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Abstract

The tertiary structures of globular proteins ate crucial in determining reactlivily and
specificity as biological catalysts and sigualling systems. The rules determining the final
fold of a protein are still unknown, buf some progress has been made in delining tertiary
structure in terms of the secondary structure, the conformation of the polypeptide chain.
Perhaps surprisingly, not all of the conformational properties of this backboue are known,
and several new approaches Lo studying these are described.

Most studies of peptide structure have focused on hydrogen bonding, and this is used as
a starting point [or this study. Different descriptions of the hydrogen bond, from geometric
rules to ab initio calculations, are considered, and an approach based on analysing contri-
butions of individual polar groups to the potential energy using serni empirical Lennard-
Jones calculations is chosen on grounds of accuracy, flexibility, and ease of calculation,

Using this approach, it is shown that clectrostatic interactions betweon nain chain
atoms stabilise the right handed twist found in G-strands and similar interactions between
main-chain atoms not hydrogen bonded to each other influence the geometries of hydro-
gen bonds in a-helices and S-sheets. A role for water and tertiary hydrogen bonds in
determining backhoue conformalion is suggested.

The same technigue makes il possible to investigate interatomic repulsions as well as
attractions. A detailed analysis of Lhe aliractions and repulgions in an idealised polypep-
tide explains many of the features of helical structures in proteins, and suggoests a hitherto
unexpected directional helix forming pathway, which is supported by a range of kinetic
and structural data.

Soflware for automaled searching of a hydrogen bond database is developed. and used
to identily hydrogen bonded rings [ormed by amide side chains and main chalu peptides.
Integrating the database with novel visualization techniques allows a previously unidenti-
fied property of beta sheets, the hydrophobic ridge, to be detected.

A range of different computational approaches was used surging this research, rom
molecular modelling to database scarching. Scveral pieces of software were developed,
and these are described together with some observations about the types of software and
working environments which were found to be useful in structural biochemistiry, and what
types ol soltware technology could be developed to make this task easier.

Thesis Supervisor: E.James Milner-White
Title: Doctor
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Chapter 1

Introduction

Summary

Hydrogen bonding is identified as the major structural stabilisation in proteins. Previ-
ous cxtensive reviews based on hydrogen bonding patterns have provided useful insights into
many aspecis of protein structure. In parlicular, they have been used to ideniify properties
such as the role of saluration of hydrogen bonding potential as an importart constraint on
all adopled conformualions, and to show the value of approvimale eneryy assigriments in
identifying stabilisation in loeps and strained regions of proteins.

This work extends the use of approzimale energy calculntions to study the conforma-
tional preferences of side chains and the polypeptide backbone, providing cwidence that:

(1) polential encrgy functions based on atom-centred poteniinds without explicit direc-
tional constraints are effective in describing hydrogen bonding as judged by the match of
o new study of polential energy functions with observed spatial distribution of hydrogen
bonding partners,

(2) 5 twist &5 an intrinsic property of all polypeptide backbones, with intra-strand elec-
irostatics and mainchain/mainehain and mainchain/solvent steric effects possibly more
swgnificant in this respecl than sidechain effects,

(3) the exlended 3yq heliv and = heliz are nol steble secondury structures, the 3o helix
because il experiences no burrier to folding to the more stable alpha heliv and the © helix
because i 1s sierically unfavourable, These conclusions are based on a set of potential

energy caleulations on long polypeptides, rather than on N-acetylated N’-methylated amine
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ncids, which also serve to explain the observed distributions of secondary structure ¢/
distributions,

(4) heliz growth is Likely to be siepwise, because of an observed potential energy barrier
to concerted folding, und directional (in the O to N’ divection) because of a steric/electrostatic
block to heliv growth at the C-terminal end. Puidence from other sources for this directional
pathway is presenied.

Senrches hased on hydrogen bonds are dermonsirated Lo be useful for idenlifying signif-
teand structural stabilisations, not only in cases where the hydrogen bonds are themselves
part of the stabilisalion but also where they form « geometric framework underlying some
other stabilising structure. for ceample:

(1) rings involving the amide side chains asparagine and glutumine hydrogen bonded to
distani sections of the main chain are surveyed, the results snggesting thal tertinry inter-
actions involving side chains may be important determinants of local secondary structure.

(2) technigues for visualising the hydrogen bonds which stabilise beta sheels also iden-
tify ridges of hydrophobic residues running perpendiculor (o the strand direction, which
seem to be a ubiquitous and structurally significant property of all beta-containing protein
siructures.

This work has given a clearer picture of the types of computer software which are needed
if analysis and inierpretation of protein structure is to be simplified and extended to in-

. clude the increasing database of solved erystallographic structures and the inrge number
of related conformations generated from molecular dynamics simulations. Such software
should allow both sutomated scarches bused on user-defined reqular stracitural patlerns
and o flewible visvalisation system allowing both realistic, detailed pictures of interactions
and simplified but information-rich cartoons for pairwise comparison of reloied structures.
Many of the parts of this system caist already, in isolation, bui the nature of software
development suggests that more work is necded in the arca of geometry description and
algorithm representation, thot is in file and interchange formats, rather than the develop-

ment of new software whick inevitably has a short lifespan and well documented problems

with matntenance if that fifespan is catended.
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1.1 Studying biomolecular structure

Since the initial successes in the study of biomolecular structure, based on repetitive hy-
drogen bonding patterns [1, 2], many attempts to explain the three dimensional structures
of bislogical macromalecules in terms of hydrogen bonds have been made. The structure
ol proteins has proven to be particularly intractable, particularly frustrating in view of
the facts that tertiary structure is known 1o be entively defined by the increasingly easy to
obtain sequence information, and thal the majority of biological reactions and signalling
systems are based on proteins’ shape-dependent properties.

The difficulty in predicting protein structures rom sequence information probably basg
two main causes. The first is that folding occurs in aqueous solution, and the effects of
highly polar solvents on molecular dynamics are still poorly understood. The second is the
huge range of possible structures, which make it difficult to detect significant patterns in
protein behaviour, lven as late as 1981 the development of a new molecular visualisation
technicuue made a significant contribution to the classification of protein structure families
[3], while throughout the last 15 years developments in computer display technology have
made the analysis of proteins mere routine and methodical. I hope to show that there is
still some way to go in fully understanding the forces which control protein conformation,
but at the same time suggest a number of constraints on the polypeptide backbone which
rmay make the prediction of tertiary structure more tractable.

This work focuses primarily on intra-protein forces wilh a sirong electrosiatic cowmpo-
nent. These are often (but not exclusively) those which are classilied as hydrogen bonds. A
number of different methods for analysing these interactions are examined, and a Lennard-
Jones poltential similar in form to thosze used in many biomalecular force ficlds [4, 5, 6, 7]
iz selected as a tool for analysing the conformational space of the polypeptide backbone

and for a more sensitive analysis of tertiary interactions.

1.2 Studies of hydrogen bonds in protcins

Identifying patterns in protein structure requires some sort of simplifying scheme. The
polypeptide backbone has two free rotations per residue, whick in a 100 residue protein

gives a 200 dimensional phase space to describe the backbone alone. Direct comparison of
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geometric structures involves costly computations, and gives tise to particular complica~
tions when the topology of two related structures is different (for example throngh residue
insertion, deletion or mutation). Higher level patterns such as hydrogen bonds are useful
here, since they forn an intermediate description which can be used either Lo identify re
lated geometries through a simple matching scheme and are themselves a significant part

ol the process which determines the structurc under investigation.

1.2.1 Observed structural properties

A comprehensive survey of hydrogen bounds was carried out by Baker & ubbard 126} in
1984. They looked at 15 of the highest resolution structures available at the time and
foand a number of propertics of protein bydrogen bonds which have since been shown to
he generally true of all new profein structures,

The elements of {his survey which are mosl relevant lo the results in this work include

Globular proteins exhibit saturation of hydrogen bonding potential. {n globular
proteins, almosgt all of the C=0 and N-H groups of the polypeptide backbone (al-
most 90%) which could make hydrogen bonds in fact do so. This is a significant
constraint on protein folding, especially for those residues whose hydrogen bonding
sites are buried in the hydrephobic iuterior with no prospect of making hydrogen
bonds to water molecules, and so have to find other main chain hydrogen bonding
partners. ‘'he consequences of this constraint are investigated in molecular models

developed in chapter 3.

Most hydrogen bonds are mainchain to mainchain, This generally ineans in regions
of secondary structure, helices, sheets or turns. This observation on its own does
not help in predictions of protein structure, since the backbone structure and hydro-
gen bonrding pattern is independent of the sequence (except in the case of proline
residues, discussed in section 3.7), but provides a framework inte which any theory
of protein folding would liave to be fitled, A particnlar consequence of this property
is that transitions between sccondary structure types are likely to be more significant

than the stability of any given secondary structure element alone.

Polar sidechains exhort a directing influence on main chain structure. In regions

without repetitive structure, these sidechains give rise to extended networks of hy-




1.2, Studies of hydrogen bonds in proteins 15

drogen bonds with near-optimal geometry {¢xamples of which are studied in chapter
7), while hydrogen bonding to turns and the ends of alpha helices (particularly the
N-terminal ends) has a significant role in “mopping up” the potential hydrogen bond-
ing sites, (and perhaps a role as helix initiators or terminators) which is important

io the conclugions of chapter 6 an the pathway of helix formation.

1.2.2 Observed thermodynamic properties

Accurate measurement of the significance of individual interactions in proteins is still
difficult, but reviews of the available thermodynamic data suggest that we are close to a
reasonable interpretation of the factors involved. For example the review by Williams [9]
extends work on small molecule association to give a rough quantitative estimate of the
factors involved in the free energy of protein folding.

At firgt examination, hydrogen bond enthalpics seem to have little to offer as toals
for the interpretation of protein folding, since their net contribution to association of
small peptides or pratein folding is a mere 0-2kJmol™! per residue, apparently hecause
of the need to break water-protein hydrogen bonds first. In fact, hydregen bonds have
a signilicant contribution (-20kJmol™!) when free energy is considered, with the extra
contribution provided by the favourable entropy change on freeing water molecules {rom
their ordered state when hydrogen bonded to the peptide.

Other significant contributions to the free energy of folding come from the restric-
tion of internal rotations, with a decrease in entropy and an unfavonrable free energy
ol around +25kJmol™? /residue, and the enthalpy of strain in the folded stale of arcund
7kJmol™! /residue.

The hydrogen bonding contribution is therefore the major factor, with hydrophobic
effect (-9kJmol~!/residue) and van der Waals effects (-3.5kJmol™! /residuc) providing the
fine funing which discriminates between huge range of different possible folded states.

The very low averall stabilisation of proteins probably plays an impertant functional
role in controlling the rate and reversibility of folding. In this context, hydrogen bond
networks define the space of allowed conformations and perhaps of allowed transitions

between states, but will rarcely be the sole determinants of Lhe final structure.
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1.3 The identification of hydrogen bonding patterus

Looking at hydrogen bonds, a number of vselul features become clear. Primarily, they
are a very quick and reliable way of identifying palterns ol secondary struclure. Tor
example, alpha helices are identified as regions with multiple hydrogen bonds between
main chain peptides [our residues apart, a feature which can reliably be used to assign
these structures even without knowledge of the backbone torsion angles. Parallel and
antiparallel beta sheets can likewize be identified by their hydrogen bonding patterns, as
demonstrated in chapter 8.

A more significant use for hydrogen bonding information s in the identification of
non-repelitive structures (loops and turns). Although these can also be identified by their
torslon angles, torsion angle information is difficult to interpret in tabular form, and is
difficult to display in relation to tertiary structure. Since it turns out that loops can be
defined in terms of their hydrogen banding patterns, these can be used to identily novel
patiterns and find known patterns in new protein structures.

Al Glasgow University, research on Protein structure hag been carried out in collabo-
ration with the department of Computer Science, to enable new display techniques to he
developed in conjunction with the reseacchers, who in turn can provide the software re-
guirements and feedback on the success or failure of different approaches. Milner-White,
Poet and Belhadj-Mostafeda produced new techniques for visualising protein backbone
structures [10] and were able to identify new clazzes of loop [11] using this approach,
My own work placed me in both camps, as programmer and end user, which gave some
valuable insight into possible Linprovements in communication and sharing of expertise
between the two fields,

[Tydrogen bonds define a topology which is an effective first approximation to the full
3D structure, and although this work looks at many wider factors important to protein

stability, hydrogen bonds provide the framework for comparison of similar suructural motifs

throughaout.
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1.4 Force fields, conformational spaces and constraints

At onc level the forces defining protein structure can be said to be fully understood. There
are a number of effective force fields developed for energy minimisalion of cryslallographic
structuras, and these can now be used for molecular dynamics calculations as well. All are
based on a range of parameters which are cither experimentally determined or found by «b
inilo quantum mechanical calculations, covering bond lengths and vibrations, threc-body
(bond angle) and four-body (bond torsion) effects, electrostatics, and other non-bonded
interactions. 'I'here are a range of different force fields widely used, but all are fairly similar
in their properties, barring only a foew minor delails of their parameterisation.

Typically, these are used in a number of different ways:

Energy minimisation. The force field is used (o determine the energy of an estimatec
structure, and some iterative technique is used to lowar the energy of the system
without major topalogical changes being introduced. T'his is done either as an al-
tempt to improve a erystallographic structure determination, or to relax constraints

imposed in the building of a molecular model to provide a more accurate structure.

Simuwlated Aunnealing. The force ficld can be used to generate a dynamic trajectory,
approximated by integrating Newton’s equations of motion. Tinergy miminisation
an its own is hampered by the fact that protein structure shows a. very large number
of local minima, and hopefully one single global minimum which corresponds to
the final folded structure. ‘L'o escape [rom local minima, the dynamic trajeciory is
calculated for an un-physically high temperature (typically a few thansand degrees
Kelvin) for a short time, followed by another cycle of energy minimisation, hopelully
into a lower cnergy conformation. While this approach and variants of il are very
cffective at finding the enthalpic minimum, they do not provide a certain route te
the true structure of a molecule because they do not model the free encrgy of the

system.

Moleeular Dynamics. Until recently, the computational effort involved in integrating
the equations of motion over the time scales at which proteins exhibit significant
conformational change meant that little nseful information could be obtained from

such simulations. Howaver, increases in computer power and availability have meant
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that direct molecular dynamics simulations of whale proteins have becomne more
common, and although protein folding is a process which is stilf impossible to sim-
ulate, properties of protein folding which depend on profein flexibility can now be

investigated.

One possible use of these force fields has not been widely adopted to date. Since
it is accepted that the final protein structures refined using tliese parameter sets are
realistic, the individual components of the force fleld are likely to be reliable estimates
of intramolecular forces. This is one of the main themes of this work: by taking the
individual interactions which together stabilise a structure, it s possible to gain valuable
insights into their relative importance and detailed conformation dependent properties.

liis was largely carried out using molecular modelling, with reference to structures
from the Brookhaven Protein Database {12} to verify whether models corresponded to real
patterns seen in proteins. One important feature of these models is that they were not tied
to a single force field wherever possible. In particular, consirained energy minimisation
was not carried out, even though this improves the quality of simple molecular models.

The rationale for this was twotold;

1. the changes in bond lengths and torsions would have made the results sensitive to

the properties of the force field used, and hence less general.

2. many of the significant conclustons of this work relate to conformations which are at
the edges of permitted regions of conformational space, and in some cases actually
depend on the identification of the major unfevoureble interactions, which would
have been very hard to identify if the model structures had become distorted through

degrees ol [reedore other than the ones explicitly being studied.

1.5 Conventions

Throughout this work a variety of different types of display are used (o show structures
and cnergy calculations. These are explained as they are used, but the conventions of the
three most commaon iypes of figure, colour potential energy diagrams for absolute energy

calculations, monochrome potential energy diagrams for constrained energy calculations,




1.5. Conventions 19

max [

2 0 >

I“inh PSS SRS, v,

Figure 1.1: Conventions for Energy Contour Diagrams

Throughout this work, many systems are reduced to a two dimensional conformational
space and potential energy plotted as a function of two paramters. There are two classes
of energy plot, and they are displayed using two different conventions. For plots which
represent a full sampling of the conformational space, such as Ramachandran plots, the
lowest value found is the absolute minimum for the system. In these cases, energies are
contoured as greyscale values relative to this minimum, from white (H — H,,;,, < 0+ 0H)
to black (H — H,.;,, > Hpaz). For plots which represent a spatial interaction between two
free groups, the energy is relative to the two groups at infinite separation. Contours are

drawn relative to H = 0, with negative values in the range white—red, and positive in

deepening shades of blue. Where (H > H,,,.), all values are uniform grey.
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Figure 1.2: Conventions for Molecular Graphics
g

Molecular diagrams in this work are designed to be seen in relaved stereo, that is with the
left eye seeing the left image and the right eye the right image. The display convention for
the ball and stick models is Ozygen—red, Nitrogen-blue, Hydrogen-white, Sulphur-yellow,
and Carbon-grey, with amino acid C* atoms drawn as balls and all other carbon drawn
at the same width as bonds, giving them the appearance of “joints”. Chemical bonds are
grey, and hydrogen bonds are red. In mosl cases, main chain segments are drawn from

Ce to CP

" v rather than by the more usual residue assignments (N} to C7, )
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Section I

Section | begins with a rceview of the various definitions of Liydrogen bonds which have
been used in the past. From this, it is clear that a flexible but physically realistic technique
for examining the geometry dependent properties of intra-protein forces would be uscful.
Such a technique is developed, and proven to be powerful even in the analysis of systems
which were thought to be well understood, particularly the forces stabilising (and in some

cases destabilising) strands and helices.

Chapter 2: IIydrogen bonding

Chapter 2 reviews Lhe definilion ol the hydrogen bond, and contrasts different ways of
assessing them in protein structures. Empirical [ennard-Jones 9-G-1 and 12-6-1 potentials
ate identified as the most reliable way of obtaining a realistic picture ol intra-protein
forces interactively. A new technique for cvaluating the hydrogen bonding potential of

polar groups, based on neutral dipolar probes with van der Waals parameters, is shown

to capture the main features of hydrogen bond geometry and iz used in chapters 8 and 4.

Chapter 3: Geometry constraints and the twist of the 3 strand

Chapter 3 looks at the four dipoles, two of N-H and iwo of C=0, which make up the
“cdipeptide” system of the Ramachaudran plot which is used to interpret properties of
protein structure. Studying the four possible interaction sets they provide, it is shown that
any dipeptide Ramachandran plot is likely to have its minimum energy in a conformation
which is seldom seen in real slructures. An explanation for this is provided by a model
in which tertiary hydrogen bonding is approximated using blocking groups. The resulting
potential energy suggests the beta strand has an intrinsic electrostatic predisposition to
twist caused by the carbonyl-carbonyl interaction, a feature which has previously been
ascribed to side chain interactions. This work has heen the subject of a paper, (Maccallum

et al I, Journal of Molecular Biology, {13]].

Chapter 4: Hydrogen bond geometries for pelar sidechains and peptides.

Chapter 4 takes the potential and probe system developed in chapter 2 and applies it

to assess Lhe hydrvogen bonding potential and geometry of polar sidechains. ‘I'his shows
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that these simple calculations can reproduce the observed patterns of hyvdrogen bhond
distribution around these gronps, all propertics other than sp®-directing eflects of carbonyl
oxygen lone pairs being accurately represented: these resulig are complementary to recent
exhaustive database analyses of sidechuin hydrogen bonding properties [35, 27]. The same
technique applied to interactions between pairs of peptides shows that electrostatic effects
provide the explanation for the observed devialions [rom ideal hivdvogen bouding geomelry
in crystal structures. The work on peptide-peptide interactions has been the subject of a

separate paper, {Maccallum et al TT, Journal of Molecular Biology, {14]).

Chapter 5: The stability of different types of helix

Using the results that structure cau be interpreted as a set of separate additive interactions
(as shown in chapter 3) and that Lhe geometvy of peptide/peptide interactions can be
explained in terms of steric effects and electrostatics alone {as shown in chapter 4), the
stabilities of different classes of secondary structure elements are investigated using model
polypeptides and asscssing the two residuc, three residue, four residue and five residue
interactions separately. This reveals three significant features: the 3,y helix is not a
local minimum on the polypeptide conformational pofential energy surface, the 7 helix is
excluded because of atomic collisions, and there is a significant barrier to concerted folding

of strands to helices.

Chapter 6: The ends of « helices and Lhe dynamics of helix formation

Chapter 6 takes the observation that simple concerted folding of helices is unfavourable
and looks for evidence that a stepwise pathway, adding restdues at the euds of helices, is
adopted. Common distortions at the N’ and C’ ends of helices are identified as possible
folding features, and a moddcl of stepwisc folding is developed which shows that the ends
musth indeed be distorted. The C’ end in particular has a confermational block to helix
formation, and it is suggested that the absence of a similar block at the N° end means

thal helix growth has a preferred C’ to N’ direction. Evidence from experimental studics

is gathered to support this suggestion.
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Section T1

The second section approaches the problem of protein architecture from the top dawn,
relating the technigues for studying individual interactions to the more elaborate tools
needed for tertiary structure analysis. Methods from analysis of text databases to Virtual
Reality visualisations are applicable here, and both approaches are shown to provide new
insight. into the forces stabilising proteins - searches of hydrogen bonding patterns showing
how sidechains can stabilise main chain conformations, and visualisations of hydrogen
bonding nelworks helping Lo ideutify hydrophobic interactions which appear to stabilise

beta sheets.

Chapter 7: Tertiary ring structures stabilising proteins

With the assurance that hydrogen bonding is a useful conceptual framework for studying
protein structure, a database of hydrogen bonds for proteins from the Brookhaven protein
database was developed as an aid Lo structure pattern identification. Software for auto-
mated searches of this data is described in chapter 7, and an application to identifying
and classifying ring structures formed by main chain scgments hydrogen bonded to amide
side chains is shown. The results of s chapter form part of a paper, (le Questel et al,

Journal of Molecular Biology [17]).

Chapter 8: Showing hydrogen bonds in relation to protein backbones

One immediate problem which arises from a database of hydrogen bonds is that it is hard
to interpret. Chapter & demonsirates a number of ways in which hydrogen bonds can
be shown in relation to overall protein fold, and suggests a simple way in which these
and related displays could be defined for inclusion in general molecular graplhics systems.
A novel display technigue baged on the midpoints of peptides is shown Lo be particularly
uscful for the display of beta sheet structure. An implementation of Llis technrique has been
developed using the VILW system by collaborators at the University of North Carolina

at Chapel Hill (Bergmann et al, Journal of Molecular Graphics [18]).

TR
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Chapter 9: Hydrophobic ridges in 3 sheets

The techniques developed in chapter 8 made it possible to make a quick visual analysis of
the sheets in a nutaber of proteins. This review, presented in chapter 9, revealed thal the
known propensity for hydrophobic residucs to pair up between strands actually extends
to the tormation of ridges of hydrophobic residues running perpendicular to the strand
direction. Au extensive set of examples is provided, and it i suggested that these ridges

are an important factor in the overall stability of 8 sheets.

Chapter 10: Problems in Protein Visualisation

Most, of this work was carried out using specially written software, and it is not clear how
a more general package of suitable flexibility could be written to reduce the programming
cffort for this type of research. However, there are a number of general issucs arising
from my experience, in particular in the matter of software prototyping and the conflict
between the demands of working biochemists and the attitudes of programmers, which
suggest some general rules for developing software in the field of biomolecular structure.
Some impressive attempts bave been made to provide a generic, flexible structure analysis
tool [19], bui my experience as presented in the final chapier suggests that a satisfactory
solution is still some way off, and may lie in betier agreement about file formats rather

than the development of ever more elaborate specialised sollware tools.

Section IIX

Finally, the appendices contain details of parameter sets used, some ol the modelling
techniques developed for this study, a description of the hydrogen bound format and search

software, and two of the many display algorithms which were included in tools developed

specially during my research.
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Chapter 2

Hydrogen Bonding

A hydrogen bond is an interaction in which a hydrogen atom bonded to an electronegative
atom is exposed to a second electronegative atom and, through e combination of electro-
statics and weak gquantum mechanical bonding, binds to that atom with a characteristic
directionality and short donor—acceptor distance, typically less thon lhe combined van der
Whaals radius of the two atoms involved.

A full treatment of the hydrogen bond requires ab tnitio quantum celeulalions, but these
are too time consuming for interactive investigations and in fact show that the major part
of the stabilisation is provided by the electrostatic part of the interaction. The electrostalic
part has been used on its own us a tool for studying hydrogen bond patterns, but is deficient
in regions of close packing or poor hydrogen bond geometry where it is most necded,

An approach bascd on combined clectrosiailics and Lennard-Jones potentials iz shown
lo have the right qualitative features o explain hydrogen bond geometry. The close donor-
ucceptor contact is handled by huving a zevo radius for hydrogen bonding hydrogen, which
compensutes for the lack of bonding effects. This simple model shows the correct direction-
ality, has approsimale quendilalive justification from small molecule data, end is the busis
of a range of widely used force ficlds, so is adopted throughout this work.

The examinalion of directionclity is carried oul using a set of fived atoms and a probe
system which is constrained to have a two dimensional interaclion poleniiel, which can be

visualised easily and cupiures many of the significant featurcs of the higher dimensional

spaces it approvimates.
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Figure 2.1: A Simple Picture of Hydrogen Bonding
This figure shows the simplest interpretation of hydrogen bonding, as a purely
electrostatic effect occurring when hydrogen is bonded divectly to a strongly
electronegative atom such as oxygen or nitrogen, The resulting chorge asymmefry con be
treated as a pair of point charges with values which are not multiples of ¢, so-called
PARTIAL CHARGES. In this situation, hydrogen adopts a positive partial charge, while the
atom covelently bound to it {the HYDROGEN BOND DONOR D}, tahes on a negative
partial charge. When this system is brought near to anolher charged or polar group, ihe
aloms tend to line up so that the hydrogen is as close as possible to the alom of thai
group with the highest effective negative charge (the HYDROGEN BOND ACCEPTOR A),
white the donor atom mazimises its distonce from the sume group.

2.1 Introduction

Hydrogen honds arre invoked to explain anomalously short D-H.. A distances. Tn proteins
these distances do nol seem as exireme as for Lhe classic HF..HF or small molecule
case, but hydrogen bond type interactions are ubiquitous determinants ol biomolecular
structure.

It hag long been recognised that the physical properties of molecules containing hydro-
gen bonded to a strongly electronegative atom are unusual, and that such molecules exhibit
unusual agsociation properties and behaviours in polar solvents. Thig has been attributed
to the very low eleclrouegativily of hydrogen, and is reparded primarily as an electrostatic
effect of the polarity of the D-H bond. Socme of the more extremne effects of hydrogea
bonding in matcrials have led to more elaborate models in which the electrostatic effects
are enhanced by a specific bonding term. This has been regarded as necessary to exptain
the shart D-H...A distances seen in some systems, and the unusually strong directional

dependence of the bond in materialz such as those containing HI® species.
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2.2 Methods: Models of the hydrogen bond

Madels of the hydrogen bond fall into a number of classes, ranging from the trivial geo-
mefric deseription of observed geometric prelerences from known protein structures to a
full quantum mechanical treatment. Tle purpose of this chapter is to identify a model
which exhibits as close a match as possible to the observed properties of hydrogen bonding
in proteins while still being simple enough to analyse and implement in a range of different
sitnations. Models based on empirical atom-centred potentials are regarded as acceptable
for the analysis of protein structure, and nearly all structural determination and dynamics
simulation is currently done using these methods, Quantum mechanical techniques have
historically been difficult to apply correctly and have required unfeasably long computa-
tion times, but new approaches, better software and faster computers are now making cb

tnitio calculations of systems of the size investigaled in this work feasible.

2.2.1 Empirical Models

Since hydrogen bonding cau be directly related to the electronegativites ot the atoms
invalved, most models have focused on charge distributions, with some consideration of
ideal geometries included in an empirical way.

The first models of hydrogen bouding were purely electrostatic, and attempted to
obtain realistic results by distributing poini charges to represent valence clectrons and
unshiclded atomic nuckei. for example the simple Pople/T.ennard-Joncs model which was

developed to explain the O-H...O bond distance in water had five diflerent, charged objects:
+ 2 single unshiclded (+1) charge on the donor exygen nucleus

o » single unshielded (+1) charge an the donor hydrogen nucleus

a single point, doubly charged (-2) to represent the bonding electrons

a single point, doubly charged (-2) to represent the lone pair electrons of the acceptor

oxygen
e a double unshiclded charge (+2) on the acceptor oxygen nucleus

Using this model Pople and Lennard-Jones were able to assign positions to the clectron

pairs to explain the observed positions of the nuclei. However, such a model is quite hard

Bt
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to justify from first principles, and for complex syatems the positions of all the electron
pairs could not be reliably assigned.

More usable empirical potentials have been proposed, with potentials refined against
the observed properties of crystals of small organic molecules and tailared to fit the ohb-
served structural properties of proteins - some of these are discussed in section 2.2.4. In
particular, systems of point charges are supplemented by Lennavd-Jones or Morse style
potentials, which allow [or the repulsive cores ol atoms and also provide a more realistic
trealment ol the interactions of non-bonded atoms which are very close to each other.

Since a hydrogen bond only contains some 10% actual bonding character, many ob-
servers have chosen only to consider the electrostatic component. One case which is
of particular significance here is the work of Kabsch and Saunder [20], who studied the
strangth of hydrogen bonds in proteins using a simple model which assigned single point
charge to the atoms of the peptlide bonds. Svme of the properties of this model will be
discussged later: there are obvious oversimplifications involved in ignoring the positions of
lone pair elecirons, but a simple electrostatic model is surprisingly useful. The only extra

consideration which will be made here is the effect of non-honding interactions.

2.2.2 Quantum mechanical models

A complete model would have to provide a full quantum mechanical treatment of the
bonding as well as the electrostatic terms. As a step towards this Tsubomura proposed a
sel of canonical structures to describe the contributing molecular orbitals of the D-I1...A
system (see figure 2.2). Spectral studies and ab initio calculations suggest that the first
two which contain explicit hydrogen bonding terms, ¢, and ., contribute roughly 10%
ol the observed hydrogen bonding energy when the hydrogen bonding geometry ig close
to linear [23]. Although it is now becoming possible to solve the wave equations for small
peptides and sections of proteins, such results are hard to interpret for small sections of
large molecules and the watch between the theoretical results and the physical properties
ol the system is hard to assess, particularly whei trying to measure attractions between
polar groups which are part of the same molecule.

An exhaustive study of the precise nature of the hydrogen bond is cutside the scope
of this work, but possible bonding effects could play a role either enhancing or interfering

with the results based on empirical force fields, The data presented here are qualitative
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interpretations of the structural properties of proteins: if it were possible to define the
minimal sel of significant protein structures which define folding and stability then effort
could be focused on these using the best available quantitative techniques. Here it is argued
that the problem is not yet well encugh defined for such an approach to be successful.
One of the most significant contributions which a covalent model of the hydrogen
bond would make would be to enhance the directionality of the interaction: there might
be expected to be a stronger tendency for the three atoms most closely involved to be co-
lincar and in the case of systems involving pi-orbitals, a tendency to be coplanar also. Later
chapters show that in proteins this is rarely the case, but it must be stressed that there
are considerable conformational constraints placed on any interacting systew in a protein.
On the other hand, many systems do succeed in maximisiug clectrostatic interactions; a
simple point charge based model explaing many observed patterns, and quantum bonding
effects may only be significant as quantitative corrections to the empirical model presentad

throughout this work.

