwise
propensity predictions. Unsmoothed, the linear correlation coefficient between Hopp and
Woods scores and the actual accessibilities is only 0.39. It peaks at 0.43 for a 5 residue
window before falling off. This suggest that the window size of

6

residues selected by

Hopp and Woods was indeed the most suitable for their prediction.

5.6 Prediction of antigenic determinants

To test an application of the prediction method, the accessibilities of three proteins
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Figure 5.8 Prediction of antigenic determinants using pairwise propensity accessibility prediction. Antigenic
determinants are indicated by the bars. Actual and predicted accessibility are shown, with the predicted
profile dotted. Both profiles are smoothed over a six residue window. All accessibilities are normalised to
the mean 29.5%. The 3 proteins shown are; 1MBD - myoglobin, 2MHR - myohemerythrin and 2LYZ lysozyme.

were predicted, for which information was known about their antigenic determinants.
These proteins were myoglobin (1MBD), myohemerythrin (2MHR) and lysozyme
(2LYZ), which had been used previously by Thornton et al.,(1986), when predicting
antigenicity using protrusion. The predicted and actual accessibilities for these proteins
are shown in figure 5.8, with the major antigenic sites as described by Hopp and Woods
(1981) and Thornton et a/.,(1986) indicated. Although for these three proteins Thornton
et a/.,(1986), show that protrusion and mobility correlate slightly better than accessibility
with antigenic sites, both these features require the structure to have been solved. As
accessibility still correlates with antigenicity, and can be predicted from sequence, it can
be used when no such structures are available.
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Table 5.10 Prediction of antigenic determinants
Protein (BRCODE)

Site

Mean site
score

Mean of site
scores

Myoglobin (1MBD)

15-22

1.04

1.09

56-62

1.23

94-99

1.01

113-119

0.99

145-151

1.15

3-16

0.90

37-46

0.97

57-66

0.97

38-54

1.08

64-80

1.03

Myohemerythrin (2MHR)

Lysozyme (2LYZ)

0.95

1.05

The prediction of the antigenic determinants was first tested using the pairwise
propensity method. The antigenic regions, as shown in figure 5.8, lie broadly at peaks in
the actual accessibility profiles. The two antigenic sites marked for lysozyme span two
broad peaks in the accessibility profile. These are also quite well predicted from
sequence. After smoothing over a

6

residue window, the top score in the predicted

lm b d .
94

56

22

1.2

113

14-5___151

1.0
0.8
0.6
0.4
0.2

2 m .h r.
1.2
1.0

37

46

57

66

0.8
0.6
0.4

0.2

1.2
1.0
0.8

54

80

0.6
0.4

0.2

Figure 5.9 Prediction of antigenic determinants using information theory accessibility prediction. Only the
predicted profile is shown. This was generated by assigning 1.00 to residues where all 5 cutoff states
predict ’A’ accessible, 0.00 to residues where they all predict ’B’ buried, and 0.5 to all other residues. The
profiles were then smoothed over 3 residues. The same 3 proteins as for figure 5.8 are shown.
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accessibilities for lysozyme lies in the second of the two determinants, at residue 67.
However this is not the case for the equivalent top scores for 1MBD and 2MHR,
although most of the antigenic determinants have scores above average ie 1 .0 , as shown
in Table 5.10.
Myohemerythrin is not as well predicted as the other two. Although the mean scores
over the antigenic determinants are all less than average, the second site spans the third
highest peak in the predicted profile. As the site is quite large, this also includes some
residues predicted buried, which lowers the mean score. The correlation between the
predicted accessibility and the Hopp and Woods (1981) hydrophilicity scores are 0.86,
0.82 and 0.80 for 1MBD, 2MHR and 2LYZ respectively.
The information theory method predicts the antigenic determinants of these proteins
with similar results to the pairwise propensity method as illustrated in figure 5.9. The
profiles are derived from all five predictions for the different state cutoff values. When
all five agree that residue was assigned a score of

1 .0

for accessible and

0 .0

for buried.

Other residues were assigned a score of 0.5. Finally, the scores were smoothed over a

6

residue window. The two lysozyme determinants lie across the two biggest peaks in the
prediction and are well predicted. The myoglobin determinants are also in the main at
predicted accessible regions, although the highest peak in the prediction is not at one of
the antigenic regions. The myohemerythrin determinants are also not that well predicted,
with the strongest peak in the prediction not corresponding to any of the 3 determinants.

5.6 Conclusions
The overall success of the two methods for predicting accessibility from sequence are
comparable, with slight improvements on the hydrophilicity method of Hopp and Woods
(1981). They predict as well as the neural networks approach of Holbrook et a/.,(1990).
The overall success rates of 71-72% are larger than the oft quoted 63% for secondary
structure prediction, due to the fact that only two states are utilised. The random
prediction for both methods remains close to 50%, giving a 20% increase above random.
For the information theory method the choice of relative accessibility cutoff to define
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states made only a small difference to the overall prediction success. For the individual
amino acids this was not seen to be the case, as hydrophobics were predicted with greater
accuracy as the cutoff increased, and vice versa for charged and most polar residues.
Some residues such a proline and glycine remained "unpredictable" regardless of cutoff.
The method also predicts the buried state with greater accuracy than the accessible. This
is presumably due in the main to the distribution of the accessibilities within the dataset.
The method can hence be considered to be "over predicting" this state.
When using only the central column of the directional parameter matrices the
prediction success is only a few percent worse than when using larger information
windows. This result was somewhat surprising, and indicates that there is not a great deal
of co-operativity between residues in determining accessibility. This suggests that it is
the secondary structure which is co-operative, since the information theory method of
Gamier et aL,(1978) utilised a ± 8 information window successfully. The results presented
here suggest that the nature of the residue itself primarily determines its accessibility, and
the effect of the local sequence is marginal. A similar conclusion to this was reached by
Holbrook et al.,(1990). The Hopp & Woods parameters applied here produced a similar
base level of

68%

predicted correctly. Indeed, such a prediction merely predicts each

residue type to always be in either the accessible or buried state, ie. all valines buried,
all lysines accessible etc.
The method’s reliability is increased by restricting the predictions that are made with
a cutoff in the difference between the information scores for the two states. When only
a small amount of the dataset is predicted by doing this, high quality predictions are
made, achieving predictions in excess of 80% accuracy. This is of considerable use for
confidently assigning sites in the protein which are accessible or buried, and could be
utilised by theoreticians wishing to define rigid constraints for simulations, and for
modelling purposes.
The predictions made may be described as "monomeric" predictions since the
directional parameters were derived exclusively from monomeric proteins. When the
directional parameters were first calculated, the dataset mistakenly contained multimeric
proteins. These were the worst predicted proteins when the method was subsequently
tested, evaluating the prediction success for the accessibilities these proteins had as
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monomers. Removing them from the dataset, and recalculating the directional parameters
improved the overall quality of the predictions. Interestingly, the predictions then made
for these proteins compare much better with the accessibilities they have as multimers
rather than monomers. This may be useful in identifying potential multimeric interface
regions for a proteinl where only the monomeric structure is available, by looking for badly
predicted regions, such as at the strand region in tumor necrosis factor mentioned
previously.
The pairwise propensity method achieved a similar overall success rate to the
information theory method. It was seen to be most successful when compared to
accessibilities smoothed over a window of six residues. Again, the buried state was the
best predicted. The "phases" of the accessibility profiles are particularly well predicted
although the actual accessibility predicted was not so good, although it predicted
surprisingly well for some short sections. Hence the prediction of antigenic determinants
did not work so well in the way described by Hopp and Woods (1981), where the top
predicted score is expected to be in an antigenic determinant The method predicts
accessibilities that correlate only quite well with antigenicity for the limited number of
proteins considered here. However, it is evident that the accessibilities themselves,
particularly for myohemerythrin, did not correlate that well with the antigenic
determinants listed. Indeed, there has been dispute in the literature concerning the validity
of these particular determinants (Benjamin et al, 1984) and it is widely recognised that
the entire surface of some proteins can be immunogenic. However, it is acknowledged
that particular surface regions may be immunodominant (Benjamin et a/,1984). This
complicates the assessment of such predictions as made here and by Hopp and Woods.
The accessibility predictions applied here only qualitatively suggest potential antigenic
regions and should not be used quantitatively.
The advantage of the pairwise propensity method over the information theory method
is that it predicts actual accessibilities and not just two discrete states. However, when
the success of the prediction is judged in terms of a

2

state prediction, it succeeds equally

as well.
The two prediction methods agree well overall but differ slightly in detail. Hence,
both methods are utilised for accessibility prediction from sequence in the chapter 6 .
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CHAPTER 6
PREDICTION OF LIMITED
PROTEOLYTIC SITES FROM
STRUCTURE AND SEQUENCE
6.1 Introduction
The comparisons of serine proteinase inhibitors have shown that they possess a
conserved "signature" at their binding loops. This structural template provides the
recognition complement that binds into the active site cleft of the proteinases they inhibit.
Hence this binding loop conformation is not only recognised by the proteinase, but is also
recognisable by the structural biologist wishing to predict the recognition region. The
identification of the recognition region from structure does not apply to the detection of
limited proteolytic sites. As shown previously in Chapter 3, the structure of these sites
bears little resemblance to the inhibitor’s recognition loop and the limited proteolytic sites
can not be simply identified from structure. However there are a number of features that
can be utilised. From analyses carried out previously by other workers (Novotny &
Bruccoleri,1986, Vita et al., 1988), as well as in this thesis, the conformational parameters
of solvent accessibility, mobility (as described by crystallographically determined
temperature factors) and protrusion have all been shown to correlate well with nicksite
positions. Accessibility and protrusion are also certainly characteristic of serine proteinase
inhibitor binding loops. Here, these conformational parameters have been combined into
a prediction method, implemented in a computer program NICK, to attempt the prediction
of limited proteolytic sites from structure.
Previous attempts to predict limited proteolytic sites have focused on one specific
conformational parameter. Novotny and Bruccoleri (1986) use accessibility to a large
probe, and play down the role of flexibility as a potential predictor. Conversely Vita et
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al. (1988) focus chiefly on flexibility as a prerequisite for proteolysis. The results
presented up to here in this thesis seem to support the latter, as considerable mobility
must be required to bring the nicksite loop into a cleavable conformation. Similarly,
flexibility is required to present it in such a way as to remove steric hindrance from the
rest of the nicksite protein upon binding. However, such parameters as elevated B-values,
accessibility and high protrusion are generally characteristic of surface residues and are
consequently highly correlated. Hence it was considered expedient to use all these
features in the prediction algorithm.
Prior to full implementation of the algorithm these parameters were assessed to see
how well they matched with the tryptic nicksites used in this study (see Chapter 3).
Specifically, varying window sizes were used and compared as well as using a larger
probe size for the calculation of accessibilities. The value of Kabsch and Sander (1983)
secondary structural assignments was also investigated.
More restricted attempts at prediction of proteolytic sites have considered (3-tums
(Monsalve etal., 1990) and £2-loops (Bek & Berry, 1990) as predictors. These two studies
have been restricted to proteolytic processing of seed proteins, and prohormonal cleavage
sites, respectively. These studies have not considered limited proteolytic sites in general.
A quick inspection of the accessibility, B-value and protrusion index profiles
presented in Chapter 3 illustrates one of the problems faced in the prediction of limited
proteolytic sites. Although many of the tryptic nicksites considered are accessible, mobile
and protruding it would still be difficult to unambiguously assign them from the profiles
shown. Tryptic specificity requires only that lysine or arginine be present at the Pj
position. Quite clearly there are several lysines and arginines that are accessible or
protruding or mobile that are not the primary nicksites. By examining the 3D structures
of these proteins it may be possible to eliminate particular lysines and arginines from
further consideration on the grounds of being located unfavourably, for example in the
centre of a secondary structural element. However it is preferable to automate such
decisions if at all possible. Using the secondary structural assignments is one such way
to achieve this and has been attempted here. By specifying a sequence template the
number of potential sites is also reduced, particularly for proteinases with greater subsite
specificities than trypsin.
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6.2 Data
The original dataset (dataset 1) of tryptic limited proteolytic sites detailed in chapter
3 were used to assess and initially test the various prediction parameters described above.
After developing the prediction program, the success of the method was tested on
nicksites cut by other proteinases, or discovered from the literature after the original
analysis in chapter 3 was performed (dataset 2). These are listed below in Table 6.1.

