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Abstract

ABSTRACT

Helices are fundamental building blocks of many protein structures, and
interactions between them play a crucial role in stabilising a protein’s fold. This work
updates and enhances the current knowledge of the nature of these interactions using
the 3-dimensional coordinates of protein structures deposited in the Protein Data Bank.

Having defined rigorous criteria for identifying regular o-helices, the geometric
and physical properties of helix-helix interactions were studied. In contrast with
previous studies, a systematic analysis of a large dataset of helix-helix interactions was
undertaken. These interactions were divided into different geometric types, which
were found to exhibit different physical properties. However, the range of interaction
within each class was still very broad.

Having studied the gross features of helix-helix interactions, an analysis of the
residue packing at the interface was undertaken. Established manual methods were
used to designate the packing classes of 36 highly interacting helix pairs from 11
proteins. These methods were found to be inappropriate for use with extensive
amounts of data. Clearly an automatic method that allowed identification of
previously undescribed packings would be desirable.

Towards this end, contact maps and distance matrices were chosen as simple
representations of helix-helix interactions amenable to automated computational
analyses. Helix pairs with conserved packing interfaces within a set of globin
structures were automatically clustered. However, those from a more general set of
proteins failed to cluster. This led to a reassessment of the helix packing models.

Although some helix interactions fit the idealised models, most are somewhat
irregular. The helix packing we observe is driven solely by energetic considerations -
to minimise free energy and generate an energetically stable globular protein. From
this study it is clear that predicting a helix packing interaction in the absence of other

contacts is unlikely to be successful.
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Introduction - The role of a-helices in proteins

CHAPTER 1

INTRODUCTION - THE ROLE OF -HELICES IN PROTEINS

Recombinant DNA techniques have provided tools for the rapid determination
of DNA sequences, and by inference the amino acid sequences of proteins from
structural genes. The number of sequences determined is increasing at a dramatic rate
due to genome sequencing initiatives such as the Human Genome Project. However,
these sequences often reveal little of the biology of the proteins they encode.

Proteins have evolved through a selective pressure to perform specific
functions. These functional properties of a protein are dependent on its three
dimensional structure. These three dimensional structures arise because particular
sequences of amino acids in polypeptide chains fold to form compact domains. These
folded domains can then associate with others to form aggregates such as virus
particles or muscle fibres, or can provide specific catalytic or binding sites as found
in enzymes, or form proteins with functions such as DNA binding or oxygen transport.

Since the three dimensional structures of individual proteins cannot be
predicted from their primary sequence alone, they have to be determined
experimentally by x-ray crystallography or NMR techniques. Over the past 30 years
the structures of around 7000 proteins have been determined by x-ray crystallography
and NMR methods. This has generated a body of information from which a set of
basic principles of protein structure has been derived. These principles make it easier
to understand how protein structure is generated, to identify common structural
themes, to relate structure to function and to examine fundamental relationships
between different proteins. The science of protein structure is still at the stage of
taxonomy, where patterns and motifs are being identified that reoccur again and again
amongst the ever increasing number of proteins whose three dimensional structure is

known.
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Introduction - The role of a-helices in proteins

o-helices are fundamental components of many proteins, and o-helix-o-helix
interactions play a crucial role in both providing and stabilising the folds of many
proteins. Helix pair interactions are also observed in many structural and functional
motifs such as oio-hairpins, olot-corners, helix-turn-helix and coiled-coil motifs. They
are particularly important for DNA recognition in DNA regulatory proteins. Helix-
helix interactions also provide domain-domain interfaces, and are involved in protein-
protein interactions. This thesis updates and enhances the current knowledge of the
nature of helix-helix interactions using the 3-dimensional coordinates of protein

structures deposited in the Protein Data Bank.

1.1 AN INTRODUCTION TO PROTEIN STRUCTURE

On first inspection, the structures of globular proteins are very complicated; to
break down their description into a manageable framework, a hierarchical model is
commonly used (see Table 1.1), although not every level in the model need be present
in any given protein. This section gives a brief summary of the fundamental building
blocks of proteins that arise in each of these levels, in particular those relating to helix

pair interactions.