2.2.3 Hydrogen bonding sites along the polypeptide backbone

The polypeptide backbone is a sequence of alternating hydrogen bond donors and ac-
ceplors, as shown in figure 2.3. Each peptide can act as a donor and acceptor, and in
most cases acts as both at once. Saluralion of hydrogen bonding potential means that
the arrangement of these positions is important in determining the final folded state, and
possibly alsa in the control of the protein folding pathway. Most of these hydrogen bonds
are mainchain-mainchain interactions, although bonding to sidechains and solvent also
play an important role.

There are, of course, other hydrogen bonding sites in proteins; polar sidechains, the
charged ends of the palypeptide backbone, and charged residues can all participate in

hydrogen bonding. ‘Fhese will be discussed further in chapter 4.

2.2.4 Eleclrostatic Models

The success of the Pople/Lennard-Jones model for waler, and the fact that the main
stabilising interaction in hydrogen bonds is an cffect of molecular polarity, have encouraged

several workers to adopt a simple electrostatic model of the hydrogen bond. In particular
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IKabsch and Sander [20] used a simple four-point model to provide an energy to use as
an extra hydrogen bond classification criterion, giving an interaction as shown in figure
2.4. Clearly this model is only a rough approximation, but even an approximate energy
assignment turned out to be useful in analyses of hydrogen bouds - for exainple, see the
work of Milner-White in the analysis of the gamma turn interaction found in some main

chain conformations [30].

2.2.5 Lennard-Jones potentials

Lennard-Jones potentials provide a more realistic alternative to geometric or electrostatic
methods. The electrostatic system obviously lius a problem with the absence of a repulsive
core on atoms, but also shows clear deviations fram the expected behaviour near to the
ideal hydrogen bond length, one of the regions we want to investigate in detail,

Many Lennard-Jones type potentials are available, as these are the functional forms
used in force ficlds for structure refinement and molecular dynamics programs, the most
commeonly nsed being AMBER [6], CHARM-M [7] and GROMOS [4]. The basis for
the non-bonded interactions in these was a series ol studies by Lifson, Hagler and co-
workers[21, 22, 23] who empirically devived a force field based on the observed structures
and thermodynamic properties of erystalz of small organic molecules. Later force fields
include terms designed (o [orce the energy caleulations to match the observed structures of
proteins, some containing specific divectional hydrogen bonding terms, for example. While
this is reasonable for a force field which is to be used for structural determination, there is a
risk that properties of proteins which are effects of consiraints on proteins’ conformational
space and hence potential clues to the kinetics of folding may simply be masked out as
parl of the force field, so | have chosen to use the original transferable force field because
it is closer to verifiable caloric measurements and has fewer asgumptions about hydrogen

bond geometry in proteins.

2.3 Results: Visualising possible interactions

Any potential energy function can be interpreted visually, bul the ease with which it
can be understood depends on the number of dimensions required to describe it and how

intuitive any dimensionality-reducing constraints are. In particular, auy approach which
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Figure 2.2: Tsubomura Molecular Orbitals

Teubomura propascd that the short intermolecular distances seen in hydrogen bonded

systems were due fo weok bul genuine bonding effects between the donor and acceptor

syslems. According to the melecular orbitel approzimation, any bonded system can be

seen as linear superpositions of single-ntom wave-funclions, and further any bonding

system can be seen as o superposilion of ihe reselling muny-alom wave-funcilions,

molecular orbilals., This figure shows the possible molecular orbitals for the simplest

hydrogen bonding sysitem, ranging from the fully bonding, non hydrogen bonded orbital
with lowest energy to the fully anli-bonding systems wilh higher energy. Hydrogen bonded

systems actuelly exhibit o superposition of the lowest lhree of these molecular orbitals,
but the overall energetic coniribution of true bonding is quite small - between 10 and 26%

for systems such as proteins.
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Figure 2.3: Hydrogen Bonding Sites on the Polypeptide

The polypeptide backbone ts a series of hydrogen boand donor and accepior sites. Fach
peptide hos one N-IT group which can act as e hydrogen bond donor, and one C=0 group

which can act as a hydrogen bond acceptor, the oxygen being the acceptor atom. The
cxceplions are the ends of the strand, where NHY, CO5, or acetylated ¢ termini provide
coen sironger donor and aeeeptor sites, and the residue proline, which has no N-II group

and henece cannot act as a hydrogen bond doner, The nomenclature is traditionally to
number donor or acceptor atoms according to the amino acid residue they belong o, with
hydrogen bonds numbered from the acceptor atom, so a hydrogen bond between atoms A

and B in the diagram 15 ¢ 35, or i—i+2, hydrogen bond, while one between A and ¢

would be a 3—2, or i—1-1, hydrogen bond.
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Figure 2.4: Electrostatic Hydrogen Boud uergy
This graph shows the potential energy of the system N-f...0=C as a function of H...O
distance assuming the four atoms lo be co-linear and taking the particl charges used by
Kabsch & Sander as described in the text. At short H...O dislances this function is
dominated by the 1/v* H...O attraction, while «f larger distances the effect of the two
groups N-H and O=C being dipolar is to cause the attraction to tend te zero more quickly
than for the simple I...0 case.
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Figure 2.5: Lennard-Jones Potentials
Thes graph shows the same co-lincar N-T...0:=C sysiem us the previous figure, using the
LENNARD-JONTS {2-6-f and 9-6-1 potentials of Lifson & Ilagler as deseribed in the text.
The elecirostalic port of the potential is very similar to that in the previous cxample, but
the additional van der Waals and London forces which are included can be seen to
effectively describe the repulsive shorl range belaviowr loo. Notice the way the N...Q
repulsion can be seen to push inlo the H.., O minimum in the 12-6-1 cuse. This sirong
repulsion needs to be countered by explicit hydrogen bonding lerms in calculutions based
on this strength of potential, but is less strong in 9-6-1 polenlials.
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results in a one or two dimensional potential energy surface can he useful, especially if the
constraints applied are clear enough.

T'he best way to look at the interactions involving polar groups in proteins is to take
one of the groups as reference and display the potential energy of a typical hydrogen
bonding partner relalive to it. In this way the geometric properties of a given potential
energy can be shown. One example is the ¢, ¢ conformational space of a single residuein a
polypeptide, first studied by Ramachandran [24}, where the significant degrees of freedom
can be clearly seen and the rest of the system assumed to be fixed by inflexible bonds.
This system is looked at in detail in chapter 3: here a more general case, with no assumed

bonding constraints between the hydrogen bonding partners, is considered.

2.3.1 Interaction Plots

Two dimensional interaction plots can be drawn if one of the partuers can be held fixed in
a plane and ecach point relative to it restricted to a single conformation, whose potential

energy can then be plotted. The test donors and acceptors should fulfil these criteria:

o they should be neutral. If there ig a net charge, the subtle effects of the electrostatic
distributions will be lost: the polential cuergy will be overlaid with a simple distance
dependent function. If the two units are neutral, any non-zero energies will be a

function of the geomelry of the interaction alone.

o they should have a simple shape. If the probe is composed of many aloms, some
regions of the potential energy surface may be stabilised through contact interac-
tions between parts of the system other than the hydrogen bonding partners under
investigation (see for example section 4.3 which explicitly looks at this effect for

peptides).

o they should be representative. Wherever possible, realistic representations of polar
groups should be chosen, and for example partial charges on any atom likely to have

a directing etfect on a hydrogen bond should be included wherever possible.

The obvious choice is the simplest possible case, N-H as donor, peptide C=0 as ac-

ceptor. Neither of these is a stable species, but in the scheme of Lifson et al, each is a net
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neutral object. T'hey have simply defined geometries, and correspond to the most common
donor and acceptor species in proteins, so make ideal probes.

Oue problem which arises is the number of degrees of freedom of the system. Ln this
case, the geometry could be completely described by four parameters - H...O distance,
N-H...O angle,, 1...0=C angle, and {N-H...0)=C out-of-planc angle, but such a four
dimensional dataset would be time consuming to calenlate and very hard to interpret.
Instead, it is best Lo specify a simpler subset of the system we wish to consider. The first
simplilication is to consider the cases where {NIIOQC) are all coplanar, which is likely to
give rise to the strongest interactions. Secondly, it is worth making a rough estimate that
the hydrogen bonding potential is strongest when the system is linear, and considering
ouly the cases where the N-H...O or H..O=C angles arec 180°. This makes it possible to
investigale the potential energy in two two-dimensional systems, one where the N-H...0Q
atoms are co-linear and the H...O distance varied, another where the H...QO=C atoms are
co-linear and the H...O distance varied. In figures 2.8 and 2.9 which show these resulls,
you can consider the group shown to be held in place while the other group has a geometry

defined by

« the position of the donor (or acceptor) atom of the free group relative to the acceptor
{or doner) atom of tha fixed group, which is the x,y position in the potential energy

field

e the gsecond atom of the free group, which is placed along the line joining the donor

and acceplor atoms, pointing away from the fixed group.

The bond length is held constant. The systen is shown in figure 2.6,

2.3.2 2-D representation of geometric hydrogen bond criteria

Tle simplest case to apply this type of display to is the set of geometrical constraints
based on observation of proteins [26}. These can be treated as providing an all-or-nothing
potential cnergy function. The configurations classified as hydrogen bonds can be seen in
figures 2.7 and 2.8.

The interesting feature of these is that the observed values of the N-I1...0 angle cover

a maich smaller range than the C=0...I1 angles. This feature is a lesl ol any model of the
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potential holding together hydrogen bonding groups; the abilily to reproduce this effect
Is important for any technique which is to be used for analysing more complex structural
interactions, as later chapters do.

One further effect which is seen is that there is a tendency (or hydrogen bonds to
cluster around two positions which correspond roughly to the expected positions of centres
of charge associated with the two loue pairs on the carbonyl oxygen (see, for example,
Ippolito at @l [27]). This is not a strong cffect, and it may be simply a statistical result, -
since the potential is wide cnough to accommodate two hydrogan bonding partners, and
those partners will be mutually repulsive, they will tend to bind al opposite sides of the
potential minimaw. Judging whether treating the charge as being concentrated at twe
poinis lor a more directional model as has been attempted in some force fields is useful or

not would require a sensitive quantum mechanical treatment of the single bond casc.

2.3.3 Electrostatic 2-D interacfion plots

As a next step, it is instructive to investigate the properties of the Kabsch and Sander
calculations as applied to the sort of system which will be studied in depth using the
more complete Lennard-Jones potential. The Kabsch and Saunder calculation is widely
referred to, as it is availahle in the DSSP format files for describing polypeplide backboune
steucture [20]. So whal does il actually do, and how does this relate to the more complete
calculation” Figure 2.8 shows the two-dimensional Torm of this potential.

This method calculates the electrostatic component of a hydrogen bond assuming
that the N-H and C=0 groups are neutral overall with an uneven charge distribution as
described in appendix A. To investigate the effectiveness of this model, it is possible to
examine the energy it calculates for a wide range of geometrical arrangements. Since the
twa groups are neutral overall, it is possible to treat them as if they were separate molecules
interacting in vacuo, a reasonable assumption if we agree only to draw conclusions from
results at short ranges where there is no question of solvent molecules or other polar species
intervening to interfere with the intcraction.

The results show quite neatly the benefits and disadvantages of the model. 1In the
absence of a repulsive core, short range interactions are possible where overlap effects would
have been expected to prevent the atoms approaching each other. This is nal a problem

in the examination of crystallographic coordinates, where these repulsions have already
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been accounted [or in the refinemaent procedure, but they mean that an examination
of disallowed conformations in model siructures using this technique Is inappropriate.
Another feature of the results is that there ig no strong directionality predicted if the
clectrostatic energy alone controls the hydrogen bonding geometry. The most important
factor determining the potential is the donor-acceplor distance, but in a real protein the
obscrved hydrogen bonds show quite distinet directional preferences which must be related

to the potential energy.

2.3.4 Lennard-Jones 2-I interaction plots

Finally, figures 2.11 and 2.12 show the interaction plotg for the Lennard-Jones 9-6-1 poten-
tial. Two important properties of these plots are the realistic repulsive core, and the very
clase match of the shapes of the potentials with the geometric rules which are based on
observation of proteins. The N-H...O potential is narrower than the C=0Q...H potential, as
represented in Lhe lower allowed range of N-H...O angles relative to the range of C=0...H
angles. This is even the case in the absence of distinct sites for lone-pair electrous, which
are normally invoked to explain the wide range of C=0...H angles observed.

In addition to providing a repulgive core region as expected, notice that the shapes
match the empirvical gecometric constraints much more closely than the simple electrosiatic
model, Thig is due to the form of the Lennard-Jones parameters - in particular the van
der Waals radius of hydrogen is effectively zero, since in hydrogen banded systems the
acceptor atom can come very close to the hydrogen. Sufficient repulsion is provided by
the hydrogen bond donor atom, Nitrogen in this case, that the ‘9’ and ‘6’ parameters on
[l can be sct to zero. For the fixed N-H case, Lhis means thal O close Lo 1 but as far as
passible from N ig favoured, and hence a restricted range of N-H...(} angles is seen. [For
the fixed C=0 case, the repulsive core is more symmetrical and a wider range of C=0...H
angles is allowed. There i3 no repulsion in this case between the fixed group and the
“probe” abject, the hydrogen of N-H, and since the coustraints always have the hydrogen
pointing at the oxygen, the potential is dominated by the electrostatics except where the
O...H distances are short cnough for the N...O repulsion to Lake eflect.

Clearly, the 8-6-1 poteniial presented here is an adequate model of the hydrogen bond
in proteins. The shape of the energy minima for both the fixed N~I1 and fixed C=0 cases is

a close match for the observed distributions, and the potential contains terms to represent
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Tigure 2.6: An Idealised Geomelry for Hydrogen Bonding
The N-II...0=C system has 5 degrees of freedom, so the potenticl eneryy surfoce cannol
be visualised easily. However, by fizing the system to be coplanar the deyrces of freedom
are reduced 1o 3, and adding the further constraint that the angle H...O=C be fived to
18(° reduces the sysiem to 2 dimensions, so ¢ 2D potential energy surface can be drawn.
Each poini on the surfece represents the position of an oxygen ctom relative to o fived
N-H group, with the C=0 always pointing directly at the hydrogen in the system.

both the dipolar interactions and the van der Waals contact effects. The caleulation
involved for cach conformution is quite simple, and many different conformations (or many

different interactions in a single large system) can be calculated in a reasonable time.

2.4 Conclusion: Lennard-Jones potentials are adequate for

examining hydrogen bonds

This chapter has shown how there are a range of dillerent models of hydrugen bonds, each
having its own problems with either realism or calculation time. Examining the properties
of these different systems involves finding a set of representative conformations which show
the behaviour of the potentials in different situations. Enforcing planarity and providing
angle constraints seems to be a good way of getting a flavour of the various systems, and
the results show that a Lennard-Jones potential of the type refined by Lifson & Hagler [23]

shows the correct geometric properties, and is believed to provide energies for hydrogen
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Figure 2.7: Classical H-bonding Regions — N-H fixed
This figure shows a 2D interaction plot as shown in the previous figure, with fized N-H
and C'=0...H constrained to be linear The clear regions show the conformations which
are classified as hydrogen bonds by the geometric criteria of Baker €& Hubbard, the black
region shows where the constraints would give N-H...O distances less than the van der
Waals radius of Ozygen + the van der Waals radius of Hydrogen.

Figure 2.8: Classical H-bonding Regions — C=0 fixed
This figure shows the same 2D interaction plot as in figure 2.7, but with C=0 fized and
O...H-N linear, again using the hydrogen bond criteria of Baker & Hubbard.
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Figure 2.9: Electrostatic Interaction Potentials — N-H fixed
2D interaction plots with fized N-H and C=0...H linear. The potential energy has been
calculated using the electrostatic potential of Kabsch & Sander. Energies are contoured at
0.5 kealmol™" intervals, with a minimum of -5.0 kealmol™' and a mazimum of 5.0
kealmol™"'. The steep attractive core is apparent, but it is also clear that the potential
shows very limited directionality.

Figure 2.10: Electrostatic Interaction Potentials - C=0 fixed
2D interaction plots, with C=0 fized and O...H-N linear, potential energy using the
electrostatic potential of Kabsch & Sander. Energies are contoured at 0.5 kealmol™
intervals, with a minimum of -5.0 kealmol™" and a mazimum of 5.0 kealmol™". This and
the previous figure suggest that N-H...O and C=0...H angles could show a very wide
variation if electorstatics were the only significant part of the potential energy function.
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Figure 2.11: Lennard-Jones Interaction Potentials — N-H fixed
This figure shows a 2D interaction plot with fired N-H and C=0...H constrained to be
linear, the potential energy calculated using the Lifson & Hagler Lennard-Jones 9-6-1
potential. Energies are contoured at 0.5 kealmol™" intervals, with a mazimum of 3.0
kecalmol='. The minimum covers a small range of N-H...O angle values, although there is
no specific direcling term in the potential energy.

Figure 2.12: Lennard-Jones Interaction Potentials — C=0 fixed
This figure shows the 2D interaction plots, with C=0 fized and O...H-N linear. The
potential energy has again been calculated using the Lifson & Hagler Lennard-Jones 9-6-1
potential. Energies are contoured at 0.5 kealmol™ intervals, with a mazimum of 3.0
kealmol™". The minimum covers a wider range of C=0...H angles than the fized N-H

case.
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honds which are acceptably close to the actual valucs.

The directional properties of the hydrogen bond have been shown fo be adequately
reproduced by this simple functional form based on pairwise additive potentials. This is
important, becanse it means that we are now in a position to look for more complicaled
shape based potentiale safe in the knowledge that there is no infrinsic reason why special
[eatures such as lone pair electrons need to be taken into accaunt. This is not to say that
pairwise potentials are the only right way to study the fovces in proteins, nor that the
results cannol be superseded by more elaborate technigues, but given a problem where
the complexity of the phase space is more than enough of a challenge, it is useful to have

a valid, sinple function to evaluate at each conformation.




Chapter 3

(Geometry constraints and the

twist of the [ strand

Interaction potentials based on two-adom probes and fized groups suggest « method of inter-
preting the conformational energy of two adjacent peptides as four separalc interections.

Analysis of the four interactions shows thaet oll solvent free calculations will necessar-
iy give the gamma turn conformation as the potential minimum for dipeplide, but also
that there is an asymmetry between the right and left twisted § strand conformation us a
consequence of the high dipole of the carbonyl group.

When tertiary hydrogen bonds are taken inlo account by « simple madel which ireats
hydrogen bonding groups as fived external constraints, the gamma turn interaction is desta-
bilised and the two peptide systern shows that there is an intrinsic tendency of the beta
strand o twist even befove side chain effects arve included, partly @ funclion of intrin-
sic electrostalics, purtly a fenction of the external environment of strands in solution or

protein cores,

3.1 Introduction

The first question which arises from the adoption of a new way of analysing hydrogen
bonds clearly has to be “does it give any different results from cxisting methods?. Here
the system is applied lo Lhe siriplest possible geometry of the polypeptide backbone, and

novel results are demonstrated which help to explain the twist observed on beta shects.
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3.1.1 Non-optimal hydrogen bond geometries.

Hydrogen bondg based on electrostatic models will always pive the potential energy min-
iinnm where the dipoles are aligned end-to-end, However, ather geometries are possible,
and some turn out to be significant where other factors such as backbone bonding constrain
the backbone. Ientitfying which of these is significant requires at least an approximate
value for the energy in each conlormation, and methods for examining systems which may
be rare or unobserved i proteins. To start with, the sinple N-H...0=C system is likely
to be useful, although here we impaose a quite different sef of constraints on the system to

show Lhe potential energies of systems which are far from ideal hydrogen bond geometries.

3.1.2 Antiparallel dipoles

Can any system which cannot be explaincd by electrostatics or hydrogen bonding geome-
trics alone be better understood using this slightly morc complex approach? The answer
is yes, there turn out to be a number of aspects of protein conformation which can be
investigated in this way.

The first case to consider is a purely electrostatic interaction which cannot be described
as a hydrogen bond but which is widely observed in chemical systems. The donor and
acceptor probes we are considering constitute pairs of charges distributed along an axis,
and this is of course the degcription of a dipole. Dipoles can interact in the classical
‘hydrogen bonding’ sense, lined up end to end with opposite charges near to one another,
but they have another significant stable conformation: they can line up side by side, with
opposite charges adjacent, the antiparallel configuration.

The ligure 3.1 shows the potential energy for our simple N—H.. O=C system, but in this
casc the 11...C=0 angle, instead of being 180°, is fixed at 90°. Thus the values where the
oxygen is at the bottom of the plot represent the antiparallel conformation, those where
it is in line with the N-H axis represent an extreme of the allowed hydrogen boading
geometries, and those at the top ol the plot represent parallel dipoles, where like charges
are close to each other and hence there is net repulsion.

There iz clearly a favourable interaction by this model, but the geometry is such
that a typical geometric hydrogen bond description would suggest no stabilising interac-

tion. Including the electrostatic and steric forces shows that the conformation is not only
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Figure 3.1: Antiparallel Dipoles Represent a Stable Conformation
This is a 2D interaction plot for the same system as figure 2.12, but with the angle
O...H-N fized at 90° rather than 180°. This changes the nature of the interaction
completely: where angle C=0...H is linear, the interaction is weak, but where it is near
9(r, the C=0 and N-H dipoles are antiparallel and a significant minimum is found.
Where C'=0...H is near -9(° the dipoles are parallel and the interaction is destabilising.

favourable, but in principle accessible, so is worth looking for in proteins to see if it plays a
role. The electrostatic model of Kabsch and Sander would have found the same favourable
interaction, but would not have been able to suggest whether it was a short-range anomaly

of the simple model or a possible configuration.

3.2 Observations: Backbone constraints on neighbouring
peptides

Antiparallel dipoles may be allowed in proteins, but they are weaker than hydrogen bonds,
and as a result will not be found stabilising systems which are free to make hydrogen
bonds. They are only likely to be significant interactions in cases where there are strong
constraints, for example those provided by bond angles in interacting systems which are
close to each other along the polypeptide chain.

Since most possible hydrogen bonds are satisfied in proteins, any weaker interaction is

either going to be a less significant or will only occur under special circumstances where
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other features prevent hydrogen bouding. The most common constraint on potential
donors or acceptors is that the majority of them are part of the polypeptide backbone.
This means that they are not free to form the best possible hydrogen bonding gecmetries,
and also are held close to their neighbours by bonds, and so have to act in concert with
the peptides nearby along the chain.

Such a system is the set of interactions between the atoms of adjacent peptides, those
which share a single alpha-carbon atom. Fach peplide can be treated as a sel of two dipole
units, one N-II and one C=0, and the resultant set of four possible interaction pairs can
be examined. All of these interactions could show stable end to end or antiparallel dipole
effects, and all of them are heavily constrained by the rigid bonds of the polypeptide back-
fsone, held in close proximity to each other with ne real opporfunities to make hydrogen
bouds between themselves, as will be shown later. The local electrostatics do make a
significant contribution, in ways which can be related to classical hydrogen bonds bul are
subtly different.

The system described below is the pair of peplide bonds on either side of the alpha-
carbon of a single residue either in a polypeptide or in the N-acetyl N'-methy! alanine
system which is often used as a test of potentials and contrasted with the Ramachandran
plot. Thus all the main chain atoms between the alpha carbon of residue ¢ — 1 and ¢+ 1

are included, where residue ¢ is the central amine acid residue.

3.2.1 The Gamma Turn conformation

The most significant interaction in the adjacent dipeptide system is the oue between thie
C=0 of residue 7—1 and the N-FH of residue 441, that iz an ¢ — i4-2 hydrogen bond. This
is the only one of the four interactions which has enough free rotation and a wide enough
separation to form a genuine hydrogen bond, and in this case the possible hydrogen bond
is actually seen in proteins. 1t is known as the gamma turn {29, 30], and is scen mostly at
the onds of beta strands in proteins with extensive beta sheets, although it is not common.
Its rarity is mysterious when the ease with which it can be formed is considered - only a
single amino acid residue has its conformation fixed by this interaction, compared with the
four required to make a. single alpha helical hydrogen bond, so it should be eutropically

favoured.
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3.2.2 Carbonyl to carbonyl interactions

Looking at dipolar interactions does not restrict us to looking at possible hydrogen bonding
systems. Any dipole can adopt the antiparallel configuration Lo minimise its potential
energy, and the most significant dipole in a peptide is that of the amide carbonyl group.
The two carbony! groups in adjacent peptides, those of residues i — 1 and #, can try to
line up in this way, or even to try to form an end-to-end alignment. Uhere are only three
bonds between the two carbon atoms, though, and this would be expected to provide a

strong constraint on how close to the optimal configuration the system can get,

3.2,3 Other symmetry related interactions

Since the peptide is being treated as two polar units, there are four possible interactions
between a pait of peptides. The other two interaclions can also be treated separately.

The first is the Cy inleraction which hag been studied in some detail by Benedetti and
Loniolo [28]. This is the interaction which is predicted to occur between the N-H and C=0
groups of a single amino acid residue, the nearest pair on adjacent peptides. The groups
cannot [ornt a hydrogen bond, but may be expected to form a dipolar interaction providing
strongest stabilisation when the H-N-C*-C=0 five-membered ring structure (hence Cs) is
planar.

finally, there is one other possible interaction, closely related to the carbonyl-carbonyl
interaction. 'I'he two N-II groups cach have an effective dipole, and thus Lhey can interact
in exactly the same way as the carbonyl groups might be expected to. In fact, in a sense
they form the exact complement of the carbonyl-carbonyl interaction: swapping C=0O for
N-H in glycine residues is equivalent to swapping ¢ for —. If the two interactions had
the same polential energy profiies, then these two groups would provide potential energics

which would be symmetric about the line ¢ = —» on the Ramachandran plot.

3.3 Mecthods: Measuring the relative stability of stabilising

interactions.

A survey of the observed phi/psi distribution in known protein structures shows that

there are significant regions of the backbone parameter space which are rarely adopted

R T
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Figure 3.2: The Gamma Turn Interaction
As described in the textl, a peptide can be approzimated by a pair of dipoles. For the
“glycyl dipeptide” this means that there are four interactions lo consider: the most
significant is shown here, the C=0;_, = N-H;,, interaction. This can have hydrogen
bonding character, and conformations stabilised by this i—1+2 hydrogen bond are known

as “gamma turns” when seen in proteins. For the central resiude ¢ = —90°, 1 = 90°.

Figure 3.3: The Carbonyl-Carbonyl Interaction
The carbonyl group has the largest dipole of the two units, so the C=0;_, = C=0;
interaction would be expected to be significant. There are only three bonds seperating the
two groups, so the freedom of these dipoles to line up favourably is severely constrained.

The conformation shown, ¢ = —90°,¢ = 120° is allowed.




Figure 3.4: The C;5 Interaction
The most strongly constrained interaction in the dipeptide is the N-H; —C=0;
interaction. In fact, the only free parameter here is the H...O distance, so the potential
enerqgy is effectively monopolar rather than dipolar. The H...O distance is shortest in the

conformation shown, with ¢ = 1 = 180°.

Figure 3.5: The N-H...N-H Interaction
If the charge and bulk of the N-H groups were the same as those of the carbonyl groups,
the N-H; — N-H;,, would just be a symmetry-related form of C=0;_, -C=0;. Shown
here is ¢ = —120°, % = 90°, the equivalent of figure 3.3. In fact, the hydrogen atom is
smaller and has a lower charge magnitude than ozygen, so there is an asymmetry,

discussed in the results section.
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by anv residues. This means that as an analytic tool, structural data is at best incom-
plete. In addition, this plot shows the cumulative eflects of many different contributions
to polypeptide stabilisation, including local interactions, secondary structure stabilising
interactions, tertiary mainchain iuteractions, sidechain interactions, solvent and substrate
effects, and hydrophobic effects. In many cases the number of external constraints to
the backboune conformation are such that unfavourable regions of the phi/psi space arc
adopted by residues, which show bond lengthening and bond angle dislortions to accom-
modate these unfavourable conformations. These effects combine to mean that the phi/psi
plot, and associated energies, Laken fromn coordinates in real proteins are not dircctly useful
in the analysis of the interactions of neighbouring residues because coverage of the avail-
able phase space is patchy, incomplete and inconsistent. What we are actually interested
in here is the full phi/psi plot without relaxation effects, and the appropriate technique
to use is therefore molecular modelling.

It is simple enough to generate coordinate sets for a dipeptide with only two free
structural paraineters. The coordinates of the first peptide are fixed, and the plane defined
by these atoms and its normal define the basis space in which the coordinates for the
second peptide can be generated: the full algorithm iz presented in appendix A. Since
we arc interested here in the local peptide-peptide interactions, it is possible to leave out
the positions of hydrogen atoms and sidechains. C'* atoms are not included in the epergy
caleulations butl are required as part of the coordinate generation.

Once the coordinates have been generated, it is a simple matler Lo calculate the en-
ergy, since the potential form used is only dependent on the distances Letween pairs of
interacting atoms. The coordinates can be generated for phi/psi values covering the whole
range from -180° to 180¢. The results are very high energies - typically several thousand
kealmol=! - because Lennard-Jones potentials are not strictly valid for species which are
actually bonded Lo each ather. Fortunalely, it turns out that overall shape of the poten-
tials is still meaningful, and the energies can be interpreted if they are taken relative to the
lowest energy found for the system - so the lowest energy found can simply be subtracted
from all the encrgies found, which is reasonable so long as a conformation near to the

lowest energy conformation has been sampled.
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3.4 Results: Four interactions which affect polypeptide con-

formation

Tlee results presented in this section show that this technique works very well, providing
a detailed breakdown of the forces between pairs of neighbouring peptides, and also iden-
tifying a number of surprising features, one with implicalions for tertiary slructure eflects
which are dealt with in the following section and another which provides new insight into
as well known but poorly explained feature of protein structure, the observed ubiquitous
right-lianded twist on beta strands and shecets.

The results here have been calculated without inclusion of side chain atoms, so in
each case there is rotation symmetry about ¢ = (¢, % = 0°, and each minimum is present
Lwice. This means that they approximate the potentials for a glycine based polypeptide.
A preliminary generalisation to other amino acid residues wonld be simply {0 look at
the minima which fall in the top left quadrant of the phifpsi plots, since Lhat region is
least disrupted by side chain effects. When I refer to the minimum of these plots, the one
accessible for T,-amino acids with will be the one of interest. Side chains are not included to
allow the intringic dyunamics of the polypeptide backbone to be studied, to help distinguish

side chain effects from the core nature of the polypeptide,

3.4.1 The Gamma Turn conformation

Figure 3.6 shows the potential encrgy caleulated for the gamma turn inferaction, which
is the strongest of the four interactions, as we will see. The interaction is symmetric, and
quite easy to interpret,

The minimum for this interaction might be expected to lie where the two peptides are
coplanar with the hydrogen bonding H and O as close to each other as possible. This would
form a scven-membered ring structure, whicl should be relatively stable (see, for example,
chapter 7, which discusses hydrogen bonded rings in more detail). The calculations show
that this structurc is impossible; because all of the bond angles in the system are close
to 120°, only a six-membered ring could be accommodated in the available space. The
¢ = 0°,% = B¢ structure is destabilised by the repulsion between the carbony! oxvgen of
residue ¢ — 1 and the amide nitrogen of residue ¢+ 1. (There is no steric repulsion between

the carbonyl oxygen and the amide hydrogen since the effective van der Waals radius of
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hydrogen bonding hydrogens is zero.)

The region where the dipele interactions can be strongest while still accommodating
this repulsion is around ¢ = —90°,4% = 90° (and ¢ = 90,4 = —00° for glycine residucs).
This is reassuring, since it corresponds exactly to the beta-pleated sheet structure of
Pauling and Corey [2] which was predicted as the most stable beta strand structure -
their crucial insight being that the extended conformation, ¢ = 180°,% = 180°, would
ol provide an ideal hydrogen bonding geometry. In fact, plealing is observed in all
beta sheets, although not to the extent predicted either by Pauling and Corey or by this
potential energy calculation.