Table 6.1 Limited proteolytic sites (Dataset 2)
BRCODE Protein

2AAT

Resolu proteinase
-tion

Aspartate
2.8 A
aminotransferase

Trypsin

nicksite

References

locations

(s)=structural

Arg26, Lys30 Sandmeier & Christen,
1980
Smith et al., 1986 (s)

Ovalbumin

1.95

A Subtilisin

Ala358

Stein et al., 1990 (s)
Gettins et a l, 1989

5RSA

Ribonuclease A

2.0 A

Subtilisin
Elastase
Chymotrypsin

res 20-21
res 18-21
res 25-26

Doscher & Hirs, 1967
Klee, 1965
Rupley & Scheraga, 1963
Wlodawer et al., 1982 (s)

3TLN

1FCB

Thermolysin

1.6 A

Yeast

2.4

A

flavocytochrome

Subtilisin

Thr4, Thr224, Vita et al., 1988
Holmes & M atthews,1982 (s)
Glu225

Staphylococcal res 301-310

Xia et al., 1987 (s)

protease,

Ghrir & Lederer, 1981

trypsin & yeast

b2

protease
1TRX

Thioredoxin

-

-

Pro64

McEvoy et al., 1981
Dyson et al., 1990 (s)

2GLS

Glutamine
synthetase

3.5

A

Chymotrypsin,

res c.160

Dautry-Varsat et al., 1979

trypsin &

Lei et al., 1979

Staph, aureas

Almassy et al., 1986 (s)

protease
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6.3 Assessment of structural predictors
See appendix B for calculation of solvent accessibility, chapter 3 for protrusion index
calculation. Residue average B-values are taken from the respective entries in the
Brookhaven databank, and secondary structure assignments were calculated from the
Brookhaven cartesian co-ordinate sets, using the DSSP algorithm of Kabsch and Sander
(1983).
Each predictor was selected in turn and profiles for each tryptic nicksite protein
calculated for window sizes ranging from 1 to 12 residues. As exposed loops are
described by an accessible region rather than a single residue, it was considered
preferable to use windows over which to average the data and to assign the resulting
mean to a given residue at the centre of the window. This also helps to reduce noise.
For accessibility, the profiles (both averaged and un-averaged) of accessible surface
area to larger probe sizes than 1.4 A were calculated. Specifically, probe sizes of 2 , 5,
10

and

20

A were investigated. The residue accessibilities of each residue type in an

extended ALA-X-ALA tripeptide were also calculated, as before, for each probe size used
(see Appendix B for values). This was done to provide the standard values for each
residue type to calculate relative accessibilities for the different probe sizes used. Also
for accessibility a further choice is presented in that a number of different
"accessibilities" can be used. These are absolute accessible surface area (in A2) and
relative accessible surface area (expressed as a percentage) as described appendix B.
These can also be further divided into total, side chain or main chain accessibilities.
These six different classifications have also been assessed. When using Kabsch and
Sander (1983) assignments as predictors, only 3 states were assigned. These were helix
(H), strand/extended (E) and any other assignment becomes coil (C). To use these
quantitatively a value is assigned to each state between

0

and

1,

and these are then

simply averaged over a window as for the other parameters.

6.3.1 Accessibility
The different divisions into which accessibility can be classified (see appendix B)
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Figure 6.1 Accessibility profiles o f Staphylococcal nuclease. All accessibilities normalised to 1 after
smoothing over 8 residues, (a) Whole residue ASA, (b) side chain ASA, (c) main chain ASA, (d) relative
whole residue ASA, (e) relative side chain ASA, and (f) relative main chain ASA. Nicksites are indicated
by arrows.

were investigated as structural predictors for limited proteolytic sites. These

6

divisions

are absolute whole residue accessible surface area (ASA), absolute side chain ASA,
absolute main chain ASA, relative whole residue ASA (or accessibility), relative side
chain ASA, and relative main chain ASA. Figure 6.1 shows plots of these

6

smoothed

accessibility types for one protein, Staphylococcal nuclease. The 3 tryptic nicksites in this
protein are indicated by arrows. It is clear that the differences between the accessibility
types are marginal. The largest differences lie between main chain accessibilities as
compared to total (whole) residue and side chain accessibilities. The side chains of amino
acids dominate the calculation and the total and side chain accessible surface area plots
are virtually indistinguishable. The two main chain accessible surface area plots, (c) and
(f), are also affected by side chains. Large side chains hide the atoms in the protein
backbone, particularly for branched side chains, whilst small residues have more
accessible backbone atoms, such as glycine and serine. The N- and C-termini also have
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Figure 6.2 Relative accessibility profiles of Staphylococcal nuclease. All accessibilities normalised to 1
after smoothing over window size of (a) 1 residue, (b) 2, (c) 4, (d) 6, (e) 8, (f) 10, and (g) 12 residues.
Nicksites are indicated by arrows.

highly exposed main chain groups, as they only have one "blocking" neighbour.
The nicksites themselves are not always the most accessible residues individually,
although they are all at the top of peaks. It is difficult to select a "best" predictor from
those shown in figure

6 .1

and similar results were obtained for other tryptic nicksite

proteins considered. Relative total accessibility was selected for further calculations as
relative accessibility is already "normalised" to the supposed fully exposed state of each
given residue type.
The effect of varying window size on relative total accessibility is illustrated in figure
6.2 for Staphylococcal nuclease. It is extremely difficult to identify accessible "regions"
of structure from (a), the plot of Pj relative accessibility only. The data at this level are
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too noisy to interpret. Upwards of 4 residues, (c)-(g), this noise disappears and the peaks
in the plot now represent accessible segments of protein of 4 residues and greater.
However as the window size is increased, more information is lost as it is smoothed into
the surrounding data. An example of this is the peak around residue 96. This strong peak
in (a) has been flattened completely in (f) and (g). However, the nicksites themselves
possess their highest normalised values in (f) where the smoothing window is

10

residues

(P5-P 5 '). Although this series of plots is quite typical of all the tryptic nicksite proteins,
the relative accessibilities of the nicksites and also residues in general have been analyzed
as shown in Table 6.2.
Table 6 2 Mean relative total residue accessibilities

Window
size

Tryptic nicksites*

Lysines & arginineSb

All residueSb

Pi

53.4% (22%)

45.2% (29%)

29.9% (44%)

p 2- p /
p ,-p ,'

47.3% (18%)

34.9% (38%)

29.6% (48%)

47.1% (14%)

32.7% (42%)

29.5% (50%)

p 4- p /

46.9% (11%)

32.4% (41%)

29.4% (50%)

P 5-P5 '

45.4% (11%)

32.3% (40%)

29.4% (50%)

The values in brackets represent the percentage of all residues taken from the combined datasets 1 and 2
that possesses a greater accessibility than the mean for that window size.
a Nicksite residues from dataset 1.
b Residues taken from the 11 proteins in datasets 1 & 2.

The tryptic nicksites themselves average a higher relative accessibility than the equivalent
value for all residue types, for all the window sizes considered. Comparing the tryptic
nicksites with lysines and arginines, they are also significantly higher for all window
sizes. Both these observations are more significant for the larger window sizes. For a
smoothing window of

6

residues and greater, less than 15% of residues in general have

an accessibility greater than the mean nicksite accessibility. More than 40% of residues
have an accessibility greater than lysines and arginines in general, for window sizes
greater than

6.

Hence, window sizes of

6

and upwards were further considered for

predictive purposes.
As detailed in the methods, probe sizes were varied to investigate the accessibility
profiles of the nicksite proteins. This technique was used by Novotny and Bruccoleri
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Figure 6 3 Normalised relative accessibility of Staphylococcal nuclease, smoothed over a 6 residue window,
to a probe of size (a) 2.0 A, (b) 5.0 A, (c) 10.0 A, and (d) 20.0 A. Tryptic nicksites are indicated by
arrows.
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Figure 6.4 Normalised relative accessibility of Ribonuclease, smoothed over a 6 residue window, to a probe
size of (a) 2.0 A, (b) 5.0 A, (c) 10.0 A, and (d) 20.0 A. Tryptic nicksites are indicated by arrows.

(1986) to show a correlation between nicksites and smoothed accessibility to a probe size
of the order of the radius of the attacking proteinase. For this study, using probe sizes of
2, 5,10 and 20 A, the atomic accessible surface areas of ribonuclease and staphylococcal
nuclease were calculated. The results of these calculations are shown in figures 6.3 and
6.4 respectively, where a smoothing window of 6 residues (P3-P3') was also used. It is
clear from these profiles how increased probe size affects accessibility, by reducing the
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CR25

Probe

Rest of protein
structure

Figure 6.5 Schematic showing the accessible surfaces described by two probes of different sizes, R1 and
R2, to a hypothetical set of atoms.

number of residues that can contact the probe. When the probe radius increases, the
accessible surface of atoms still in contact with the probe increases to the second power,
and hence can get very large very quickly. However, this is not the only effect pertaining
to accessibility. Consider figure 6.5. The atom B possesses a small amount of accessible
surface area SI to the smaller probe R l. The light grey circles are bounded by the path
that is traced by the centre of this small probe around the atoms A, B, and C. When the
probe size is increased to that of R2, the arcs describing the centre of probe R2 preclude
any of the arc around atom B at S2 from being accessible. The atoms A and C however
would both have very large accessibilities. Indeed there are two prevalent effects. One
is the large increase in accessible area, and the other, the masking of certain atoms
depending on their local environments ie. atom B in figure 6.5. These two effects will
also occur on a residue scale and it is quite possible for a residue’s accessible surface
area to increase with probe size up to a certain point, and then fall off. This is not
uncommon however. Given that the relative accessibilities in figures 6.3 and 6.4 are also
normalised to the highest residue value for that protein, the general size of peaks is
governed by the highest value in the protein. Figure 6.5 also remains an over
simplification as the third dimension is lost.
As a guide to nicksite prediction, it is clear from figures 6.3 and 6.4 that larger probe
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sizes reduce the level of noise in the plots, as the main peaks in the profiles get stronger.
For Staphylococcal nuclease this works well but for ribonuclease, the two nicksites lie
on a small peak which rapidly becomes inaccessible. Novotny and Bruccoleri’s (1986)
approximation to a proteinase by using a probe of radius « 20 A seems somewhat
inappropriate. This approximation assumes that a proteinase is spherical, and not
convoluted, which quite clearly is not the case. Also the fact that nicksite regions are
characteristically flexible is ignored. Since many nicksites must locally unfold in order
to be cleaved they would not necessarily have to be accessible to a large probe, as is the
case for the ribonuclease sites. Such sites may well be reasonably accessible to a regular
probe of 1.4 A.
For the purposes of the work described here, it was felt that using a probe size of 1.4
A would be most suitable since it is expected that nicksite regions must be capable of
movement into a cleavable conformation.

6.3.2 Protrusion
The profiles of protrusion for different smoothing windows for the nicksite protein
Staphylococcal nuclease are shown in figure 6.6 with the three known nicksites indicated
by arrows, where appropriate. Exactly the same trends as were seen to be evident for
relative accessibility are present. Although the nicksites all have "top" normalised
protrusion scores for Pl only, many other sites are also "top". The data becomes less
noisy as the window size is increased and strong clear peaks become evident upwards of
P2-Pi ' (4 residues). By the time the 12 residue smoothing window is reached, much of
the information is lost and some peaks have been "lost" in the smoothing process. The
significance of these values in terms of nicksite predictors was assessed similarly to the
accessibility results, as shown in Table 6.3. The tryptic nicksites have significantly higher
mean protrusions than lysines and arginines, and residues in general, for all three window
sizes shown. The percentage of protrusion values greater than the nicksite mean is at its
lowest for Pj only, although this is also true for lysines/arginines. Again, corresponding
with accessibility, window sizes of 6, 8 and 10 residues were selected for further
consideration for prediction. This is because extra sensitivity is introduced when
smoothing the otherwise discrete P2 only protrusion indices, and the significance
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Figure 6 . 6 Normalised protrusion index profiles of Staphylococcal nuclease, smoothed over (a) 1 residue,
(b) 2, (c) 4, (d) 6 , (e) 8 , (f) 10 and (g) 12 residues. Nicksites indicated by arrows.