1.1.1 AMINO ACIDS

There are 20 standard amino acids found in proteins, all of which contain a
central carbon atom (Ca), an amino group (NH,), and a carboxy group (CO,H) (see
Figure 1.1). Attached to the central carbon atom is one of twenty different side chains
and it is these that give the amino acid residues their individual characteristics. The
residues are often categorised into groups using side chain characteristics, for example
hydrophobic residues, charged residues, residues with polar side chains, and a separate
class for glycine. Figure 1.2 shows these different side chains.

The tetrahedral array of four different groups about any central carbon atom

(Cw), ie for any residue except glycine, results in two possible configurations. These

Page 17



Introduction - The role of a-helices in proteins

configurations are mirror images that are termed stereoisomers. In naturally occurring

proteins only the L-isomer is utilised.

Table 1.1:

Hierarchical description of protein structure

Level

Description

Amino Acids

Primary sequence

Secondary

structure

Supersecondary

structure

Structural domain

Tertiary/Globular

protein level

Quaternary/Aggre

gate level

Basic monomer of polypeptide chain.

The linear sequence of the amino acid residues comprising
the polypeptide chain.

A regular arrangement of the polypeptide backbone
stabilised by hydrogen bonding between peptide amide and
carbonyl groups.

A compound structure composed of secondary level units,
identified by its recurrence in different proteins.

An aggregate of secondary and/or supersecondary structure
forming a distinct local, semi-independent globule that
folds independently.

The single or multiple domains correspond to the fold of a
single polypeptide chain.

The clustering of multiple polypeptide chains in

stoichiometric proportions to form functional aggregates.

Figure 1.1:

Diagram of an amino acid

HOOC NH, HN

R R

NG

COOH

L D

Figure 1.1 shows the L- and D- configurations of an a-amino acid. Each molecule
is seen in projection, viewed down the H-Co bond. The configurations are determined
relative to that of the 3-carbon sugar glyceraldehyde. R represents the position of the

side chain.
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Figure 1.2: The twenty amino acid side chains

E

Glycine .
Gly Alanine Isoleuci
_ eucine
G Ala Valine Leucine Ile
Leu [
L

Cysteine

C Proline
ys Pro
Methionine ) P
Met
M

Aspartic acid A;“ Glutamic acid
Asp . Glu
D E

His

Phenylalanine Tyrosine
Phe Tyr Tryptophan
F Y b

w

The 20 standard amino acid side chains. For proline part of the main chain is
included. The residues are identified by their names, their three-letter code and their
one letter code. Atom names are those given in the IUPAC-IUB recommendations
(1970). The small, unlabelled atoms represent hydrogens.
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1.1.2 PRIMARY STRUCTURE

The primary structure of a protein describes the linear sequence of amino
acids (and any other covalent linkages such as disulphide bonds). Sequential amino
acids are covalently linked through a peptide or secondary amide bond, involving the
carboxy group of the first amino acid of a pair and the amino group of the next. The
formation of successive peptide bonds (with loss of one water molecule per bond)
generates the main chain or backbone of the structure. This primary struture is written
from the N-terminal to the C-terminal direction, consistent with the order in which
amino acid residues are added to a growing polypeptide chain during translation of

the genetic code.
1.1.2. Conformation of the residues

The term conformation is used to denote any one of the momentary
arrangements of the atoms in space that result from rotation about single bonds.
Obviously, only rotation about bonds between atoms carrying at least one other
substituent can lead to effective differences in conformation. The description of the
possible conformations of peptides was initiated by Pauling and Corey in the late
1930s. Their x-ray crystallographic studies established the precise structure of amino
acids and peptides and provided ‘ sets of both standard bond distances and bond angles
very close to those generally accepted today.

As described by Pauling and Corey (1951), the most important feature of the
peptide link is its planarity. There is little freedom of rotation about the bond between
the carbonyl carbon atom and the nitrogen atom of the amino unit because this bond
has partial double bond character. Consequently, only two conformations of the
peptide bond are generally observed in proteins (Figure 1.3). The trans form (® =
180°) is favoured by a ratio of approximately 1000:1 over the cis form (® = 0°) except
when the second residue in the pair is a proline (MacArthur, 1993). The low
observational fregency of the cis conformation of the peptide bond is due to steric

hindrance, as it brings the Co atoms and the side chains of neighbouring atoms into

Page 20



Introduction - The role of a-helices in proteins

too close proximity.