Other studies of the inferaciions between two neighbouring peptides focus on full
implementations of the various force fields used for strucinral studies of biomolecules,
and usually consist of a calculation of the potential energy of the Ramachandran plot for
N-acetyl-N’-methyl glycylamide (or alanylamide). These calculations have not previously
been broken down into their component parts, but it is still possible to identify in cach
case that the predicted minimum is near ¢ = —90°, ¢ = 90° in other words, whatever
the force field the conformadtion of the alauyl dipeptide is dominated by the gamma turn
interaction. This is curious, because the gamma turn conformation is actually quite rare
in proteins (see for example the review of Milner-White {30]}). There must be some other
effect in globular proteins which masks this interaction. A likely explanation is provided

in seclion 3.3.

3.4.2 Carbonyl to carbonyl interactions

Figure 3.7 shows the plot for the C=0...C=0 interaction. The minimum lies well above
and to the right of the diagonal line ¢ = —1, such that it favours a S3-strand with a
right-handed twist. In this conformation the two carbonyl groups are not far from being
antiparallel, and the close match of this putential energy confribution for the observed
conformations of beta sheet residues is very suggestive. The minimum is not as pronounced
as that for the gamma turn interaction, but if as seems likely the gamma furn is [orbidden
by tertiary structure effect, then the carbonyl carbonyl interaction may well be the most
significant stabilising effect between adjacent peptides, and as a result the twist on the bheta
strand may well an intringic property rather than a statistical elfect or one guided ouly

by side chain crowding as has previously been proposed [31, 32], It is worth remembering
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that previous descriptions of the forces stabilising the polypeptide have almost exclusively
focused on interactions which could be classed as hydrogen bonds. Here is a case where
there is a very significant interaction, quite clear to see, which is purely electrostatic in

nabure.

3.4.3 Other symmetry related interactions

Figure 3.8 shows the Cj interaction. It is hard to justily a study of this interaction

using a non-bouded potential, since the species invelved are clearly interacting through

honds, but it is still possible to get a quick interpretation of the relative importance of

this interaction as compared to the other three. It has been shown to be significant in a
nwmber of sterically restricted polypeptides using doubly C* substituted amino acids |28],
but here it can be seen that in the absence of such constraiunts, the interaction displays only
a shallow minimum at ¢ = 180°,4 = 180°, where the Cy atoms are in a flat fiveemembered
ring structure. The bonding constraints mean that the interaction cannol get close to
an ideal hydrogen bond, so this interaction has very little directing effect on polypeptide
conformation,

The twisting ellect of the carbonyl/carbonyl interaction would be exactly cancelled by
the N-11...N-H interaction it the 9-6-1 parameters for the two types of group were identical.
However, there are two significant differences. The [irst is that the amide hydrogen has
sero effcctive van der Waals radius, and so there is no strong repulsive core region for the
inleraciion as there is for the carbonyl interaction. This means that the potential energy
profile is much {latter, and no sharp minimum is provided to distort the overall energy
profile of the phi/psi plot. I'he second is that the partial charges on the N-H group are
much lower, and as a result the interaction is much weaker. This has a very significant
effect on breaking of the intuitive symmetry about ¢ = —%. The shape of this potential

ig shown in figure 3.9.

3.5 Methods ii. Tertiary hydrogen bonding effects on the
dipeptide potential

Since the gamma turn is such a strong interaction, dominating the Ramachandran plot

for the dipeptide in every set of calculations of its potential energy (including those using

e
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Figure 3.6: Energy of the Gamma Turn Conformation
This shows the value of H — H,p;,, for (C=0);_1(N-H);41 as a function of ¢ and ¢ for the
glyeyl dipeptide. Note the clear, strong minimum around the ¢ = —90°, 1 = 90° region,
(and the symmetry related form at ¢ = 90°, 9% = —90°) where a hydrogen bond is made.
In this and all subsequent figures sidechains are deliberately not considered as discussed in
the text. The effect of adding them would be to exclude conformations where ¢ > 7 /3 and
) < —7w/3: leaving them off allows properties inherent in the main chain to be studied.
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Figure 3.7: Energy of the Carbonyl-Carbonyl Interaction.

This shows a striking and somewhat unezpected result. The (C=0);_,(C=0); interaction
has a clear minimum above the line ¢ = —1, in the region of right-twisted beta sheets
and polyproline helices. This is a significant interaction, and depending on its strength

relative to the other three cases could exert a considerable directing effect on all extended

strand conformations.




Geometry constraints and the twist of the 3 strand 58

—T 3 —1t/3 (D /3 T

Figure 3.8: Energy of the Cs; Conformation
As expected, this interaction shows a minimum at ¢ = 1 = 180° where the H...O distance
is shortest. Notice that, since the effective van der Waals radius of hydrogen is zero in

the force field used, there is no strong repulsive core in this interaction.
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Figure 3.9: Energy of the N-H...N-H Interaction.

As discussed, this interaction is significant because it is not a symmetry related form of
fig3.7. The altered charges and atom sizes conspire to make a quite different potential
energy contour - with @ minimum not as deep or as sharp as for the C=0...C=0 case.
In this force field, the traditional “neck region” exclusion (Y = 0°) is not present, as this

is ascribed to H...N collisions, not possible with this force field.




Geometry constraints and the twist of the 3 strand 60

- | —7t/3 (b Tt/ 3 ' 8

Figure 3.10: Conformational Energy of the Glycyl Dipeptide.

This shows the result of a simple linear addition of the results in figures 3.6 to 3.9. At
first appearance, the results are dissapointing: the interaction is dominated by the gamma
turn hydrogen bond, and any asymmetry due to the C=0...C'=0 interaction is masked by

this effect. Compare this result with the next figure: clearly something is lacking from

this model. Notice that although accessible, the alpha helical region ¢ = —60°, ¢ = —40°
is a saddle point, not a local minimum.
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Figure 3.11: Observed ¢, ¥ values.

This figure shows backbone torsion engles taken from 10 high resolution proleins in the
Protein Data Bank, including glycine. Contrast this with figure 3.10: in particular,
notice that the real values are excluded frown region of the gamma turn apart from a sinall
cluster of single residues ol the centre of that region.

:
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the force flelds adopted here), it scoms strange that the observed phi/psi distribution
shows no marked concentration at the gamma turn region. 1s it possible that simple
lorce fields are missing some significant interaction? It would seem not. Even though the
(C=0);-1{C=0); interacticn seems to be significant and wmay give rise to a local energy
minimum in a different region, there is thus far nothing to suggest that it is aaything
other than a secondary interaction, and reviews of all commanly used force fields agres
that the gamma turn is the most stable conformation for the dipeptide. ‘There must be
some external constraint present in proteins which displaces the gamma tari.

Clues to the nature of this covstraint can be identified in scveral previous works.
First, the observation that 70-80% of all possible hydrogen bonding sites are satisfied in
proteins is crucial. In regions where the profein is in an extended conformation, it will
be hydrogen bonded to a distant part of the protein, the substrate, or water molccules.
Second, when gamma turns are found in proteins they tend to be in characteristic positions,
most frequently at the ends of beta strands. This is a situation where the hydrogen bonds
tend Lo become frayed and donor-acceptor lengths are longer than elsewhere. This suggests
that typical hydrogen bonds in some way intlerfere with gamma turn conformations, and
the gamma conformation is only stable where the residucs involved cannot make any other
hydrogen bonds.

This suggests a simple test which can be carried out. 1[I we assume that each of the
peptides i1t ovur dipeptide system has its full hydrogen bonding potential mef, we can
make a reasonable guess as 1o where the atoms from the external bonding source lie
by assuming linear hydrogen bonds with optimal geometries. The Ramachandran plot
can then be redrawn with these new atoms includad and the effects of tertiary hydrogen
honding seen.

The models were constructed as shown in figure 3.12. One bulky aiom was added to
represent the hydrogen bouding partners of each of the four sites in the dipeptide. For the
hydrogen atoms, the partners were treated as water or carbenyl oxygen atoms, and placed
1.0 Angstrom away along the lines defined by the N-IH bonds. For the oxygen atoms of
the dipeptide the partner should be a hydrogen atom, but the force field in use assigns
hydrogen a radius of zero. To model the blocking group, the hydrogen bond donor atom
was used instead. To simplify the system, the same oxygen parameters were used: the

partner atoms were placed 1.6 Angstroms along the direction of the C=Q bond. In each
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Figure 3.12: Tertiary Bonding Partners for the Dipeptide.
This shows the dipeptide with virtual tertiary structure, placed to mimic perfect hydrogen
bonding surroundings as discussed in the text. The conformation here is a twisted,

extended beta strand. In the beta-pleated (gamma turn) conformation the partner of
NH; ., would clash with O;_,.

partner atoms.

The system can be interpreted in a number of ways, either as a fully solvated strand
of an unfolded protein or a strand buried in a folded protein with hydrogen bond partners
provided by other strands or sidechains. To concentrate on the properties of the strand
under investigation, and to allow for the cases where one pair of partners, donor and
acceptor, actually correspond to a single water molecule acting as both species, collisions
between the partner atoms were not considered. This means that any changes seen in the

potential energy were down to collisions between partner atoms and parts of the dipeptide.

3.6 Results ii. Partner-blocked conformations

Figure 3.13 shows the simplest version of this system which can account for the absence
of the gamma turn. Ignoring the charge on the hydrogen bond acceptor (and indeed
it turns out that any atoms other than that acceptor can safely be ignored), the steric
blocking of the non-bonded atom can be seen to interfere with the gamma turn sufficiently

to completely prevent it in this type of system.
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to campletely prevent it in this type of system.

Once the effect is seen, it can be easily interpreted. Clearly, the gamma turn ariscs
when the carbonyl oxygen of residue i-1 is near to the amide hydrogen of residue i+1 as
discussed before. When the amide hydrogen is already hydrogen bonded to another atom
{(usually oxygen), the remote atom fills the site where the bond to O;_; would normally
be. The gamma turn is easily displaced wherever any other hydrogen bonding candidate is
found: figure 3.10 gives the gamma turn region less than 0.5 keal/mol stabilisation relative
to the other strand conlormalions, while a secondary or tertiary structure hydrogen bond
is given an energy of around -5 kcal/mol if the geometry is acceplable. This has great
significance when considering the importance of the carbonyl carbonyl interaction, because
the dominating cffect of the gamma turn is removed and the remaining accesgible regions
of the conformational space are dominated by the carbouyl interaction. It also shows a
gencral principle in the interpretation of forces in proteins, that protein structure is rarely
defined as a local minimum of a simple svstem but rather by a set of choices between
a range of secondary and tertiary stabilisations, balanced by slatistical and the entropic

effects of exclusion.

3.7 Conclusions. Beta Sheet twist is enhanced by electro-

static effects.

The analysis in this chapter suggests that there are two signilicant and easily represented
effects which combine to favour the intrinsic right handed Lwist of beta strands and hence
of beta sheets. Previous studies have concluded that a combination of entropic effects and
side chain packing interactions provide the main source of the twist. The possibility of its

being an intrinsic strand property has been ignored, due partly to the misconception that

In fact, there is considerable asymmetry induced by the carbonyl dipole which favours
increased twist, and when the dominant gamma turn interaction is excluded (as it must be
i most cases where the main chain has hydrogen bonds to solvent, other chain segments,
or sidechaing) then the twisted strand becomes the minimum energy conformation.

A simple model of solvation or tertiary bonding has been shown to have considerable

use as a structural tool. One possible avenue for further investigation would be to ex-
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Figure 3.13: Conformational Energy of Tertiary-bonded Dipeptide.

Using the tertiary bonding partners shown in fig3.12, with no charge but the steric
parameters of secondary nitrogen, the gamma turn region is completely excluded. Now
compare the shape of the minimum with fig3.11 — the contour from ¢ = —120°, 1 = 60"

to ¢ = —60°,1 = 90° is an almost perfect match for the real data points. It is now

possible to see the asymmetry introduced by the carbonyl-carbonyl interaction: the results
suggest a spontaneous twist in the observed direction not only for ¢ < —n /3,1 > 7 /3 but
even for ¢ > w/3,¢ < —m /3, a glycine-only region.
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tend the realism of this external binding model; perhaps even develop a mean field with
combined continuum and discrete properties as a tool for assessing the solvation energy
of model structures (which could alsa be used in substrate binding studies or even long
timescale molecular dynamics, where water interactions are often the dominant calculation

even in studies of small proteins).

3.7.1 Situations of gamma turns in proteins

Since the gamma turn is predicted as the energetic minimum for the beta strand yot is
rarely seen, ils observed pattern of occurrence must explicable, and the suggestion that
it is excluded by secondary and terliary hydrogen bond effects should be supported by

cvidence from real proteins.

A survey of gamma turns in proteins classifying them as “strong” (those with E<1.0kcalmol=1) -

or weak (E>1.0kcalmol™?) shows a significant set of distribution preferences which cor-
roborate the sugpestions made here.

Extended gets of gamma turns (“compound gamma turns”) are seen, but enly very
rarvely and then only of the weak kind. An extended strand is almost always right twisted
and part of a sheets hydrogen bonding network, never a “pure” compound gamma turn
stabilised only by this interaction.

Among strong gamma turns (which are nearly always isolated], fully 68% occnr at
the N or C lermini of strands or helices, with strand termini roughly twice as common as
helix termini. This is consistent with their only occurring where other significant stabilising
interactions force a section of the polypeptide backbone to do without external hydrogen

bonds, allowing the intrinsic minimum of the backbone to be adopted.

3.7.2 Increased twist predicted, and observed, in proline rich strands

In order to test the effect of the carbomyl-carbonyl inferaction and its significance [or
the polypeptide backbone, it would be useful to remove one or other of the interaclions
in the polypeptide chain and see the cffects on protein structure. There is of course one
residue which does this, proline. Since there is one amide N-H group missing in backbones
including proline, the directing (and hence twisting) effect of the carbonyl interaction is

predicted to be considerably stronger. 1t has frequently been observed thal proline residues
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adopt left-handed helical conformations corresponding to to the part of the heta region
occupied by the collagen triple helix.

Proline is constrained to adopt ¢ values around 60¢ by its side-chain, which confuses
the issue a little by requiring that residue to have a left-handed helical conformation
when in extended structures. However, a review of regions including proline {not just the
proline residues themselves) [33] hag shown that residues around the proline residue also
show increased twist as predicled. In particular, residue ¢ — 1, where ¢ is proline, has no
N-11...N-H interaction, and also cannot make a gamma turn typc interaction. As a rosult
this residue would be expected to show a strong left-handed twist guided by the remaining
strong interaction, the carbonyl-carbonyl interaction, and this is indeed observed. It is
interesting that short proline rich regions with a twisted strand conformation are frequently
scen in proteins, and this work suggests that inclusion of proline in a region of a protein
has a very strong directing eflect on the conformation that region will adopt.

The polypreline conformation encourages external hydrogen honding by exposing the
strand hydrogen hond donor and acceptor sites optimally, but the presence of proline
means it is 1ot lavoured as parl of a bela sheet because of the missing hydrogen bonds:
hence a proline rich rvegion is solubilised, as water can provide the necessary hydrogen

bonds without sacrificing any of the hydrogen bonding poteatial of the protein.
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Figure 3.14: A Right-Twisted Beta Strand.

T'his figure shows the most commonly observed conformation for the beta strand, slightly
twisted in a right-handed sense (clockwise looking along the backbone from N’ to C’). See
the figures in chapter 8 for the effect of extending this twist to whole sheets.
¢ = —90°, ¢ = 130°. The white lines are simply guides to show the sense of the twist.

Figure 3.15: A Pleated “Gamma turn” Strand.

This shows the minimum energy extended structure for the polypeptide chain in the
absence of solvent or tertiary structure. Only very short (typically 1-2 residue) stretches
of this conformation are ever seen in proteins. ¢ = —90°, ¢ = 70°. White lines are

simply guidelines, red lines are hydrogen bonds fulfilling the Baker & Hubbard criteria.
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Figure 3.16: A Polyproline type Il helix.

The backbone of a polyproline type II heliz, T'138/P139/D140, from Cytochrome c
perozidase. The twist on strands involving proline is enhanced by the C=0...C=0
interaction. For Pro;, residue i-1 has no gamma turn interaction while 1 has no
N-H/N-H interaction. Both of these effects are twist-enhancing.
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Chapter 4

Hydrogen Bonding Geometries for
Peptides and Polar Sidechains

Eztending interaclion plots to all polar sidechains shows thal the simple atom-centred
potential is adequate to explain observed hydrogen bonding geometrics in nearly all ceses.
Both donoer and acceptor groups can be maodelled as two atom probes, and constraining them
to always be coplanar with the sidechatn groups and clwuys point al the approvimale cenlre
of charge gives polential energy contours which closely match the observed distribution of
hydrogen bonding partners for each sidechain.

The approach is particularly successful in the cases of arginine, where the predominance
of three centres for hydrogen bonding is shown to be a simple consequence of the charge
distribution of argt, histidine, where the hydrogen bond acceptor geometry is correct with-
out extra directional constraints again as a consequence of the charge distribution alone,
and asparagine and glutamine, where the high acidity of the anti hydrogen is shoumn to be
a consequence of the carbonyl dipole.

The muin failure idenlificd is in curborylale sidechains and lo o lesser exlend the hy-
drogen bond acceptor activity of asn and gin, where the sbsence of caplicit lone pair charge
centres means that the lwo cenlres of hydrogen bonding around each carbonyl oxygen be-
come a single broad region.

For main chain peptides, the charge distribution gives rise to a dipole correction to the
simple hydragen bonding geometry, which has been measured as en angle v describing the

in-plane deviation from ideol hydrogen bonding geometry, Using a peptide as a probe and as
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the fized group in interacltion plots allows the observed vatue of gamma for parallel sheets,

antiparallel sheets and helices to be explained as a consequence of simple clectrosiatics.

4.1 Imtroduction

A picture of hydrogen bonding as electrostatic interactions between polar residues, and a
method of estimating their energy for any given geometry, allows us to look at the detailed
behaviour of polar residues in proteins. In addition to the polypeptide backbone, which
will be studicd separately in some depth, many amino acid side chaing are polar and have
strong tendencies to form hydrogen bonds, sometimes with water molecules but largely
within the body of the protein.

The hydrogen bonding residues are cysteine, histidine, asparagine, glutamine, serine,
threcnine and tyrosine, which can act as donors or acceptors, aspartale and gluatamle
which arc only acceptors at cellular pH, and lysine, arginine and tryptophan, which act
as danars only., Some hydrophobic residues have significant local charge densities, and
aromatic residues display interesting electronic interactions involving their pi orbitals, but
these are outwith the scope of this work. Here we will only consider polar interactions
which closely follow the classical model of the hydrogen bond or have significant effects
on hydrogen bonded structures.

The first question to be addressed is, “whatis the preferred hydrogen bonding geometry
for the binding sites of the sidechains of these residues?” This is quite a hard problem to
address even for a simple electrostatic or combined electrostatic/Leinard-Jounes polenlial,
The prablem is, even with the constraints imposed by the polypeplide backbone and bonds
holding the sidechain in place, any of the possible donor/acceptor pairs may be found in
proteins, in nearly any conformation. Some attenmpts have been made to address this
problem, notably the exhaustive work of Thaornton et al which seeks to tabulate all the
observed pairwise interactions and make some deductions {vom their spatial distribution.

There is a simpler approach to this problem. The polential unclions we are using
describe a set of energies associated with points in a phase space with six dimensions for
every pairwise interaction, corresponding to displacement in the { x,y,z } directions and
rotations about the { x,5,z } axes of the two units relative to each other. It is clear that

inberpretation of these results depends on being able to reduce the dimensionality of the
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system to two or three so that the potential energy surface can be easily visuwalised.

Tn studying the effect of hydrogen bonding on protein conformation, we are helped
by Lhe observation that in crystal structures hydrogen bonding geometries are often near
to the predicted optimal geometry. Also, we are interested in the general praperties of
sidechains, and can investigate individual interactions separately when systems of interest
are identified. This suggests using a generic ‘hydrogen bond donor’ or ‘hydrogen bond

acceptor’ to probe the potential energy space.

4.1.1 The electronic distribution on protein sidechains

One area in which quantun mechanics is in marked conflict with the empirical method
of Lifson et al is the charge distribntion, especially for peptides. The empirical foree ficld
was generated with the apparently reasonable assumption that the hydrogen bond donor
and acceptor groups had a unel zero charge. This gave a stable result and a transferable
force field, but is significantly at odds with the actual picture of the charge distribution as
found from a quantum analysis of the charge density of many polar groups. For the side
chains, many better models of the charge distribution exist. Among the first exhaustive
charge derivalions for biomolecules was that carried out for the AMBER force field [6]
using a 6-31 G* basis set on individual amino acids, and these charges were used here
in conjunction with the empirically derived Lennard-Jones 9-6 parameters of Lifson et af

[23]. Details of all parameters and charges used are given in appendix A.

4.1.2 Charged residues

A full description of polar interactions in proteins would be incomplete without some
treatment of charged residues. There are four sidechains which may be charged at intra-
cellular pH, Lysine, Glutamate, Aspartate and Histidine. Glutamate and aspartate are
carboxylic acids, and lysine is a primary amine. Under most conditions (excluding the
extremes of pH [ound in some regions of the gut, for example), these three will adopt
the same charge as they would free in aqueous solution, glutamate and aspartate losing
a. prolon to become negatively charged, lysine gaining one to become positively charged.
The icnisation potential or electron aflinity can be aflected by the local environment of

a residue in a protein, and this effect can be observed by examining the dependency of
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overall charge of the protein on pH, but in practice only histidine commonly titrates at
phystological pH. (It is commeonly found in active sites which require a temporary sink for
protons or electrons - the precise behaviour of the system can be tailored by surrounding
the active histidine with charged or polar residues to control its ionic state in the native
enzyme.)

It may be expected that charped interactions in proteins would be among; the most
important in determining protein stability, butl this is not the case; in fact, salt bridges are
quite rare in globular proteins, and are very paorly conserved as compared to hydrogen
bonds, for example [34]. This seems counterintuitive at first, since a lysine-carboxylic acid
interaction has an clectrostatic interaction energy an order of magnitude stronger than
that for (he olher polar interactions considered in this work. However, with fully charged
residues there are a number of effects related to interactions with water which must be
taken into consideration. Ions in solution are stabilised by an extensive shell of water
molecoles extending 3 to 6 angstroms from the lon itself. A buried charge loses this shell
entirely, and a pair of apposite charges interacting but exposed to water al the protein
surface have their solvation shells disrupted. It is not currently possible to assess the
contribution of water to these intcractions quantitatively, but the fact that salt bridges
arc poorly conserved suggests that the net contribution to protein stabilily is close to zero.

In all four of the charged residues, the unit of charge is not concentrated on a single
atom but is rather distributed as partial charges across a number of atoms. For this reason
it i3 necessary to cousider the whole region over which this charge is distributed rather
than the sort of two atom system usually associated with hydrogen bonding, but other
than that hydrogen bonds involving polar residues can be treated the same way as other
polar interactions, given that the quantitative result of any energy calculation is tempered

with caution given the contribution of water outlined above.

4.2 Methods: Interaction plots

In order to get a hetter picture of the interactions which stabilise side chain interactions,
cach side chain needs to considered individually. The dictionary of side chain interactions
shows the observed geometric dependence of interactions for each side chain. This work

shows thal the systems are hard to interpret becaunse there are so many free paramecters
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pkK125
Arg+ < Arg
pK10.8
Lys+ < Lys
pK 10.1
.............................. Iy S B
pK 8.3
Cys < Cys-
: pK 6.0 .
Hist ~— .. His .
pK4.3
Glu < Glu-
pK 3.9
Asp =< Asp-

Tignre 4.1: Oxidation States of Polar Sidechains
At normal physiological pH, only Histidine and Clystine show variahle ovidalion stales.
The pK values for individual residues may vary due to local electrosiolic cffects — an
imporiant form of reactive sile tuning for many enzymes.

aven in a single pair of interacting groups. {The dictionary looks at all residues, not just
hydrogen bonding groups and finds a similar complex situation for each of them.]

Chapter 2 shows that it is possible to study these interactions by imposing constrainls
which in most cases hold the hydrogen bouds in the most favourable confornation - gen-
erally pointing at the hydrogen bond acceptor (when using a donar probe) or donor {when
using an acceeptor probe). In the systems considered here there is often more than one
donor or acceptor atom to take into account, and in these cases a more central atom is
chosen as the targetl. in most cages Lhis meaus thal the probe will also be pointing directly
at the correct donor or acceptor atom when the four-atom geometry is optimal, although
in some, low-angle deviations from optinial geometry may mean that the minima found
are not the global minima for the system. It seems reasonable to assume that so long as
caonformations iu the areas of the global minima have been found, these deviations will
not be significant.

9-6-1 potentials are used throughout this chapter, with parameters and charge distri-

butions as given in appendix A,




4,3, Results: The interactions of polar sidechains 75

4.3 Results: The interactions of polar sidechains

The potential energy plots presented here are an altempl to sec if Lhe polential energy
calculations being used throughout this work are useful for all polar interactions in pro-
teins. In each case the interaction plot is for a fully coplanar system, because in all cases
the energy minimum is likely to be a coplanar system. In one or two cases (1nost notably
for arginine) there are likely to be significant stabilising interactions perpendicular to the
plane, but by far the most common stabilising effects in proteins come from systems which
are almost coplanar, or at least show deviations of less than 30° from planarity.

The results shonld be compared with the fabnlations of interactions carried out by

Singli and Thornton [35] and Ippolito et al [27)].

4.3.1 Interaction potentials for charged sidechains
Interaction plot for Arginine{(Argt)

Arginine is a hydrogen bond donor, and the prelerred arrangement of hydrogen hond
acceptors is best observed using a C=0 probe system in which the carbonyl group is always
pointing towards the centre of the group, the C¢ atom; the results of this calculation are
shown in figure 4.2.

ippolito et al suggest a nomenclature for the three distinct regions where hydrogen
bond acceptors are observed to eluster, N*2H-+:antiy, N*'H,N"*H—:syn, N*? I N“H—:anti;,,
and these three positions are shown to have strong minima. Iv the scatter-plots the syn
and anti;; minima are peanul shaped, with {wo barely discernible centres in each mini-
mum vather than an oval as shown here, but this could be attributed to the interactions
where {twin nitrogen}/{twin oxygen} arginine/carboxylate pairs form. Otherwise, the
syn/auti; fantiy; preferences arve largely proportional to the number of hydrogens con-
tributing to the interaction locally, and lence also o the additive local positive charge of
those hydrogens: the potential shown is an almost perlect mateh for the observed hydragen

bond acceptor distribution.

Interaction plot for charged Aspariate and Glutamate(Asp~,Glu™)

Aspartate and Glutamate both have similar charge distributions in the force field used,

and so only one plot (with N-H as the probe, constrained to point al the carboxyl carboun)
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is shown, Tlere are no sp? directing effects in this model, suggesting that explicit lone
pair charge placement may be important — although the width of the polential may mean
that several hydrogen bond donors are always present and statistical effects of crowding
give the sp?-directed distribution seen.

The survey of Ippolito et at showed that there was significant favouring of the lone pair
directed positions, which is not reproduced in Lhe vesulis here, but also showed that the
ratio of syn to anti hydrogen bonding showed a distinct preference, with a syn:anti ratio
of 0.51:0.49 [or agpartate, 0.57:0.43 for glutamate, and an overall 0.53:0.47 preference for
syn hydrogen bonding. The syn position is clearly favoured by the electrostatic model
used here.

The preference for syn hydrogen honding is strongest with arginine and lysine, support-
ing the conclusion that the directing influence is mainly clectrostatic. ven among other
side chaing the ratio is higher than 0.53:0.47. This means that Lthe main anti contribution
comes from mainchain hydrogen bonds, which in many cases means a highly constrained
system - particularly for aspartate, which very [requently makes hydrogen bouds io Uhe

local backbone peptides, possibly unable to make an ideal electrostatic contribution.

Interaction plot for charged Histidine(IIis*)

Charged Histidine has two hydrogen atoms which act as hydrogen bond donors, and
figure 4.3 shows the potential energy of a C=0 acceptor probe pointed at the centre of
the Histidine ring. I'he results are as would be expected for individual N-H groups. 'The
scatter-plols ol Ippolito el al could not distinguish the three forms of histidine as they
appear identical to X-ray crystallography, so there is no simple way to judge whether this
potential energy form is a perfect match. There is no significant cluster of hydrogen hond
paitners between the two regions shown in this figure, though, so it is fair to assume that

this is a good match for those among the histidine residues which are charged.
4.3.2 Interaction potentials for charged sidechains

Interaction plot for Uncharged Histidine as Hydrogen Bond Donor

Figure 4.5 shows the hydrogen bonding potential for histidine with N* protonated - al-

though no C? alom is included so this is almost indistinguishable from the N° case. Here

T
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Figure 4.2: Interaction plot for Arginine(Arg*)
Arginine can be treated as a hydrogen bond donor, and the ideal arrangement of hydrogen
bond partners can be observed using a C=0 probe and a 9-6-1 potential as in figure 2.11,
with the probe always pointing at the centre of the charged group. Contours are drawn at
2kcal/mol intervals.

Figure 4.3: Interaction plot for charged Aspartate and Glutamate(Asp~,Glu™)
Plot of potential energy of aspartate and glutamate sidechains as hydrogen bond
acceptors, with N-H as probe. Contours are drawn at 2kcal/mol intervals. Note especially
that there are no sp® directing effects in this model.
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Figure 4.4: Interaction plot for charged Histidine(Hist)
Charged Histidine has two hydrogen atoms which can be regarded as hydrogen bond
donors, and this plot shows the potential energy of a C=0 acceptor probe. Contours are
at 2kcal/mol intervals.

Interaction plot for uncharged Histidine as Hydrogen Bond Acceptor

Figure 4.6 shows the same system, with the same charges and parameters as in figure
4.5 but using N-H as the probe to identify hydrogen bond acceptor regions. The strong
clustering of hydrogen bond donors around the N? atom was thought to indicate a dis-
tinct lone pair electron concentration, but the results here suggest that the ring charge
distribution alone is enough to encourage a directional hydrogen bond. The carbon atoms

flanking N? are slightly positive, and this has a significant directing effect.

Interaction Plot for Asparagine and Glutamine as Hydrogen Bond Donors

Asparagine and Glutamine polar groups have identical charge distributions in this force
field, so figure 4.7 serves for both. In the first calculation, hydrogen bond donor activity
is measured and so a C=0 probe is used. The carbonyl dipole is significant here, provid-
ing an added electrostatic contribution to any A...H*"N hydrogen bond. This effect is
experimentally verified by the fact that anti hydrogen atoms of carboxamide groups are
more acidic than syn: the carbonyl group dipole gives the syn hydrogen a higher effective

positive charge.
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imentally verified by the fact that anti hydrogen atoms of amide groups are more acidic
than syn: the carbonyl group dipole gives the syn hydrogen a higher efleclive positive

charge.

Interaction Plot for Asparagine and Glutamine as Hydrogen Bond Acceplors

Using an N-I probe identifies hydrogen bond acceptor regions; the results are shown in
figure 4.8. As in the aspartate/glitamate case, there is no sp? directing cffect observed.

‘The clustering seen is weaker than that for the hydrogen donor positions. QOverall the

syn/anti ratio for boll doner and acceptor groups is 0.46:0.54, but the directing effect of

the lone pairs is less significant than that of the amide protons: the strongest directing

effect is that of the anti N-H allied with the C=0 dipole.