Table 6 3 Mean protrusion indices

window
size
Tryptic nicksitesa

Lysines & arginines,,

All residuest

P,

7.0 (17%)

5.2 (36%)

4.5 (45%)

P3 -P3 '

6.3 (24%)

4.6 (48%)

4.4 (47%)

P5 -P5'

5.9 (23%)

4.5 (43%)

4.3 (47%)

The values in brackets represent the percentage of all residues taken from the combined datasets 1 and 2
that possesses a greater protrusion index than the adjacent mean for that window size.
a Nicksite residues from dataset 1.
b Residues taken from the 11 proteins in datasets 1 & 2.

difference between the nicksite mean and lys/arg mean remains roughly constant at 20%.
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Figure 6.7 Normalised B-values for Elastase, smoothed over windows of (a) 1 residue, (b) 4, (c) 6, (d) 8,
and (e) 10 residues. Tryptic nicksite is indicated by an arrow.

6.3.3 Temperature factors
Figure 6.7 shows normalised B-value plots for varying window smoothing sizes for
the elastase. As observed previously, these plots are noisy for small window sizes. This
is particularly evident for temperature factors as a particular side chain may be very
mobile whilst the adjacent residues may be quite rigid. It is clear from this plot that
larger window sizes than 1 are preferable for identifying mobile segments of structure,
Table 6.4 Mean normalised B-values

window
size
Tryptic nicksites,

Lysines & arginines,,

All residues*

0.58 (15%)

0.50 (23%)

0.37 (44%)

P 3 - P 3 '

0.69 (12%)

0.54 (24%)

0.48 (33%)

P 5 - P 5 '

0.74 (10%)

0.58 (25%)

0.54 (30%)

Pi

The values in brackets represent the percentage of all residues taken from the combined datasets 1 and 2
that possesses a greater normalised B-value than the adjacent mean for that window size.
a Nicksite residues from dataset 1.
b Residues taken from the 11 proteins in datasets 1 & 2.
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rather than individual residues. Table 6.4 shows the average (normalised) B-values for
3 window sizes for different residue classifications. The mean tryptic nicksite values for
the 3 window sizes shown are significantly higher than those for all residue types, and
for lysines and arginines. This difference becomes more significant with increasing
window size. As for the accessibility and protrusion, larger window sizes of 6, 8, and 10
were further considered for prediction purposes.

6.3.4 Secondary structural assignments
As detailed previously, the value of secondary structural assignments to the prediction
of limited proteolytic sites was evaluated. Figure 6.8 shows the positions of the tryptic
nicksites originally studied within their respective proteins’ secondary structure. It is clear
that most are situated in regions of non-regular secondary structure. Some of the sites,
in ribonuclease and calmodulin, are situated either on the fringe or just outside a-helical
regions. None of the nicksites are found within or very close to P-strand segments.
Clearly it is preferable to have a nicksite at a region of structure which is capable of
local unfolding, so that it may be cleaved. This is most easily accomplished between
secondary structural elements, ie loop regions. It is presumably slightly easier to unfold
a small amount of helix than to break up a p-sheet. This is supported by the loop closure
results presented in chapter 4. To quantify secondary structure assignments coil regions
were assigned the highest value 1.0, helix regions the middle score 0.6, and P-strand the
lowest 0.0.
Applying these values, the secondary structural (SST) profiles shown in figure 6.9
were obtained for Staphylococcal nuclease. Again it is clearly preferable to use large
window sizes to obtain fewer peaks and reduce the noise, since at the level of one
residue many residues are coil residues and score the highest value. For Staphylococcal
nuclease this works well highlighting the large loop region about residue 50. As shown
in Table 6.5, tryptic nicksites also average higher scores than all lysine/arginine sites, for
the two larger window sizes, but not for a single residue. Indeed, the lysine/arginine
scores are virtually indistinguishable from the scores for all residue types. However, for
a 10 residue smoothing window (P5-P5') only 10% of values are higher than the mean
for the tryptic nicksites. The corresponding value for lysines & arginines is 25%.
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Figure 6.8 Schematics of secondary structure assignments for trypsin nicksite proteins. Helix is represented
by zig-zag, strand by boxes, and coil by horizontal lines. Nicksites are indicated by arrows.
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Figure 6.9 Secondary structure parameters for Staphylococcal nuclease smoothed over windows of size (a)
1, (b) 4, (c) 6, (d) 8 and (e) 10 residues. Tryptic nicksites are indicated by arrows.

Table 6.5 Mean SST assignment values

window
size

Tryptic nicksites,

Lysines & arginineSt

All residueSb

P.

0.60 (52%)

0.65 (52%)

0.66 (52%)

P3-P3'

0.80 (38%)

0.68 (50%)

0.66 (62%)

P5-P5'

0.86 (22%)

0.67 (61%)

0.65 (62%)

The values in brackets represent the percentage of all residues taken from the combined datasets 1 and 2
that possesses a greater SST assignment than the adjacent mean for that window size.
a Nicksite residues from dataset 1.
bResidues taken from the 11 proteins in datasets 1 & 2.

For the purposes of prediction, 6-10 residue windows were used to give a less noisy
prediction score. Using Pj only will simply select for single coil residues. All the tryptic
nicksite mean scores have a smaller percentage of the distribution above them for the
and

10

6

residue windows.

6.3.5 Summary of structural parameter assessments
The assessment of structural parameters for the tryptic nicksite dataset has revealed
that using the Px residue alone does not provide enough information, whilst very large
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window sizes may not be discerning enough. The mean tryptic nicksite scores were
significantly larger compared to the mean for all residues, and for lysines and arginines,
at the larger window sizes. The selection of window sizes of 6, 8, and 10 residues were
appropriate in most cases, and all 3 were tried as predictors for all structural parameters
discussed here.

6.4 Prediction of limited proteolytic sites from structure

6.4.1 Prediction implementation
The analysis and prediction of limited proteolytic sites, in terms of the
conformational parameters described here, was implemented with the FORTRAN program
NICK. The program was developed to read in the conformational parameters
accessibility, protrusion, B-values and secondary structural assignments, generated
external to the main program.
Residue accessibilities were calculated as detailed in appendix B. The values input
for each residue were; total residue accessible surface area, relative (total) residue ASA,
side chain ASA, relative side chain ASA, main chain ASA, relative main chain ASA. The
input files are termed *.PSSNEW files. The protrusion index for each residue is input
from *.OUT files. The temperature factors are input from standard Brookhaven format
files, where temperature factors exist for that protein. Kabsch and Sander (1983)
secondary structure parameters are input from .SST files generated from the DSSP
program.
These parameters are stored for each protein and may be subsequently processed. By
defining "features", parameters may be averaged over a selected user-defined window
length, and then inspected. For example, a feature may be defined as; relative side chain
accessibility from P3 to P3' (6 residues) assigned at the Pj position (the 3rd residue of
the 6). These features are defined by the user interactively or maybe be recalled from a
saved file. Defined features (up to 20) may then be processed for a protein where the
appropriate data type has been input for that protein. The resulting smoothed data from
application of a feature to a protein is stored in a features table. When making a
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prediction for a protein, any num ber of these processed features may be selected. These
sm oothed data are then norm alised to 1.0. The norm alised scores for each selected feature
are then sum m ed at each residue position. The predicted score is then calculated by
dividing this value by the num ber of selected features. This final value for each residue
constitutes the overall "prediction" score. For exam ple, using the follow ing features;

(i)

Relative (total) accessibility, from P5 to P5' assigned at P p

(ii) Protrusion index from P5 to P5' assigned at P l5
(iii) Secondary structural param eters from P5 to P5' assigned at P 1?

the follow ing prediction was made for Staphylococcal nuclease;

PRED> Prediction for Staph nuclease
PRED> Using
PRED> 1 - feature # 1 p5-p5' access
PRED> 2 « feature # 2 p5~p5' protrusion
PRED> 3 = feature # 3 p 5 -p 5 ' sst i.
0.979
48 LYS m l score
PRED> HIT #
1
0 .966
49 LYS c score
PRED> HIT #
2
0.890
6
5
PRED> HIT #
c s e a ire
0.846
PREE>> HIT # I i i
i l l AEG 11 score
0 .836
45 LYS c score
PRED> HIT # i f
6 LYS i ll score Iii 0.821
PRED> j HIT # 12
score 111 0.786
PRED> HIT # 16
53 LYS
17 13 4 LYS H scare W1 0 .786
PRED> HIT i
►

♦

>

(1.000}
(0.987}
(0.909)
(0.864)
(0.853)
(0.838}
(0.802)
(0.802)

►

As shown, the prediction hits are also filtered by a sequence template. In the exam ple
case, this is sim ply arginine or lysine at ?! although more elaborate sequence filters may
be defined by the user. The overall prediction score is the first value shown (not in
brackets). Since in practice, no single residue ever possesses the highest value for all of
the features selected, the top scoring residue never ever scores a "perfect" 1, the final
prediction scores are again norm alised to give a value of 1.000 for the top scoring
residue. This value is shown in brackets after the un-norm alised final score and is
calculated for com parative purposes.
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Hence the prediction score for a protein of known structure may be given by;
F .+ F - + F- + +Fn
P r e d - 1 - ?_______ 1
n

(1)

where Fx is the normalised (to 1) value of feature x ,
and n is the total number of features.

It is also possible to supply weights for the features in equation (1), so as to
increase/decrease the importance of a given feature in the prediction by calculating the
prediction score thus;
P rW ,

w .F + w>,F, + w,F, +.... + w F
1 1 2 2 3 3______ L_1
n

(2)

where wn is a weighting value between 0 and 1 for each feature selected. The
default selection sets all weights to 1.

6.4.2 Prediction of tryptic nicksites (dataset 1)
The predictions for the five tryptic nicksite proteins are shown in the subsequent 3
figures 6.10, 6.11, and 6.12, for the window sizes of 6, 8, and 10 residues respectively
for all appropriate features. Relative accessibility, protrusion index, B-values and
secondary structure (SST) parameters were used for all 5 proteins excepting
Staphylococcal nuclease and calmodulin. Temperature factors for Staphylococcal nuclease
are not present in the Brookhaven databank file. The protrusion index calculation is
wholly inappropriate for Calmodulin due to its dumbbell shape, invalidating the
approximation of its shape to an ellipsoid. The final prediction scores are generated as
described in the methods, with the final normalised score given in brackets for each
sequence-template filtered hit. For trypsin this was simply lysine or arginine at Pj. All
feature weights were set to unity.
Using a window size of 6 residues, the actual nicksites score highly, if not
universally the highest scores within their respective proteins. The 3 Staphylococcal
nuclease sites are the first 3 on the filtered hit list. Similarly, the calmodulin nicksite, and
one of the trypsinogen nicksites, score the highest in their respective proteins. However,
Page 169

Prediction O f Nicksites
P r e d i c t i o n for s t a p h n u c l e a s e
Using
1 =
feature # 3 p3-p3 access
2 =
feature # 6 p3-p3 protrusion
3 =
f e a t u r e #12 p 3 - p 3 s e c o n d a r y s t r k
48
3
LYS C s c o r e
H IT
0 .9 2 1
6
H IT
49
0 .8 8 5
LYS C s c o r e
(0 ,
8
H IT
LYS C s c o r e
0 .8 4 5
9
45
HIT
0.827 ( 0 .
LYS C score
10
HIT
28
LYS
score
0.811 ( 0 .
H I T # 14
84
LYS
score
0.776 ( 0 .
H I T # 17
81
ARG
score
0.761 ( 0 ,
H I T # 25
116
score
LYS
0.7 4 3 ( 0 .