Figure 1.3: Cis and trans arrangement of planar peptides

cis

Cis and trans arrangements of the peptide bond in an alanine dipeptide. An
unfavourable contact occurs between hydrogen atoms bound to Cg of one amino acid
residue and C, of the next in the cis arrangement; this does not occur in the more
stable trans conformation (Creighton, 1992).

In contrast to the peptide link, the bond between the Co and the carbonyl
carbon atom, C’, is single, as is the bond between the Ca and the nitrogen atom, N.
Consequently, there is a large degree of rotational freedom about these bonds on either
side of the more rigid peptide unit. Rotations about these bonds are commonly
described by the torsion angles ¢ and  , usually taken to lie in the range -180° to
+180°. Convention has it that ¢ describes the rotation around the N-Ca bond and y
the rotation around the Co-C” of the same Ca. In this way, each amino acid is
associated with two conformational angles ¢ and y (Figure 1.4).

In a similar manner, the torsion angles of the side chains are designated ¥;, X,,
etc, the bonds being counted outwards from the Co atom of the main chain. The

commonly used designations for the different side chains are shown in Figure 1.2.
1.1.2.ii Allowed conformational space and the Ramachandran Plot
Since each amino acid can exist in a number of discrete low energy

conformations, a polypeptide chain of several hundred residues has a potentially

enormous number of different states. However, not all of the possible conformations
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Figure 1.4: Definitions of torsion angles in a polypeptide chain.

This figure shows the definitions of torsion angles within a polypeptide chain. The
chain direction is indicated. A serine residue is shown to illustrate the definition of
side chain torsion angles. The conformation of the chain can be specified in terms of
the angles of internal rotation within the backbone. The angle ¢ is a rotation around
the N-C* bond,  is a rotation about the C* - C’bond, and o is the rotation around the
peptide bond itself, indicated by a dashed line. The zero positions of the angles are
defines as follows:

, = 0 for C*-C’, cis to N.,C%,
v = 0 for C*-N; trans to C- O,

o, = 0 for C*-C; trans to N-H;

x: =0 for C°-N, cis to ch- 0,

The fragment depicted here is the fully extended conformation, with ¢=y=0=180°.
The indicated rotation of directions of ¢,y and @ are positive if the viewer sits on the
atom at the N-terminal side of a bond and the C-terminal end of the bond is rotated
clockwise. For the ¥, angle the viewer sits on the Co atom and rotates the oxygen
clockwise. Labelling of atoms and angles are in accordance with the JUPAC-IUB
commission recommendations of 1970. Adapted from Schulz & Schirmer (1979).
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of the amino acid can be obtained when it is present in the folded protein chain.
Ramachandran and Sasisekharan (1963) first showed that one could represent all the
broad features of the conformation of a polypeptide chain simply by specifying the
restrictions on the ¢ and . angles. Using the information on the covalent geometry
from the earlier work of Pauling and Corey, they assigned each atom radius as a hard
sphere. Then, by observing a single restriction, namely avoidance of steric overlap
of nonbonded atoms, they produced a map which defines all permitted conformations
of the peptide chain. This work was a milestone in protein conformational analysis,
and the Ramachandran plot is now one of the most widely used stereochemical
representations in the literature of molecular biophysics. The Ramachandran map or
0, ¥ plot depicts the set of allowed ¢ and ¢ angles for a protein chain. For the hard
sphere model, with fixed bond lengths and bond angles, this results in severe
limitation on the available conformational space. However, atoms are not hard
spheres. Electron clouds of neighbouring atoms can interpenetrate to some extent.
Electrons in molecules are not distributed with spherical symmetry around the atom
centres, and the chemical behaviour of the atom is not isotropic. Bonds and bond
angles are not completely rigid nor is the peptide unit exactly planar (MacArthur &
Thornton, 1996). Thus while the boundaries fit the distribution fairly well, the pattern
is modified by the above considerations and by compensating factors such as hydrogen
bonds.