Interaction Plot for Serine and Threonine as Hydrogen Bond Donars

X-ray crystallography does not provide explicit hydrogen positions for alcoholic sidechains,
and most studies of hydrogen bond partiers focus on techniques for deducing the hydrogen
position. Figure 4.9 shows the hydrogen bond donor region for alecoholic sidechains and
suggests the hydrogen bond acceptor distribution which could be seen if hydrogen positions

were known.,

Interaction Plot for Serine and Threonine as Hydrogen Bond Acceptors

For both serine and threonine the most significant clustering scen is the steric hindrance
which canses donor and acceptor clugtering in the staggered conformations. The expected
preference Tor the trans position is not seen, probably because local sidechain - mainchain
hydrogen bondsg daminate, favonring the garche conformations. The cases where alcoholic
side chaius act as both donor and acceptor at the same time arc not best envisaged by
supcrimposing the two diagrams given herve, but would require a more complex three
dimensional function halancing the preference for the staggered conformations with the

need to keep donors and acceptors of apposite polarity as widely separated as possible.
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Figure 4.5: Interaction plot for Uncharged Histidine as Hydrogen Bond Donor
Uncharged Histidine can exist in two forms, with Ns or N, protonated. Both forms have
similar charge distributions, so a model with no explicit joint to the main chain is
considered here to cover both cases. C=0 is used as probe in this calculation.

Figure 4.6: Interaction plot for uncharged Histidine as Hydrogen Bond Acceptor
Using N-H as a probe, a centre of negative charge on N° flanked by positive charges is
identified as a hydrogen bond acceptor. It has a distinct geometry, tailored by the
positively charged atoms on each side. Contours are at 2kcal/mol intervals.
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Figure 4.7: Interaction Plot for Asparagine and Glutamine as Hydrogen Bond Donors

=0 1is the probe here, this time pointing at the centre of the C-N amide bond. Notice

the relative strength of the anti hydrogen as donor here compared with the syn hydrogen,
thanks to a directing effect of the carbonyl dipole.

Figure 4.8: Interaction Plot for Asparagine and Glutamine as Hydrogen Bond Acceptors
Asparagine and Glutamine can act as hydrogen bond acceptors as well as donors, and
shown here is the same system as in the previousfigure but with N-H as probe. As in the
aspartate/glutamate case, there is no sp® directing effect observed.
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Figure 4.9: Interaction Plot for Serine and Threonine as Hydrogen Bond Donors
This figure suggests the hydrogen bond acceptor distribution which could be seen if
hydrogen positions were known, with C°-O7-H in the plane and a C=0 probe directed at
he oxygen atom.

Figure 4.10: Interaction Plot for Serine and Threonine as Hydrogen Bond Acceptors
Partial charges on the oxygen atoms are enough to make these sidechains act as hydrogen
bond acceptors even in the absence of explicit lone pair charge centres. Here N-H is the
probe.
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4.4 Results ii: Secondary and tertiary peptide/peptide in-

teractions

Sidechains are not the only polar parts of proteins which show geometry dependent polar
cffects based on their partial charge distributions. The peptide itsell consists of atoms
with effeclive partial charges, and these give rise Lo ellecls which are distinguishable from
simple hydrogen bonds. The case of two adjacent peptides has been considered in the
previous chapter, but it there are also other places where polar interactions other than
the hydrogen bond can have a conformational directing effect when the peptides are more
widely separated along the polypeptide chain. Both in sccondary and tertiary mainchain-
mainchain interactions there are carbonyl-carbonyl elfects which cause deviations from
linear hydrogen bonds.

The structurc of the peptide bond can only be explained in terms of the orbital struc-
ture. A more traditional picture ol the peptide hond, as a resonance structure, actually
predicts that the peptide would be unable to take part in hydrogen bonding, since the
canonical form with a C=N double bond whose contribution would explain the planar
nature of the band would give rise to a positive charge on the nitrogen atom, and hence
no tendency to form the sort of charge distribution which allows N-II to act as a hydrogen
bond donor. Clearly something else is happening: N-H does act as a hydrogen bend donor,
but at the same time the peptide boud is planar.

The answer lies in the structure of the molecular orbitals formed from the p-orbitals of
nitrogen, carbon and oxygen. Rather than forming an sp® hybrid structure, the nitrogen
lone pair mixes with the pi bonding p-orbitals of the carbonyl bond to form a set of
extended orbitals which favour the flat bond and enconrage increased electron density on
the electronegative nitrogen and oxygen atoms. This gives a system which, when treated
as point charges mapped onto the atom centres, has negative centres on N and O, positive
on C and H, as required for electrostatic bydrogen bonding. Notice also that the charge
an Lhe nitrogen is not equal and opposite to the charge on Hydrogen, but is considerably
higher. This is because nilrogen bas an electron withdrawing effect fromn the alpha-carbon
also, =0 there is some deviation {rom the simple picture of electroneutral groups acting as
hydrogen bonding donors or acceptors.

The potential of Lifson et al {23] is unusual in that it assumes net neutral N-H and
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C=0 groups, while most other force fields such as AMBER [6], based an ab insiio quaptum
mechanical calculations, have larger vegalive charges assigned to the amide nitrogen atom,
balanced by a small positive charge on the C® position.

In (Maccallum et al I, [14]) a comparigon of these two contrasting charge distributions
and their effect on the geometry of peptide/peptide interactions is shown. In this case
there is very little difference hetween the two systems, so it is sale to take the electroneatral
approximation as a starting point (which turns out to be vital for casily interpreting resulls
from whole proteins) to investigate systems, with the more realistic charge distribution
used to verify the generality of the more important. results. This is useful because heing
able to treal peptides ag neutral objects means that forces between thewn can be estimated
in the absence of other atoms, giving a “clean” polentiul energy estimation allowing the
intrinsic dynamics of the polypeptide backbone to be studied withont need to estimate

the effects of other atoms.

4.4.1 The angle v in peptide interactions

In proteins, this nonlinearity has been measured by an angle, ¥ [36], which is the in plane
C=0...1T angle in a peptide to peptide hydrogen bond, positive when the hydrogen is
nearest the C, atom, negative whan it i3 nearest the nitrogen of the acceptor pepiide. [t
has been shown that in a~helices and parallel beta sheet its value is usually negative, while
in antiparallel beta sheet it 18 mostly positive.

To show that carbonyl-carbonyl clectrostatic interactions can have the correct divecting
elfect on peptide hydrogen bonds, a more elaborate probe system needs to be used. [n this
case, we are interested o the interactions between aff the atoins i tlie pair of interacting
peptides. ‘T'he probe and the fixed group both need to he full peptides {including the
C, atoms). Rather than atiempting to guess the optimal hydrogen bond geometry as
is possible [or simple two-atom probes, the geomelry is fixed so that the acceptor C=0
and donor N-H are in each case antiparallel, so that the co-linear hydrogen boud can be
formed and any other stabilised arrangement easily interpreted. The probe can have two
ortentations, one parallel to the fixed peptide, as it would be in parallel sheet or alpha
helices, one antiparallel as it would be in antiparallel beta sheet.

Figures 4.12 and 4.13 show the plots for these two conformations. The energy minima

are [ound with the NH and CO groups oriented (or hydrogen bonding, but not co-linear.
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Tigure 4,11: The angle v definition
7y is the angle C=0.. . H in the plune of [C*C°O) for a hydregen bond to a polypeptide
backbone. Note thut N-1...0 are nol necessarily co-linear.

The relative positioning of the groups at the minimnm is such that in each case the
carbouyl oxygen of the lower, fixed group is as close to possible to the carbonyl carbon
which has a permanent fractional positive charge. In the parallel case this gives rise to a
minimum with & gamma angle of -23¢, close ta the observed values of -19° for parallel beta
sheets, -20° for alpha helices. The minimum for the antiparallel case is 153, comparable

to the observed value of 20° in antiparallel sheets in real proteins.

4.5 Conclusions

A full interpretation of the hydrogen bonding sites of a protein would require looking
at each in (urn aud caleulating the contributions from all nearby charged or polarised
atoms. Looking al isolaled polar groups and calculating the hydrogen bonding potential
with simplistic praobes gives loose predictions of the hydrogen bond partners’ distribution
which is surprisingly cloge to that actually seen.

Two conclusions about the quality of the results can be drawn. Oue is that alom-
centred patentials with no explicit directional terms are sufficient to reproduce the ob-

served distribution of hydrogen bond geometries. No specific directional terms seem to
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Figure 4.12: Peptide-peptide interactions: parallel
This figure shows the effect on the interaction plot of including the extended charge set of
a whole peptide rather than just the C=0 and N-H units. The probe peptide is in the
same orientation as the fired one, parallel and coplanar with potential energy plotted
relative to the hydrogen position. The minimum is shifted to give a negative value to v,
with the minimum corresponding to v = —23°.

Figure 4.13: Peptide-peptide interactions: antiparallel
This shows the same system as the previous figure, but with the probe peptide now turned
over to correspond to an antiparallel stand rather than a parallel one. The minimum now
gives a postive value for v, +15°.
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be required. The other is that lone pairs, particularly on carboxylate groups but to a
lesser extent on all unsaturated oxygens, are significant and should perhaps be included

as separate points with partial charges of their own.



Chapter 5

The Stability of Different types of
Helix

Ertending energy caleulation bused analysis of peptide inlernctions to systems with more

than twe groups and lwo free parameters requires a new approach to reduce the size of

the possible solution space. This chapter describes the first step in this diveclion, applying
constratnis Lo an infinite polypeptide chain which require the bonds of cach residue which
are free o rotate to adopt the same conformation. T'he conformaotional energy of an infinite

polypepiide homo-conformer can then be colculated.

Fach contribution to the conformational energy is evomined, classifying each pair of

interacting peplides by the corresponding hydrogen bond interaciion, Individually, the i+3,
i+4, and i+8 give minima for the expected helices {815, aun, and wp respectively), bul
combination they show that there is no local minimum for the 39 heliz — it will clways
Jold to an wy heliz of possible — and there is a strong steric repulsion destabilising the np
heliv, explaining in o simple to interpret system why extended helices of these types are
never seern i proteins.

Another feature of the combined potential energy is that there is ¢ significant barrier o
conceried strand 1o heliz transition, suggesting that heliv folding musl be either calalysed,

stepwise, or both. Models dealing with this problem are the subject of chapier 6.

88
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5.1 Introduction

Some ol the intrinsic properties of the polypeptide can be explained in terms of the classic
Ramachandran plot dipeptide interactions as discussed in chapter 3, and some of the
long range effects seen in beta strands and helices can be explained as seen in chapter
4. Towever, laoking in particular at the figures in chapter 3, it is clear that there is
no interaction which specially stabilises the alpha helical conformation, even though that
region of the phi/psi plot is accessible. This means that only longer range forces have a
significant directing influence on helical conformations, which has significant implications
for the folding pathway of proteins; if there is no intrinsic tendency for the residues on their
own to adopt helical conformations, helix folding can only be some type of cooperalive
process. This chapter uses the techniques developed in earlier chapters to look at the
individual polar contributions to the conformational energy of a polypepiide, rather than

Lhe glyeyl dipeptide.

5.1.1 The three predicited helical structures

Bela sheets and strands only comprise one major class of protein structure. As early as
the 19410s it was suggested thal Lhe polypeptide backbone could be stabilised by hydregen
bands along the length of the chain to form helices. The structures which were believed

(o be possible included
e the 3¢ helix,
s the o or 3.6;5 helix and
o the # or 5.4, helix

These will be described [ully in the next section, but the basic features arve:

The 3/10 belix is stabilised by main chain hydrogen bonds three residues apart. In-
dividual residues are frequently [ound in the conformation predicted for the right handed
3/10 helix, but extended 3/10 helical structural elements are not found in glebular pro-
teins., Most 3/10 helices found are either distortions in alpha helices, often at the ends,
ar are independent but less than five residues long. The same situation is found in small

peptides, althongh a-disubstituted amino acids can be made which force the peptide to

adopt a 3/10 helical conformation.
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The alpha helix is stabilised by hydrogen bonds between main chain groups four
residites apart. This is the only common helical structural element found in proteins:
it was one of the earliest structurcs confirmed and nearly all globular proteins contain one
or more long alpha helices. Some are comprised entively of alpha helical units connected
by loops.

The pi helix should be stabilised by hydrogen bonds between main chain groups five
residues apart. No pi helices are found in proteins. Lhere are a [ew places where alpha
helices include a widening to incorporate a live-residue hydrogen boud, but the conlor-
mation of the residues involved is not that predicted for an extended pi helix. Tn fact,
even individual residues rarely adopt the pi-helical conformation, although the dipeptide

phi/psi plot suggests that such conformations should be possible.

5.1.2 The concerted folding model

The concerted folding model is a picture of helix folding in which all of the residues which
are to be involved in a helix adopt that conformation cooperatively, with all the residues
participating from the start of folding through the change from random coil to helix. It
wag originally invoked to explain the results from time-resolved cireular dichroism which
show that 100% (or more) of the final helical content of a protein iz adopted within a few
micraseconds of the start of folding. [t was felt that the only way this could be explained
was through a cooperative process.

At one extreme, the concerted folding model could be interpreted as implying thal all
the residues fold in a straight path from random coil to helical couformation at the same
vale, so if all of the residues were in (say) an extended conformation to start with, then
at each time along the folding pathway all the residues would have similar phi/psi values.
This is cleatly an extreme interpretation, but not neccesarily au nnreasonable one. A
looser interpretation might be that helix folding may exhibit multiple nucleation points,
with the other residues adopting complementary conformations in responsc to these as
folding progresses.

The naive picture of concerted folding is useful, because it gives a restricted phasc
space which can be visualised in two dimensions. In this chapter, potential energy plots
for individual interactions are calculaled in the context of a polypeptide chain in which alf

the residues share the same phi and psi values. This provides an epergy profile for a fully
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concerted strand to helix transition, and although few hard conclusions can be drawn from
this somewhat unlikely folding pathway, suggestions are made as 1o how those constraints

can be relaxed: this is dealt with in chapter 6.

5.2 Methods: Analysing the conformational energy of con-

certed folding

Again, we arc interested in systems wlhich are not necessarily realistic for globular proteins,
and farbidden conformations may have as much to tell us as those which are energetically
stabilised. As a result we can make little use of real protein coordinates at this stage, and
artilicially generated coordinate sets are more appropriate.

Our main interest is in the folding from extended conformation to helix, and it would
be a simple matter to generate coordinate sets just along a straight monotonic transition
from one to the other. But it is in fact possible to gencrate full phi/psi plots of these
interactions in a few minutes on a reasonably powerful workstation, so this is what has

been donc.

5.2.1 Non-bonded and Electrostatic Contributions to the Stability of

Helices

Using a 9-6-1 potential for the interactions means that a range of effecls can be seen.
Not only are the classic hydrogen bonds identified, but other polar effects involving the
amide carhbonyl groups can be included alongside a reasonable treatment of non-bonded
repulsions.

A significant amount of work has focused on the electrostatics of the alpha helix itself,
in particular on the permanent dipole it exhibits and the apparent use of this in substrate
and charged sidechain binding. In this work, this subject is not investigated becausc
the long range charge cooperativity is dependent on polarisabilities and dielectric effects
which cannot be treated by the Lennard-Jones 9-G6-1 model. A conciusion about the
relative importance of short range and long range clectrostatic interactions would require
a full b initio quantum mechanical treatment, and so is nol attempted here. Instead,
only those interactions which involve direct contact between near peptides are treated, in

which dielectric effects are likely to be small. Hydrogen bonds for peptides 1,2,3,4 and 5
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Figure 5.1: Classes of Right-handed Helix
The three classes of helix predicted on the basis of hydrogen bond geometry are shown
here. Coordinates were generated as models, since extended stretches of 3,y and m helix

are not observed in globular proteins. a) A 3,y heliz, ¢ = —60°,¢ = —30°, stabilised by
i — 1 + 3 hydrogen bonds. b) An « heliz, ¢ = —60°, ¢ = —40°, stabilised by + — 1 + 4
hydrogen bonds. ¢) A © heliz, ¢ = —60°,1 = —65°, stabilised by i — 1+ 4 hydrogen

/N'Hll/.\.
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(e)

Figure 5.2: The Concerted Model of Helix Formation
This figure shows the conformations adopted by a polypeptide in which every residue folds
from a twisted strand to an alpha helical conformation at the same rate. Only the
outlines of the peptide bonds are drawn, with C,;, H,;, Os_1, and C,;_, marked. a)

¢ = =907, = 1307, twisted beta strand. b) ¢ = —90°,¢ = 70°, gamma turn
conformation, with i — i + 2 hydrogen bonds. ¢) ¢ = —90°, ¢ = 107, the “neck”region of
the Ramachandran plot. d) ¢ = —65°,¢% = —25°, a 31y heliz stabilised by 1 — i + 3
hydrogen bonds. ¢) ¢ = —60°,¢ = —40°, an o heliz stabilised by i — @ + 4 hydrogen

bonds.




The Stability of Different types of Helix 94

residues apart are consideved.

5.2.2 Charge Distribution and Non-Bonded Parameters for the Peptide
Unit

As discussed in section 4.6, there are two ways of representing the charge distribution
on a peptide. One is to use a QM derived sct of partial charges, which implies the
placement of an effective positive charge on the C* position, the other is to use the
empirical force field of Lifson et al [23] which has the amide atoms exhibiting an internal
charge redistribution but no polar effects beyond the bond itself. The second was shown
to be quite adequate, with the correct patterns of repulsion and attraction and minima in
broadly the same positions as given for the ab indtio case. It also has the great advantage
that the polypeptide backbone can be broken down into its constituent peptide units
and potential cnergies calculated between these independent objects. Since the potential
energies have a counsiderable electrostatic component, it is useful to have zero net charge
on the groups being considered, and for as few atoms to be shared between the functional
units as possible to prevent double-counting of potential energy contributions. In fact
the parameters (including the repulsive cores) for the C, atoms can be left oul, ensuring
that any results are purely interactions between peptides, making them imuch casier to
interpret.

Tlhese results below show that even with this simplification, nearly all the features of
repetilive polypepiide conformation can be explained, and there is little reason to suppose

that adding in the extra carbon atoms would add much to the final picture.

5.2.3 Co-ordinates for Model

The calculations in this section were originally suggested by examination of the interac-
tions between peptides in real polypeptide backbones from the Brookhaven database, but
analysis of the more complicated aspects of real structures is saved for the next chapter,
where the situations under which +—i+3 and i-—{--5 hydrogen bhonds can naturally oceur
are identified. The features which arose from Lhal analysis which are relevant for this

sectlon are
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& Lhe peptide-peptide interaction which correspands to an ¢-3¢--3 hydrogen bond has

a strength roughly 60% that of an equivalent i—i 4 4 hydrogen bond

e the situations where #—1 4 5 interactions arise are distortions of alpha helices, not

residues in pi-helical conformations.

The coordinates are generated using the scheme given in Appendix 1, with the peptides
planar (ie angle w = 1807?) and all bond lengths and angles fixed to standard values [3].
The conformations are fully described by the phi/psi values for the backbone, and the
potential energy surface is therefore two dimensional.

Using a SPARC based Sund workstation, it is possible Lo generate 2250 sets of coordi-
nates and their interactions in around 100s, even wsing unoptimised coede, so it is possible

to gencrate a full range of 150x150 phi/psi conformations for each interaction.

5.3 Results: The conformational energy of homogeneous

helical structures

Using whole peptides rather than N-T1...0=:C interactions can lead to conflict with the
usual nomenclatnre nsed for hydrogen bonds, but in the case of 3/10, 3.6/13 and 5.4/17
Liclices the strongest part of the peptide-peptide interaction is contributed by a correctly
oricnted hydrogen bond, so it is possible Lo use the same labelling scheme. This means

that adjacent peptides sharing one alpha carbon atom can be described as having and

those with two intervening amides +—i 4 4, and so on.

The significance of using whole peptide interactions has already been discussed in
chapter 4, in that the whole charge distribution of a single bonding unit contributes to the
distribution of hydrogen bonding partncrs, not just the individual hydrogen bonds which
have been picked out in the past., Using a 9-6-1 potential as well as poinv charges allows
the coffects of steric hindrance to be quantified, and unlavourable interactions caused by

overlap repulsion can be seell.
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5.3.L The i—4 + 2 Interaction stabilises the beta strand conformation

‘The interaction between two adjacent peptides was discussed at length in chapter 3. The
same resulls are preseuted in figure 5.4 for compleleness: the interaction is slightly dilferent
from the others in that it requires special tveatment of the three-bond interactions: as
before, Lhe electrostatic effects are kept but the Lennard-Jones 9-6 parameters are requnved.
Thus, the results in figure 5.4 arc the same as those in figure 3,10, the case without tertiary
hydrogen bonds, namely a strong stabilisation of the gamma turn conformation and the
right-twisted beta strand (and again its mirror image, since in this section we arc only
considering a polyglycine peptide). As is show later, this chain length stabilisation is
quickly swamped by the stronger hydrogen bonds from the longer range interactions,
The quantitative significance of this ploat is hard to assess. For this analysis the i|-2
interaction is a little sharp and so is soltened by multiplying it by 0.5 before adding it 1o

the othier components.

5.3.2 The i—i + 3 interaction: stabilisation of the 3/10 conformation

Tigure 5.4 shows the potential energy for a pair of peptides separated by one intervening
amide group. This corresponds to the :—24-3 hydrogen bond when ¢ = --60* and = 0°,
and the potential energy shows a strong minimum in this region as would be expected.
However, comnparing the shape of the potential to those in figures 5.7 and 3.8 shows that
the minimum is not as well defined as that for the 1 — 2 4- 4 interaction, and il eccurs in
a region where there are repulsions from the ¢ — ¢ 4 2 intervaction as well. The ¢ — 43
cannot make its N-I1...0=C interaction linear: there must always be a marked kink in
the hydrogen bond which decreases its maximum possible stability. This is seen in section
5.3.5, looking at the overall energy of the helical conformations, where even in places where
the bacikbone gets its primary stabilisation from £ = ¢4 3 hydrogen bonds the strength is
still only around 3 kealmol™! compared to avound 4.5 kealmol™! for an average i — 1+ 4
hydrogen bond in an alpha helix.

In spite of these problems, figure 5.6 shows the effect of combining the ¢ -+ 4 4 2 and
i — 1+3 potentials. Thereis a fairly clear local minimurna for the 3/10 helical conformation,
so there does not seem to be any reason at this stage why an extended 3/10 helix should

not be found.



5.3. Results: The conformational energy of homogeneous hefical structures 97

1t is even possible to include a simple model of competition for solvent, by including
the tertiary bonding partners ol the i+2 case (but not of the i+4-3). ‘L'lis is equivalent to
allowing external species to bind to extended chain but excluding them as the strand coils

up, making a reasonable model system the result of which is shown in figure 5.7.

5.3.3 The i — i+ 4 interaction: the alpha helix

The alpha helical hydrogen bond has a nearly optimal geonetry, and this can be seen in
figure 5.6 as a clear, deep minimum ab ¢ = —60°, ¢ = —-40°, '['bis is not surprising, of
course, but the other feature which is of greal importauce i Lhis polenlial energy is the
steep repulsive region near ¢ = —70° 1 = —50°. This is a repulsion arising from steric
hindrance, as in the conformation which this corresponds to, the carbonyl group of residne
¢ is forced too close to the amide nitrogen of residue ¢--4. This means that three snceessive
residues cannol adopt similar conformations near these phi/psi values, and so the pi helix
is not possible. T'here is no stabilisation lor a pair of neighbouring peptlides adopting this
conformation, as shown i figure 5.4, and the ¢ = ¢ 4+ 5 stabilisation described below for
four homo-conformer residues is not strong enough to overcome the 1/r® or 1 /712 repulsive
care of the ¢ —» 7 -]-4 repulsion. There is therefore a simple cxplanation of why the pi helix
cannot be formed by a polypeptide chain which is based entirely on the interactions along
the length of the helix, rather than arguments based on the efficiency of the packing at

the core or sidechains of the helix.

5.3.4 The ¢ — i + 5 interaction: too weak for pi helices

With five peptides in the same conformation (which can be achieved by setting four
residues Lo have the same phi/psi values) it is possible to see the i—+4 = 5 interaction.
This has a minimum where the pi helix wag predicled to [all, with another sharp repul-
sion corresponding to the 3-residue C=0...N steric repulsion al slighlly Jower psi values.
{lowever, if all the residues are in this conformation, the repulsion from the 7—3i 4 ¢ in-
teraction in the previous section must also be included, and as a result there is significant
net destabilisation of the pi helix. The only way an i—:+ 5 hydrogen bond can be formed
iz through considerable distortion of the chain (sce chapter 6), and this means that ¢ 45

bonds cannot be a repetitive secondary structure feature,
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5.3.5 Overall conformational energy

Putting all these interactions together cught to show the energy profile of the concerted
backbone, and this is shown in figure 5.8. This plot is simply obtained by adding together
the @ + 2,43, 44, +5 ecnergies and displaying the results on a single phi/pst plot. Tigure
5.8 should be compared with figure 5.5, which shows the same caleulation bat for the
¢ + 2, +3 interactions only. The minimum for the ¢ 4 3 interaction is not as deep as that
for the 244 hydrogen boud. As a resull, there is no energy barrier between the minimum
for the 3/10 helix and that for the alpha helix. In fact, il three or more residues adopt
the same conformation in a polypeptide, there is no minimum for the 3/10 conformation
al all; it simply becomes a potential energy trough with a slope clearly in the direction of
the alpha helical conformation. The 3/10 helix, which is only common in peptides with
artificial blocking sidechains, is inherently unstable and will always tend to fald into an
alpha helix. These results suggest that there is no energy barrier to this process and that

it will happen sponiancously.

5.4 Conclusion: Concerted strand-helix transition is ener-

getically unfavourable.

It is naw possible to draw a potential energy diagram for the concerted strand to helix
transition and draw some conclusions about the dynamics of such an event, Figure 5.9
sngpests that a straight line across the Ramachandran plot, going from a gamma turn
conformation to a helical conformation through the 3/10 region is as good a folding path
as any, wilh no other stabilised folding channels identified by this method. This profile is
shown in fligure 5.10. What it shows is that there is no particular stabilisation provided by
the concerted model along this path until an extensive 3/10 helix has been formed, from
where the helix will spontaneously fold as suggested. This means that therce is a permanent
cnergy barrier Lo cross, estimated at 2.0 kealmol™? per residue. Thig is too high to allow
the sort of rates typically seen in proteiy {olding studies, so some more cooperative system
which somchow avoids the unfavourable random coil with no helix or strand character
intermediate which the concerted model requires. Possible candidates are the subject of

the next chapter.
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q) T
Figure 5.3: Conformational Potential Energy of the i — 7 + 2 interaction.
This is the interaction between two adjacent peptides, the same result as in figure 3.10

but divided by 2 to provide softening as described in the text. Contours are drawn at
1keal/mol intervals.
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Figure 5.4: Potential Energy of the ¢ — ¢ 4+ 3 Interaction
This shows the interaction energy between two peptides (separated by one intervening

peptide, which is not included in the energy calculation) in a homo-conformer strand
which is everywhere assumed to have the same ¢, values. The interaction is
(( '()11()('i\ "'\'rlli+1w []Ni+l) — (/\"11,’4-3- ”;\'.‘+:s- ( ‘()1+'_’~()("1+‘.’)
The minimum, near ¢ = —40°, % = —40° corresponds to the strongest hydrogen bond
which would form if the intervening peptide could be safely ignored.
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~TT n/ 3 ¢ 1t 3 B

Figure 5.5: Combined ¢ — ¢ 4 2,2 — ¢ 4+ 3 Interaction
This is a simple addition of the results 5.3 and 5.4. The minimum of the 1 — 1+ 3
interaction is shifted to ¢ = —60°,¢ = —20° as observed in short 3, stretches in
proteins, while in the B conformations the i+3 interaction adds further electrostatic

enhancement to the twisting.
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—7t/3

Figure 5.6: Combined ¢ — 7 + 2,i — ¢ 4+ 3 Interaction with Tertiary Bonds
Adding the result from figure 3.12, x0.5 rather than the results in figure 5.3 gives a quick
“sketch” of a more elaborate model in which tertiary bonding is allowed in ertended
conformations but not in helical ones. A full treatment would need to consider the
potential energy of breaking the tertiary hydrogen bonds: this figure is just a device to
show the effect of excluding the gamma turn i — i + 2 hydrogen bond region.
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Figure 5.7: Potential Energy of the i — ¢ 4+ 4 Interaction
This shows the same system as figure 5.4, but with two intervening peptides whose
interaction is ignored. The minimum corresponds to the strongest hydrogen bond which
95% P = —
by O;...N; 4 repulsion, has become apparent, passing through the region

RRO

can form under these conditions, at ¢ = — 55°. An unfavourable ridge, caused

¢ = —60°, ¢ = —60°. The interaction is
(( ’();v ()('iu ",\j”'_’_l‘ [.IN|+I) — ("’\"Hi-{--h [[:\'z+-l~( ’()z+l$~ ()4 '1+.’{)
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Figure 5.8: Potential Energy of the ¢ — ¢ + 5 Interaction
This is the interaction which should stabilise w helical conformations,
(CoiyOcis Nuivis Hyiv1) = (Ngiva, Hyiva, Coivsy Ociya). In fact the best hydrogen bond
around ¢ = —65°,19 = —65° is prevented by O;...N;ys repulsion. The remaining
minimum lies at ¢ = —60°,% = —60°, destabilised by the O;...N;,4 collision of figure 5.7
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Figure 5.9: Overall Potential Energy for Concerted Helix Formation.
This shows the result of adding the 4 interactions i+2 lo i+5 to give the energy per
peptide of a homo-conformer. The line shows the folding route of figure 5.2. Notice the

barrier to folding at ¢ = —90°,¢ = 30°, the collisions preventing the formation of the «

heliz at ¢ = —60°,¢ = —60°, and the absence of any potential energy barrier between the
310 and o conformations.
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Figure 3.10: The Energy Profile of the Strand-Ilelix 1ransition.

This shows a 1D cross section of taken ulong the line marked in figure 5.9, emphasising
the preaence of a significant barrier Lo f — 34y folding from ¢ = +70° — —30°, the
absence of any barrier to 319 — o folding from 1 = —30° = —-55°, and lhe impossibilily
of v — 7 folding from ) = —60° - » .80°.




Chapter 6

The Ends of a-Helices and the

Dynamics of Helix Formation

Sinece concerted, one-step folding of strand to heliz is unlikely in proteins, o« model of o
stepwise process is developed, bused on the same conformational energy caleulations ag in
the previous chapters.

In the first stage, a 30 residue polypepiide in {wisted beta sirand conformation has its
centre changed to an eleven residue heliz one residue at o time. Looking at the lolel and
per-peptide energy of this system identifies a block to heliz formeation at the C-terminal end
of the heliz caused by Og-Og collisions. The effect of this is to destabilise the whole C-
termanal loop of the heliz. No comparable e¢ffect is seen for the relaled Hy-Hy interaction
at the N-terminal end.

To provide & more renfistic description of the heliz ends, a further model is developed
in which the end residues of the final 8 — a — § structure are allowed to rotate freely.
Conformationel energy calculations on this system give a clearer picture of the boheviaur
of the ends of helices while folding. T'he N-terminal residues can convert from bete to alpha
with ewse, and the reverse, bul the C-lerminal residues ure constrained (o edopl lurn-Tike
conformaiions.

Together, these results caplain the observed hydrogen bond patterns (narrow ends,
wide ends, and reverse ends) seen in most helices and further suggest that heliw growth
has a preferred C7 to N’ direction. FEwvidence for this preference from sidechain heliz

breaker/promoeler posilions, waler insertion, host-guest esperiments and profein engineer-

107
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fng sludies elreudy evists.