5

(0. 9 2 7 )
891)
(0. 8 5 0 )
832)
816)
781)
766)
748)

P r e d i c t i o n for e l a s t a s e
Using
1 =
feature # 3 p3-p3 access
2 =
feature # 6 p3-p3 protrusion
3 =
feature # 7 p3-p3 <Temp factors>
4 =
f e a t u r e #12 p 3 - p 3 s e c o n d a r y s t r k
H I T # 16
61
A R G C s c o r e = 0 .8 1 3 (0.882)
H I T # 38
24
A R G C s c o r e _ 0 . 7 6 0 (0.824)
H I T # 44
145
A R G C s c o r e = 0 . 7 5 1 (0.815)
H I T # 46
36
A R G E s c o r e — 0 . 7 4 4 (0.807)
H IT # 62
12 5
ARG C s c o r e = 0 .7 0 9
( 0 .7 6 9 )
H I T # 67
2 1 7 A A R G c s c o r e _ 0 . 7 0 6 (0.765)
_
HIT
c
s
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o
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223
ARG
0 . 5 9 5 (0.645)
H I T #123
177
L Y S c s c o r e = 0 . 5 4 0 (0.586)

#101

P r e d i c t i o n for t r y p s i n o g e n
Using
1 =
feature # 3 p3-p3 access
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3 =
feature # 7 p3-p3 <Temp factors>
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H IT #
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HIT
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748)
score
0 . 718
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188A LYS
HIT
735)
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score
0.705
60
LYS
HIT
7 2 3 )
0 .6 9 4
ARG C s c o r e
H IT # 5 1
117
586)
0.562
109
LYS C score
H I T # 94
551)
0.528
169
LYS H score
H I T #107
0 . 500
521)
239
LYS H score
H I T #116
P r e d i c t i o n for c a l m o d u l i n
Using
1 =
feature # 3 p3-p3 access
2 =
feature # 7 p3-p3 <Temp factors>
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(0 .9 7 1 )
4
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H IT #
75
L Y S H s c o r e = 0 . 766 (0.902)
H I T # 14
94
L Y S C s c o r e = 0 . 7 3 0 (0.859)
H I T # 24
L Y S C s c o r e = 0 . 712 (0.838)
115
H I T # 27
74
A R G H s c o r e = 0 . 6 9 4 (0.818)
H I T # 32
L Y S C s c o r e = 0 . 6 4 8 (0.763)
H I T # 48
37
A R G H s c o r e = 0 . 6 1 1 (0.719)
H I T # 57
86
A R G H s c o r e = 0 . 5 6 1 (0.661)
H I T # 71

21
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66
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37
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ARG C s c o r e E 0 .6 3 5
HIT % 55
85
A R G E s c o r e = 0 . 5 9 0 (0
HIT # 65
41
LYS C score
0 .560 (0
(0
H IT # 66
31
LYS H s c o r e = 0 .5 5 6

Figure 6.10 Prediction scores for tryptic nicksite proteins using 6 residue smoothing windows. The top 8
hits are shown after filtering with a Lys/Arg template, except where a nicksite falls outside the top 8.
Tryptic nicksites are in bold type. The single letter to the right of the residue name denotes the secondary
structure assignment The final normalised scores are given in brackets. Hit # refers to the un-filtered list

the elastase site and both the ribonuclease sites lie further down their hit lists.
Using a window size of 8 residues (P4- P / ) the predictions are slightly improved. The
calmodulin and Staphylococcal nuclease sites still score top, whilst the trypsinogen site
at Argl 17 moves up the scoring list, as does the elastase Argl25 site. The ribonuclease
Lys31 site is also rated slightly higher.
Using a window size of 10 residues (P5-P5') the predictions improve slightly further.
Retaining all the original top hits for Staphylococcal nuclease, calmodulin and
trypsinogen, the elastase A rgl25 site improves to third top hit with close scores to the
two above. Ribonuclease Arg33 moves up to fifth in the ribonuclease hit list, its highest
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P r e d i c t i o n for s t a p h n u c l e a s e
Using
1 =
feature # 4 p4-p4 access
2 =
f e a t u r e #14 P 4 - P 4 p r o t r u s e
3 =
f e a t u r e #16 P 4 - P 4 S S T p a r a m s
48
H IT #
2
LYS C s c o r e = 0 .9 5 1
H IT #
3
49
LYS C s c o r e = 0 .9 4 8
5
H IT #
7
LYS c s c o r e s 0 .8 6 2
45
HIT #
9
LYS c s c o r e = 0 . 8 3 5
81
AR G c score = 0.830
HIT # 10
53
HIT # 18
LYS c s c o r e = 0.762
116
HIT # 20
LYS c s c o r e = 0.753
134
HIT # 21
LYS H s c o r e = 0 . 7 5 1

(0 .9 7 5 )
(0 .9 7 3 )
(0 .8 8 4 )
(0.857)
(0.851)
(0.782)
(0.772)
(0.771)
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Using
1 =
feature # 4 p4-p4 access
2 =
f e a t u r e #14 P 4 - P 4 p r o t r u s e
3 =
f e a t u r e #15 P 4 - P 4 B - v a l u e s
4 =
f e a t u r e #16 P 4 - P 4 S S T p a r a m s
145
A R G C s c o r e = 0. 7 8 6
H I T # 45
H I T # 51
24
ARG C score = 0.770
1 25
ARG C s c o r e = 0 .7 5 6
H IT # 55
61
ARG c score
0.748
H I T # 58
36
ARG E score _ 0.717
H I T # 70
H I T # 81
217A ARG C score = 0.681
188A ARG C score = 0.618
H I T #102
177
L Y S C s c o r e = 0.602
H I T #112

(0.836)
(0.819)
(0 .8 0 4 )
(0.796)
(0.763)
(0.725)
(0.658)
(0.641)
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H IT #
1 8 8 A LYS c sc o r e = 0 . 810
HIT # 10
222
LYS c sc o r e = 0 . 695
HIT # 45
117
ARG c s c o r e = 0 .6 8 9
H IT # 47
60
LYS c sc o r e = 0 . 661
HIT # 58
169
LYS H sc o r e = 0.646
HIT # 64
239
LYS H sc o r e = 0.610
HIT # 80
109
LYS C s c o r e = 0.540
HIT #103

(0 .9 2 7 )
(0.838)
(0.719)
(0 .7 1 3 )
(0.684)
(0.669)
(0.631)
(0.559)

P r e d i c t i o n for c a l m o d u l i n
Using
1 =
feature # 4 p4-p4 access
2 =
f e a t u r e #15 P4- P 4 B - v a l u e s
3 =
f e a t u r e #16 P4- P 4 S S T p a r a m s
LYS H s c o r e = 0 .9 0 0
1
77
H IT #
8
75
LYS H s c o r e = 0.822
HIT #
A R G H s c o r e = 0.790
74
H I T # 14
115
LYS C s c o r e = 0.784
H I T # 18
94
LYS C s c o r e = 0.775
H I T # 21
21
LYS C s c o r e = 0.690
H I T # 48
37
A R G H s c o r e = 0.682
H I T # 52
86
A R G H s c o r e = 0.679
H I T # 53

(1 .0 0 0 )
(0.913 )
(0.878)
(0.871)
(0.862)
(0.767)
(0.758)
(0.755)

Figure 6.11 Prediction scores for tryptic nicksite proteins using 8 residue smoothing windows. The top 8
hits are shown after filtering with a Lys/Arg template, except where a nicksite falls outside the top 8.
Tryptic nicksites are in bold type. The single letter to the right of each residue name denotes the secondary
structure assignment. The final normalised scores are given in brackets. Hit # refers to the un-filtered list

place so far. Using 10 residue windows for all prediction features resulted in the best
prediction so far for all the trypsin nicksite proteins. When there is more than one
nicksite in a protein, particularly when they lie close in the sequence, presumably only
one is required to be nicked first, allowing the second to be rapidly and easily cleaved.
Hence the fact that not all the nicksites in a protein score top is not surprising. The mean
values of the scores of the "top-hit" nicksite in each protein are compared in Table 6.6,
for the 3 window sizes considered.
Using just temperature factors and SST parameters, the ribonuclease prediction
improves by bringing Arg33 into third place, although there are still two residues that
score significantly higher. However, this improvement is at the expense of trypsinogen,
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P r e d i c t i o n for s t a p h n u c l e a s e
Using
1 =
feature # 5 p5-p5 access
2 =
f e a t u r e #11 p 5 - p 5 p r o t r u s i o n
3 =
f e a t u r e #13 p 5 - p 5 sst
HIT # 1
48 LYS C s c o r e = 0.979
HIT # 2
49 LYS C s c o r e s 0.966
HIT # 6
5 LYS c s c o r e = 0.890
HIT # 10
81 ARG c s c o r e - 0.846
HIT # 11
45 LYS c s c o r e = 0.836
HIT # 12
6 LYS c s c o r e = 0.821
HIT # 16
53 LYS c s c o r e - 0.786
HIT # 17
134 LYS H s c o r e = 0.786

(1.000)
(0.987)
(0.909)
(0.864)
(0.853)
(0.838)
(0.802)
(0.802)

P r e d i c t i o n for e l a s t a s e
Using
1 = feature # 5 p5-p5 access
2 = feature # 9 p5-p5 <B-factors>
3 = f e a t u r e #11 p 5 - p 5 p r o t r u s i o n
4 = f e a t u r e #13 p 5 - p 5 sst
H I T # 50
145
A R G C s c o r e = 0. 7 7 2
24
A R G C s c o r e = 0. 7 6 7
H I T # 52
H IT # 56
1 2 5
ARG C
s c o r e = 0 .7 5 7
61
ARG C score = 0.726
H I T # 74
H I T # 85
36
A RG E score = 0.691
H I T # 92
2 1 7A A R G C score = 0.662
H I T #107
1 8 8 A A R G C s c o r e = 0. 6 1 6
H I T #111
177
L Y S C s c o r e = 0. 6 0 7

822)
817)
805)
773)
735)
705)
656)
647)

P r e d i c t i o n for r i b o n u c l e a s e
Using
1 =
feature # 5 p5-p5 access
2 =
feature # 9 p5-p5 <B-factors>
3 =
f e a t u r e #11 p 5 - p 5 p r o t r u s i o n
4 =: f e a t u r e #13 p 5 - p 5 sst
HIT #
1
91
L Y S C s c o r e = 0 .930
HIT #
5
66
LYS C score = 0.887
L Y S C s c o r e = 0. 7 8 2
H I T # 21
37
61
LYS E score = 0.750
H I T # 26
HIT # 3 4
33
ARG C s c o r e = 0 . 7 0 7
AR G C score = 0.690
H I T # 40
39
3 1
LYS H s c o r e = 0 . 6 1 5
HIT # 5 8
H I T # 64
41
LYS C score = 0.595

(1.000)
(0.954)
(0.841)
(0.807)
(0 .7 6 1 )
(0.743)
( 0 .6 6 2 )
(0.639)

P r e d i c t i o n f or t r y p s i n o g e n
Using
1 =
feature # 5 p5-p5 access
2 =
feature # 9 p5-p5 <B-factors>
3 =
f e a t u r e #11 p 5 - p 5 p r o t r u s i o n
4 = f e a t u r e #13 p5 -p5 SS t
HIT # 5 145 LYS C s c o r e s 0.839
HIT # 9 188A LYS c s c o r e = 0.809
HIT # 32
169 LYS H s c o r e = 0.733
HIT # 36 117 ARG C s c o r e - 0.730
HIT # 59 222 LYS c s c o r e - 0.668
HIT # 66 239 LYS H s c o r e = 0.652
60 LYS C s c o r e = 0.596
HIT # 83
109 LYS C s c o r e = 0.536
HIT #104

(0.894)
(0.862)
(0.781)

(0.778)
(0.712)
(0.694)
(0.635)
(0.571)

P r e d i c t i o n for c a l m o d u l i n
Using
1 = feature # 5 p5-p5 access
2 = feature # 9 p5-p5 <B-factors>
3 = f e a t u r e # 13 p 5 - p 5 sst
3
77 LYS H
s c o r e = 0 .8 9 2
HIT
8
75 L Y S H s c o r e = 0.849
HIT
12
74 A R G H s c o r e = 0.813
HIT
16
115 L Y S C s c o r e = 0.797
HIT
24
94 L Y S C s c o r e = 0.765
HIT
86 A R G H s c o r e = 0.712
H I T # 46
126 A R G H s c o r e = 0.708
H I T # 50
90 A R G H s c o r e = 0.702
H I T # 52

.982)
.934)
.895)
.877)
.843)

.784)
.780)
.773)

Figure 6. 12 Prediction scores for tryptic nicksite
8 hits are shown after filtering with a Lys/Arg template, except where a nicksite falls outside the top 8.
Tryptic nicksites are in bold type. The single letter to the right of each residue name denotes the secondary
structure assignment. The final normalised scores are given in brackets. Hit # refers to the un-filtered list

Table

6 .6

Tryptic nicksite mean scores
Smoothing window

"Top-hits"
mean scores

P3-P3'

P4-P /

P5-P5'

P5-P5Xweighted

un-normalised

0.79

0.83

0.84

0.80

normalised

0.85

0 .8 8

0.89

0.90

as Lysl45 drops off from the top score.
To try and compensate for this, the accessibility and protrusion parameters were
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included in the prediction but were weighted down using coefficients of 0.75. The
normalised mean using the resulting prediction parameters for 10 residue smoothing
windows is given in Table 6.6. This mean value of the normalised scores for tryptic
nicksites is the highest of the predictions assayed. The predictions of none of the sites
were adversely affected and these weights were used for predicting the second dataset of
nicksites. Although the dataset of tryptic nicksites is small, it was considered reasonable
to maximise the prediction of these nicksites by altering the weights, and to use the same
scheme for dataset 2.