Figure 1.5 illustrates the occupied ¢ and y conformations for all residues
except for glycine. Both glycine and proline have to be considered separately.
Glycine has no side chain and has therefore greater flexibilty than the other residues,
with a subsequent increase in the number of allowed conformations. Proline is less
flexible than all the other residues due to its main chain N atom being covalently

bound to the side chain.

1.1.2.iii Side chain conformations

In a similar manner to the main chain atoms, the side chains of amino acids

also adopt a limited number of preferred conformations, often dependent on the
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Introduction - The role of a-helices in proteins

1.1.3.i Helices

When consecutive residues in a polypeptide chain have the same ¢, W and ®
angles, the backbone of the protein chain traces the path of a regular helix. Different
combinations of dihedral angles result in different helices, distinguished by the
parameters rise, pitch and residues per turn (see Figure 1.6). The rise is a measure
of the average distance, along the helix axis, that one residue spans. Residues per turn
is defined as the average number of residues in the helix to complete a 360° rotation
around the axis. The pitch is the distance along the axis (in A) that it takes for the
helix to complete a 360° rotation around the axis. Figure 1.7 shows how the values
of residues per turn and the rise vary as a function of ¢ and y. The values of these

parameters for the helices described below are given in Table 1.2.

Table 1.2 Helix parameters

Helix type Residues per  Rise ( A) Pitch (A) Radius (A)
turn d p r

30 3.0 2.0 6.0 1.9

or (+3.6,5) 3.6 1.5 54 23

o (-3.6;5) -3.6 1.5 5.4 23

T (4.4, 4.3 1.1 4.7 2.8

Definitions of helix parameters are shown in Figure 1.6. The pitch of the helix is
calculated by residues per turn mutliplied by the rise. The radius is that of the best
cylinder fitted to the helix. o and o; indicate right and left-handed o-helices
respectively.

Helices are stabilised by hydrogen bonding of the type:

/
c
Il
0

(Residues)

N\
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Figure 1.6: Definition of helix
parameters

. l The helix shown here has 4 residues per turn,
------ the residues are shown as black circles. d
p (A) illustrates the unit rise and p, the pitch.

(adapted from Barlow, 1985)

Figure 1.7: Variation of helix parameters with ¢, ¢
angles

+180°

-180

Variation in rise per residue (shown as solid lines) and the number of residues per turn
(shown as dashed lines) as a function of the dihedral angles ¢ and y. Within the helix
all ¢ and y are identical (Schulz & Schirmer, 1979).
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Introduction - The role of a-helices in proteins

B-sheets have been a subject of much discussion and theoretical investigation

(Salemme & Weatherford, 1981a,b; Salemme, 1981, 1983).

1.1.3.iii B-turns

B-turns are the most common type of non-repetitive structure recognised in
proteins and comprise, on average, 25% of the residues (Kabsch & Sander, 1983).
Turns play an important part in proteins; they provide a direction change for the
polypeptide chain and have been implicated in molecular recognition (Rose et al.,
1985 ) and in protein folding. Since they were first recognised, considerable effort has
been devoted to their analysis (Lewis  Figure 1.11 Type I B8-turn
et al., 1973; Chou & Fasman, 1974;

Richardson, 1981) and to prediction
of turns from amino acid sequence
(Lewis et al., 1973; Chou & Fasman,
1974; Wilmot & Thornton, 1988,
1990). Hutchinson and Thornton
(1994) have devised and updated the
potentials for types I, II, VIII and I
and II".

B-turns typically involve four

contiguous residues i, i+1, i+2 and -

i+3 , and one hydrogen bond bridging
the turn between i CO and i+ 3 NH. Various authors have devised classification
schemes; that of Richardson (1981) rationalises them on the basis of observed y and
¢ angles for the central residues i+ and i+2 to give six types I, I', II, I/, IV, Vla and
VIb. The primed (") forms are the mirror images of non-primed numerals in terms of
backbone conformation. An example of a type I turn is shown in Figure 1.11.
Multiple turns have been identified and analysed (Isogai et al, 1980; Hutchinson &
Thornton, 1994).
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1.1.3.iv Coil

Lastly, the coil class contains the remaining loops and coils that show no
regularity.  Although some loop conformations (especially short loops) recur

frequently, for example in B-hairpins.