6.1 Introduction

It has been shown that strand to helix transitions are unlikely to happen in a concerted
manner, and that many of the propertics of the polypeptide backbone can be described
using the neutral-peptide three term potential of Lifson et al [23]. It remains to be seen
what sort of cooperalive processes can explain the ease of helix formation. Il this is not
happening througl some repetitive structural intermediate, it must be happening through
a set of random coil conformations, with neighbouring residues in different conformations
at vatious stages throughout the process. This leaves a combinatorial problem, with a
2N-dimensional space of possible conformations where /N is the number of residues which
form the helix or strand. One approach which can be taken is to release the constraints of
the previous studies very carefully. Selecting the canstraints to relax requires some ingsight
into the system under study, and this is where structures from Lhe Brookhaven database
are invaluable.

Laoking af helices from a wide range of proteins, it is possible to identify frozen cle-
ments of the helix forming pathway, snapshots of the process which for some recason have
been trapped in intermediate conformations. Such distortions seem to be rare within he-
lices themselves, but it has long heen recognised that the ends of helices nearly always
exhibit curious conformations (see for example, the 1981 review of Richardson [3! and the
study of Baker & Hubbard [26]), and it is in these structures that suggestions about the

helix formation pathway can be found.

6.2 QObservations: Helix—strand transitions

TFour main classes of distortion are defined at helix ends, with the definitions based on
atypical hydrogen bouding patterus. Work by Rose ot al [38] has separated these distor-
tions, and ends of helices which do not have distorted hydrogen bonding patterns, into
more precise clusters, but as a starting point for the models constructed here the broad
definitions of the ends arc all that is required.

Therefore, a set of helices from 10 proteins, all refined to a resolution of 2.0 Angstrom
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or better, were taken and the peptide to peptide interactions as studied in chapter 5 were
examinad, using the same potential cnergy calculations as for the model structures. This
gave a semi-quantitative measure of the significant interactions in these proteins, and
allowed a more flexible interpretation of when a hydrogen bond could and could not be
said to exist. This is a particularly useful approach in the cases where hydrogen bonds
were bifurcaled, and a single amide hydrogen or oxygen could be said to be participating
in a hydrogen-bond-like interaction with two hydrogen bonding partners at any one time.

The use of these energy calculations revealed many more of these bifurcated bonds,
which are often missed by geometric searches. The resulls for the helix distortions are
deseribed in the following sections: this was not an exhaustive survey, just an attempt
to gather structural data in a similar format to the models which were 1o be developed.

Impaortant features of this data were:

s The commonest pattern, an 7 -+ 3,14 bifurcation at the N-terminal end of a helix,
18 Lhe least strougly distorted. The 43 part of the bond is usually very weak, which

means that the distortion is not significantly different from a normal helix.

» The distortions at the C-terminal end fall into three classes which ftogether acconnt,
far up to 80% of all helix C-termini. Mosl ol Lhe rewainder are termivated by
proline (which cannot muke an N-H...O=C hydrogen bond) or aspartic acid (whose
side chain carboxyl group disrupts the hydrogen bonding). It is these U-terminal

structures which are concentrated on in the next sections.

The structures were identified by their hydrogen bond pattern, then further investi-
gated by other lechniques. The energy of each peptide to peptide interaction was calcu-
lated, and the individual contributions to overall potential energy plotted as matrices to
give a breakdown of the 143, i44, and i+5 contributions. The phi/psi values were also
calculated, and these were analysed to find clusters where a single residue position in a
pattern always had phi/psi values within a standard deviation of 20¢ of the centre of the
cluster. These clusters are plotied, and show how the end of the helix deviates from the

classic a-helix conformation.
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6.2.1 Narrow C-terminal ends of helices

The first class of end is characterised by a hydrogen bond pattern as shown in figure 6.2,
with a bifurcated ¢ 4 3/i + 41 bond followed by a single {4+ 3 bond. This pattern narrows
the Joop of the helix.

The existence of the ¢ - 3 bonds suggests that this type of end is closely related to the
3/10 helix (as is the common N-terminal distortion). This suggests that this pattern is an
exawmple of a “frozen” folding intermediate based on the results of chapter 5; the 3,4 helix
is on the pathway from extended strand fo « helix, and short 3,; helices are stable in their
own right. The struclure may represent the beginning or the end of a helix folding event.

T'he phi/psi values shown in figure 6.2 show that this structere is indeed a 3y helix,
with the confornation getting closer to the neck region (around ¢=0°) towards the end.

Tigure 6.3 shows the interaction between each paic of peptides in residues 75-95 of
dihydrofolate reductase, which includes the narrow helix end in figure 6.1, The pattern
of energics shows how tlhe stabilisation mid-helix is given almost entirely by i+4 hydrogen
bonds whereas at the C-terminus the stabilisation is partitioned between i+4 aad i43 along
the last turn of the helix. A similar but less pronounced effect is seen at the N-terminal
end.

Loops of thig class account for around 30% of helix C-termini.

8.2.2 Wide C-terminal ends of helices

This class of end is characterised by the hydrogen bond pattern shown in figure 6.4. It
exhibits a bifurcated ¢+ 4/7 + 5 hydrogen bond followed by a single ¢ 4 6 bond. This
pattern has the effect of widening the last loop of the helix.

The hiydrogen bonds alone suggest that this should be identified as a pi helix by analogy
with the narrow end described befare. However, it has previously been shown that such
a structure is virtually impossible, and in fact analysis of the phi/psi angles which define
these ends in fignre 6.5 shows that it is more closely related in conformation to the 3/10
helix, with conformations again on the direct folding pathway from strand to helix.

Digure 6.6 shows the energy interaction matrix between each pair of peptides in residues
93-113 of hemerythrin. Again, notice that while geometric criferia only identify two i+

hydrogen bonds at the end of this helix, the real picture is more complex willh three




6.2. Observations: Helix-strand transitions 111

Figure 6.1: A Narrow Helix C-terminal End
Residues 82 to 91 of dihydrofolate reductase (3DFR) show a bifurcated i — i+ 3,4
hydrogen bond then a single i — 1 + 3 hydrogen bond at the C-terminal end of heliz E.
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Figure 6.2: ¢, 1» Values for Narrow Ends
This figure shows the values of ¢ and 1 for the residues relative to their position in the
hydrogen bonding pattern, as labelled in the inset, of narrow ends found in 10 high
resolution crystal structures. The values show a simple transition from
a — 310 = 310/neck at the heliz ends.
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Figure 6.3: Peptide-peptide Interaction Fnergies at a Narrow Lnd

This figure shows the interaction between each poir of peplides in residues 76-95 of
dihydrofolate reductase, including the narrow heliz end in figure 6.1. The radius of the

circle is proportional 1o the potential energy of the interaction, black for ncgative
(favournble), white for positive (unfavourable). Absolute values of the cnergy should not
be taken as significant - the strongest here are around -Skeal/mol for o helical hydrogen

bond, so the rest should be seen as relative lo these values. Although on gecometric
criteria the heliv end is en 4 — i 4+ 3,4 i — @ + 3 pattern, looking ol the encrgies gives o

less clear distinction, with the i+ interaction still strong ot the end.
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Figure 6.4: A Wide Helix C-terminal End
Residues 98 to 107 of hemerythrin show a bifurcated i — 1 + 4,5 hydrogen bond followed
by a single i — 1+ 5 hydrogen bond at the C-terminal end of heliz HS.

peptide pairs exhibiting strong i+5 interactions.

Loops like this account for a further 30% of helix C-termini.

6.2.3 Reverse C-terminal ends of helices

The third class of C-terminal pattern is characterised by a hydrogen bond pattern as
shown in figure 6.7, with a bifurcated i+4/i+5 bond followed by a single i+ 3 bond. This
pattern reverses the last loop of the helix. Figure 6.9 shows the pattern of peptide/peptide
interaction energies associated with it, which in this case are a simple match for the
hydrogen bond definition of the pattern.

This structure is unusual, since one of the residues adopts a conformation which is
nearly the mirror image of the alpha helical conformation, the so callled o conformation.
In fact, looking at the phi/psi values actually adopted (in figure 6.8) suggests that the
conformation is closer to the mirror of the 3/10 conformation. Side chain atoms interfere
with this conformation, so the residue in question must be either glycine or asparagine -
in the example here it is glycine.

This hydrogen bonding pattern is referred to as a “paperclip loop” [11] and often

appears on its own in the absence of other helical residues. This suggests that such loops
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Figure 6.5: ¢, 1 Values for Wide Ends
This figure shows the wide ends, as defined by the hydrogen bonding pattern defined in
the insel, from the same sample of proteins as figure 6.4. The resull is unexpected: the
i+5 bond characteriscs the n heliz, and might be expected to be formed by residues in the
¢ —60°, % = —060° vegion of the Rumachandran plot. In facl the values fall around
¢ = —110°, ¢ = —25° - lhe 7 region is only requirved to form an catended heliz of these
bonds, The dotted line connects the centres of the three well defined ¢, clusters.
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Figure 6.6: Peptide-peptide Intcraction Energies al a Wide End
This shows the cnergy of inleraction between each pair of peptides in residues 93-113 of
hemerythrin using the technique described in figure 6.7,
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Figure 6.7: A Reverse Helix C-terminal End
Residues 74-82 of actinidin show a bifurcated i — i+ 3,4 hydrogen bond and a single 1+ 5

hydrogen bond at the C-terminal end of heliz A3, a so-called “paperclip” loop.

could act as nucleation points for helices, while being stable in their own right if conditions
for helix propagation are not favourable.

This class of loop accounts for 20% of observed helix C-termini from the sample.
I

6.2.4 Observed ¢/ distributions

Looking at the phi/psi values for the C-terminal residues in figures 6.2, 6.5 and 6.8, it is
possible to see that some of the residues show distinct clusters of values, while others are
more widely distributed, mostly in extended conformations. The figure shows the residues
which could be assigned to clusters with standard deviations of less than 20°.

The most interesting feature of these plots is that the residues adopt a set of values
which are in the classic 3/10 region, even in the wide ends when the bonds in question
are not i—¢ + 3 bonds. Some sort of cooperative effect must be keeping the residues
in a conformation which, as shown in chapters 3 and 5, has no particular stabilisation
associated with it. The paperclip loop has one residue in the a; conformation, which
constrains the residues which can be involved to be either glycine or asparagine. This is

the only type of end (excluding the “dead ends” which are capped by proline, glutamate,

or aspartate) which shows such a strong sequence preference.
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Tigure 6.8: ¢, 1 Values for Reverse Endls
Conformations of paper-clip loops al C-termini. In this case, there iz a requirement for
residue § to be glycine oy asparagine, since in order for both i+3 and i-+8 bonds to be
formed this residue must adopé the v conformation.
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Figure 6.9: Peptide-peptide Interaction at a Reverse End
This shows the peptide inleraction energies of residues 70-90 of actinidin, clearly showing
the @ — 1+ 3,4 and i — i+ 5 hydrogen bonds.




6.3. Meihods: Analysing regions of the phase space of the polypeptide backbone 119

An explanation for why these particular residues show such a strong tendency to adopt
this otherwise unfavoured conformadtion is clearly needed, and the next parts of this chapter
develop models of the ends of helices which give a very clear explanation of these patterus,
provide a solution to the high energy barrier to concerted folding, and suggest a partial

solution to one part of the protein folding pathway.

6.3 Mocthods: Analysing regions of the phase space of the

polypeptide backbone

As explained before, the phase space for the polypeptide backbone even with bond lengths
and angles fixed has a number of dimensions equal to twice the number of residues. ven
for a ten reside stretch of backbone, this represents a twenty dimensional phase space,
which is not easy to interpret through any display technique, ¥ven if it were, calculating
the potential cnergy surface ab a resolution of 1.0° would require 360 calculations.

Some way of restricting the phase space while still allowing enough [reedom to find sig-
nificant stable (and destabilising) conformations is required, and the observations reported
in the previons sections suggest a way this can be examined. It is possible to carry cut a
conlormational analysis of the peptide-peptide interactions in any stretch of polypeptide
whatever its conformation. The observation that interesting patterns of interactions ap-
pear to be concentrated in the boundaries between regions of extended conformation and
alpha belical conformations identify a partial restriction which can be applied.

Since the system we are interested in ie the general case § — o — 3, it is possible to
look at this system in isclation, generating the coordinates for a number of residues in a
beta conformadtion, theu investigating the effect of folding individual residues into a helical
conformation, Since there is an interaction leading to distortions at both ends of helices in
real proteins, and these seem to be dependent on distinct patterns of 143, i +4, and i4+5
interactions, it is likely that these effects are dependant on the number of residues which
are in the helical conformation - the ¢ + 4 interaction requires three intervening residues
to adopt a helical conformation, the ¢ 4+ 5 requires four, so only when enough residues are
in the alpha conformation can the interactions start to have a stabilising effect.

The calculations on the models construcied are based oun the Lifson et al force field

parameters, assuming net neutral peptides which can be treated as isolated units. Lach
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Residue 1-9 110111 |12 1 13 (14 {156 | 16 § 17 | 18 | 19 | 20 | 21 | 22-30
Peptide 1 J5j gl g |18 18|88 |88 8218 a2
Papiide 2 gl ptaé8 |18 pl1o 8|81 LIEI8 | a]ll 2
Peplide 3 g\ 18188888818 |a|lwipf 5]
Peptide 4 g\ BlAa 8| A B A1 |lalalallRp 8
Peptide b BBl A8 BB 8| Flala|lalallfp 8
Peptide 6 Bl A1 |18 BB | B8|lalala|lalacldR 3
Peptide 7 BB B8 |B|B|lo|laolalalajallp 2
Peptide & Bl Bl BB |B|lalaleolalala]allp a
Peptide 9 il B8 |Flalale|laoa|la]la|e|al|fp g
P Peptide 10 || A | 8| B lo|e]a|lw|lo|laela|a|laclf 2
" Peptide L1 || | B |loajo|le|lea|le|lae|le|la|lal|alld 5
(Peplide 12 B |a [ |o|olae|la|la|la|aja|a B Joj

Table 6.1: Conformation of Lest peplides

peptide is labelled as belonging to the residue which provides the N-TI group, so a pep-
tide/peptide interaction’s sequence difference does not necessarity map directly to the
i,i+n nomenclature for hydrogen bonds. For the per-peptide energy, the contribution of
all the other peptides Lo the polential energy ol the peptide in question is simply summed:
this is equivalent to adding together all of the values in one row or column of the matrix in
figures 6.3, 6.6 or 6.9 and assigning them to the residue which labels that row or column.

In this way a more detailed picture than the overall chain energy can be obtained.

6.4 Results: Measuring the energy associated with helix
growth

Table 6.1 shows the conformations of the model helices used, and Tigures 6.10, 6.11, and
6.12 show the results of carrying out the energy calculations for each conformation. The
results show how the stabilisation per residue changes as a 30-residue beta strand has one
residue al a time transformed into an alpha helical conlormation, ending with an eleven-
residue helix embedded in the strand. The resulls explain a number of features of helix
formation.

The transformation proceeds one residue at a time, starting from residue twenfy and
working backwards through the chain until a ten-residue helix has been formed. Although
this effectively means that the growth direction has been fixed, this is not meant to be
implied by the simulation strategy: the overall energy of the beta strand conformation

is copstant at around -1.8 kcalmol™?, and moving the position of the helix backwards or
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forwards by onc or more residues would have no ellect on the overall polential cnergy of
the system.

The important features of these results are best seen by looking at the residue by-
residuc encrgy of the chaln with a ten-residue helix, in figure 6.12. This has four different
enviromments, and each has something significant to say about the helix. First, there are
the “pnre” strand {residues 3-8) and helical (residues 24-28) regions, where the potential
energy per peptide is roughly constant. This shows that the strand conlornation on ils
own, although stabilised by gamma-turn type interactions and the other forces degcribed
in chapter 3, has only a fraction of the stabilisation of the alpha helical residues. 1'his is
only to be expected, though, in the absence of sheet interactions which would be present
to provide extra stability for the strand residues in a real protein. The significant features
are the two ends, Lhe interfaces between strand and helix.

The N-terminal end shows a distinct step, a region of low stabilisation, for the three
residues at the end of the helix. These are residues which can only make one hydrogen
hond, so their stabilisation is roughly half that of the other helical residues. This iz not
altogether unexpected, and illustrates quite clearly the driving force which distorts these
endg and gives them their tendency to form bifurcated hydrogen bonds or to bind to side
chains: the loose N-H groups represent “sticky ends” to the helix, and moreover ends which
could have their hydrogen bonds satisfied by sirmply [olding up a few more restdues into the
helical conformation: this would always provide greater stabilisation unless the residues
in question already had other hydrogen bonding partners which had to be displaced.

The C-terminal end might be expected to be just the converse of that, with half the
binding energy because of the [rec C=0 hydrogen bonding groups. In fact the situation
is entarely different. The plot shows a pair of peaks, one for residue 19 with a stabilisation
of ouly -0.3 kealmol™?, which is actually a destabilisation relative to the beta strand
“oround state” of 1.1 kealmol™? | and one [or the peptide associaled with residue 22
with a net destabilisation of 0.9 kealmol™!, a full 2.7 kcalmol™ above the ground state
beta conformadion.

This is clearly an indication that some factor other than hydrogen bonding is affect-
ing the C-terminal ends of helices, and suggests that the “sticky end” picture of easy
incremental growth at the N-terminal end is not applicable at the C-terminal. There is a

destabiliging interaction between the peptides of residues 19 and 22: that of 19 is stabilised
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in one direction by a hydrogen bond so has less net destabilisation.

T'he situation is even starker when fewer residues are in helical conformations. For short
helices, the weakening of the N-terminal end of tha helix and the unfavourable interaction
at the C-terminal end combine o give little or no net stabilisation to short helices, One
or two residues on Lheir own adopliug the helical conformation produce a region of high
potential energy, a very strong destabilisation of the strand, even though analyses based on
the Ramachandran plot energies of the alanyl and glycyl dipeptides suggest that the alpha
conformation is intrinsically stable, a minimum on the peptide poteutial energy surface.
Even helices of four residues are no more stable than the isolated strand (figure 6.13 shows
the total energy of the peptides). Some concerted effect ol including other elements of the
chain must destabilise short alpha helices, This cannot be a side chain effect, becausge the

polypeptide considered here is polyglycine.

6.4.1 This identifies an unstable conformation

‘T'he question then becomes, what is the destabilising interaction? The restricted Lennard-
Jones method was developed to find stabilising electrostatic interactions, but has been
able to identily an unfavourable interaction toa. More detail is required, though, and the
results are amenable to breakdown (similar 1o the study in chapler 4), because the energy
calculations use a peptide as a basic unit rather than attempling to get a quantitatively
accurate energy for the whole chain.

In fact for this case a reproduction of the interaction matrix is not required. The main
cantribution is a collision between the peptides associated with residues 19 and 22, and the
collision in question can be clearly seen by visualising the system without breaking that
interaction down into atomic components, The amide oxygen of the peptide associated
with 19 has gencrated a clash with the amide oxygen associated with residue 22 (in fact,
these are the carbonyl groups of residues 18 and 21 respectively). A clean strand to helix
transition is simply not possible at the C-terminal end of an alpha helix, since it would
generate a clash between two large atoms both with significant negative partial charges.
The clash is shown in ligure 6.14,

An explanation of why the C-termini of alpha helices distort has therefore been pro-
vided. The question which remains is why the particular distortions seen are stable, and

what implications this has for he protein folding pathway.
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[igure 6.10: Per-peptide Stabilisation of Short Helices
This figure shows the sum of oll peptide to peptide interaction eneryies for the first four
weptides in table 6.1. The baseline -1.8 keal/mol is drawn in for the all-bela
conformation, peptide 1, and all changes in polential energy are marked relotive lo this.
Peptides 2,8, and 4 represent 1, 2, and 3 residues adopting the alpha conformation
respectively. The first two short helices are unsiable relotive lo the strand, and even in
peptide 4 the conformational energy is dominated by the unfavouradle interaction between

the peptides of restdue 19 und residue 22.
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Figure 6.11: Per-peptide stabilisation of Mid-length Helices
Peptides 5 to § of lable 6.1 have 4,5,6, and 7 hydrogen bonds respectively, and it would be
expected thal these should show considervble stabilisation. In fact, peptides 5 and & are
still deminated by the destabilisalion which showed its peak in peptide 4, and this docs
not disappear in the longer helices, even when the peptide of residve 19 is stabilised by
hydrogen bonding to the peptide of residue 16 (the i+4 hydrogen bond, three residues
apart i this model because the C'=0 of residue 15 has been ussigned to residue 16 for
this calculation.)
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paplide

residue

Figure 6.12: Per-peptide stabilisation of Longer Helices
Peptides 9-12 of table 6.1 are 8 to 11 residues long, and showld be dominated by strong
hydrogen bonds. However, lwo fealures ave clear — firsl, that the N-leriniual is less stable
than the body of the helix, as expected since each peptide only participaies in one out of
the possible two hydrogen bonds, and second that the unfavourable interaction at the
C-terminal end has been “frozen in” rather than weakened by chain lengthening.
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Figure 6.13: 'Lotal Stabilisation of Peptides 1 to 12
This figure shows the sum of all the peptide-peplide tnleractions as a single value for
cach of the peptides in table §.1. The feature of note is the instability of 1, 2, 3, and 4
residue o helices: only when 5 or more resuducys adopl and ap conformation does the
system have significant enthalpic stabilisation relalive lo ihe strand conformation.
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Residue -9 | 10 11 | 32 | 18 14 15 | 16 | 17 | 18 | 19 | 20 | 21 | 22-30
Teptide 1. B lxja|lajaoajaoa|lacala|lalelalallpg Jif

Peptide 2 || S la|la|lajala|lala]la|lala | {8 I

DPeptide 3 Slaoala|lalala|lajaljal|lalx|~]|8 Ji]

Table 6.2: Conformagtion of peptides with free onds

6.4.2 And suggests ways it could be avoided

One strategy for overcoming the steric and electrostatic O—-Q repulsions has already been
identified; simply building one of the three types of C-terminal loop into the mode] would
remove the collision, which is never seen in real protein structures for this reason. A
fuller explanation would be preferable, however. Peptide 12 from table 6.1 now acts as
the starting point for a new szet of constraints  a purely lelical region of polypeptide
changing Lo a region of pure strand — the challenge is o develop a system which [ulfils
these constraints but can still represent the distorted ends. The simplest thing to do is
to free the phi/psi values of the interfacial residue and sce how the potential energy then
changes as this one residue changes conformation.

Table 6.2 shows three systems which model this intertace. With peptide 12 [rom table
6.1 as starting point, one or morve residues arve relaxed and allowed the [ull 360° range of

phi/psi values. The free residues are marked with stars.

Potential of Free Rotation for the N-terminal Residue.

Tigure 6.16 shows the potential energy of peptide 1 {rom table 6.2, with the N-terminal
residue free to rotate and the rest of the peptide conformation frozen. The result is a
potential energy surface which shows no barrier along the pathway from beta strand to
alpha helix, and indeed shows the stability relative to the (un-solvated) strand of forming
an extra helical hydrogen bond. The minimum covers the area of o and 314 residues

equally, which is how the bifurcated hydrogen bonds at the N-caps of helices are allowed.

Potential of Free Rotation for the C-terminal Residue.

Figure 6.17 shows the same system but this time for peptide 2 in table 6.2, that is to sav
with the C-terminal residue free to rotate.
The resulting pli/pst plol shows the preferred conformalion of a single interfacial

residue. The minimum is very clearly in the “neck” region of the Ramachandran plot,
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a region which was originally classed as excluded, then allowed by bond distortion and
weakening of the original hard sphere constraint as it became clear that it was a consis-
tently signilicant, feature in the distribution of phi/psi values in crystal protein structures.
Tt is closely related to the 3/10 region, although it has a slightly bigher ¢ value, and has
some stabilisation through possible i—14-3 hydrogen bonding, but its main stability comes
[rom it simply lying roughly midway between extended and helical conformation. If the
interfacial residue were in either of Lhose two conformations, the interface would be “pure”
again and O-0 the repulsion would have full [orce. The minimum must lic elsewhere, a
3/10 type conformation could provide weak stabilisation eflects which favour this region.

The effect of adopting the 3,4 conformation is shown in figure 6.15: an i+3 hydrogen

bond is formed and the collision is completely relieved.

Potential of Free Rotation for Paired C-terminal Residues.

C-terminal distortions usually involve 2 or more residues. However, selling two residues
free gives a 4-dimensional phase space, impossible to visualise. Coupling the ¢, ¥ values of
the two residues —in this case, keeping them everywhere equal — allows a 2D representation.
This shows how the narrow end gives a clear single minimum for the pair of C-terminal

residues in the 3,0 conformadtion.

6.5 Conclusions: Helix growth has a preferred C’ to N’ di-
rection

The observed strand helix transitions with irregular hydrogen bond patterns and the
existence of short 3,5 helices can be explained in terms of the interactions destabilising a
standard helix embedded in a strand. Some distortions would be expected in any casc,
to perform a tidying operation on the loose ends of the helix: and it is possible that this
is whal is seen at the N-terminal end of the helix. The more extreme patterns at the
C-terminal end arise from the need to relieve the Of, Of, , collision.

Chapter & suggested that the 3,4 helix would always fold to a helix; the resuits of this
chapter reinstate it somewhat, since « helices of 5 or fewer residues are destabilised by
the collision identified here. This explains the observed partition between 3,9 and o helix

lengths, with 3,4 < b5 residues long and « > 3 residues long in general.

s
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Figure 6.14: The Unfavourable Interaction at the C-terminus of an alpha Helix.
This figure shows part of peptide 12 from table 6.1. The source of the unfavourable
interaction between peptides 19 and 22 is immediately obvious as a combined
coulombic/steric repulsion between Of; and O5,.

Figure 6.15: Relaxing the unfavourable interaction at the Helix C-terminus.
Figure 6.14 suggests an easy solution to the O; — O;43 clash: simply changing the
conformation of residue 20 from « to a 3y or neck conformation relieves the collision

and can even provide a palliative i+3 hydrogen bond.
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Figure 6.16: Potential of Free Rotation for the N-terminal Residue.

This plot shows the total potential energy as a function of ¢, for a peptide with the
constraints of entry 1 in table 6.2. This is a peptide with backbone fized in a  — o — [3
structure like peptide 12, but with residue 9 free to move. It clearly shows that (for
non-glycine residues) there is no significant barrier to folding [} — «apr at the N-terminus
of an « heliz, and in fact for these residues the helical conformation is strongly favoured

over extended conformations.
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n—n —1t/3 (D /3 T

Figure 6.17: Potential of Free Rotation for the C-terminal Residue.

This figure shows the effect of keeping all parameters other than the conformation of
residue 20 (the Helix C-terminal residue) fized. The unfavourable interaction present
when the pattern is 19« — 20 — 213 is also present when the pattern becomes
19« — 203 — 2113, moved along one residue. It is expected that a value between o and /3,
somewhere in the “neck” region around ¥ = 0° would be favoured, and this is seen; but
strikingly this simple model also predicts stable conformations with i+5 and reverse i+4,5
hydrogen bonds (although the predicted i+5 bonds are in a region of ¢, phase space
rarely occupied.
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Figure 6.18: Potential of Free Rotation for Paired C-terminal Residues.
I'his figure shows the same system as in figure 6.17, but this time with two residues
coupled but free to rotate at the end of a heliz. This provides a single minimum in the

310 region of the Ramachandran plot for the pair of residues.
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The most significant conclusion which can be drawn from this chapter is that there is
evidence for the possibility of, and also a preferred direction for, stepwise helix growth.

Growth at the N-terminal end of a helix is easy, provided no side chain ar tertiary
ellects interfere with the hvdrogen bonding pattern. There is no energy barrier, and the
helical form is more stable than extended or randoin coil alternatives.

The C-terminus, on the other hand, requires cooperative distortion t¢ overcome an
encrgy barrier caused by the OF, Of 5 collision,

These properties suggest that helix growth may have a preferred C* to N’ direction.
This is important enough to merit searching for experimental techniques which could verify
whether it is true: and there is ample evidence supporting this interpretation in studies

by other researchers.

How amino acid ingertions are allowed in an « helix

Heinz ct al [39] studied the structural effects ol inserting residues into an alpha helix of
phage T4 lysozyme. They found that insertions are allowed in twa ways: in some cases
inserted amino acids arc accommodated within the helix leading to the translocation of
wild-type residues to the prececeding loop, in others a looping out of the residucs at the
N-terminal end is seen.

Insertions of up te 3 Alanine residues in the middle of helix 39-50 of WT”{cysteine
ree) T4 lysozyme led to translocation of the N-terminal residues into the N-terminal loop.
Ouly insertions right at the C-terminal led to distortions in the C terminal direction, and
this was a result of disruption of a loop (locping out) rather than translocation. No
translocations towards the C-terminus were scen in any of the mutants.

Insertions did not increase the length of the helix, instead distortions up to 1 nnm away
were seen. Helix length is determined by the packed interface with the rest of the protein

rather than simply by effecis al the helix ends.

Amino acid preferences for specific locations al the ends of alpha helices

Reviews by Richardson & Richardson {37} and Rose et al [38] clearly demonstrate that
several types of residue cluster at specific points in relation to the ends of helices. ‘'fo
decide what role these residues play in folding it would be necessary to distinguish helix

breakers from promoters, a difficult task from static structures alone.
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It is possible to discriminate on the grounds that a capping helix breaker residue acts
either on the N-terminal end, or the C-terminal end, and rarely both. This suggests that
a helix which is growing in one direction bui meets a cap residue for the “wrong” end will
not be aflected.

This efltfect would he observable in differing statistics for cap residues: helix breakers
arc residucs which have an increased preference above mean frequency for the caps but
helow mean for the body of the helix, while promoters would have a near or above average
preference lor the helix body.

In fact, the pattern shows that the N-cap residues arc breakers. Gly is a helix breaker
with C-cap preflerence, but we have already seen that it forms an important loop which can
exist on its own and could thercfore be a nucleation point. Pro, Asn, Gln, Asp and Glu
all have N-cap preference and below mean mid-helix preferences — so they can be classed
as helix breakers. Lys and Arg and Ilis are C-cap residues, and have higher than mean
mid-helix preferences, and could therefore be classed as helix promoters. ‘Tlhe position
relative to the cap residue are much more clearly delined for the breaker residues than for
the promoters, suggesting that their effect is cither more well delined or that the C cap
residues play their role early in folding, before final rearrangements to settle the structure

are camplete.

Water inserted alpha helical segments

Sundaralingam and Sekharudu [40] surveyed waler inserted alpha helical segments and
reached the conclusion Lhat, as these insertions were seen in typical a-like reverse turn
canformations, water could catalyse the [oldiug of alpha liclices by forming links between
the C=0; and N-H; 4 groups which initially stabilise three centre C=0—11,0-3H-N sys-
tems and then be expelled as the i-+i-+4 bond is formed.

Of the 33 cases where water was inserted into an i-3i|-4 bond, 26/33 were N-terminal
{between N-3 and N+-3), 4/33 were within the body of the helix, and 3/33 were C terminal.
If these are indeed [rozen [olding pathway intermediates, it means that the N-terminal of
a helix is some 7 times mare labile than the C terminal end, and more prone to Mraying
either during helix folding or unfolding,.

(It would be interesting to construct a model of early stages of helix nucleation, even

assuming a simple model such as the one developed here, and investigate the effects of
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possible external water binding on the transition states and stable minima.)