6.4.3 Prediction of nicksites (dataset 2)
The secondary structure schematic indicating the location of the nicksites detailed in
Table 6.1 for dataset 2 is shown in figure 6.13. Again these nicksites fall generally
between or at the fringe of secondary structure regions with some notable exceptions. The
Thermolysin sites lie at the fringe of both strand and helix. The former lies very close
to the N-terminus of the protein and would be expected to be quite mobile. The latter two
lie at the fringe of a helix and a large section of coil. The ovalbumin site lies in a helical
segment, which protrudes from the main body of the protein (Stein et al.,1990). The
ribonuclease sites cut by chymotrypsin (Tyr25), and subtilisin (Ala20), lie just on the
fringe and before helix 2 in the structure as illustrated in figure 6.8.
Figure 6.14 shows the prediction scores achieved using all four feature types (where
appropriate) with 10 residue smoothing windows. For all predictions, accessibility refers
to whole residue relative accessibility. Both accessibility and protrusion are weighted
down using a coefficient of 0.75, whilst 1.0 is used for temperature factors and SST
parameters. For all five proteins shown, the nicksites are all at peaks in the predicted
score, illustrating that this dataset follows the same pattern that the previous trypsin
dataset does. Analyzing the predictions themselves, different sequence templates were
employed for different nicksites, depending on the attacking proteinase. The hit lists are
shown in figure 6.15. A tryptic template of Lys/Arg at PL was used for the aspartate
aminotransferase sites. For glutamine synthetase three sequence templates were used;
Aromatics only at Pj for chymotrypsin, Lys/Arg for trypsin, and Asp/Glu for
Staphylococcal aureus V8 proteinase. For thioredoxin, as the proteinase is unknown, the
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Figure 6.13 Secondary structure schematics of dataset 2 nicksite proteins. Nicksites are indicated by arrows.
Strand = boxes, helix = zig-zags, coil = straight line.
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Figure 6.13 continued Arrows for flavocytochrome indicate boundaries of region containing nicksites for
which the density is too weak to assign structure.

Px residue was restricted to proline. Subtilisin will cleave almost any residue at Pj and
for thermolysin the only excluded residues were aromatics and cysteine. For ovalbumin,
the prediction was simply restricted to alanines only, as subtilisin specificity is so broad,
and there are so many alanines in ovalbumin.
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Figure 6.14 Nonnalised prediction scores for nicksite proteins (dataset 2). Nicksite regions are represented
by bars above the profiles with the nicksite itself indicated by an arrow. The proteins are (a) Aspartate
aminotransferase, (b) Glutamine synthetase, (c) Thermolysin, (d) Thioredoxin and (e) Ovalbumin.
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P r e d i c t i o n for A - a m i n o t r a n s f e r a s e
Using
1 = feature # 5 p5-p5 access
2 = f e a t u r e #11 p 5 - p 5 p r o t r u s i o n
3 = f e a t u r e #13 p 5 - p 5 sst
(Cut b y t r y p s i n )
HIT # 13
54 LYS C s c o r e = 0.635
33 ARG c s c o r e = 0.602
HIT # 22
HIT # 23
75 LYS c s c o r e = 0.601
H IT # 36
37
ARG c s c o r e s 0 .5 7 9
HIT # 39 316 ARG H s c o r e = 0.575
62 LYS H s c o r e = 0.574
HIT # 41
HIT # 48
63 LYS H s c o r e = 0.562
HIT # 51
49 LYS C s c o r e = 0.559
HIT # 62 128 LYS C s c o r e = 0.550
HIT # 68 344 LYS C s c o r e = 0.542
40
H IT # 89
LYS c s c o r e = 0 .5 1 6

(0.828)
(0.785)
(0.784)
(0 .7 5 6 )

(0.750)
(0.749)
(0.733)
(0.729)
(0.718)
(0.707)
( 0 .6 7 3 )

P r e d i c t i o n for G l u t a m i n e s y n t h e t a s e
Using
1 = feature
P 5 - P 5 ' ACCESS
2 = feature
P 5 - P 5 ' P.I.
P5-P5' B -v a l u e s
3 = feature
P5-P5' S S T p a r a m s
4 = feature
(cut b y c h y m o t r y p s i n )
0 . 7 9 5 ( 0 . 992)
HIT #
2
397
TYR C score
s c o r e
164
0 .7 3 1
( 0. 9 1 2 )
16
TYR
H IT
57
score
0 .690 ( 0 . 862)
28
TRP
HIT
score
0 .690 ( 0 . 861)
29
282
PHE
HIT
score
0 .665 ( 0 . 830)
38
287
TYR
HIT
387
score
0 .664 ( 0 . 829)
39
HIS
HIT
score
0 . 6 5 0 ( 0 . 811)
HIT
48
171
HIS
s c o r e
0 .6 4 6
(0, 8 0 6 )
51
1 7 9
TYR
H IT
P r e d i c t i o n for G l u t a m i n e s y n t h e t a s e
Using
1 = f eature # 1 P5-P5' acc es s
2 = f e a t u r e # 2 P 5 - P 5 ' P.I.
3 = f eature # 3 P5-P5' B - v a l u e s
4 = feature # 4 P 5 - P 5 ' SST
(cut b y S t a p h a u r e u s V 8 )
ASP C score = 0.801
398
HIT #
1
G L U C s c ore = 0.762
402
HIT #
8
403
G L U C score = 0.750
H I T # 11
393
ASP C score = 0.733
H I T # 14
165
GLU C s c o r e = 0 .7 3 1
H IT # 15
390
G L U C score = 0.681
H I T # 32
285
A S P C s c o r e = 0. 6 5 2
H I T # 47
H I T # 52
11 G L U H s c o r e = 0 . 6 4 5
P r e d i c t i o n for G l u t a m i n e s y n t h e t a s e
Using
1 = feature # 1 P 5 - P 5 ' ACCESS
2 = f e a t u r e # 2 P 5 - P 5 ' P.I.
3 = feature # 3 P5-P5' B - v a l u e s
4 = feature # 4 P5-P5' S S T p a r a m s
(cut b y t r y p s i n )
H I T # 10
394
L Y S C s c o r e = 0 .755
H I T # 22
163 L Y S c s c o r e = 0.706
169 L Y S c s c o r e = 0.680
H IT # 33
H I T # 37
405 L Y S c s c o r e = 0.670
286 L Y S c s c o r e = 0 .653
H I T # 45
58 L Y S c s c o r e = 0 .650
H IT # 49
H I T # 50
172 A R G c s c o r e = 0 .649
385 L Y S c s c o r e = 0.609
H I T # 88
176 L Y S c s c o r e = 0.603
H I T # 95

.0 0 0 )
.951)
.937)
.915)
.9 1 3 )
.850)
.814)
.805)

P r e d i c t i o n for T h e r m o l y s i n
Using
1 =
feature # 5 p5-p5 access
2 =
feature # 9 p5-p5 <B-factors>
3 =
f e a t u r e #11 p 5 - p 5 p r o t r u s i o n
4 =
f e a t u r e #13 p 5 - p 5 sst
(cut b y s u b t i l i s i n )
HIT # 1 222 THR C s c o r e = 0.832
HIT # 2 221 TYR C s c o r e = 0.814
HIT # 3 223 GLY c s c o r e _ 0.808
HIT # 4 220 ARG c s c o r e = 0.800
6
2 2 4
H IT #
THR c s c o r e = 0 .7 7 3
s c o r e = 0.768
HIT # 7 195 PRO
s c o r e = 0.767
HIT # 8 196 GLY
HIT # 9 219 LYS c s c o r e = 0.759
HIT # 10 194 THR c s c o r e = 0.752
GLN H s c o r e = 0 .7 4 4
2 2 5
H IT # 11

(0 .8 9 4 )

P r e d i c t i o n for T h i o r e d o x i n
Using
1 = feature # 5 p5-p5 access
2 = f e a t u r e # 11 p 5 - p 5 p r o t r u s i o n
f e a t u r e #13 p5 -p5 sst
7
68
P R O H s c o r e = 0 .739
HIT #
9
64
PRO C s c o r e = 0 .7 2 9
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Figure 6.15 Prediction scores for nicksite proteins (dataset 2) using 10 residue smoothing windows. The
top 8 hits are shown after filtering with a sequence template, except where a nicksite falls outside the top
8. Tryptic nicksites are in bold type. The single letter to the right of each residue name denotes the
secondary structure assignment The final normalised scores are given in brackets. Hit # refers to the un
filtered list.
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Figure 6.16 Limited proteolytic site predictions for ribonuclease sites cut by chymotrypsin and subtilisin.

Even though the prediction scores in figure 6.14 show the nicksites at typically high
scoring peaks, picking out the precise residue cleaved by a given proteinase is extremely
difficult, as shown in figure 6.15. The aspartate aminotransferase sites are picked out
second and fourth, and the thioredoxin Pro64 site is also ranked second. The glutamine
synthetase sites score well but are not ranked first in the hit list. A residue from the
region around residue 395 always precedes them. The highest ranked thermolysin site lies
only fifth, although it does have a high normalised score, and the residues with higher
scores all lie nearby sequentially. The ovalbumin nicksite lies seventh of all the alanines
in the protein, although a residue very close to it (Ala368) is second in the hit-list.
Also shown, in Figure 6.16, are the predictions for the ribonuclease sites cut by
proteinases other than trypsin. The subtilisin site is the site of cleavage responsible for
creating ribonuclease S from ribonuclease A. This site is well predicted. The
Chymotryptic site situated close to this is not so well predicted, although this region of
the molecule seems to be highly susceptible to proteinases in general.
In general, the scoring system qualitatively picks out nicksite regions of structure
very well, although even when using specific sequence templates it is very difficult to
unambiguously assign the actual residue that will be cut first. However, the structural
parameters used here have been shown to be reasonably good indicators of potential
proteolysis sites.
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6.5 Prediction of limited proteolytic sites from sequence
The prediction of limited proteolytic sites from amino acid sequence alone is also a
desirable ability. Experimentalists may need to know the locations of potential nicksites,
or to incorporate one if degradation is required. Proteinases can also cause problems to
the molecular biologist wishing to express a given protein. However, without the a priori
knowledge of the structure, the prediction problem becomes considerably more difficult.
The problem has been approached by attempting to predict the structural
conformational parameters, that have been shown to be good predictors for limited
proteolysis, from the amino acid sequence. To this end, two separate methods have been
developed to predict accessibility from sequence as were detailed in the last chapter. To
predict mobility, a previously published method developed by Karplus and Schultz (1985)
has been implemented. Of the many secondary structural prediction methods available,
the Gamier-Osguthorpe-Robson information theoretic method was selected (Gamier et
al., 1978). This was because it is one of the most popular and had been already
implemented in our laboratory.
The prediction of nicksites from sequence was thus accomplished by assessing the
success of different predictors, as was done for structure, and combining them into an
overall prediction algorithm.

6.5.1 Prediction of mobility from amino acid sequence
The method of Karplus and Schulz (1985) was applied to given sequences to predict
mobility. Their method uses 31 refined protein structures taken from the Brookhaven
databank to derive parameters relating normalised temperature factors to amino acid
types. The 20 residue types were sub-divided into two groups; "rigid" and "flexible"
residues. These were simply defined as those residues having average Bnorm-values less
than 1 (rigid) and greater than 1.0 (flexible). The B-values for all residues were adjusted,
prior to this, so that <Bnonn>aUresidues was equal to 1. Average Bnoim-values were then
determined for each residue type, with no rigid neighbours, with one rigid neighbour, and
for residues with two rigid neighbours. These neighbour correlated Bnorm-values were
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defined as the sets Bnonn0, Bnonnl and Bnonn2 respectively. The predicted flexibility for
each amino acid in the sequence was taken as the weighted sum of the Bnonn0, Bnonnl, and
Bnonn2 values taken for residues n-3, n-2, n-1, n, n+1, n+2, n+3, using weights 0.25, 0.50,
0.75, 1.00, 0.75, 0.50, and 0.25 respectively.