1.1.4 SUPERSECONDARY STRUCTURE

Supersecondary structures are typically composed of contiguous secondary
structural elements along the polypeptide chain. Differentiating factors include the
nature and number of participating secondary structures, choice of parallel or
antiparallel orientation, preferred handedness and connectivity. Although many of the
supersecondary structures involve B-strands (for example, B-hairpin, B-meander, Bof3
unit, Greek key), only those involving pairs of helices are discussed here and shown

in Figure 1.12.

1.1.4.i aa-coiled coil

The oao-coiled coil was originally identified in fibrous proteins such as «-
keratin, however several examples have now been described in globular proteins (eg
Influenza virus hemagglutinin; Wilson et al., 1981). Of particular importance, is the
occurrence of these coiled-coils in DNA binding proteins; examination of the primary
structures of several eukaryotic DNA binding proteins had revealed approximately 30
residue stretches, containing a leucine heptad repeat, termed leucine zippers, that have
been shown experimentally (eg GCN 4; O’Shea et al., 1991) to have the coiled-coil
structure.

Coiled-coils are formed by amphipathic a-helices wound around each other in
a parallel left-handed superhelix. The interface between the helices is provided by
hydrophobic residues a and d within a heptad repeat -[abcdefg], - present in both

helices. These a-helices oligomerize through their hydrophobic faces with different
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Figure 1.12 Supersecondary structures

2-stranded coiled-coil

3-stranded coilgd coil

(1col)

(lhey)

(11mb)

Helix-turn-helix
DNA binding motif (1pdn)

Basic-helix-loop-helix
DNA binding motif (1mdy)

A

MOLSCRIPT (Kraulis, 1991) representations of helix motifs.




Introduction - The role of a-helices in proteins

motifs producing differing oligomerization states and alternative topologies. Two-,
three- and four - stranded coiled coils with parallel and anti-parallel helices have been
described, with the most common class being parallel dimers and trimers (Wilson et
al., 1981; Banner et al., 1987; O’Shea et al., 1989a, b, 1991; Cohen & Parry, 1990;
Cusack et al., 1990; Beck et al.,, 1993; Lovejoy et al.,, 1993; Yan et al., 1993).

The hydrophobic residues pack in a knobs into holes manner as predicted by
Crick (1953) (see section 4.1). However, the crystal structure of GCN4 (O’Shea et al.,
1991) revealed that the a and d positions are not equivalent. A side chain in the d
position points directly into the interface, whereas a side chain in the a position points
out from the interface. This explains the observed preference in the fibrous proteins
for B-branched side chains (Ile, Val) at the a position, as they can redirect the part of
their side chain back into the core, and the preference for leucine, and tolerance of
lysine at position d. Stabilisation of the coiled-coil is helped by salt bridges between
charged and polar residues on the outskirts of the interface.

Further experimental studies (eg Harbury et al., 1993) have shown that altering
the presence of branching amino acids in the a and d positions of the GNC4 leucine
zipper can determine the oligiomerization states of the a-helical chain; Ile in a and
Leu in d yields the two-stranded zipper, Ile in both a and d yields a three-stranded
coiled coil and Leu in a and Ile in d give rise to a four-stranded assembly. Recently,
there have been several computational methods identifying and predicting the

sequences of dimeric and trimeric coiled coils (eg Wolfson & Alber, 1995).
1.1.4.ii aa-turns

Recently, Wintjens et al., (1996) automatically identified ten classes of
commonly occurring oo-turn motifs, on the basis of the turn conformation, followed

by clustering the root-mean-square deviation of their superimposed backbones. Six

of these classes had been reported previously (Thornton et al., 1988; Efimov 1984,
| 1991, 1993a,b), however the authors indicated that four types had never been

i described. These 10 commonly occurring oo-turns are shown in Table 1.3.
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Table 1.3: Commonly occurring aa-turns

Turn Description

oBa aa-corner (L-shape)
aGBBo ao-corner (helix-turn-helix)
aBAABB«o oa-hairpin (motif features type I -turn)
oEa o.-hairpin

aBBa aa-corner (V-shape)
aGBoa oot-hairpin

aGo olot-hairpin

aBABB«o ola-hairpin

aBBBBa helices not well packed
oGBBBB«a owot-hairpin

o represents the contiguous helices in each o motif. The residues in the turn are
described by their backbone conformations; A that they are in a right-handed o-
helical or 3,, conformation, B that they are in a B-conformation or G that the linking
residue is in a left-handed o-helical confomation (see Figure 1.5).