Evidence from Protein Engineering

Fersht et al [41] have shown that in barnase, mutations TAG and TA26 (using stopped flow
fluorescence spectroscopy and folding kinetics) have a very small affect on intermediate
and transition states of folding, but a significant effect on the stability of the folded siate.
These are helix N-cap residues. In conbrast, mutalions ‘FS16 and HQL1E destabilise all
three postulated states on the folding pathway. These are C cap residues.
Complementary nmr experiments [42] show that in helix T6-H18 the C-cap hydrogen
atoms are protected against deuterium exchange early on in folding, and likewise two C cap
H atoms in helix T26-G34. In neither helix were atoms between N and N--3 protected.
Together, these two pleces of evidence suggest that the C-cap forms its final structure
long before the folding is complete, while the N-cap is cither unfolded or remains free to

fold and unfold repeatedly until the final structure of the protein is defined.
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Chapter 7

Tertiary Ring Structures

Stabilising Proteins

Hydrogen bond formation is onc of the strongest constraints determining the allowed states
of jolded proteins, so it is to be expected that many of the important stabilising interactions
can be idendified by identifying the hydrogen bonding patterns associated with them. This
18 already krown for mainchain-maeinchain interactions, and for sidechain-mainchain hy-
drogen bonds in loops and sccondary structure elements, bul ertending such searches to
tertiary sidechain-mainchain and mainchain-mainchain interactions has been a laborions
manual task i the past.

This chapier presents a method for eutomated searches of hydrogen bond dotabases
to find specified palterns of hydrogen bonds based on topology, atom lypes, and scquence
sepuration. The first result of this search technique is lhe assessment of the significance and
rate of occurrence of rings involving mainchain hydrogen bonding to both the sidechain O
and syn-HY of asparagine and glutamine residues. These are found to be very common (1-2
per protein) and typically occur in 9- or 11-mernbered rings which constrein the matnchain
residues tnvolved to adopt extended or strand conformations.

It is possible these rings represent o long range sidechain mediated effect of tertiory
interactions on local backhone structure. They are alzo common i binding of pepiide
substrates, where they scrve to constrain backbone rotations and define the conformalion

of the bound peptide,
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7.1 Introduction

Although a detailed understanding of the conformation of the polypeptide is vital, and
all of the features described in previous chapters have relevance to the pathway of protein
folding, in the final analysis it is protein sequence, and hence the sidechaing, which deter-
mine the final fold of the protein. There has been considerable work on the local cffects
of side chain to main chain hydrogen bonding, and many surveys of individual long range
hydrogen boads.

Clearly, hydrogen bonds are significant in determining folding patterns, but other fac-
tors such as hvdrophobic effects may well be important too, and it is hard Lo assess the
relative importance of different stabilising interactions. Clearly they need to be identi-
fied and classified, but if they are ta be said to be having a significant directing effect
ou protein folding they must be shown to be conserved interactions. Many apparently
strong interactions, such as salt bridges, have a surprisingly low degree of conservation as
compared with main chain hydrogen bonds which show how well backbone structure is
conserved. Any hydrogen bonds which have a strong effect on tertiary structure will bath
be conserved and have some distinctive properties which show they are imnfluencing the
backbone confaormation, rather than just occurring opportunistically, binding externally

to structures which already exist.

7.1.1 The stability of hydrogen bended rings

While individual hydrogen bouds may or wmay not be exerting a significant structural
influence, something which is hard to decide from a static structure, any hydrogen bonding
pattern which forms a ring is likely to be significant because its formalion requires several
atoms to be consirained into a roughly fixed geometric arrangement, often constraining
several bond rotations, with a concomitantly high entropic cost. Any ring which is present

in a folded protein is likely to be exerting a strong directing cifect on the local structure.

7.2 Methods: Analysing hydrogen bond databases

There is a huge amount of hydrogen bouding inlormation implicit in the Brookhaven

protein data bank [12], and this Lhas been the subject of a number of exhaustive reviews
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(see eg Baker & Hubbard 1984 [26] and Kabsch & Sander 1983 [20]): in the case of
the survey of KKabsch and Sander, the results are developed into a database of hydrogen
bonding and other siruciural parameters complementary to the Brookhaven dalabasc.
None of these works represent an attempt to tabulate all the hydrogen bonds in proteins,
although this is in practice easy even with relatively modest computing resources.

The work of Poet, Milner-White, and Belhadj-Mostafeda [10] focused on identifying
hydrogen bonds and maintaining a list of them for each protein as an aid in visualising pro-
tein structure. This code already had all the data structures required to identify residues,
generate hydrogen bonding hydrogen atom positions, and identify hydrogen bonds using
the geometric criteria of Baker & Hubbard. This formed a program which was extended
for this study to generate an exhaustive database of hydrogen bonds in 68 proteins, which

then {ormed the basis for the analyses in this and subsequent chapters.

7.2.1 Lists of hydrogen honds

Any database has to be constructed with a little care, in particular taking into account the
way in which it will be used to find patterns. 1I'he DSSP files have a fixed number (2, in
fact) of fields to represent main chain hydrogen bonds, and for example could never identify
a three centre hydrogen bond in a protein - not a common structure, but nevertheless
one which occurs from time to time. [Bach hydrogen bond needs to be labelled with its
type (sidechain-sidechain, sidechain-mainchain, or mainchain-mainchain}, the donor and
acceptor residues, and the atoms involved. [deally the hydrogen atoms invelved should be
labelled too, to distinguish which one is involved in a hydrogen boud when there is more
than one possibility {for example, the case of syn and anti amide hydrogens examined in
this chapler).

[t is useful when using geometric criteria to present the hydrogen bond lengths and
angles, because when investigating new structures this helps to identily patterns which
only cansist of borderline structures and can focus the researcher on those which show

strong, distinctive hydrogen bonding patterns.
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7.2.2 Exbhaustive lists with energetics

The other side of this is that a simple geometric description often misses significant inter-
actions, especially when the electrastatics of whole groups rather than just the liydrogen
bonding partners is taken into account. Part 1 has shown several significant interactions
which are only cxplained with a full energy calculation, and it is to be expected that a wide
range of interactions as vet unidentified will become apparent when systems are treated
more realistically. Chapter 4 shows how Important taking into account the partial charges
across all the atoms can be.

However, same restriction has to be made on the interactions which are recorded il
any interprelation is Lo be possible. A [ull list of all the interactions hetween side chains
and peptides would require 2N (2N — 1)/2 recordings. This is certainly possible (indeed
it is done routinely during most molecular dynamics simulations), but means that any
search for a given structure gives rise to a huge number of possible matches, each of
which then has to he accepted or discarded using some criterion, usually the energy ol
the interaction; butl if the lowest energy al which an interaction becomes significant is
not clear ~ especially when other factors such as the entrapic contribution of vestrictod
flexibility become important — a simple measure of enthalpy may not be enough.

For thig reason, it seems reasonable to base initial searches for structural palierns
on the “best guess” for a stabilising structure - which often means o pattern based on
hydrogen bonds, even when many other types of electrostatic cffect are actually taken
into account in the final analysis. Simply loosening the geometric criteria, for example
allowing C'=0...H and N-H...O angles of up to 180° and extended H...Q distances of up
to 5 Angstrom, catches nearly all hydrogen-bond-like electrostatic interactions, and gives
a set which can then be analysed and then classified - possibly just with slightly wider
acceptance criteria, possibly with a purely enthalpy based cutoff, or perhaps with phi/psi
constraints on denor, acceptor and intermediate residues.

This is the approach which was used in chapter 6 Lo identily the patterns at the C-
termind of alpha helices; the geometric rules of Baker & IHubbard and the electrostatic
calculations of Kabsch & Sander both failed to identify a significant proportion of the
hydrogen bouds which defined these stroctures. Using the 9-6-1 potential, it was possi-

ble to select an enthalpic criterion, simply excluding peptide-peptide Interactions below
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1.5 kealmol=*. As explained before, these energies are likely Lo be innacurate, by at least
10%, but they provide a very useful qualitative discriminant. In the case of the C-terminal
patterns, it was possible to verily the siguificance of these structures by looking at the
phi/psi angle distribution, and in most cases it must be hoped Lhal some similar secondary

verification of the structure can be found.

7.2.3 Searching for hydrogen bonding patterns

Once a wide range of hydrogen bonds hag been collected in a database, it is possible to
look at hydrogen bond patterns in a range ol proteins very quickly. [U is crucial thal
the hydrogen bond data be stored as text files (rather than interactively generated from
within a protein visnalisation package, for example), so that searches can take advantage of
database software or a UNTX environment which has been optimised for fast file processing.

For example, in the work desecribed in the next section and in the accompanying paper
of Le Questel ef. ol [17], a possibly significant structure was identified visually using
the program Sybyl. A fast survey of a set of 68 proteins was then required to see if
these structures were common, il related structures occurred with any frequency, and if
the patbern could be said 1o be common enough 1o be more than just a statistical effect.
Carrying out the full survey would have taken many weeks using interactive soltware and
searching for each pattern visually. Fach protein could be searched in a few seconds using
text based hydrogen bond files, and the search of the whole databasce could he antomated
allowing more time for the structural analyses and searches for related structures in other
biomolecules.

The search itsclf is easily carried out using software written in C. Each patiern can be
defined in terms of a few hydrogen bonds. One hydrogen bond is defined as the root, and
identified by the residue types acting as donors and acceptors, the residue atoms which can
be involved as donor and acceptor, and the criteria used for accepting or rejecting a given
choice. If the pattern is fully described by a single hydrogen bond - as, for example in
the work of Baker & Hubhard — then any positive match constitutes a result. Otherwise,
other hydrogen bonds must be present, and these are defined as offsets from the donor
and aceeptor residues, and again as the atoms and residue types which can participate.

Offsets can be defined both by the sequence difference between the root donor and/or
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m -
""""" root
derived1 .-~
m+2
derivedz""“

Figure 7.1: Hydrogen bond pattern searches
Searches are defined relative to an initial match, the root hydrogen bond. In addition to
matching the type of residue and atom specified for donor and acceptor, hydrogen bonds
must also conform to specified sequence differences. The difference n-m can be specified
for the root hydrogen bond, useful in finding helices for example, and the other hydrogen
bonds can have their offsets from the root donor amino acid (m here) and acceptor
amino acid (n here) specified, depending on which chain segment they belong to.

Table 7.1 shows the generic search pattern, with the root defined by type (donor or
acceptor), residue and donor or acceptor atom. This defines two residues, the source and
the target, and offsets can be specified to have a given sequence difference from the source
(specified by parameter x) and from the target (parameter y), as well as having specified
atom and residue types.

These searches can be used to identify main chain structures, both repetitive secondary
structure such as helices and types of sheet, and main chain loops such as paper-clips and

beta turns, as well as patterns involving side chains.

[ derivedl | type | residue | D/A [ is donor? [ atom 1 [ atom 2 | x |y
[ derived2 | type | residue | D/A | is donor? [ atom 1 [ atom 2 | x |y

[ root [ type [ residue | D/A [is donor? [ atom 1 | atom 2 [ m-n [ |
|
|

Table 7.1: Format for a generic hydrogen bond pattern search.

[ root [ main/main [+ | N/O [ donor [ N7 | O° [ m-n=4 | |
[ derivedl [ main/main [ + [ N/O [donor [N [ O“ [ x=1 [y=1|
[ derived2 [ main/main [ * [ N/O [ donor [ N7 JO“ [ x=1 [y=1|

Table 7.2: Search pattern for a section of alpha helix
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7.3 Results: Rings involving amide sidechains

In 1992, Jean-Yves Le Questel, working in the Chemistry department at Glasgow Uni-
versity, visually identified a hydrogen bonded structure which appearced to occur several
times in each protein, It quickly became clear that two related ving structures, with the
amide sicde chains of asparagine or glutamine doubly hydrogen bonded o distant parl s
of the main chain, were quite common: questions remained as to how common they were,
whether there were there any related structures which also occurred, and if the rings have
any significance beyond the simple mopping up of side chain and inain chain hydrogen
bouding opportunitics. A search of the database of 68 proteins whose hydrogen bonds Lad
already been found soon showed that the patterns are indesd a common, and probably

significant, feature.

7.3.1 Amide/mainchain rings

Figure 7.1 shows the two types of ring which were found. Both asparagine and glutamine
sidechains formn rings of these types, where both the amide CO and the syn hydrogen of
the amide NHy bind to the peptides on either side of a single C* atom, either to the NH
and CO of a single residue 7, giving a nine-membered ring structure with seven covalent
bonds and two hydrogen bonds, or those of the two adjacent residues ¢ — 1 and 74 1, an
1'1-membered ring structure with nine covalent bonds and two hydrogen bonds.

the survey found 827 asparagine and glutamine residues in total, of which 89 had both
NH and CO hydrogen bonded to the main chain. Of these, 54 involved th ¢ syn hydrogen

only, and 33/34 ol these were the 9- or 11-rings under investigation.

7.3.2 9 member rings

A search for these was based on the instructions listed in Table 7.3.

21 9-member rings were found, all bound to residues with phi/psi values in the 8 strand
or extended conflormations.

‘The variability of the Asn or Gl residues as defined by Schneider & Sander [43] fell in
the range 0-46, with most values in the range 10-20 (indicative of significant conservation

during protein evolution.
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7.3.3 11 member rings

A search for glutamine and asparagine 11-member rings was based on the instructions
Jisted in lable 7.4.

12 of these rings were found, again binding to regions of 8 or extended strand - with
a single exception, Q232 in penicillopepsin, where the mirror phi/psi conformation is
adopted.

The variability value for these rings was higher than for the 9-rings, with a range ol 0
to 53 but most of the values clustered around 35. This means that the Ll-rings arc less
well congerved: in this case the conservation is not significantly greater than for this type

of side chain in general.

7.8.4 Other possible rings

While the search for 9 and 11 member tings was based on the rational idea that ring
structures are stabilising in proteins and should therefore be favoured, the question still
remained as to whether these rings were more than just a statistical side effect of the
number of hydrogen bonds asparagine and glutamine can make to the main chain. In
order to lest the opposite hypothesis, that mainchain amide rings were so common that
the rings were insignificant, it was necessary to search for a range of structures where both
cts hydrogen and carbonyl oxygen [ormed mainchaiu hydrogen bonds, even in cases where
the “rings” formed containcd tens of atoms and were impossible to find visually.

The search pattern was extended to cover all cases where the value y {the sequence
dillerence between the two target residues) in table 7.1 was in the range -5 to -] 5, and also
the cases where y>5 and where y< —=5. Thanks to the automated search machinery, this
only involved changing two lines it a file 10 times, rather than the time consuming effort
of searching along the main chains of 68 proteins visually.

The results of the search are given in table 7.5, While there were a number of cases
where the larger rings were found, they were not significant relative to the frequency of 9-
and 11-ring acourrence, The apparently high number of “rings” where y> 5 and y<5 is an
artefact of the algorithm finding any case where both the N-H and C=0 were hydrogen

bonded, not necessarily to the same structoral feature.
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Figure 7.2: A Nine-membered Carboxamide-Mainchain Ring
This figure shows the hydrogen bonded ring formed between N233 and R220-Y221-T222
of thermolysin, with 9 members. The “target” mainchain is in a slightly twisted 3

conformation, the usual conformation for this type of ring.

Figure 7.3: An Eleven-Membered Carboxamide-Mainchain Ring
This is the hydrogen bonded 11-ring between N217 and Q233-R224-5225 of a-lytic
yarog g !
protease. Again, the “target” mainchain is in a typical 3 conformation.




Tertiary Ring Structures Stabilising Proteinsg 146

7.4 Conclusions: amide sidechains act as mainchain confor-

mational locks

These rings are not unexpected, and they might have been predicted as an eflective way
to mop up both sidechain and mainchain hydrogen bonding potential, but they have the
special feature that they are binding to a distant region of the polypeptide hackbaone,
and that when they do bond they provide a significant constraint on that part of the
polypeptide chain. In cases where they can be seeu to bind to the fraying edge of a beta
sheet the importance of mopping up hydrogen bond potential is obvious.

If the rings are indeed strong tertiary determinants of secondary structure, they should
be particularly prevalent in positions where local backbone conformations are limportant,
such as substrate binding sites. The paper of Le Questel et al contains several examples,
binding to flexible regions of substrates as if they were patches of backbone and presumably
locking them in position.

Recently, more proteins binding peptide transmitters, snbstrates and recognition [ac-
tors have had their structures solved. A feature of many of these is that they involve asn
or gla residues in their binding sites, and the role of these amide sidechains is to hold the
polypeptide backbaone.

The most striking example of this is the human MHC class 11 receptor solved by Wiley
et al [44], which shows three of these rings in the binding of a single 20 residue peptide, as
shown in figure 9.3. This Is an unusually large number of a single class of structural motif
to find in a single binding site, and may be related to the unusual conformation in which
the influenza peptide is bound. The peptide is actually in an extended polyproline 1I helix
conformation, although the example crystallised was proline-free. Typical polyproline
stretches in globular proteins are three to five residues long [33], so this is a unique feature
of this particular binding site.

The peptide is bound for presentation to other recognition molecules, and it is clearly
important that it is held in an extended conformation to expose as many residues as
posgible to determine a distinctive 3D /electrostatic profile for each peptide bound. The 9-
and 1l-rings must play an important role in this. It is even possible that the polyproline
conformation used i¢ significant, as folded protein structures will never present the residue

pattern of this bound peplide, since they do not have extensive polyproline II helices as a
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Figure 7.4: 3 Carboxamide Rings as Conformational Locks
Shown here are 3 carboramide rings in the binding of an influenza virus peptide by
human class II MHC protein. N382 and Na62 form 9-membered rings with the virus
peptide mainchain, and Na69 an 11-member ring. The effect is to hold the virus peptide
in a polyproline (overtwisted strand) conformation. The tertiary hydrogen bonding
network, dominated by these three rings, is locking the local secondary structure of the

peplide.

secondary structure element.

The evidence from protein structures alone is enough to show that 9- and 11-member
rings are significant features in protein structure, and their positioning and conservation
suggest that they are important structure determinants. The natural extension of this is
to polypeptide substrate binding, where the expected role in backbone binding is actually
seen. The hypothesis that these are effective conformational locks suggests that many

more of these rings will be found in sites analogous to the MHC case.
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Asparagine:

[ root | sido/main | Asn | N/O | donor

[ NY [ O° |

*

| derivedl | side/main | Asn | N/O | acceptor | O7 | N | x=0 | y=0

Glutamine:

root | side/main | Gln | N/O | donor [N'|O7 |

[ derivedl | side/main [ Glu [ N/O | aceeptor [ OF | N7

Table 7.3: Format for a asparagine and glutamine 9-membered ring searches.

Asparagine:

[ root [ side/main | Asn | N/JO| donor |NY[OY ] « |

[ derivedl | side/main | Asn | N/O | acceptor | O7 | N¥ [ x=0 | y=2 |
Glutamine:
[ root [side/main | GIn[N/O | donor [N ] O% | « | |

l derivedl :

side/main | Gln | N/O | acceptor

O‘j]Nﬂ|x:0|yx2[

Table 7.4: Tormat for a asparagine and glutamine 11-membered ring searches.

NH of | 1§ i1 1|3 ] 1] 1] i] 1 i i i i i

COof| in [i-p|id4|i3|i-2|i1| i |[i41|i4+2]|i43|i+4a/|id5 | itn
size |5+3n |20 |17 14| 3| 8 [ 9| 12 | 15 | 18 | 21 { 24 | 943n
syn | 11 | ol o [ 1 [12] 0 [21] 1 0 0 0 0 8
anti 17 1j{o|o|lojo]|0o]| 0O 0 1 0 0 15
both 3 o |lolo|l2|o0o]4] 0 0 0 0 0 2

size — number of atoms in ring
both - number of occurrences with both syn and anti hydrogen bonded

Table 7.5: Numbers of possible amide-main chain rings obsecrved



Chapter 8

Showing hydrogen bonds in

relation to protein backbones

The size and complexity of protein molecules has long put biomolecwlar viswalisation ui
the forefront of computer graphics technology. Searching databases of prolein structures
creates a need for visually simple, automatically generaled pictures which retain n high
mnformation conient.

I this chapler, scveral ways of viewing hydrogen bonds in relation to protein structure
are compared, and a lechnique bused on drawing the chain through the midpoint of the
peplides is presented. Combining this teehnigue with aulomatic sheel recognition bused on
hydrogen bonds allows patterns in side chain distributions an ewch side of a sheet to be

easily picked out.

8.1 Introduction

There are a range of algorithms available for abstracting prolein structures into cartoons
to abscrve the overall fold with or withouot regions of higher detail. Rather than simply
provide yet another plece of software which has one key display type, in this chapter the
emphasis 1s on how much these different display types have in common, and how casy to
specify they actually are. Iu chapter 10 some counclusions are drawn from the effort of
implementing some of these display types, and some practical suggestions are made on

what could be doue Lo make Lhe job of the biochemist easier and the job of the programmer
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more rewarding. In this chapter, rather than repreducing C code I will assume thas one
of the key recommnendations of chapter 10 has already been adopted, namely that all that
is required to specify a display or search algorithm for single protein structure files is a
descriptive definition, akin to computer scientists’ Pascal-like pseudo-code but based on a
language allowing object structures, where a hierarchical protein/residue/alom system is
defined, from which it is possible to access atom coordinates, scalar parameters, residuc
types and even complex constructs such as hydrogen bonds, provided generalion rules
have been defined (see the end of chapter 10 for some of the significant definitions).

Once a protein object and its constituent atoms can be handled, the algorithms in this
chapter work by displaying the structures they define. This assumes thal some software
exists for this function, but again does not define what that software is. This js in keeping
with current developments in computer graphics, where drawing functions arc handled
by specialised Lardware or optimised software libraries: [or example on Silicon Graphics
computers it Is now nsual to specify objects in Open Inventor format, which can then be
handled by a variety of software libraries and even included in documents to be redigplayed
when read by sunitably configured viewers. In this work, two different renderers were used,
one an X-windows based interactive display hased on 2N primitives snch as lines, circles
and text and the other a ray-marker (a reflection-free ray-iracer) for higher quality output
- but both worked from the same object definition algorithms. The figures in this chapter
are from the X-based renderer, those elsewhere in this work are from the ray-marker.
Chapter 10 containg a discussion about appropriate renderver technology.

The basic operations needed for this chapler are to draw cylinders connecting two
points {thick lines for 2D primitives), spheres (circles in 21)), shaded polygons, and to
wrile Lext. The colours, sizes and drawing styles of these objects can be specified. [t
is assumed that the order in which these objects are presented to the rendering tool is
unimportant as drawing order, depth clipping and buffering will all be handled by the

renclerer,

8.2 Methods. Displaying Polypeptide Backbones

Polypeptide backbones play a key structural role, and nearly every impuortant interaction

is eillier obzerved in relation to the backbone or itsell involves the backbone. Having a
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techinique to simplify a protein down to the direction of the backbone chain alone is a
prerequisite for interpreting a protein structure, and having a variety of such techniques

is useful when the objects or patterns under study are not known in advance.

8.2.1 Detailed visual information, and plots with hydrogen bonds

As a baseline, the all-atom representation of an object is important to consider. Such pic-
tures are far to complicated to be used for study of proteins, but arc important noncthe-
less. The reason they cannot be used is significant — proteins are densely packed masses of
atoms, & fact which it is easy to lose sighl of when working with smoothed, tidied tertiary
structure representations.

The all atom representation is easy to define, it is simply a line drawn for each bond,
with a sphere of appropriate radius placed at cach atom coordinate. Hydrogen bonds can
be represented by coloured lines thinner than the bonds themselves, or by dotted lines.
For the backbone it is enough to draw the alpha carbon atoms and the peptide atoms,
where the hydrogen positious can be defined by a technigue such as that desceribed in
appendix A. All residues then look like glycine (the alpha carbon hydrogen atoms can
safely be left out as they are rarely ol any structural significance), except proline which
is a spcciad case. Because of its disruptive role in hydropen bonding, chaiv conformation
and even hydrophobic interactions, it is worth drawing all the proline atoms.

Figure 8.1 shows fonr strands fraom the sheet of dihydrofolate reductase. This system

is used throughout this chapter to contrast the different sheet display techniques.
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ALL-ATOM BALL AND STICK BACKBONE

for chain segment C € segment list:
for residue R; € C:
| line { N4, C2, bond }
; line { C¥, C¢, bond }
line { C?, 0%, bond }
sphere { NE, miliogen }
sphere { C¥, carbon }
sphere { C?, carbon }

sphere { Of, vxygen }

where R; =Proline:
line { N&, C#, bond }
line { Cg, CF, bond }
line { C¥, C7, bond }
line { C}, C!, bond }
liue { C!, NF, bond }

sphere { Cf, carbon }
sphere { C}, carbon }

sphere { Cf, carbon }

elsewheros
line { H?, N, bond }
sphere { H?, hydrogen }

if Ri < Rogo{C):

line { C¢, N¥,,, bond }

for h; & hydrogen bond list
it h; — type = me/mc
and h; — donor residue D; € segment list
and h; — acceptor residue A; & seginent list:

tine { HY, Of, hydrogen bond }

pass { lines, spheres } to visualiser




i
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8.2.2 Ribbon diagrams and protein taxonomy

A turning point in the understanding of protein structure was the development of the
ribbon diagrams of Jane Richardson [3]: these were the fiest effective attempt to show
what was common to protein structure while retaining the true shape of the molecules
and hence giving a feel for their diversity.

Excellent tools exist for drawing ribbon diagrame, including MolSeript {15] and its
interpreter raster3D, and technigues have been developed for including side chains and
substrates in these diagrams. The algorithm given here for generating “quick and dirty”
ribbon diagrams is included to provide a baseline for the other techniques presented in
this chapter.

The algorithm takes the ribbon to be a sel of lines or a polygon which js everywhere
tangent ta the peptides making up the backbone. Practically, taking a vector between
the hydrogen and oxygen atom of each peptide and using these as ribs perpendicular
to the ribbon allows an almost trivial implementation of the algorithm. The difference
between extended and helical conformations is handled by always connecting the cdges
of the ribbon along the shortest edges, ie min{{O;_,,(%}, (H;,0:)}, to prevent the ribbon
from being lwisled once per residue.

T'his type of display represents the compromise all protein visualisation must make
between the insight into overall fold and the local detail which can be presented. While
there is no better way to assign profein sccondary structure class and overall fold, it is
very hard te include the interactions of single residues into a ribbon diagram congistently,
much of the detail of the main chain is lost, and novel properties based ow anylhing other
than known secondary structure motifs are very hard to integrate.

There is no obvious place to put hydrogen bond information, as the ribbon itsell does
not contain markers for the various atoms involved, so there is no absalute way ol knowing
which atoms are involved in any connecting lines which are drawn.

Figure 8.2 shows the result of using this technigue. Although it is not as clear as
a true ribbon diagram, somc of the problems with the technique are common to any

implementation. The system here containg a 3-bulge, for example: the bulge cannot be
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identified unambiguously by the algorithm.
SIMPLE RIBBON DIAGRAMS

for chain segment C ¢ segment list:
for residue R; € C,
R £#Ruin(C) and Ry 3R, {C):
Vi = H}O},
V. = HY,, 0
if 05,05 < [0f.,H,, |
for a in { 0.2, ..., 0.8 } step 0.2:
A= 0%, + aV;
B = 0§ 4+ a.V,
line { A, B, dash }

else:
for ain { 0.2, ..., 0.8 } step 0.2:
A =H} 4+ aVy
B = 0f 4+ a.V,
line { A, B, dash }

pass { lines } to visualiser

8.2.3 Alpha-carbon plots

The alpha carbon plot is perhaps the oldest of the cartoon style representations of proteins
to be used. Bach residue has an alpha catbon atom, and it is of course part ol the backbone.
It is easy to relate the position of the backbone points to sidechain points if' the alpha
carbons are used, and the backbone drawn is considerably simpler than the all atom casc.

The disadvantage lies in the puckered nature of protein three dimensional structures.
Strands arc not sbraight or gently twisted lines when only alpha carbon positions are drawn,

but are distractingly puckered. Alpha helices become jagged and hard to distingunish from

random coil regions.
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Hydrogen bonds are easy to draw, as the residues involved in cach can simply have
their alpha carbon atoms joined up by a line of appropriate colont and appearance. This
gives rise Lo cases where ainbiguities arise: where the donor NH and acceptor CO of one
residue are involved in bonds to one other residue, two hydrogen bonds become drawn
with the same start and end points. Unfortunately, this case is very common since it is
Lhe arrangement in antiparallel sheet. Milner-White et al [48] have developed a technique
for drawing these double lines in a different. thickness and colour, but the effect is still far
less intuttive than lor Lhe all-atom representation.

[Migure 8.3 shows the application of this technique to the test strands.
13A81C ALPHA CARBON PLOTS

for chain segment C € segment list:
for vesidue R; € C:
if R; ?éan.-r: (C):

line { C7, C7,,, backbonc }

for h; € hydrogen bond list
if h; — type = mc/mc
and h; — donor residue D; & segment list
and h; — acceptor residue Ay € segment list:

line { C¢, Cf, hydrogen bond }

pass { lincs } to visualisex

8.2.4 Smoothed Alpha-carbon plots

The jagged appearance can be relieved by smoothing the line. Several sollware packages
allow backbone plots based on alpha carbon positions, but smoothed out by using these
as control vertices for a spline function.

There is a siinpler way to get much of the same effect: simply average the coordinates
with a three residue kernel and the elfect is to remove the excessive curvature seen. This

averaging can be carried out with a larger kernel, or can be repeatedly applied for the
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game effect. Small curves are removed, while the overall path of the backbone is clearly
shown,

‘I'his approach also has a problem associated with it. ‘I'he averaging has one stark
inmediate effect: it hides small twists in the backbone path. Here “small” means involving
three or four residues, and unfortunately this includes all the frequently occurring classes
of turn and helices. In addition, there is some widening ol Lhe structure on repeated
application, so parallel and antiparallel strands become divergent and less representative
of real atomic positions. Hydrogen bonds can be included, and are useful for keeping
information abaut the types of turns and positions of helices.

This is an approach ideally suited for quickly generating a smoothed backbone plot to
sce the overall 3D direction of the strand, and is useful, for example, in conjunction with
surface plots, where it can be overlaid using transparency to give the relationship between
the surface features and the underlying fold.

Figure 8.4 gives an example of this technicque. Not that although effective for beta
strands and farger loaps, smoothed C* plots are no better than pure C¥ plots for helices:

indeed they contain less inlormation and are less clear in these regions.

R
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SMOQTHED ALPHA CARBON PLOTS

for chain segment C € segment list:
for residue R; € C:
if 1y = Rypin{C) or Ry = Rumaa(C):
P; = C¢

clso:

P;

i

1/3(CE, + CF + Ciy))

for position P; € C:
if Py ‘/EPmax(C}:
line { Py, Piy1, backbone }

for h; € hydrogen bond list
if h; — type = mc/mc
and h; -+ donor residue IJ; € segment list
and h; —» acceptor residue A; € segment list:

line { I’;, Py, hydrogen bond }

pass { lines } to visualiser

8.2.5 Midpeptide piots

Finally, a technique which developed during this study takes a slightly less conservative
approach than alpha carbon backbones, but still keeps enough reference to the original
coardinate set that other information can be attached to it.

A protein backbone is a sequence of linked peptides, and it is through forces directed
more or less towards the centre of gravity of the peptide that it must be stabilised. The
alpha carbon is the attachment point of the sidechain, which in most cases is trying to
adopt a quite different environment to that of the main chain, and so might be expected
to adopt positions well away from the axis of the backbone (and indeed explicit puckering
effects add to this distinction). As a result, it might be expected that some averaged

position for the peptide would be a better visual guide for the backbone, and this is wlial

is found.
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Simply assigning a peptide to a single point midway between the alpha carbons of
the bonded residues gives a versatile reference point. A backbone chain can be drawn
by connecting the points up: each residue then has a single line segiment associated with
it, which can be coloured or otherwise marked according to the propertics or type of the
sidechain. Even the N and C terminus can be included, simply by assigning the missiug

or C?

peptide midpoints to the N 0 ALOMS.

term

The result is a emooth chain for most of the protein, markedly less jagged than the
simple alpha carbon plot everywhaere except the alpha helix. In fact, for sheet regions the
picture actually adds information over the all atom representation: the sheets can be seen
to congist of well aligned strands, with no puckering along the length and very little lateral
deviation except at the ends. Parallel and antiparallel look very similar. This suggests
that, because sheels represent a 10esh of peplides connected i bwo directions by hydrogen
bonds and in two directions by chemical bonds, the resuviting strocture is a minimised
balance over its whole area with very little residual strain.