6.5.2 Prediction of secondary structure from sequence
The information theory secondary structure prediction method of Gamier et fl/.,(1978)
was used to predict each amino acid in a given sequence to be in one of the 3 states
helix, strand or coil. The details of information theory and the calculation of the
directional parameters for each state have been described previously in chapter 5. The
calculation of the latter was performed by M.B. Swindells in our laboratory using a
dataset of 76 non-homologous proteins, and the resulting 3 directional parameter matrices
were incorporated into the standard information theory prediction algorithm as described
in the last chapter. Supplementary to the standard method, the decision constants 25, 30
and

0

were used to adjust the information scores for helix, strand and coil, to give an

overall Q3 (percent correctly predicted) score of 60%. Decision constants were used by
Gamier et al.,(1978) and force the prediction of a similar distribution of states to that
found in the dataset. For the calculation of the information content for each state for each
residue, a window of

±8

residues was used.

6.5.3 Prediction of residue accessibility from sequence
The two methods described in chapter 5 were used to predict accessibility for each
residue in a given sequence. For the information theory accessibility prediction method,
the 2 state predictions for the 5 cutoff values of 20, 25, 27, 30, 35% relative accessibility
were compared. Where all five predictions agreed, (which was the most common event),
the prediction was assigned that state. To quantitate the prediction, a prediction of
’A’(accessible) was equated to 1, and a prediction of ’B ’(buried) to 0. When all five
predictions did not agree, the prediction was set to 0.5 (an "uncertain" prediction).
For the in-house pairwise propensity method, predictions were made as detailed
previously. To normalise the values for a given protein sequence, the minimum predicted
value for each sequence was subtracted from all the other scores for that sequence. The
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residue scores where then normalised to 1.0 as per usual.

6.6 Assessment of sequence predictions for nicksite predictions

6.6.1 Flexibility prediction
Figure 6.17 shows profiles of predicted flexibility, using the Karplus and Schulz
(1985) algorithm, after being normalised to 1. None of the profiles are smoothed, as the
Karplus and Schulz algorithm uses information from adjacent residues to make
predictions and produces smooth profiles. The limited proteolytic sites correspond quite
well with peaks in the prediction. The lysine 145 site lies on the largest peak in the
profile for trypsinogen, with the arginine 117 site on a smaller peak. None of the tryptic
nicksites lie at troughs in the prediction profile. The mean predicted flexibility score is
0.48. The tryptic nicksite predicted mean is 0.70, which is significantly higher, but only
slightly higher than the mean for all lysines and arginines, which is 0.68.
Although many nicksites occur at peaks, there are also many alternative peaks which
are equally as high.

6.6.2 Accessibility (Information theory) prediction
Smoothed accessibility prediction profiles for the tryptic nicksite proteins are shown
in figure 6.18, using a smoothing window of 3 residues. The prediction profiles were
smoothed as the unsmoothed profiles were too noisy, and a small window gave
reasonable profiles with definite peaks and troughs. The nicksites can be seen to correlate
quite well with predicted accessible regions. All the nicksites lie on predicted accessible
regions with scores in excess of 0.50, which is the mean predicted score for all residues
in the tryptic nicksite proteins. The nicksites have a mean score of 0.70 which is only
slightly higher than the mean for lysines/arginines at 0.66.
Again however, there are many alternative peaks, or larger peaks which do not
correspond to the known tryptic nicksites. This method was still used in the final
prediction method as it has been shown to be reliable in chapter 5.
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Figure 6.17 Normalised predicted mobility for tryptic nicksite proteins, (a) staphylococcal nuclease, (b)
ribonuclease, (c) elastase, (d) trypsinogen, and (e) calmodulin. Nicksites are indicated by bars above plots
spanning a residue either side of nicked bond.
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Figure 6.18 Normalised accessibility predictions (information theory) for tryptic nicksite proteins, smoothed
over a 3 residue window, (a) staphylococcal nuclease, (b) ribonuclease, (c) elastase, (d) trypsinogen, and
(e) calmodulin. Nicksites are indicated by bars above plots spanning a residue either side of nicked bond,
window.
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6.6.3 Accessibility (pairwise propensity) prediction
Smoothed accessibility prediction profiles for the tryptic nicksite proteins are shown
in figure 6.19, using a smoothing window of 3 residues, for the pairwise propensity
method. Prior to smoothing, the scores were normalised to 1. The tryptic nicksites are
generally at peaks in the prediction, but the method does not produce a large range of
prediction, with none of the residues scoring 0. Nevertheless, the Staphylococcal nuclease
site at lysine 48 and 49, are situated on one of the largest peaks in the profile for this
protein. Analyzing the scores themselves, the mean nicksite score is 0.73, which is higher
than the mean for all residues, 0.57. The mean for all lysines/arginines is only 0.66.
Again, this method fails to unambiguously determine the tryptic nicksites, but does
predict accessible regions where a nicksite actually occurs.

6.6.4 Secondary structure prediction
The secondary structure prediction profiles, smoothed over 3 residues, for the tryptic
nicksite proteins are shown in figure 6.20. The same scores (C = 1.0, H = 0.6, E = 0.0)
used in the structural prediction method were assigned to predictive states. Smoothing
was used to allow for predictions being made such as a 1 residue helix. Such a prediction
is unlikely to be correct (or meaningful) and smoothing the scores diminishes unwanted
bias to such predictions. The tryptic nicksites lie generally in quite high scoring positions,
such as the ribonuclease sites, and the calmodulin site. However, in both these cases the
actual structure at these regions is helix, where coil is predicted here. Secondary structure
prediction methods do not explicitly account for tertiary interactions within protein
structure and may predict a coil region when the true secondary structure is helix. This
does not preclude this method from being of use in this instance. Even though a region
of structure may form helix or strand in the native fold of the protein, a high prediction
propensity to form coil may be a good indicator for potential proteolytic sites.
The mean predicted score for all tryptic nicksites is 0.59, which is higher than the
mean predicted score for all residues, 0.56, although it is less than lysines/arginines,
which is 0.61. Although this implies that the nicksites are not differentiated from lysines
and arginines in general, this method produces different results from the other three
which predict highly correlated features, and was hence still deemed of use.
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Figure 6.19 Normalised predicted accessibility (pairwise), smoothed over a 3 residue window, for tryptic
nicksite proteins, (a) staphylococcal nuclease, (b) ribonuclease, (c) elastase, (d) trypsinogen, and (e)
calmodulin. Nicksites are indicated by bars above plots spanning a residue either side of nicked bond.
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Figure 6.20 Normalised predicted secondary structure, smoothed over a 3 residue window, for tryptic
nicksite proteins, (a) staphylococcal nuclease, (b) ribonuclease, (c) elastase, (d) trypsinogen, and (e)
calmodulin. Nicksites are indicated by bars above plots spanning a residue either side of nicked bond.
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6.7 Overall prediction of tryptic limited proteolytic sites from
sequence
The four predictions from sequence detailed above were combined to give an overall
prediction score. The scores from the four sequence prediction methods were normalised
to 1.0. The scores for all the methods except the Karplus & Schulz (1985) flexibility
prediction were then averaged over three residues. The flexibility prediction was
considered to be "noise-free" enough already. The subsequent scores for the four methods
are then summed and averaged at each residue position. The final predicted score was
then normalised to 1.0, to make the predicted scores comparable for each protein. Overall
prediction profiles are shown in figure 6.21. The profiles, having been normalised show
definite peaks and troughs and are not too noisy. The tryptic nicksites lie generally at
peaks in the prediction profile, with the trypsinogen lysine 145 being the best predicted.
The mean tryptic nicksite score being 0.69, which is significantly higher than that for all

Figure 6.21 Normalised overall sequence prediction profile for tryptic nicksite proteins, (a) staphylococcal
nuclease, (b) ribonuclease, (c) elastase, (d) trypsinogen, and (e) calmodulin. Nicksites are indicated by bars
above plots spanning a residue either side of nicked bond.

Page 185

Prediction O f Nicksites

JjJO.B
(a)

I 0.4

araxT
rom
m
w
EIIF
RFCnCE.'W
fflfT
'A
A
N
N
O
OLLC
CH
HT
TD
OlW
IWLLEWLFOALO
FI AOLA
FDPI'B
Cm
VO
CPT
Tiirw
KELN
TY
D
TLm
AFzriJ'
HVPPKFAEEYA
EFFCCLL
DA
AAPB
KSR
HH
DO
A
N
N
O
D
DC
i AAKI SSFYRALAEDFMAASPCVTSAAELMRiOVLKNFI QMFLELRFYARVUDACIV

(b)
TRPFm
_TE_N
_HQQFPOQRM
_VQlEKVANAFMKCIYHAFTFKF_NQC
_9K_TFD
_AS_AY_9KK
_NAT9RPEVA_ARSI VPRFFPNLALOO
&
KH
ICEM
ELLHKOPTKHIHNFEMOIW
l9_VF9VPATI DETRRRAAYAI TFEFFI 01OADON
N
ON
LD
L

(c)

&0 . 4

TTmgmvammgwxtfm^yBm'
gAwmgHwmm'gvffrmmTmTgymggrgpmmgT'mTTwvmyycvmmrsgxgm
TSCRLQI TTY0RCTARLSA0F1AVHATYNN1C
RVSYAHEYGQI SI VEHTTLOGI ADOVYKOI DTI DRSA6DSYTNVHI *YICY*CRLIRTLTFLAdTYTE*QDC

CTVCOSHYYLN61YKTPLDRFYPDYGYYVRYNA3HQNFGMGDTPGDALADAINGNI I TEANWCVPSSSDKDHKTOOHSI ALOTSVI DOFAQTSSRASDCSVVAAV

(d)

«0.4

likit biibbiM6iiik6kkll?lHiktt66Hkbt kH ti'Ct'KSt-i'it&kl.iikkLhftiiiifbiktk'itf Ror ptlllfenoevAAtAi^AaAsrooceefloarl

w

1•W '\ A \ ^ A a ,p iV v ji^v/v\^
i- y w v j W v V W
fw
BQ
TPW
kllVO
FR
AS
ASKM
IL
LPA
tkL
DESO
EO
ES
U
. i^t^TsrifVP^EFlSUCdfiA^yE^liHHI AEGEVA^FDF»HT^F*P
IN
VS
EA
FE
VEO^V
KC
ULLI.C
L
O
O
SMKElyEI YRUKLVAI VSNCSSIlAANSVSADSERHLI IMLOV
SAMrV_______________
EVANYIMLVGORI VFLFSAOVNLI OKOSIRARIFC
O___
KYOPrAOENVQORLSDTV
NiT
SSU
HQ
QLIV
GSVPPV
VLLLU
IAIFFLHNI lASAYASTMVOPGI OTNSRII PVFALEYLYiiRUQAAISETI HOSSALAFIKKOAFFTTEEPPH
VMEKEFO
I FLVSMRKLMEYTLUTFSLI ALSVAEERVACAVEAPFEAAFRS

Figure 6.22 Overall prediction profiles for the second dataset of nicksite proteins, (a) Aspartate amino
transferase, (b) glutamine synthetase, (c) thermolysin, (d) thioredoxin, and (e) ovalbumin. Nicksites are
indicated by bars above plots spanning a residue either side of nicked bond.

residues at 0.49. The mean for lysines and arginines is 0.61, which is slightly lower than
the tryptic nicksite mean.

6.8 Prediction of nicksite dataset 2 from sequence
Figure 6.22 shows the overall prediction profiles for the second dataset of nicksite
proteins. The nicksites all lie on peaks in the prediction profile, with the exception of
ovalbumin, where the site lies on a region with a score only just above average. The
mean predicted score for all residues in this second dataset is 0.47, whilst the mean score
for the nicksite residues is 0.71. The nicksites here are not all of one proteinase
specificity and a comparison with lysines and arginines is inappropriate. As observed
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when predicting from structure, it would be difficult to assign specific residues in a
protein to be nicksites, even when the proteinase specificity is known.