1.1.4.iii aa-hairpin

The awo-hairpin is a supersecondary structure formed by two consecutive -
helices packed approximately antiparallel, with the o-helices being in contact over a
large portion of their length. The interactions can be right-handed or left-handed, but
have different periodicity in hydrophobic residues. Efimov described those with short

loops (Efimov, 1991).

1.1.4.iv a@-corners

Another paired helix structure described by Efimov (1984) is the oo-corner,

where two consecutive helices are packed approximately crosswise with a short

connection of 1-8 residues. Efimov observed mainly right-handed connections and
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proposed this as a general rule for the motif. Subsequently L- and V-shaped oo

corners were described (Efimov, 1993).

1.1.4.v EF-hand

This motif consist of almost perpendicular antiparallel a-helices joined by a
12 residue loop coordinating a calcium ion, however, the two «-helices make little
contact with each other. Various calcium binding proteins contain EF-hands, for

example calmodulin, which has four.

1.1.4.vi Helix-turn-helix

Many prokaryotic DNA-binding domains contain a helix-turn-helix motif that
recognises and binds specific regulatory regions of DNA, for example the single
domain A cro repressor protein (Anderson et al., 1981). The DNA binding motif
comprises two o-helices that are nearly perpendicular, linked by a B-turn. The
structure of this motif (often 22 residues) is strongly conserved, however only one of
the residues involved in the turn, and a few hydrophobic residues that pack together
in the helix-helix interface are conserved at a sequence level. Structures of the
repressor-operator complexes reveal that the second helix termed the recognition helix,
aligns within the major groove of double stranded DNA, but specific binding is
achieved by other parts of the molecule and differs for various proteins carrying this
motif. In their analysis of olol-turns in a non-homologous protein data set Wintjens
et al. (1996) reported that other consecutive helix pairs that are not known to bind
DNA were stucturally similar to the helix-turn-helix motif. In fact these helix-turn-

helix motifs structurally seem to be a subset of the classic oo-corner.

1.1.4.vii Helix-loop-helix

This motif, which was predicted from a conserved sequence motif in eukaryote

DNA binding proteins, consists of a pair of amphipathic helices linked by a loop
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containing one or more possible B-turns (Murre et al., 1989). The motif is involved
in DNA binding and dimerization. The structure of an example of a helix-loop-helix
motif bound to DNA was determined in a MyoD basic-helix-loop-helix domain (1mdy,

Ma et al., 1994).

1.1.5 TERTIARY STRUCTURE

The tertiary structure of a protein describes the three-dimensional arrangements
of the atoms which make up a single polypeptide chain. The structures may have
single or multiple domains. Tertiary structure also describes the packing and topology
of the secondary and supersecondary structural elements.

The structural fold of a polypeptide is largely determined by the properties of
the side chains of its the amino acids. In particular, for water soluble, globular
proteins the hydrophobic side chains are buried towards the centre of the protein,

forming a stable hydrophobic core.

1.1.6 STRUCTURAL DOMAINS

A structural domain is usually formed by contiguous parts of a polypeptide
chain folded into a compact, localised, and semi-independent unit, which is often
capable of folding independently of the rest of the protein. Proteins can consist of
one, two or multiple domains, that may be connected by a single connection
(elastase) or multiple connections (L-arabinose binding protein). The amount of
contact between domains is also variable, from very loosely packed (phosphoglycerate
kinase) to so tightly packed that the domains are difficult to discern (elastase).
Domains usually consist of secondary and supersecondary structures and have an
average size of 150 £50 residues (Jaenicke, 1987). They may also have independent
functions, with different domains in a multi-domain protein having separate functions.

Several authors (Levitt & Chothia, 1976; Chothia, 1984; Richardson, 1981,
1985; Orengo et al., 1997) have produced rules to describe the taxonomy of protein

structures, although the criteria of the divisions differ slightly. Initially, the domains
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are classified by their secondary structure content into the mainly-a class, mainly-§
class, or classes containing both o and 3 secondary structures. Finally there are
sections for irregular structures and those that do not fit into any of the other
categories easily.