Hydrogen bonds can be included, with the peptide point as the connection. Since donor
and acceptor bonds mvariably point in different directions, there i never any confusion
between hydrogen bonds which share a single point: each hydrogen bond in the backhone
will be represented separately. The appearance of sheets as regular structures is enhanced:
they can now be seen to consist of a cluster of rectangular cells, each comprising four
residues and two hydrogen bonds. The proportions of these cells is the same throughout
the sheet, whether parallel or antiparallel strands are represented.

TFigure 8.5 shows the application of this technique to the test case. This is the only ex-

ample other than the all-atom representation which draws the 8-bulge as o distinguishable

item and displays each hydrogen bond separately.
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SMOOTHED ALPHA CARNOWN PLOTS

for chain segment C € segment list:
for residue R; € C:
if Ry = Ronin (O):
Pl = N?
P} = 1/2(C§ + CF,)
iIf Ry = Ryper(C):
P = 1/2(C7, + CF)
P} = Cf
if R: # Ronin(C) and Ry # Rimas (C):
P} =1/2(C%, + CF)
P{ = 1/2(Cf -+ Cfyy
for position I}, IP? € C:
line { P}, P?, backbone }

for L; € hydrogen bond list
if hy — type = mce/me
and hL; -3 donor residne D; € segment list
and h; — acceptor residue A; € segment list:

line { P}, P}, hydrogen bond }

pass { lines } to visualiser

Midpeptide representation of the 3 Sheet

This figure shows the eflfect of displaying hydrogen bonds in conjunction wilh o mid-
peptide plot. Bach hydrogen bond is guaranteed to be represented, although parallel
and antiparallel sheet is not distinguished. In fact, all sheets take on a uniform and flal
appearance,

The Basis of the Representations Compared

Tigure 8.6 gives a schematic comparison of the representations in figures 8.1 to &.5,

showing how their features correspond to the underlying arrangement of mainchain atoms

and hydrogen bonds.
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Figure 8.1: Ball and Stick Representation of 3 Sheet
I'his shows four strands from the sheet of dihydrofolate reductase: from the left of the
picture strands 135-145, 152-161, 1-8 and 110-120, showing two antiparallel 3 ladders,
one parallel 3 ladder, and one example of a 3 bulge in strand 135-145, at the bottom left
of the picture.

Figure 8.2: A Ribbon Representation of the 3 Sheet
This shows the four strands of figure 8.1, with guidelines roughly corresponding to the
classic ribbon representation of J. Richardson. Note the loss of detail, particularly the 3

bulge.
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Figure 8.3: A C* Representation of the 3 Sheet
The four strands of figure 8.1 are shown, with the C* atoms joined to form a schematic
backbone representation. Hydrogen bonds are drawn, connecting the C* atoms of the
donor and acceptor residues as appropriate. Note that the parallel and antiparallel
regions are distinguishable by their hydrogen bonding patterns.

Figure 8.4: A Smoothed C* Representation of the 3 Sheet
T'his is the same system as figure 8.3, except that the C* positions have been smoothed by

averaging with a 3 residue kernel as described in the text.
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Figure 8.5: Midpeptide representation of the [ Sheet

This figure shows the effect of displaying hydrogen bonds in conjunction with a
midpeptide plot. Each hydrogen bond is guaranteed to be represented, although parallel
and antiparallel sheet is not distinguished. In fact, all sheets take on a uniform and flat

appearance.

8.3 Results. The appearance of beta sheets in proteins

8.3.1 Picking Sheets out of Midpeptide Representations

The picture of the beta sheet given by midpeptide plots is remarkable in the way that it
picks out a smooth, rectilinear pattern for even the most irregular of sheets, even sweeping
away the differences between parallel and antiparallel structures. It can only be assumed
that this is a feature grounded in the physical stabilisation of the sheet structure: the
midpoint of a peptide is the approximate centre of mass where the forces of hydrogen
bonding, chemical bonding and bond torsion act, and the sheet structure represents a
balance between the internal energy of the dipeptide and tri-peptide interactions along the
chain length and the hydrogen bonding and steric effects perpendicular to each strand.
The resulting flat structure lends itself rather well to being shaded, perhaps better than
the ribbon representation, because any distortion in the sheet or break in the hydrogen
bonding pattern is easily seen and any lines drawn are rooted firmly within one of the units

of protein structure, so other features such as sidechains and substrates can be drawn as

usual without serious risk of unwanted intersection.
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Malachaln atoms Alphn Carbon Ribbon Midgeprisle
Backbone Backbone Backbanc

Figure 8.6: The Basis of the Representations Compared
Thie figure gives a schemalic comparison of the representations in figures 8.1 1o 8.5,
showing how their fealures correspond to the underlying arvangement of mainchain atoms
and hydrogen bonds,
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Each of the rectilinear units can be picked oul using a search on a list of hydrogen
bonds similar to thosc described in chapter 7. Search defails are given in tables 8.1 and
8.2. Basically, a unit is a quadrilateral made up of four midpeptide points, the two chain
segments and the two hydrogen bond representations. This can be divided into two or
four triangles and each one rendered as a filled, double-sided pelygon. Distinguishing the
two possible directions that thie quadrilateral can face results in a smooth representation
for parallel sheets and a checkerboard pattern for antiparallel sheets, which may be all
the discrimination needed in many cases: otherwise, arrows must be introduced along the

chain length.

[ voot | main/main[%x [N/O | donor [NT]OY | « | |
[ derivedl | main/main [ x [ N/O [ acceptor | OV [ N7 | x=0 | y=2 |
[ derived2 | main/main [ « [ N/O | domor [ N7 | OY | x=2{ y=2 |
["derivedl | main/main [ x | N/O | acceptor | O [ N¥ [ x=2 [ y=4 |

Table 8.1: Search palleru for a section of parallel sheet

[ root [ main/main % [N/O [ domor [N¥ 0% [ & | |
[ devivedl | main/main : x | N/O | acceptor | O“ | N7 T x=0 | y=0 |
[[derived2 [ main/main [+ [ N/JO | donor | N7 | O¢ | x=2 [ y=-2 |
| derived1 | md_m/lndm|*| N/O [ acceptor | O [ N¥ |x=2| y=-2 |

Table 8.2: Search pattern for a section of antiparallel sheet

Figure 8.7 shows the effect of shading on the sheet of dihydrofolate reductase. Tven
features such as 8 bulges can be retained, and the shading helps to identify areas where

the sheet is most strougly twisted,

8.3.2 Showing Sidechains in Schematic Representations

Tor a whole protein, displaying all sidechains leads to a confusing overall effect: but
backbone plois provide no sequence information, the defining property of the protein under
investigation. Putting a mark at the Cg position of each residue allows the direction of
sidechains to be seen. Figure 8.8 shows this for the dihydrofolate reductase strands of
figure 8.1.

The midpeptide plot is particularly amenable to sidechain represeulations. in figure
8.9 the sheet. of figure 8.1 is shown: lines of residues can be seen running alternately above

and below the sheet perpendicular to the strands, crossing regions of both parallel and
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Figure 8.7: Picking Sheets out of Midpeptide Representations
This figure shows the whole sheet of dihydrofolate reductase, and two helices important
for substrate binding, as a midpeptide plot with the sheet picked out and shaded. The
B-bulge appears as a tear in the sheel.

antiparallel sheet. The direction of the #-bulge can also be seen.

' atom

Full ball-and stick sidechain representations are possible, if the place of the (
for each residue is taken by the midpoint of the line joining the two peptide midpoints
it shares. The resulting C*-C? bond is stretched slightly, but all other side chain atoms
can be treated as normal. It is even possible to represent proline, with C and C* both
taken by points on the midpeptide chain: the result is considerably distorted, but it is

still possible to see proline positions and pucker directions easily, which is usually all that

is needed.
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Figure 8.8: Showing Sidechains in Schematic Representations
This figure shows the effect of putting a mark at the Cy position of each residue for the
alpha carbon plot of figure 8.3, allowing the directions of the sidechains to be seen.

Figure 8.9: Showing Sidechains in Midpeptide Plots
This shows the effect of placing a marker for the side chain at the C° position for each
residue. Ridges of residues running perpendicular to the strand direction can be seen, as
can the +direction of the 3-bulge, in this case with the extra residue, a Valine, on the
near side of the sheet.




Chapter 9

Hydrophobic ridges in beta sheets

It is known that strand-strund recognition in proteins is guided by a preference for certain
residues to pair up in adjacent sites on the same side of the sheet in neighbouring strands.
Using the approach from the previous chapter it is shown thatl this preference extends across
the whole width of a sheel, giving rise to stabilising hydrophobic ridges which appear Lo be
a feature of all beta shects, lnrge and small.

The ridges observed in a range of proteins are examined, and their imporiance is lested
by showing how their conscrvation in proteins refaled in sequence is direclly related to the

structural similerily of these proteins.

9.1 Introduction

The tertiary structures of beta sheets in proteins have been subjecled Lo extensive sta-
tistical analysis and modelling, but have remained as mysterious as any other feature of
protein structure. While some patterns are clearly apparent in amino acid preferences of
beta strands and their overall relationship to protein architecture, beta sheets are no more
predictable than any other structural element in proteins.

In the face of this, it is interesting to see whether there are any new insights which can
be gained from new techniques of visualising the structural patterns defined by hydrogen
bonding in proteins containing extensive sheet structures. The method described in the
previous chapter, plofting hydrogeu bound position as a function of midpeptide position,
has the particular virtue that it identifies sheet structures in proteins without requiring

any input from the rvesearcher and without abstracting the sheets so that they can no
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longer be combinad with other data such as side chaiu position.

This chapter shows how the pictures given by this method provide a pasticular exten-
gion to work by Lifson and Sander {17, 48] on inter-strand amino acid preferences, and in
particular suggest a concept of hydrophobic ridges as structural elements of globular pro-
teins with a possibly strong tertiary-directing effect. The technique is tested on a small
number of systems, and raises some interesting questions about how these clemaents could

e used to help in a more general study of protein architecture.

9.1.1 Amino acid preferences for beta sheet residues

Beta sheets have been analysed for length, direction, type and handedness of crossover
connections, and a number of other statistical properties which could be classified as
architectural. More relevant for the results presented here, studies have lighlighted the
importance of inter-strand nearest neighbour interactions.

The first study to show that the inter-strand nearest ncighbour interactions were spe-
cific, with certain pairs of residues or pairs of residue types being significantly more com-
mon than would be expected if they were purely a function of random chance, was the
work of Lifson and Sander {48].

The pairwise groupings they found reflect both a preference for some types of non-
polar residue to become nearest neighbours, with preferences representing stereotypical
stacking interactions and also for certain pairs of polar residues to match up, either to
form salt bridges or some stabilising hydrogen bonding pattern. L'he most specific non-
polar interactions are between fle and Val and Ile/Leu, with differences in preference for
autiparallel and parallel sheets which were significant enough to not be an artifact of the

small size of Lhe database used in the original study.

9.2 Methods. Midpeptide plots of beta sheets

The method described in the previous chapler is used lere Lo pick oul {he beta sheels in
proteins bascd on their hydrogen bonding patterns. As cxplained previously, taking the
midpoint of the peptide bond as the representative point at wlhich to draw the end of a
hydrogen bond has the effect of regularising the observed structure: the protein backbone

is a set of rigid nuits with bonding and non-bonding interactions pulling them in difTerent
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ways, but the net effect is a stable structure, with the basic elements (strands, loops
and helices) pulled into a local energy minimum. The shape this describes for a sheet is
surprisingly uniform.

‘I'he slightly twisted, flat sheets defined in this way can clearly be seen without needing
to pick out the strand residues with any other marker. This means that the images are
simple enough to allow extra information to be provided. An added advantage of the
technique of midpeptide smoothing is that the C* and C? positions are not being used or
distorted in any way for the backbone model, and as a result information can he added
at these points in the images. This makes it easy to display sequence information along
with the structural information already being represented.

Placing all the sequence information creates a problem, thouglh. The large number of
residues in a typical protein quickly fill the image with superimposed illegible characters.
However, any sheets present will have a smooth, flat representation, and this when viewed
in isolation can have sequence dala superimposed and still be anderstood, particuladdy if
seen in three dimensions,

One of the advantages is that the sheets could be identified without having to name
the beta strands in advance, and it would be nice to keep this feature. This is possible to
a large extent by looking at the way the siructures are drawn. Sheets are characterised
by a tiling of slightly twisted rectangles, with two sides made up of the spars counecting
adjacent peptides and the other two formed by the representations of hydrogen bonds.
These can represent a number of different ring structures, as shown in figure 9.1, but all
can be identified using the same technique described in chapter 7 for identifying hydrogen
bonded rings from the hydrogeu bond f{ile used to generate the image in the first place.
if only residues participating in these rings are displayed, the result is a summary of the
super-secondary structure of Lhe protein, It turns out that o helices can be defined as
rings in a similar way, and also shown.

Two additional features of sheets and helices also have to be laken into account. One
is that the residues at the ends of strands or helices are also parlicipaling ~ since although
a peptide (and hence a midpeptide point) can be regarded as belonging to either of the
amino acids contributing to it, the actual hvdrogen bond is regarded as belonging to
the residue which provided the atoms invelved - in other words, bonds involving C=0

“helong” to the previous residue, those involving N-H belong to the “next” residue. The
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other feature is specific to sheels - the phenomenon of 8 bulges, individual residues within
strands which act as insertions, offsetting the hydrogen bond patlern by one residue. Both
of these classes of residue are of interest, and form annoying omissions if neglected. Both
can easily be incorporated by simply adding in residues on either side of the ones detected

as participating in the rings defined above.

9.2.1 Midpeptide plots highlight similarities between parallel and an-

tiparallel sheets

One striking feature of the midpeptide plots is that they do not distinguish parallel from
antiparallel sheets. This is in one sense frusiraling, as il means thal extra cues have Lo be
provided to allow the researcher to classify the sheets which can be seen - but this could
be done by simply adding a small arvow on the end of cach strand detected (i.c. on the
trailing residues discussed above). In another sensc it is uscful, as it means that common
features belween different classes of sheet can be detected.

As figure 9.1 shows, the liles on the sheet represent three diflerent types of ring stroe-
ture. But what they all have in common is that, perpendicular to the directions of the
strands, the sidechains of residues arc roughly co-lincar, and their C* and C? atoms project
abave the plane of the sheet the same amount and in that seme direction. What the grids
show, when viewed parallel to the lines defined by the hydrogen bonds, are columns of
residues which are forced to pack together.

Adjacent columns point in opposite directions, alternately above and below the planc
of the sheet. This is the case both for parallel and antiparallcl sections of the sheet, and

can be clearly seen by placing a marker for each residuc at the C? position.

9.3 Results: ridges across strands

What these columns represent are ridges of residues [oreed into contact across the width of
a sheet. The individual pairs which make up this structure are governed by the statistics
of Lifson and Sander, but, locking at the whole sheet at one gives a new usight, Tudividual
pairs may he chosen on the basis of hydrogen bonding between sidechains, the formation
af salt bridges involving charged residues, or specific packing interactions. But locoking at

the whole sheet shows a pattern which goes beyond pairwise.
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Figure 9.1: Ridges of Sidechains in # Sheets
This figure shows the sheet of dihydrofolate reductase as a midpeptide plot with residues
drawn at Cy positions. The alternating ridges of sidechains can clearly be seen. Note in
particular the long hydrophobic ridge V-V-L-L-A-V-V-V extending the full width of the

sheet.

Figure 9.2: The 3 Sheet from Carboxypeptidase
This figure shows the carbozypeptidase sheet, defined using the hydrogen bond criteria
described in chapter 8, and represented as a midpeptide plot with the sheet shaded. The
whole protein is shown, but the sheet structure dominates.
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Figure 9.3: The 3 Sheet from Ovomucoid, Domain 3
Even small sheets can be picked out by midpeptide plots - this shows the whole of

ovomucoid domain 3 with the sheet picked out using the same technique as figure 9.2

Figure 9.4: Hydrophobic Stacking along Ridges
This figure shows the two V-V-V ridges at the edge of the dihydrofolate reductase sheet,
with sidechains drawn in to demonstrate the close hydrophobic packing which can

stabilise a sheel.
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Among the most obvions, and strongest, pair correlations were those between the non-
polar sidechains. T i3 to be expected, thercfore, that there will be some tendency for
these contacts to add up to provide ridges of hydrophobic residues stretching over several
strands. Tn fact, what is observed for proteins with a distinct beta sheet kernet 15 one or
more distinct ridges of hydrophobic residues stretching the full width of the sheet. This
chapter does not contain a full review of all available protein structures, unfortunately,
but the patterns detected here provide some very suggestive ideas on the stabilisation of

beta sheet proteins.

9.3.1 Wide sheets: carboxypeptidase and dihydrofolate reductase

The diagrams for the sheets of carboxypeptidase and dihydrofolate reductase, figures 9.5
and 9.6 respectively, both show the same principle: wide sheets are anchored by hydropho-
hic ridges stretching the full length of the sheet.

Carboxypeptidase shows two interesting properties of the sheet when viewed as a flat
grid. The first is that there are threc clear ridges of hydrophobic residues, 191A-1-1-F-33V,
204Y-F-L-1-L-50L, and 240Y-L-F-I-L-1-48Y which together can be seen to splice together
the eight strands identified by the hydrogen bonded ring classification. 'he second is that
all three of these ridges are on the same side of the sheel, and represent a single contiguous
“bed” of hydraphobic residues. ‘1'lis feature is not ubiquitous; other proteins in this small
gsample show that ridges commonly occur on both sides of the sheet. In carboxypeptidase
the pattern is intimately related to the evolution and function of the enzyme. Several of
the active site residues of this protein are part of the sheet itself, and the hydrophobic
face can be seen as an anchor for the necessarily less stable active, hydrophilic side of the
sheet.

Dihydrofolate reductase shows a different strategy for a similarly wide sheet. Here
there are fwo hydrophobic ridges at the centre of the sheet, 157V-L-L-A-V-V-75V and
(139V)-W-L-I"-I-V-V-74V (that first Valinc residue in the second ridge is part of a bela
bulge), adjacent but on opposite sides ol the sheet. The sheet itsell is strongly twisted
at one end and appears to have a weak spot traversed by these two ridges. This sheet
does not have a clear hydrophobic side, and if there iz any significant stabilisation through
hwvdrophobic effects it must be involving these two hydrophobic ridges, since together they

account for more than half of the hydrophobic residues in this sheet.
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9.3.2 Narrow sheets: ovomucoid domain IIT, human prealbumin

[ k!

he pattern is nol only found in proteins with wide beta sheets. Narrow sheets appear to
be stabilised by one or more short hydrophobic ridges, again running the full width of the
sheet.

For example, ovomucoid domain 3 displays a tiny kernel of beta structure shown in
figure 9.3 and schemafically in 9.7, with only 8 residues classified as sheet by the hydrogen
bonded ring criteria. However, even in this case there is a distinct hydrophebic ridge.
53-L-31Y.

More significantly, each monomer of the hunan prealbumin dimer is formed from a
sandwich of two beta sheets, shown in figure 9.8, Zach of these is fonr strands wide and
shows a [our residue hydrophobic ridge - 93V-V-V-43A and 551,-V-1-120A. There are other
hydrophobic pairings which do not form part of longer ridges, as might be expected, but
the two ridges are quite distinet and this does seem (o suggest Lhat their role is inore than

just coincidental.

9.3.3 Conservation: trypsinogen/tonin and actinidin/papain

Of even more interest is whethier or not these ridge structures are conserved between
evolutionarily distant proteing of similar structure. If they are then it is reasonable to
assume that they are playing some significant role, although it may also be assumed that
any hydrophobic residue may be hard fo replace for other reasons, such as packing against
the hydrophobic side of a helix or some crucial role in a folding intermediate.

IMiret, trypsinogen and tonin can he considered. Both of these can be classed as bota,
barrel proteing, although looking at the midpeptide plots it is easy to see that they are
actually constructed as single sheets twisted and then linked in such a way that therve is
no one line of hydrogen bonds forming a ring around the whole barrel. It is better to
see Lhese two proteins as being sheets whose diagonally opposite corners have been joined
together.

I"he forces stabilising beta barrels might be expected to be quite different, but there
are still distinctive ridges in these two proteins. The sheet is not rectangular, so no ridge
can extend the full lenglh, but in irypsinogen (figure 9.9) there are two ridges which span

twa of the widest parts of the sheet, 20Y-L-V-104] and 831-V-L-411°, ‘T'here is alse a triple
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of regidues next to the first ridge, 53V-1-891.

In tonin (figure 9.10}), there have been significant changes to the upper right hand
quadrant of the sheet (as drawn here), and the second ridge has not been conserved - in
its place are some individual pairwise interactions presumably performing a similar role.
The missing ridge is associated with a significant change in sheel structure, with a 7 bulge
in trypsinogen completely absent in tonin. However, the first ridge is still present, now
20W-L-V-106L, and the triple adjacent Lo it is now a four mewber ridge, 45V--L-80F. Ay
in the papain/actinidin case, the residues themselves are not strongly conserved, hut the
hydrogen bond pattern and the hydrophobic ridges are.

The second pair considered are actinidin and papain. Both of these proteins have
related, complicated sheet structures, and it is in cases like this where the midpeptide
plots really show their worth. The shect of each is forked, but by plotting the hydrogen
bonded grid it is possible to flatten the sheets ont and compare the fwo. As expected by
now, there are hydrophobic ridges, one serving each braunch of Lhe lork,

In actinidin (figure 9.11) the ridges are 5V-Y-W-I-152F and 214Y-V-[-V-194M, while
in papain (figure 9.12) they are 5V-Y-1-1-1491" and 208Y-V-A-1-187]. These mutations are
not what would be classed as conservative in every case either through the Dayhoff matrix
or in terms of the Lifson and Sander statistics (particularly the I=A conversion in the
secand ridge), but when seen as a ridge of hydrophobic residues, the paltern of hydrogen
bonds and of hydrophobic residues is conserved. This clearly implies thatl the conservation
of these ridges has some structural significance, even when the surface defined by these
residues (in other words, packing effects against the face of the sheet) can be significantly

altered.

9.4 Conclusions: hydrophebic ridges stabilise beta sheets

Although this work was not exhaustive, it does seem clear that hydvophabic ridges are a
significant feature of beta sheets. Determining whether they arve simply a statistical effect
of pairwise preferences extending in hoth directions {or conversely, pairwise preferences are
simply consequences ol the need to form hydrophobic ridges) would require a statistical
analysis of a large sample. Sadly, the scarch software in ils current form cannot find

features like the ridges, as that would need a recursive definition in which oflset hydrogen
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Figure 9.5: Hydrophobic Ridges in the 3 Sheet of Carboxypeptidase

This and the following figures show schematic representations of midpeptide plots like
that in figure 9.1, To better illustrate the regularity of the patterns of residucs seen, the

sheets have been flatiened out, but the pattern of hydregen bonds hus been kept intact.

Dotted circles represent sidechains on the near side, solid on the far side of the sheel.
Hydrophobic residues [AFILVWY] are highlighted, as are [T] (mized hydrophobic/polar)
and [S] (polur, but with a particulur propensity for the edges of bela sheets, so probably «
sheel-cdge stabiliser). Where pairs of these residues are found, a thick line joins them. In

this and the other proteins in this sample, this reveals prominent hydrophobic ridges

defining the sheel.
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Figure 9.6: Hydrophobic Ridges in the Sheet of Dihydrofolate Reductase
This is @ very siriking case, with two hydrophobic ridges stretching across two distinet 3
sheel domains.
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Figure 9.7: A Hydrophobic Ridge in Ovomucoid Domaiun 3
This tiny protein fragment has 9 residues in what could be iermed a sheel structure.
Fven in this case, a ridge of hydrophobic residucs is found.
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Figure 9.8: Hydrophobic Ridges in Iluman Pre-albumin
This protein forms a dimer; only the sheel from {he monomer s shown here, The
Sfour-girand sheets both have four-residue hydrophobic ridges stabilising them. The dimer
has strands 114-121 of cach monomer hydrogen bonded entiparallel to coch other {o form
one large sheet. The junction is ol S117, giving ridges L-L-5-5-L-L, V-A-T-Y-L, and
A-T-5-5-A, unusually serine and threonine rich.
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Figure 9.9: Hydrophobic Ridges in Trypsinogen
This figure shows the first 3 sheet in trypsinogen, which forms a §-sandwich: the
“hanging” hydrogen bonds from residue A85 match those of L108 to complete the
sandwich.

! )
1 |

i I
Bl —Q —r-l{"1-1{—1-®—\V""8::

47

50 — 8
{

¥igure 9.10: Hydrophobic Ridges in Tonin
As in figure 9.9, the sheei shown here s a sondwich, so residues V85 and L108 connect
to complete the hydrogen bonding patiern.
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Figure 9.11: Hydrophobic Ridges in Actinidin
The sheetl in actinidin appears “torn” in « midpeptide plot, with strand 159-167 binding
to both strands 5-6 and 138-138 on the same side. It is still very ewsy to follow the path
of hydrogen bonding and sidechain direction by swilching belween the representalion
styles of figure 9.1 and 9.2.
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Figure 9.12: Hydrophobic Ridges in Papain
T'his sheet shows the same distorlion as actinidin: using o flat midpepiide representalion
helps to emphasise the similarity of the two folds.
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honds could be taken as new roots, to allow data on ridge properties to be tabulated
aulomatically.

Regults from other saurces do suggest that

Unlike a-helix formation, 8 sheet formation is determined in large part by

tertiary context...and not by intrinsic secondary structure preferences.[49]

accarding to Minor and Kim, in the discussion of experiments which showed free encrgy
chianges [or moving residues from the edges to the centre of strands correlated strongly
with the residues water/octanol partition function and not at all with statistical [/ sheet
frequencieg for those residue types.

An effective model of the beta sheet will have to go beyond sequence data and pairwise
strand matching and deal with the full tertiary structure of the sheet, with effects parallel

and perpendicular to the strands and distinct hydrophabic and hydrophilic environments

ta be accounled for,




Chapter 10

Problems in Protein Visualisation

Interpreting protein §-Dimensional structure is « many-foceted activity, shaped by the jea-
tures which are of current rescaveh interest bul also by the databases and software which
happen to be available. Most software is etther weighted towards delatled represeniations
used in determinalion and analysis of single structures or cartoon simplifications for gen-
eral classification of related folds. Work towards the production of software which can
casily handle comparison of siruclures across a family of related structures, using new
visualisation techniques where these becone wvailable, representing information from the
wide wericty of sequence related databases which are produced, and switching easily belween
1D,2D and 3D representations has bdeen hampered by the different ugendas of struclural
chemists, molecular biologists, and computer scientists.

This work brought the author into a close working relationship with all three subject
arcas, and lhis chapter presents an tnterpretation of the current stale of the arl, the
missing pieces of software and intevface, and a specification for a system which could
be smplemented with ezisting or casily developed {echnology which would bridge the gaps

between the different classes of knowledge reguired at different levels of interpretation.

10.1  Imtroduction

10.1.1 The requirements of structural biochemists

Structural biochemists and crystallographers require tools which can show the detailed

structure of parts of a protein, in conjunction with the forces and physical constraints




10.2. Methods. Tools for protein visualisation 183

which affect shape, stability and interactions with other molecules. ‘Fley often need Lo
visunalise clectrostatic potential fields, sclvent exposure, and individual hydrogen bonds.
Analysis of possible new types of contribution to protein stability will olten require

the development of new techniques for visualising interactions.

10.1.2 The requirements of experimental biochemists

Molecular biologists work with protein sequence, and are interested in the elfects ot single
residues or sets of residues which can be idenlified as significant by genetic manipulation.
They also work with [families of proteins on the same basis. Their needs from a structural
database arc quick identification of the overall fold of a protcin, identifying the relative
position of loops and residues of interest, and comparing the structures of sequence related
molecules. Data from software for 1D structure analysis must be imported to the 3D model,
often by a researcher too busy to learn a graphics scripting language for one brief session
in front of a graphics machine.

Enzymologists need tools to identify active site pockets, place active site residues within

them, and recognise the local chemical environment of the transition state binding.

10.2 Methods. Tools for protein visualisation

10.2.1 Simple graphics tools for prototyping

Providing a simple way to visualise a 3 dimensional object and annotate it with information
is part of a more general class of problams in sclentific visualisation which is unresolved.
However, there are some parts of the problem which are easily handled, and these have
yel 1o be compiled into a system which is easy enough to use and still flexible.

Ribbon diagrams, [or example, are hard to specify complex 3D objects, but the basic
principle, a ribbon tangent to the plane of the peptide bonds, is quite easy to desceibe
and draw. Likewise, the backbone displays described in chapter 8 all have a deflinition in
terms of the molecular inodel, but are then drawn as geometric primitives not centred on
those molecular positions but on derived points.

Writing a visualiser is a time consuming and often repeated aclivity., Developments in
computer graphics mean that soon there will be standards in scene description (VRML,

Openlnventor) and in primitive display (PTIIGS, OpenGL) which will render much of this
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work obsolete. It is trnportant that chemists are free to focus on the description of the
visualisation in abstract terms, while computer scientists and hardware developers provide
the current state of the art in scene visualisation and manipulation.

To encourage this way of thinking, even in the absence of a set of tools to provide the
functionality, | wounld suggest that an approach be adopted whereby chemists communicate
their ideas on molecular properties in a standardised format, independent. of computer
language or visualisatian system, which can then be used as the basic inpnt system to
viewers and interpreters. The system T suggest is based on the idea of a hierarchical class,
since this fits naturally into the idea of proteins as sequences of residues, but this is merely
a useful shorthand: trends in computer science change, and Object Oriented programming
ig a current useful paradigm, but the descriptions should also be interpretable by languages

guch as C and Fortran, and by systems which have no hierarchical model such as AVS.

10.2.2 Relating sequence and biological activity to structure

A large part of the work at. Glasgow has been directed towards fools for relating sequence
to three dimensional structure. Past successes in this approach have included an interpre-
tation of turn types baged on observed hydrogen bonding patterns and software for quick
conmparison of the hydrogen honding patterns and hence the topology of related proteins.
Tt secms clear that a system which maps 1D properties on e the ihree dimensional chain
of the protein, in particular allowing interactive switching between the two types of rep-
resentation, would be ol great value. A protolype system for this has been developed in
collaboration belween Glasgow computing science and the University of North Carolina at
Chapel Hill, but no package currently available combines enough flexibility wilh existing

usable code.

10.2.3 Fast realistic image generation

Drawing chaing constructed from thick lines is a fast and reliable way of getiing an inter-
pretation of the three dimensional shape of a whole protein or investigating a single side
chain, but to fully understand the forces in the core of a protein it is necessary to have
a system for generaling space-{illing models, Unfortunately, most space filling models are

constructed out of spheres, and picturing spheres has a computational overhead either in
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terms of square root calculation (see for example Appendix C) or in the large number of
polygons required to approximate a sphere if it is to be constructed from flat surfoces.

The advantages of using accurate space filling models even extend beyond looking
at packing effects. As the figures in previous chapters show, drawing cven simple stick
diagrams as composites of three dimensional objects enhances the perception of depth,
and helps to promote stereo fusion in 3D viewing., As w result, there have been many
attempts Lo render spheres quickly for molecular visualisation. One of the most promis-
ing approaches has been developed by John Patferson, [50] nsing a corrected parabaolic
approximation to generate spheres in integer arithmetic (in much the same manner as
polygons are rendered).