6.9 Conclusions
The prediction of limited proteolytic sites from structure and sequence has been
accomplished using structural parameters derived from structure and sequence. The
parameters derived from structure have been seen to correlate with limited proteolytic
sites (Vita et al., 1988, Fontana,1989, Novotny & Bruccoleri,1986, Hubbard et al., 1991),
and are also known to correlate to themselves (Thornton et al.,1986). The results
presented here confirm these conclusions.
Assessment of accessibility as a structural predictor has shown that the trends
illustrated in a given protein’s accessibility profile are independent of the subclassification used. Relative accessibility profiles look almost identical to absolute
profiles. Side chains dominate the calculation (Lee & Richards, 1971), and look the same
as whole residue profiles. Main chain may be misleading as a sub-classification as a
segment of structure may have buried main chain but be generally accessible due to large
side chain groups blocking solvent from the backbone. Hence whole residue relative
accessibility was selected, Relative ASA was preferred to absolute ASA as it is already
"normalised" to a standard value.
The investigation into the effects of varying the probe size showed that this helps to
reduce the sensitivity of the calculation. Although this was of use for some proteins such
as Staphylococcal nuclease, and trypsinogen (Novotny & Bruccoleri,1986), for others this
was not true. The ribonuclease sites at residues 31 and 33 were inaccessible to such a
large probe. The importance of flexibility for limited proteolysis precludes the use of
large probe sizes, although it is clear that the technique may be useful in recognition
systems were the flexibility on recognition is smaller, such as antibody-antigen
recognition (Novotny et a/., 1986).
The protrusion index calculation, as pioneered by Thornton et al.,( 1986), also
correlates well with limited proteolytic sites, as it was seen to do with accessibility by
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Thornton and co-workers. They showed that for the antigenic proteins they were
considering, the standard linear correlation between the two was 0.63.
Temperature factors have also been shown to correlate with sites of limited
proteolysis (Vita et al., 1988, Hubbard et al., 1991). They were normalised to range
between 0 and 1 for this work due to the very different ranges which they occupy in the
crystallographic data files. It is also difficult to distinguish between temperature
dependent mobility and static mobility, which are both included in the crystallographic
B-value (Petsko & Ringe,1984). By scaling the B-values, they will at least be
comparable.
The secondary structure of the nicksite proteins has also been shown to be a useful
indicator in the prediction. Nicksites are rarely found in regular secondary structure
(Fontana, 1989) and the loop closure results presented in chapter 4 support this, at least
for (3-strand. Helix is tolerable, although for all the nicksites considered, none lie in the
centre of a segment of regular secondary structure. It is likely from a structural view
point that if a section of regular secondary structure contained a nicksite, a gross change
in the protein fold might be induced if it were cut. A large change has been observed
when the o^-antitrypsin inhibitor is cut (Loebermann et al., 1984). Equally, a regular
secondary structural element would require a gross change in conformation in order to
be cleaved.
The choice of window size for all the predictors was made on the basis that they
would give profiles that did not go from 0 to 1 suddenly and that the smoothed profiles
had not lost all information. Since limited proteolytic sites are characterised by
accessible/protruding/mobile regions, a smoothing window upwards of six residues was
preferable. A minimum of 5 or 6 residues are also required for proteolysis (Novotny &
Bruccoleri,1986, Ottensen,1967). For all the structural parameters tested, window sizes
upwards of 6 residues gave better scores for the tryptic nicksites they were tested on.
The mean values for the tryptic nicksites were significantly higher than those for all
residues in the nicksite proteins and also for lysines and arginines combined. This was
the case for all structural parameters, excepting for unsmoothed scores.
These results therefore show that the structural parameters considered here are
significantly higher for limited proteolytic sites than the average value for residues in
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general. Hence they can be used as predictors for limited proteolysis. The overall
prediction scores, when they are combined, predict the tryptic dataset reasonably well.
The second set of nicksites are not predicted as successfully. In the case of the tryptic
sites, there are still some lysines and arginines that have higher scores than the true
nicksites, yet are apparently not the primary nicksites. However, it is unrealistic to expect
every nicksite in a protein to possess the top predicted score, even when a sequence
template is applied. When there is more than one nicksite present in a protein,
particularly when they are proximate, only one would need to be a high scoring residue.
Once this residue has been cleaved, the additional flexibility introduced into the protein
may allow the second site to be cleaved very easily. Hence this approach can never hope
to uniquely predict the exact residue that is cleaved first by a given proteinase. It can
however suggest regions or segments that are typical of proteolytic sites, which should
be further considered in terms of sequence to see if they possess potential cleavage sites
for a given proteinase. From this view point the predictions may be considered to be
more qualitative than quantitative.
Since the prediction from sequence relied on predicting the structural features used
to predict nicksites from structure, it would be unlikely

to expect the sequence

predictions to work as successfully. However, the predictions correlated well with the
overall prediction profiles. All but one of the nicksites were at peaks in the prediction
profiles, and they averaged predicted scores significantly higher than would be expected
by random. Again however, the prediction remains a better qualitative prediction than
quantitative, as many potential sites also correspond with peaks and are not the primary
nicksites. It is difficult to establish from these analyses why some sites are cut rather than
others. It may be reliant not only on the flexibility of the protein chain at a nicksite
region, but also on the ability of these regions to adopt a cleavable conformation, which
can not be judged from the sequence alone. It is also computationally intensive to
investigate such motions with such tools as molecular dynamics, as well as being difficult
to accurately simulate.
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CHAPTER 7
GENERAL CONCLUSIONS
AND IMPLICATIONS FOR
MOLECULAR RECOGNITION
The serine proteinase recognition systems considered in this thesis illustrate two very
different modes of recognition. The recognition of inhibitors represents a classic "lock
and key" interaction, whilst the recognition of limited proteolytic sites an "induced fit"
of substrate to the enzyme active site; the enzyme is believed to remain structurally
invariant in the two systems.
Serine proteinase inhibitors are recognized by a common conformation which they
all possess at their binding loops, despite the non-conservation in global sequence and
topology between different families. This must surely represent an example of convergent
evolution, as the inhibitor families are from such diverse species.
The recognition of limited proteolytic sites represents a novel recognition system
which has previously not been fully considered in structural terms. Nicksite recognition
differs from other protein-protein systems as there is no atomic-detail structural
information available when the enzyme and substrate are complexed. However, the
inhibitors have been shown to be excellent recognition templates for comparison with the
nicksite system. All subsequent structural comparisons rely on the basic premise that the
nicksites have to mimic the conserved inhibitor conformation, to some degree, in order
to be cleaved. As there are no crystallographic data on nicksite-proteinase binding it is
impossible to unequivocally prove this assumption. However, all the relevant information
derived from the inhibitor-proteinase complexes points to the fact that inhibitors are
extremely good substrates in terms of binding, and are cleaved, albeit very slowly, in the
manner of a substrate. Hence it is quite reasonable to assume that the nicksite must adopt
a similar conformation for proteolysis.
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The nicksites show no structural conservation, and are no more similar in sequence
or structure to an inhibitor binding loop than any "random loop". They differ wildly from
the inhibitor conformation, showing large differences in main chain torsion angles up to
total flips of 180°. Least squares fitting confirms this result. Even if the basic assumption
described in the above paragraph were incorrect, the variation in nicksite geometry in
their crystal structures strongly suggests that conformational mobility is required. The
simple modelling experiments detailed in chapter 3 show that they could not be cleaved
in their crystallographically defined conformations, and hence must move.
Such conformational changes in recognition systems may be classified into 4
categories;
(i) no change,
(ii) change in side chain conformation (transition between the energy minima g \
g+ and trans),
(iii) Local change of main chain conformation (residues moving across the
Ramachandran

plot between energy wells ie a , (3,

etc.),

(iv) gross shift of substructure, such as rigid body movements, hinge bending etc.
The mobility exhibited by inhibitors and nicksites can be described in terms of these
changes. Inhibitors show movement of side chains, and to a lesser degree a slight hinge
bending in some families. The nicksites must undergo all the movements listed above.
It is their mobility that distinguishes them from the inhibitors. Assuming the nicksite
regions are more mobile than the inhibitor binding loops, they would be expected to lose
a greater amount of entropy upon binding to the enzyme. Although both systems lose
rotational and translational entropy upon binding due to the immobilisation of the whole
molecule, nicksites would lose more due to the extra entropy lost in the "freezing out"
of an inhibitor-like conformation. They would hence, not be expected to bind as strongly
as the inhibitors, even if they finally adopted an identical conformation on binding.
Nevertheless, the binding must be favourable. For catalysis both systems must overcome
an activation barrier. Since the hydrolysis of a peptide bond is an energetically favourable
event (McGilvery & Goldstein, 1983), and requires no overall energy input, the attainment
of this activation energy is the only barrier to cleavage. The nicksites would have a
smaller barrier to overcome than the inhibitors which are very tightly bound by the
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proteinase (Read & James, 1986).

Recent publications have detailed other recognition systems where mobility is
important. The serpins are a different class of serine proteinase inhibitor which possess
a larger reactive site loop. Inhibitory serpins, such as a r proteinase inhibitor (a r
antitrypsin), are capable of undergoing a remarkable conformational change upon
cleavage, resulting in a 70 A movement which brings the cleaved peptide into sheet A
of the molecule (Loebermann et al., 1984). The other extreme is the protruding a-helix
that the non-inhibitory serpin Ovalbumin possesses at the reactive site region (Stein et
al., 1990). Carrell et a/.,(1991) report that uncleaved forms of the inhibitory serpins can
insert their reactive centre loops into the sheet, partially in the native, inhibitory, stressed
(S) form, and more fully in a locked (L) latent form. A model for the inhibitory (S) form
was proposed (Engh et al.,1990) where the reactive site loop is partially inserted into the
sheet, and the canonical serine proteinase inhibitor binding loop conformation (as in
BPTI) modelled into the exposed section of the loop. The L form is not active but is
proteolytically resistant, hence protecting the serpin from the irreversible change that
occurs upon cleavage. Hence the mobility of this reactive centre loop plays a vital role
in mediating the inhibitors activity in vivo. This represents an advantage to the serpins
as they can switch their exposure to proteolytic attack (Carrell et al., 1991).
The thrombin-receptor recognition system model proposed by Vu et al.,( 1991)
represents a further example of mobility involved with recognition. Thrombin is inhibited
by the C-terminal tail of hirudin which binds to an anion-binding exosite distant from the
active site, as well as making interactions with the active site via the N-terminus (Rydel
et al., 1990). Vu et al.,{ 1991) propose that the receptor N-terminal tail binds in a similar
fashion along the anion binding exosite and then on into the active site, thus presenting
itself for cleavage by thrombin. The proteolytic event is responsible for activating the
receptor. The N-terminal tail of the receptor would be expected to be mobile to recognise
and bind thrombin. Equally, it would not be expected to be permanently in such a
binding conformation, as it would then be susceptible to unwanted proteolysis, and
activation.
Limited proteolytic sites do not want to be permanently in a cleavable conformation.
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Unwanted degradation of proteins in vivo is avoided by ensuring that the reactive centre
region is not in the correct conformation for cleavage, and/or is not fully exposed. Hence
the essential feature required for cleavage is mobility, to an exposed, cleavable
conformation.
Mobility provides an extra regulation step in protein recognition processes. Many
recognition processes may only be required to be active at specific times, and by
maintaining one half of the recognition process in a latent state, which can move into the
correct conformation when triggered, provides the simplest mechanism to accomplish this.

From our studies we can calculate the degree to which nicksites must alter their
conformation. The question now is if this is possible in the protein. The modelling
experiments presented in chapter 4 go someway to answering these questions. The loop
closure experiments suggest that at the very least 8 residues are required to alter their
conformations in order for the reactive site region to adopt a BPTI-like conformation.
However there are still two caveats. Firstly, it is impossible to know exactly how much
nicksites need to mimic the conserved inhibitor conformation. Secondly, other modelling
techniques might be able to consistently model a similar conformation into the nicksite
reactive site loops, but by changing fewer residues.
Just arranging the reactive site torsion angles to inhibitor-like angles is also often not
sufficient, since the resulting complexes with the proteinase would be implausible due
to bad steric clashing. These modelling experiments confirm that some "hinge bending"
type of motion would be necessary too.
The molecular dynamics experiments show that these loops can undergo the types
of motions necessary without disrupting more than just local regions of the protein’s
structure. The molecular dynamics simulations point to upwards of 12 residues altering
their conformation in some way to achieve the degree of change required.
There are many possibilities for further modelling experiments. The dynamics
simulations could be continued, treating the system more rigorously, by either including
bulk solvent, or by reducing the dominance of the electrostatic term. Longer simulations
should also be run. Other methods of conformational searching could also be used to
confirm the minimal change required to model inhibitor-like conformations into the
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reactive site loops.