Multidomain proteins have often posed a problem in these classifications, as
they have to be separated into their constitutent domains and the interdomain
boundaries are often hard to distinguish visually. Recently, a number of algorithms
have been developed to identify both continuous and discontinuous domains (Jones
et al.,, 1997) and although these methods work well, with often more than 70%
accuracy, a consensus approach can improve their reliabilty.

Having divided the proteins into domains, and the domains into their initial
class (o, B, etc), the domains are further subdivided on a basis of similar architecture
and topology. “Architecture” is a description of the gross arrangement of secondary
structures in three dimensional space, independent of their connectivity, whereas
“topology” is a description of the overall fold. The architectural groupings can
sometimes be very broad as they describe general features of protein fold shape, for
example, the number of layers in an o-f sandwich. or a barrel-like structure such as
a TIM barrel. A given architecture will contain /structures with diverse connectivities.
Domains with similar topology, have a similar number and arrangement of secondary
structures, and similar connectivity between these secondary structural elements.

In the earlier studies (Levitt & Chothia, 1976; Chothia, 1984; Richardson,
1981, 1985) structural classifications were assigned by visual inspection, however this
type of approach is becoming increasingly difficult. In the 1996 publication of the
Brookhaven Protein Databank (PDB), the database contained 5993 protein chains and
8078 domains (Orengo et al,, 1997). This increase in the number of proteins has
meant that automatic and semi-automatic procedures are becoming established (Orengo
et al., 1997, Holm & Sander, 1994), as well as traditional manual approaches (Murzin
et al., 1995), to divide domains into similar architectures and topologies, to create
databases of protein folds. For example, the CATH databank of protein structure was
established by Orengo et al., (1997) using a semi-automatic procedure that classified

the structures of the 8078 published domains into 3 classes of 505 fold families
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(topologically equivalent domains) with 31 different architectures. Features of the
three domain classes are described below. A variety of architectures, divided by class,

are shown in Figure 1.13.

1.1.6.i Mainly-a class

The mainly-o group of domains contains proteins composed, more or less,
entirely of o-helices.  Classically, the two main arrangements that have been
described are; an up-down four helix bundle, and an orthogonal Greek key helix
bundle, the most well documented case of which is the globin fold (see Figure 1.13).
Harris et al. (1994) performed a careful study on the diversity of four helix bundles,
and many authors have studied variations of the globin structure (Lesk & Chothia,
1980; Bashford et al., 1987; Pastore & Lesk, 1990; Holm & Sander, 1993).

Murzin and Finkelstein (1988) showed that the geometry of the Greek key
mainly-ot domains consists of o-helices packed around a ball-like core that can be
described by a polyhedron in which the core is formed by helical packings. The
polyhedron forms a virtual framework for the polypeptide chain, such that the edges
correspond to the helices, and the order of the polyhedron depends on the number of
helices packed about the core. The precise layout of the helices is combinatorially
limited and further constrained by simple rules; for instance, the chain cannot pass
inside the framework and no vertex can be visited more than once.

Recent analyses (Orengo et al., 1997) suggest that only the four helix bundle
architecture is easily distinguishable and that other helix arrangements appear less
distinct. The authors suggest that a tolerance of helix packing modes gives rise to a
continuum of folds within which helix packing angles range from aligned through to
orthogonal. Despite this variety, certain motifs appeared to recur frequently, such as
the aligned oo-hairpin and the 2-helix and 3-helix orthogonal motifs common in the
repressor-like folds (see Section 1.1.3). Orengo et al. (1997) suggest that ultimately
it may be more appropriate to separate fold families in this class into architectural

groups which reflect specific combinations of these common motifs.
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1.1.6.ii Mainly-B class

By contrast, the constraints of the B-strand hydrogen bonding on B-sheets, and
the constraints on B-sheet-B-sheet interactions, give rise to some very distinct and
easily recognisable architectures such as B-barrels, B-prisms, B-propellors and f-
solenoids. 16 different mainly-B architectures were identified in CATH (Orengo et

al 1997).