Figures 10.1 and 10.2 show the results of the two techniques, one the ray-marker used
thronghout this work, and the other the fast spheres implementation written for this study.
The twa images arc virtually indistinguishable, thanks to corrections to the depth calcu-
lations suggested by me and incorporated by John Patterson as third and Fanrth order
differences (details can be found in appendix D). The significant factor is time of calcula-
tion: around 100 seconds for the ray-marked version, less than 1 second for the fast spheres
implementation. Other fast renderers exist, such as Rasmol by Roger Sayle [51], but they
rely on precompnted spheres and hence a lol ol memory access and oflsel calculation, The
fast spheres algorithm is at its best when calculating each sphere individually, and it can
be combined with perspective effects and variable lighting conditions mwaking it suitable
for interactive use. A small inage {400x400 pixels) can be manipulated at several frames

per second, giving a very convincing 3D effect.
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Figure 10.1: Ray-traced space-filling model
This is a space filling model of an insulin monomer, visualised using a ray-marker as
detailed in appendiz C. Colour and shadows have been excluded for better comparison
with the next figure. Calculating an tmage in this way took around 100 seconds on a
SPARC-10 based workstation.




10.2. Methods. Tools for protein visualisation 187

Figure 10.2: Rendered space-filling model
This is the same coordinate set as in the previous figure, this time with shading and
depth calculated according to the corrected fast spheres algorithm of Patterson, as
detailed in appendiz D. The calculation of the image took under 1 second: it is also
possible to include perspective and a movable light-source using this method, and under
most circumstances the results are indistinguishable from simple ray-marked images.
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Figure 10.3: Differences between ray-marking and rendering
This figure shows details from the two images in figures 10.1 and 10.2. The original
implementation of the fast spheres algorithm showed minor deviations in the
intersections of spheres, which were tolerable in static images but led to visible “popping”
in interactive visualisers or animations. Adding third and fourth order correction terms
to the difference equations corrected these effects.
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10.3 Conclusions. Compromising between software devel-

opment and research

ITaving worked both as a structure investigator and a software engineer, and alsc having
listened to some of the requirements of the diverse community of scientists interested in as-
pects of biomolecular structure, there are a set of common underlying problems which scem
by their very nature intractable. Laboratory researchers have litile time to learn complex
visualisation systems, and certainly no time to program systems to produce the particular
specialised representations they often require. Computational biochemists spend the hulk
of their time re-implementing data structures for handling various molecular description
formats and porting visualisation code to new graphics libraries or windowing systems,
and keeping up with language and hardwarce developments. Computer scientists are happy
to provide softwarc tools which meet their understanding of the requirements of the bio-
chemistry community, but find it hard to keep up with the changing specifications and
requirements and tend to provide inflexible packaged solutions because the wider problem,
whai in general biomolecular software should provide, has not been well enough defined.

Figure 104 shows the range of problems visually. Problems for the development of
an ideal molecular interpretation system come from three different areas: the complex
and often contradictory nature of the researcher’s requirements, the expanding data sets
on which the software must now be able to work, and the fast changing nature of the

compuler technology which makes structural chemistry in its present form possible.

10.3.1 User requirements

One of the key problems in the development of molecular software is the wide range of
different ways researchers have of referring to the same things. For example, a single atom
in a protein may be referenced by its type, its mass, the side chain type it belongs to, the
parliculav side chain it is part of, a hydrogen bond it participates in, its distance from
some other non-bonded atom, its membership of some polar or hydrophobic subset of the
mainchain or sidechain, or any one of a number of different definitions. One solution is
to have a data structure which is arranged in the way a biochemist. interprets the protein
- as a sel of backbone chains with sidechains, referenced by the amino acid residue they

represent. But in fact this is just a shorthand - as earlier chapters have shown, it is olten
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Tigure 10.4: Prablems for Biomolecular Structure Analysis

This diagram shows the range of problems which conspire to prevent a single elegant
solution to the study of biomolecular siructure being jfound. There are three moin sources
of change which make the ideal software a moving target: change in the requirements of
the user both in termms of properties to study and in ways of referencing those properties,

changing definitions of the amount of date which is of interest (wlways upwards), and

changes in the hardware and software technology on which the tools musi he
implemented. In the text I suggest a solution of a sysiem which is defined in the links
between the pieces of software, not in the software itself.

valuable to cross the residue boundaries when defining an interaction: and in the work of
Adzhubei and Sternberg [35], it was shown that taking the phi/psi values per peptide rather
than per residue identified an important structural pattern much more clearly. Perhaps
more nselul would be a single convention on molecular data structures, based on IUPAC
nomenclature, and tlen a set of tools Lo translate [rom the particular description being
used to the underlying atoms which would then be used directly.

Programmers are also guilty of adding to the coufusion, by mposing structures on data
for computational convenience - for example, of the range ol molecular description formats
available, none have the flexibility to handle new molecular properties or hierarchical
properties of sets of atoms such as hydrogen bonds without being redefined: none has
a mechanisu for nesting an object definition as an object itself, in other words. The
biomolecular visualisation system VIEW developed by Larry Bergman {19} has within it a
command scripting language which allows the user to define new objects to visualise based
on molscular geometey, but the system is quite specialised, being purely directed towards
interactive graphical manipulation, and the language used is a compromise between the

underlying C implementation and a high level description. It shows what is possible
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though, and suggests a rigid system which enforces a single nomenclalure is not obligatory
in robust soltware.

On the side of sequence aualysis, there are a wide range of dillerent techniques which
would apparently need ta be accommodated in any sufficiently flexible analysis package,
such as couservation properties of loops, regions and single residues, Intron boundaries,
active site motifs and so forth. There are many many sequence analysis packages, im-
plemented on a range of different machines, often laboratory Macintosh or PO syslems,
and it would be a mammoth task to implement even the most common algorithms as
part of a new software system. However, all of these systems have one saving prace: their
output is nearly always a linear stream of data. This linear data can be rnapped on to the
three dimensional chain in a simple mapping, and aside from a definition of the velevant
ranges of the properties to be assigned, each diflerent sel of properties is essentially an
identical scalar mapping. The problem of how to switch between 1D and 3D data then
becomes a computer interaction design problem rather than an internal {ile or software
structure problem — bui this assumes the underlying data structure is flexible enough to
allow arbilrary properiies to be assigned to residues, otherwise the software wonld need

to be rewritten each time a new analysis package was published.

10.3.2 Data Volume

T'he sheer volume of potentially relevant biochemical data iz becoming a problem. There
are Lliree classes of data which are currently growing exponentially: sequence, structure,
and simulation.

Sequence data is again the easiest for a visualisation system to handle, as there i3 a
limit to how many sequences can meaningfully be displayed together at ove time (around
10} and in any case most such displays are simply streams of characters, perhaps with
connecting marks. If the results of a sequence analysis are to be combined with a 31
iinage, then it is likely to be only one or a few final linear data sets which are mapped
onto the chain. The problem of keeping databases up ta date over the lnternet and
analysing the relatedness of proteins is huge, bnt has only indirect consequences for the
study of structure,

There i3 an increase in the nmmber of protein structuores published each year, and

although the rate of growth is a little gentler than that for sequences it still leads to
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administrative and searching headaches. Obvicusly it is important that any tools for
searching for pattern in protein structure should he automated, but it should also be
noted that 3D comparisons of structures can be very time consuming, and often slower
when no matches can be found. For this reason, it would be useful to be able to take a set
of relevant descriptors - a clearly defined set of propertics such as alpha/heta content, size
of molecule, refinement quality, and perhaps even the existence of certain structures such
as loops or metal binding sites, and put them into a header on which fast searches could
e carried out. Again it is no use having to reinstall software and databases whenever a
new structure feature is defined, so new object descriptions would have to be part of the
aystem’s interpreter and also allowed in the files themselves, Searching for o given motif
in...

copper binding proteins of less than 100 residues with a beta alpha beta
crossover of ten reasiduss or fewer

...would then save a huge amount of computing power, and ease up on database access
where this is done through a busy server or over the internet.

Oue final source of large volumes of data is from simulation experiments. As molecular
dynamics becomes a common tool in structural analysis, new tools for identifying different
conformers of a, moving protein ar lor measuring changes in tension in loops throogh tinse
will be developed. Any tool will need to be able to handle many thousands ol related
structures sirmultaneously, and abgtract relevant information ou differences and similarities
from them for display. It cannot be overemphasised that the tools for this analysis are not
yet complete: so to succeed in the future, molecular software must he re-programmable

at short notice.

10.3.3 Interpretation of structure

The analysis of data within the softwarc is hampered by another problem provided by
the user of the system. Many structural chemists develop their own ways of representing
interactions during their research (see for example chapter 8}, and a considerable time is
spent implementing these as part of an existing visualisation system or frem scratch. It
is also not uncommon to find that a version of an old visualisation method is needed -
for example, a smoothed backbone or a ribbon representation - but it must be integrated

into some new picce of software and so the algorithm must be rewritten from seratelh. The
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problem arises not just from the requirement for new visualisation techniques but from
the range of ways they may need to be combined.

The technology of visualisation changes almost as rapidly as the requirements of the
nsers. ‘The simplest solution would be to find an accepted graphics standard and write
software which links to a library of relevant graphics routines, but history shows that
no “standard” in graphics description has remained the standard for more than 4 years
(between 1985 and 1995 the de facto standards changed from PIIIGS wo Xlib to G to
OpenGl}, so some caution needs to be adopted before accepting industry advice. Even
the development and support of high level languages such as C and Fortran can not always
be relied upon to follow a set course, and although both C and Fortran77 are both subscts
of their next generations C+-+ and Fortran90 it is not clear that all hardware vendors are
committed to supporting all types of compiler in the future.

Aqy solntion to the display of molecular information must be above the graphics library
lavel il it i3 to have any usefnl lifespan. Emerging standards for high level scene description
such as Openlnventor and YRML {Virtual Reality Modelling Language} lock promising -
but notice that at the time of writing there are at least two such formats, related bub not
identical.

Finally, there is the problem of the interpretalion system itseif. In its simplest form
this would simply be a set of tools for drawing lines or 3D primitives such as spheres and
cylinders on a screen, but this is only a partial solution to a range of problems encountered
by structural biochemists. While crystallographers are used to the constraints of working
with a 3D graphics system, many researchers who need access to 3D data nced it as
part of a wider project and do not have time to come to grips with a fussy visualiser.
A full solution would allow delicate interactive manipulation of a scene, but would also
be capable of generating automated “executive suinmaries” of a protein or a complex for
previewing, Ii is ag important that quality hardcopy can be produced, and that diagrams
can be automatically or at least easily annotated, as it is that the object on the screen is
clear. In the near future the ability to output animations directly will become compulsory,
and it may be that portable “snapshots”, coordinates of oune particular set of lines and

objects, will need to be outputable for inclusion in hypertext documents.
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10.3.4 Possible Solutions

There ave a range of possible solutions, bul all of them involve the same principle: the
chemistry community must take a position on what is acceptable from molecular soltware,
and should lay down a set of standards [or comrmercial and academic software developers
to use as targets.

In the short term this could mecan the definition of basic data structures and at least,
one common nomenclature by which dala should be accessible. Work on a common data.
interchanpn format and a set of structures far software to be based on will be valuable
to this end, and it is to be hoped that the range of different approaches currently being
followed can be resolved into a single policy.

Iu the longer term, however, 1 would recommend a more radical policy: it seems
reasonable to believe thal techniques currently under development will still be useful in 50
vears’ time, in the same way that the basic definitions of structure laid down by Pauling,
Corey, Crick and Watson earlier this century are still widely referenced today. More
useful than any amount of up-to-the minute software development would be a definition,
in algorithmic terms but still largely comprehensible in a spoken {anguage, of the basic
structures and operations on those structures that a particular piece of software represents.
In this work I hope to have shown how a specialised variant of the Pascal-basced pscudo-
code computer scientists use can be extended to give a clear and reproducible description
of operalions on three dimensional dala sets, using reference systems (by atom, by residue,
by temporary hybrid construct) which seem intuitive to a chemist.

It would not be impossible for the community to lay down a sel of {ormal guidelines
for “chewmical pseudo-code” descriptions - and as the system became accepted, references
to existing algorithms could be used to make complex delinitions possible in a compact
form. ‘T'he system could be used in one ol three ways: it could simply be o shorthand used
to communicate code structure in scientific papers, it could be stored in a repository along
with whalever implementations of Lthe code existed in C, Torlran, or awy other languape
which will be developed as a legible comment header, or it could be formalised into a
compilable system as in the VIEW software. The key would be to make the naming of
parts acceplable to a blochemist - with the ability to include Greek letters to make the

printed form of the algotithm couched in the same ferms as the atoms would be described
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by in plain text.

A set of definitions would be laid down as a basis, and a central system for accrediting
extensions would be added. Central to thiz effart would be the idea that it is algorithms
and descriptions, not soltware and file formats, which will remain constant over the next
50 vears of biomolecular research. In an ideal scenario, a file sent back from the future
would contain withiu itsell a descriplion ol the accumuolated improvements and extensions
1o the description to allow the files to be converted into software: and il this is too unlikely,
at least the converse, that any interpretation system will be able to handle any previously
accepted algorithm and description, will be a minimum requirement of the files.

The advantage would be clear: the reinvention of the wheel at the start ol every
research project would effectively be eliminated. If the researcher could simply purchase a
computer and a copy of the object display and data handling software, and then pick and
choose which Mom the existing corpus ol algorithms were needad, they could be compiled
together into a single pice of tailored software. I'he system would grow in the way high level
computer languages have grown, with occasional work on library development and clearing
oul old structures; but throughout, the agenda for data and algorithm management would

be being sef by the chemistry community rather than the computer scientists.
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Appendix A

Energy calculations

A.1 Lennard-Jones parameters

A Lennard-Jones potential has the form

or
9 6
o o
ij = 4¢ - =
TR
where € is the depth ol the potential well for the interaction between particles ¢ and
7, and o is related o the position of the minimum of the interaction between the two
particles in question. It is usual to treat the ¢; and oy; terms for different atom types as
siinple products of the terms for interactions between atoms of the same type, and also to
expand the equations to have a single parameter [or each power term, giving

1/2 4172 142 ~172
V. — Ai:f A.f.": C’%’!’ C.i'.?{
= -

.
i3

3
for the 9-6 potential, where A4;; is de;;.0f, and Cy; is de;;.02.
The parameters for these potential forms arc chosen by refining the euergy of a molecu-
lar model (for example, the coordinates of a known crystal), found by assuming a pairwise

additive description of the energy, against some measurable property of the real system
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IIF\F NH C() Of, [k :,"i Hr_,‘
A 9-6-1 0.0 86.9 12.6 45.8 38.9 38.9 445
x10% | x10® | x10% | x10° | x10®
C 9-6-1 0.0 2020 355 1410 1230 1230 15
q 96i-1 | 426 | «0.26 | +0.46 | -0.46 0.00 -0.33 | +0.11
Al 12-8-1 0.0 | 2271 | 3022 275 1981 1811 7150
x102 x10% x10? x16° x10°
C 12-6-1 0.0 1230 1340 502 1125 532 32.9
q 12-6-1 +4-0.28 | ~0.28 | -+0.38 | -0.38 0.00 ~0.30 | +0.10
¢ | em ab initio | -+0.28 | -0.50 | +0.38 | -0.38 | -0.22 | -0.30 | +0.10

Table A.1: Lenward-Jones parameters and peptide partial charges nsed in chapters 2 to 6.

being modelled. Tn the work of Lifson, Hagler, Dauber ef. «l. [23], this was done by
matcling a set of parameters to Lhe observed properties of a set of crystals of small or-
ganic molecules, assuming that the observed crystal forms for each molecule were fixed (ie
ignoring bond stretching or beanding) and attempting to obtain a single set of parameters
which would be transferable between molecular crystals. This work was fairly suceessful,
and has been used in one form or another as the basis for many of the biomolecular force

fields in use today.

A.2 Partial charges

Table A.2 gives the partial charges and coordinates used for the calealations in chapter 4.
I'he partial charges were estimated from ab initio calenlations using a 6-31 G* hasis set

on the isolated sidechains in vacuo, as detailed in the original AMBER force field [6].

A.3 Modelling polypeptide backbones

Modelling polypeptide backbones from serateh is a useful first stage in full madelling of
proleins ab initio. Many useful features can be Tound in simple polyglycine or polyala-
nine models which do not require elaborate energy minimisation or conformational space
searching techniques, and in most cases these are fastest if implemented in a medium
level computer langnage such as ¢ or Fortran and recompiled for cach case being studiad.
Other packages specifically for molecular modelling tend to be angled towards optimising

a single maodel with a specified starting point, while specialist packages for algorithm im-




Energy calculations

residue atom x coord | ¥y coord q
Arg cH 0.0 0.0 0.813
N¢ -1.3 0.0 -0.493

N 0.65 1.13 | -0.634

N2 0.65 -L13 | -0.634

H(N9) -1.70 0.86 0.294

H* ¥ (NP1) 1.65 1.13 0.362

H ¥ (N"L) 0.15 1.99 0.362 ,

H3 v (NP2) 1.65 -1.13 0.362 |

Hen (") 0.15 ~1.99 0.362

Asn/Gln H‘m“(Na)/H(Nf) -0.79 1.3% 0.344
H¥*(N%) /H(N*) 0.79 1.31 0.344

N /N* 0.0 0.7 -(1.867

cr/et 0.0 -0.77 0.675

0?/0c 1.19 -1.46 | -0.470

clien -L.19 -1.46 0.00

Asp/Glu| —TCY/CTTTTT 00 0.0 0.620
Qo 1.09 0.59 | -0.706

0%/ O¢? -1.09 0.59 | -0.706

CRjCY 0.0 1.52 | -0.208

Hist Ce 0.0 0.0 0.719
N 1.12 -0.81 | -0.613

o 0.69 -2.12 © 0.103

cY -0.69 -2.12 | 0.353

N¢ -1.12 -0.81 : .0.686

H({N¢) 2.01 -0.35 0.478

H(N?) -2.01 -0.35 0.4386

His C* 0.0 0.0 0.384
N¢ 1.12 -0.81 | -0.527

Cé 0.69 -2.12 0.122

C ~0.69 -2.12 0.122

N¢ -1.12 -0.81 | -0.444

H(NY) -2.01 -0.35 | 0.320

Peplide Cc* 1.782 | 1.3 | 0.000
Hn 0.5 -3.04 0.260

Nh 0.5 -2.04 | ~0.260

Co -0.66 -1.37 0.460

Oc -0.66 0.0 -0.460

C« -1.84 -2.11 0.000

Ser/Thr H{OT) 1.0 0.0 0.310 :
ol 0.0 0.0 -0.550

c? -0.39 1.36 0.194

Table A.2: Partial Charges and Coordinates for hydrogen bouding groups in chapter 4
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plementlation such as mathematica have Lheir own syntax and modus operandi which are
unfamiliar to most computational chemists.

The backbone {N, C*, C}y is defined by a set of N backbone bond angles, { e, 3,7
}, and a set of bond torsion angles {¢, v, w} where w is usually within a few degrees of
0° or occasionally 180° (for cis peptide bonds). Producing these backbone atoms is then
simply a case of proceeding down the chain, defining a local coordinate system based on
the plane of the three preceding atoms, and using the known bond length, bond angle,
and torsion angle to place the next atom: three atoms must be placed initially.

The atoms which do not define the chain, {II, O}y, can be placed in the same way, by
defining one torsion angle, one bond angle, and one bond length., There is also a simpler
way, which is to assume that the bond is in the plane of the nearest three atoms ({C;_;,
N;, C&} for hydrogen, {C{, Ci, Nyy1} for carbonyl oxygen, and that the bond bisects
the angle belween Lhose three atoms. Ouly a bond length is then supplied: Lhis is the
technique uszed lor hydrogen placement in any case, as hydrogen coardinates are not found
by crystallography.

There is a sitnple test for a correct implementation of this algorithm: if the {o, 5,7 :
¢, %, w} and bond distance values for a real chain are used, with the first three real co-
ordinales as starting condition, the original coordinates must be reproduced to within
machine precision. (Note that this will only be the case for all atoms if the NC*CQO tos-
sion, C*CO bond angle, and CO boud lengih are taken [rom tlie real coordinates, nol
using the heuristic placement given here.)

The general system for generating a hackbone atom position based on three previously
given positions is given here. A coordinate system relative to the plane of the three atoms
is defined: the projection of the new bond along the I direction is simply cos(-y), and
the projection in the J. XK directions is sin(y). The J and K components of this are then
functions of sin{¢) and cos(¢) respectively.

Finding the other atomic positions simply involves the same procedure with a new set

of angles and the relevant 3 atoms from the chain as it is generated.
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BACKRONE (GENERATION

Ny={0,0,0)

Cf=N; + ryce.d

C1=C§ 4+ rvgeecos8fd + rooc.sind.j

for each residue m>1 € chain:
I=C*C/|CxC|
J=IxC*N/|C*NJ
K=-IxJ
R=cosvy.l + sing.sinv.J 4 cosd.siny. K
N=0C + von.R

1=CN/|CN]|
J=IxCC~/|CC"|
K=-IxJ

R=cosa.I + sinw.sine.J 4 eosw.sina. K

Co=N 'I" I'NCa R

I=NC*/INC?|

J=IxNC/|NC|

K=-IxJ

R=cosf3.1 + sini.sinB.J < costp.sinG. K
C=C% 4 r¢oe.ib

O:riaiss::ﬂ(cag C, N-, 1'!_‘;@)

H=1pi500t(Cy Ny CF vivr)

fbi’sec:{Ag Bs C-, I‘):

D=0.5(A+C)

E=B + v.DB/|DB|
retuen{li}
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Figure A.1: Geueraling atomic coordinates froin backbone angles
The general system for generciing a backbone alom position based on three previously
gtuen posilions ts given herve. A coordinale system relative o the plane of the three eloms
is defined) the projection of the new bond along the 1 divection i simply cosy, and the
projection in the J.K divections {s siny. The J and K cornponents of this are (hen
functions of sing ond cosg respectively. Finding the other alomic posilions simply
tnvolves the same procedure with « new sct of angles and the relevant 9 atoms from the
chain a8 it is generaied.
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Hydrogen Bond Data

B.1 Generating and maintaining sets of hydrogen bonds

In the following pseudo-code showing how the hydrogen bond lists were calculated, a
“donor” or “acceptor” means any user-defined hydrogen bond donor or acceptor group -
a pair of atams in the Baker and Hubbard definition, a more complicated structure in the
cages wliere extra features such as out of plane or in plane angles are required (for example
in chapter 4 where a review of angles relating to pairs of interacting main chain peptides
was required).

T'he user-supplied fanction fiu.nq() is likewige considerad te be flexible,returning a final
object which is the set of properties associated with a hydrogen bond definition - whether
it is mainchain(mc) to sidechain(sc), me to me, or s¢ to sc, the bond lengths and angles

which can make up its definition, and so on.
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HYDROGEN BDOND TABLE GENERATION

for each amino acid 1Echain:
for each donor d;;
for each amino acid j&chain:
for cach acceptor a;:

where j#i:
hydrogen bond h,=fp.,a(ds,0;)
n—n-+1

where j=i

and either (d; —type=mc and a; —type=sc)

or (d; —=lype=sc and a; —riype=inc):
hydrogen bond h,=fyponq(di,a;)
n=n++1

fhbon d (d!' Lt ):

atom D=d; =D, H=d; -H, A=a; A, X=a; =X
angle a=/D,H,A
angle f=/H,A,X
distanee vy =|H,A|
where o <860°
and g <90°
and rg s <minr{A—atomtype)

veturn { b, } (=(i, j, di -2type, a; -2type, D, A, o, § vial)

B.2 Searching for regular patterns in hydrogen bond lists

This is the algorithm implemented to carry out the searches of the hydrogen bond lists.
Note that as it is written here and implemented for this works it has an O(N™) execution
time, where n is the number of hydrogen bonds defined in the scarch pattern. This was not
a prablem for the cases here on proteins of size up to 600 residues, but could be significant
for large database query programs. ‘There are several schemes possible to avoid this, with

an approach based on knowledge of the evaluation order of the hydrogen bond list and
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keeping searclies for derived bonds within the limits specifies by the values of % and y

would reduce this to approximately O(NfogN).
HYDROGEK BOND SEARCHES

given search pattern S={root, derivedl, derived2, ...}
for h;ehydrogen hond lisi:
if matchi(h;, S—root):
Ninatzhes=1
for Sye{S—derivedl, S—derived2, ...}:
for h;chydrogen bond list:
if match(h;, Si):
Noatehes =Nmatches+1
next h;
if N Letehes =nuwmber in S:

SUuccess



Appendix C

Raymarked Images

C.1 A simple, realistic, image generator

Molecules have been modelled as balls connected as sticks for as long as structural chem-
istry has been a scietce. With the advent of computers capable of realistic computer
graphics, representations of molecules as ball-and-stick have becn common - and in fact,
the principles are very similar for some types of cartoon representation and for space
filling models. Basically, all that is required is a way of drawing spheres and cylinders,
shaded for the imagined lighting conditions and with some way aof detecting and haadling
intersections between objecis.

Fast — particularly real time inleraclive — syslems rely on being able to reuder latl
polygons, so models have to be built up from many faceted approximations to spheres and
cylinders. For most applications this is acceptable (indeed, for many purposes of study, a
simple model built of lines and circles is adequate if combined with motion or suitable 3D
visnalisation equipment). There are some cases where it falls down - particularly around
the intersections of sticks with other sticks, and when the scene becomes enlarged to focus
on a single detail,

To produce a mathematically correct model of a typical scene is actually lairly easy,
and a simple technique for doing this is given here. With a full description of the surfaces
of the spheres and cylinders it is possible to use a technique such as ray-iracing to produce
a model of anything up to photo-realistic quality. IHere ray-tracing with reflectivity and

transparency set to zero is described, technically “ray inarking”.



Raymarked Immages 208

Figure C.1 shows how the calculation proceeds for spheres. Figure C.2 shows the

slightly morc complicated situation for cylinders.
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RAY-MARKING SI'IIERES

given lighting vector 1
given ambient Hghting intensity a
given diffuse lighting intensity range R.
for each pixel pix,, €view screen:
for cach atom Aevisible atoms:
it x and yeA.bounding box:
112&?1;:(Arv““)2 + (Ayy)?
ra=A-radius
if i, <ru:

L=A, + (74 - 1)

P={x, y, 7}
N={A,, A,, A}
U=PN/r,

if z>zbuffer,,:

pixy, —intensity=max(U.L, 0).R. + a



Raymarked Images 210

RAYMARKING CYLINDERS

given lighting vector I

given ambient lighting intensity a

given diffuse lighting intcnsity range R

for each pixel pix,; ¢view sereen:

for each bond AB where A or Bevisible atoms:
if x and yeAB.bounding box:

r2=(Ax)? + (Ay-y)?
r?=(Bp-x)? + (B,y)?
r?=(Ag-Ba)? + (Ay-By)’
va=(vs”) "/
a=(r1?+rzi-ry?)/2rg
C=A + AB.a/ry

l's-'_?,r?:(cx'x):! + (Cy'y)z
¥oy?= (1-(vay /rc?)).(re. AB, /|AB[)?
1‘”1-.,,v2=1‘3;92 + r:ﬁyE

C'=CHAB(5 ") /rs

72=C," + (v )2

P={x, y, z}
N:{C-‘,. Cya Cz}
U=PN/r¢

if z>zbufferg,:

PiXey —intensity=max(U.L, 0).R. 4 a
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(a} h)
. e

Figure C.1: Raymarking spheres
Caleulating the shoding for @ given pizel proceeds by finding the distance of the pizel fram
the sphere centre in the zy plane, then, knowing the radius of the sphere, calculating the
coordinate of the sphere’s intersection with the tine of sight, . The normal at that point
is simply the reverse of the vector joining P fo the atom centre, and the illumination of
the pixel con then be caleulated as o function of the angle between lumination vector
and surfoce normal. (u) shows the relevant paramters and positions s seen from the
vicwpoini. (b) shows the scene perpendicular fo the view direction.
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{a) (b)
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Figure (0.2: Raymarking cylinders
Cylinders from more of a challenge than spheres: the problem lies in working oul the
position of the ncarest point on the cylinder axis to the linc of sight intersection P, beforce
the normal and z value can be calcwlated,

First the neavest point on the cylinder axis in the xy plane is found (¢). Then an offset
along the azis to the real inlersection is found, by recognising thal the disiance v’ is
stmply the projection of the coordinate perpendicular to PC on the cylinder base, which
can be Jound by pythagores.

Once the nearsel arial position has been found, the problem reduces lo an identical
calenintion to that on the sphere. An extra sguare root calculation hag been iniroduced.



Appendix D

Fast Spheres

D.1 A very fast space-filling model rendering algorithm

Giiven the importance of spheres to molecular graphics, a good deal of attention has been
given to speeding up their display. Appendix C shows that there is an unavoidable and
computationally costly square root calculation in the evaluation of the z-value, the axis
perpendicular to the screen, for each pixel the sphere covers.

Typical methods for speeding up sphere display have relied on some form of pre-
calculation: approaches hased on Blitting pre-calculated spheres, fixing the lighsource
behind the viewer and drawing circles of constant colour, or using a lockup table for the
z values have been applied with some degree of success. [owever, none is truly flexible
under a range of perspective and lighting conditions. An algorithm which reduces the
calculation (o inleger arithmetlic akin to the scan line polygon display lechniques used for
mosl interactive displays would lhave obvious appeal. John Pattersoun’s Fast Spheres [52)
is just such an algorithm.

This method generates sphere-like surfaces, using a parabolic approximation delimited
by Bresenhamn’s circle-generation algorithm. The original version used first and second
order differencing, and calculated values for a z-buffer at the same time. fmplementation
allowed interactive manipulation of space filling models at around 4 fraraes/second for a
200 atom model in a 400%pixel window, even on machines without any hardware graphics
support other than 2D pixel blitting and using an X windows interface which involved

an exira memory copy for the whole scenc. 10 frames per seccond were actually being

213
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generated, a fairly respectable animation rate; the bottleneck was all in the display system.

Use of the algorithm interactively Lighlighted one problem: the parabolic approxi-
mations did not intersect evenly, leading to a visual popping effect when the object was
moved. Corrections to the geometry were introduced by adding third and fourth order
difference terms to the z-calculation. This resulted in sphere approximations within 1
pixel of the valucs for a real sphere.

Qince the perspective transformation ol a sphere is ronghly spherical, it is possible
to extend the technique into real 3T by scaling the sphere according to the perspective
transformation. lfast spheres can then form the basis of an iuteractive visualiser with
perspective and possibly stereo views genarated by the researcher as he/she works.

For a sphere, the lighting is given by a diffuse term based on the angle between light

source and surface normal plug an ambient component.

colowr = kpN.L 4 k,y

N.L=1/r(zd,+ y.l, + 2.1;)

The z-value should be given by

zem —(r? — g% — ys)ug

but for this fast approximation, this term is replaced by:
z={r’=a*=y")/r

the parabolic approximation, which rentoves the need for square root evaluation. BEven
a divide operation normally required is removed and replaced with a pre-multiplication
and a divide by a power of 2, both of which are considerably faster.

Figure D.1 shows some of the order of evaluation of pixels, There are a large number

of related initialisation parameters, which are tabulated in the original reference,
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Figure D.1: Fast spheres
Cualculating the lighting and 2z value functions for spheres by Fatterson’s difference
methnd requires lwo types of operation, one a scan-tine difference for cach line of pizels
between a diagonal and the circle edge and the other a propagation of the function and
the difference terms up the diagonal. Only one octant needs to be considered for the cuse
where the light-source is behind the viewer.

The two significant terms are [(x,y), the colour intensity propagation term and z(x,y),

the z buffer propagation term, and the difference terms associated with each. In the figure

S are functions of x and y.
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