The prediction of accessibility was developed for the purpose of predicting limited
proteolytic sites. However, it provided some useful insights to the nature of sequencedeterminants for accessibility. Using information theory only improved the overall
prediction success by a few percent. This shows that accessibility is not very co
operative, in the sense that the local sequence has only a minimal effect on the exposure
of any given residue. Co-operativity is observed in secondary structure prediction, as the
Gamier-Osguthorpe-Robson method using information theory improves upon methods
that do not consider local sequence (Gamier et al., 1978). For single sequences, it is
difficult to improve upon the simple, hydrophilicity scales such as that of Hopp and
Woods (1981). A more promising approach appears to be that of multiple sequences
(Benner, 1989) which considers conservation of residues within families.
As the nicksites showed no structural similarity to the inhibitors, the obvious question
to ask is what does determine a nicksite ? Although mobility and accessibility appear to
be prerequisite, when single nicksites were considered, they were not always the most
accessible, most mobile,...etc. within a given protein structure, even when the specificity
criteria of trypsin (for example) was also applied. Indeed even the combined predictions
produced using accessibility, mobility, protrusion and secondary structural assignments
were more qualitative than quantitative. The same pattern of prediction emerged based
on predictions from sequence only.
However, perhaps these results are not so surprising when the whole context of the
problem is considered. As mentioned, it would not be advisable for proteins to have
segments exposed in an easily cleaved conformation, as they would be readily chewed
up by proteinases, and this reduces the control nature has over the proteolytic system.
They must be located at or near the surface, so that they can locally unfold into a
cleavable conformation, without grossly distorting the rest of the structure. Since mobility
is the prime criteria, the nicksites can be partially buried. Experimentally it is known that
many limited proteolytic events do not have any great effect on the general structure of
the protein concerned. Hence the prediction method considered here will fail for some
sites which are partially buried.
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A different approach which could prove more successful, would be to identify local
segments which are capable of locally unfolding, without disrupting the general structure
of the protein. This does not suggest that the loop closure modelling experiments be
conducted for every single residue position in a protein. Instead, the local environment
of short sequence lengths could be analyzed for contacts with the rest of the protein.
Segments that could accomplish this would not be expected to make large numbers of
electrostatic and van der Waals contacts with the rest of the protein, which would impede
local unfolding. The ribonuclease sites cut by trypsin are a good example case. Although
they are situated in an apparently unfavourable position (in a helix, and not very
accessible), they can be cleaved. Figure 4.6b illustrates just how protruding and exposed
this segment would be if it were unfolded.
The flexibility in the nicksite recognition system illustrates the large conformational
changes that can occur upon molecular recognition. It has implications for the
consideration of novel recognition systems where the starting points are known, but the
final complex is not.
Other implications for limited proteolysis derived from this thesis apply to protein
design. Experimentalists may wish to artificially introduce limited proteolytic sites into
proteins in order to degrade them for further study. The work presented here offers some
broad guidelines for doing this. Apart from satisfying the sequence specificity for a given
proteinase, local mobility should be increased in the engineered section allowing local
conformational changes to occur.

In summary, the work presented here has considered the structural implications of
a novel aspect of serine proteinase recognition, and shown that flexibility is prerequisite
for limited proteolysis. The role of flexibility in molecular recognition systems is
beginning to be understood, and must be considered in new recognition problems. It is
an approximation to consider two recognition molecules as rigid bodies, and any
predictive work should account for this. Workers tackling the protein docking problem
account for mobility by "softening" their discriminatory potentials. This must be an over
simplification, as it serves to blur the whole picture. We should strive to find another way
to account for the potential movements at protein recognition surfaces.
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APPENDIX A
THE SCHECHTER AND BERGER
NOTATION FOR PROTEINASES
AND THEIR SUBSTRATES
T he Schechter and B erger notation was introduced (Schecter & Berger, 1967) to
describe the interactions of proteinases with their substrates (or inhibitors). A schem atic
diagram illustrating the nom enclature is show n in figure A .I. The binding sites for a
polypeptide substrate are considered to be a series o f "subsites" labelled Sn in figure A .I.
Each site is deem ed to interact with one side chain from the polypeptide which is
correspondingly labelled Pn as shown. The convention is S for subsite, and P for peptide
(easily confused the other way round as S for substrate, and P for proteinase). The
putative cleavage site is at the scissile peptide, and substrate groups and corresponding
subsites on the carboxy-term inal side of this bond are labelled w ith a prim e. The non
prim e side runs from the scissile peptide tow ards the N -term inus of the polypeptide.
In reality, not all subsites may exist, as there m ay not be a "pocket" in which
substrate groups bind. Also, they may extend out further than S3 or S3' as illustrated.

PROTEINASE
SUBSITES
PEPTIDE

SUBSTRATE

f
Scissile peptide

Figure A .l The Schechter and Berger notation for proteinases and their substrates. The proteinase is shown
with shading.
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APPENDIX B
ACCESSIBLE SURFACE
AREA CALCULATIONS
All accessible surface area calculations m ade in this thesis were carried out using an
im plem entation of the standard Lee and R ichards (1971) algorithm . The method
calculates the surface area of each atom in a co-ordinate set that is accessible to a probe
o f given radius. The probe size used in this study unless otherw ise stated is that of a
w ater m olecule; radius = 1.4 A. The algorithm assigns a van der W aals radius to each
atom under consideration and extends this by 1.4 A (the probe radius). The resulting
surface represents the atom ic solvent accessible surface, where the surface is uniquely

Accessible
Contact

Figure B .l Schematic of the atomic accessible surface area of a protein. If a probe of radius R, (shown
in grey) is rolled around the van der Waals surface of a protein, the surface described uniquely by the
centroid of the probe is the atomic accessible surface. In the example above, all the atoms will possess an
accessible surface area value except for C, which is buried by atoms B and D.
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Table B .l Van der W aal radii used in this study (From C hothia, 1976)
A TOM

van der
W aal radius

ATOM

van der
W aal radius

T etrahedral carbons

1.87 A

All oxygens

1.40 A

Trigonal carbons

1.76 A

All sulphurs

1.85 A

Tetrahedral nitrogens

1.65 A

U nknow n atom s

2.00 A

Trigonal nitrogens

1.50 A

M etal ionsa

-

a Radii assigned as from Q U A N TA /C H A R M M param eters.

defined and not intersecting with any other atom ic accessible surface, as illustrated in
figure B .l. T his surface represents the surface m apped out by the centre o f the probe if
it were rolled around the van der W aals surface o f the protein. The contact surface is the
projection of the accessible surface back onto the van der W aals surface, and is hence
discontinuous. It is the surface on the van der W aals surface that the probe touches.
The van der W aal radii dataset used was the sam e as that of C hothia (1976) which
is listed in Table B .l. A lthough the choice of van der W aal radii is som ew hat arbitrary,
this dataset has been used widely. The radii are for united atom s ie they account for
hydrogen atoms.
The atom ic accessibilities calculated for a given protein are sum m ed over each
residue in the sequence, and are also sub-divided into 5 different classes. These classes
are; total residue accessible surface area (ASA), total side chain A SA , non-polar side
chain ASA, polar side chain A SA, and total main chain ASA. For the purposes o f this
Table B.2 Classification of side chains by polarity. Atom names are
those given as standard in Brookhaven format.

NON POLAR SIDE CHAIN ATOMS
CA CB
CD
CD1 CD2 CG
CG2 CE
CE1 CE2 CE3 CH2
CZ2 CZ3 SD
SG

CG1
cz

POLAR SIDE CHAIN ATOMS
AD1 AD2 AE1
AE2 ND1 ND2
NE1 NE2 NH1 NH2 NZ
OD1
OE1 OE2 OG
OH
OG1

N£
OD2
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Table B 3 Standard accessible surface areas. All the figures are given in A 2.

Amino
All atoms
Acids
ASA
ALA
109
ARG
243
ASN
145
ASP
141
CYS
136
181
g in ; i i l
GLU
174
GLY
81
184
HIS
1LE
177
LEU
180
204
LYS
197
MET
200
PHE
141
PRO
118
SER
142
THR
248
TRP
TYR
212
153
VAL

N onP skte,
Polar Side
ASA
ASA
71
111111111 0
126
80
45
62
54
50
98
0
90
58
75
61
00
l l i l 33
96
52
140
00
143
00
118
48
00
159
00
164
00
120
48
31 /
28
76
186
24
135
42 111
00
' 116

Total Side,
ASA
71
206
107
103
98
143
136
33
148
140
1 143
166
159
S - 164
120
79
104
210
177
116

Main Chainb
ASA
38.4
37.8
38.0
38.0
37.9
37,8
37.8
48.1
35.6
37.5
37.8
37.8
37.8
35,2
20.8
38.6
37.8
38.5
35.2
37.5

gives glycine a sidechain accessibility
a Including
b Not including Ca.

study, all a-carbon atom s are considered to be part of the side chain, so that glycines will
possess a side chain accessibility. The atom s designated to be polar and non-polar in
side chains are given in Table B.2.
W hen summing atom ic accessibilities over a residue, the totals in each class w here
com pared to the accessible surface area that residue possesses in a standard extended
state. The states used were sim ilar to those first defined by Lee and R ichards (1971),
using the residue X in a tripeptide A LA -X -A LA , where the § and \\f values of all residues
are set to be -140° and 135°, and

go

180° (except for proline). The side chain angles (and

the proline conform ation) were set as defined by Satow et a/.,(1980), where the side
chain % angles were predom inantly trans. Using these standard A SA values (listed in
Table B.3), relative accessibilities m ay be calculated by expressing the actual residue
A SA (or sub-classification) as a percentage o f the standard value. Thus each residue has
a relative ASA that can take a value from 0 to 100%. In effect, som e residues m ay have
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ALA
>>
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20 -

100

«

10£

50

100

150

50

A c c e s s ib ility

50

100 150

50

150

GLU

GLN

100

150

A c c e s s ib ility

A c c e s s ib ility

A c c e s s ib ility

CYS

100

10-

GLY
1 20
100-

►
»3 0
3 20

ST 10-

50

100

150

50
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HIS
=►> 2 0

100

50

150

100

50

150

100

150

A c c e s s ib ility

A c c e s s ib ility

LYS

LEU

ILE
3

50

100

A c c e s s ib ility

80-

150

50

A c c e s s ib ility

50

100150

MET

100

151

50

150
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100

A c c e s s ib ility

A c c e s s ib ility

A c c e s s ib ility

20

50

100

50

15

100

150

A c c e s s ib ility

A c c e s s ib ility

VAL
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►
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« 10O1
-
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o ’ 10"
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100

A c c e s s ib ility

150

100
A c c e s s ib ility

150

50

100
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150
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100

150
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Figure BJi Distributions of relative accessibilities of the 20 commonly occurring amino acids. Relative
accessibilities were calculated from a dataset of 41 non-homologous proteins.
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relative AS A s in excess of 100%, due to distortions in the residue geom etries, thus
m aking them unusually extended. Typical distributions of relative AS A s found in proteins
for each am ino acid type are show n in figure B.2. These were calculated for 41 nonhom ologous proteins. The distributions are divided into 5% bands, and typically show a
high peak for totally buried residues with relative accessibilities less than 5%.
In chapter 6, accessibilities are calculated for probes greater than 1.4 A. To calculate
the relative accessibilities for each residue using a probe size other than 1.4 A, the
standard extended state accessibilities for each residue type in an A L A -X -A L A tripeptide
were recalculated for the given probe size. The standard state values for probes of radius
2, 5, 10 and 20 A are listed in Table B.4 below.

Table B,4 Standard state accessibilities for large
Residue
ALA
ARG
ASN
ASP
CYS
GLN
GLU
GLY
HIS
ILE
LEU
LYS
MET
PHE
PRO
SER
THR
TRP
TYR
VAL

R = 2A
123
276
165
161
154
205
196
91
210
201
207
233
224
232
160
134
159
288
245
174

probes
_
*
R = 5A
235
523
321
313
298
397
387
167
420
391
401
446
429
462
323
256
312
553
483
342

R = 10A
514
1138
707
689
658
896
853
351
934
854
883
956
949
' 1011
694
566
679
1176
1055
7#

R = 20A
413
1051
909
877
810
1383
1318
844
2564
1310
1378
1568
1587
2767
865
1526
1848
2177
1961
2028

All values listed are in A^.
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