1.1.6.iii a-f3 class

Levitt and Chothia (1976) originally divided proteins with both o and B
secondary structural elements into two classes: o/f and o+p. o/p proteins have a-
helices and B-strands that alternate along the chain, whereas o+ domains have
subdomains of mixed o and B elements that tend to segregate down the chain.
Orengo et al., (1997) argue that both these types of protein are a topological
subdivision of the o-f3 class of protein. They assigned eight regular o/f} architectures
in the - type class in which the Baf motif appeared to be highly favoured. A split
motif, in which the B-strands in the Bo motif are not adjacent but separated by a
third antiparallel strand (Orengo & Thornton, 1993) was also frequently observed. In
contrast, the a+P type domains were irregular often containing a mixture of motifs
borrowed from the mainly-8 and mainly-o classes. Disparity in sizes and packing
considerations gave a plethora of different combinations and three-dimensional shapes

that were not easily described.

1.1.7 QUATERNARY STRUCTURE

This describes the association of individual chains making up the functional
protein. Proteins can be either monomeric, and have no quaternary structure, or
oligomeric. Oligomeric proteins consist of several separate polypeptide chains,

referred to as subunits. The quaternary structure describes the spatial relationship
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between these subunits. In proteins containing o-helices the association between
subunits can involve helix-helix packing (eg haemoglobin, photosynthetic reaction

centre).

1.2 STRUCTURAL DETERMINATION

Most analyses and subsequent prediction of protein structures consider mainly
water soluble, globular proteins. Although both fibrous and membrane proteins are
also important biologically, experimental difficulties mean that few of their structures
have been determined. The lack of data means that the analytical statistical approach
of examining protein structure is not possible for these types of protein and they are
not considered in this thesis. In the 1996 release of the Brookhaven Protein Databank
(PDB), the database contained almost 6000 protein chains from globular, water soluble

proteins. The methods used to determine these structures are described below.

1.2.1 X-RAY CRYSTALLOGRAPHY

Most known protein structures have been determined by x-ray crystallography,
the theory and practice of which have been extensively reviewed elsewhere (Blundell
& Johnson, 1976). This thesis is concerned with the analysis of structures determined
by this method, so it is important to consider the nature of the information provided

by the technique, its precision and its reliability.

1.2.1.i Basic theory

X-rays are an ideal choice for the study of atomic structure within molecules
as their wavelengths are comparable to atomic distances. Unlike scattered light, which
can be collected by a lens to form an image of an object, x-ray images have to be

reconstructed mathematically. X-rays scatter from the electron clouds of atoms and
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so when focusing and magnification are simulated by the appropriate calculations the
result is a three dimensional density map where the atomic positions appear as peaks
against a fairly featureless background.

The scattering effect produced by x-ray diffraction from a single molecule is
far too weak to detect. Consequently, crystals are required, where the signal is
intensified by the coherent alignment and multiplicity of a lattice. Crystals, however,
concentrate the scattering in discrete directions, so that the scattering is sampled only
at certain points, resulting in the familiar diffraction pattern.

F, known as the structure factor, is a complex number representing the
amplitude and phase of the scattered radiation. The magnitude of the structure
factor F is readily obtained from the integrated maxima of the intensities of the
diffraction pattern spots. Unfortunately the phase is not preserved in the intensity
measurements, so various methods have been developed to evaluate the phases in
protein structure determination (Blundell & Johnson, 1976) although all are somewhat
indirect. Errors in evaluating these phases can lead to serious errors in the resulting
structure.

Once the amplitudes and phases have been determined and used to calculate
the electron density map of the crystal unit cell, the map has to be interpreted. The
polypeptide chain, having a particular amino acid sequence, is then fitted into the
density. The interpretation of the electron density map is often rendered difficult by
various limitations of the data, and provides only a rough initial model. A considerable
variety of refinement techniques have been developed to improve this initial model,
all of which have the underlying goal of producing a structural model which
reproduces the diffraction pattern to within the accuracy of the data collected and
which is compatible with prior stereochemical knowledge.

The outcome of this procedure is a structural model of the protein, in which
each non-hydrogen atom has a position defined in terms of x, y and z coordinates,
and a temperature factor. The temperature factor (B) is an indicator of the amount of
thermal motion or disorder of the electron density cloud around an atom. This thermal
disorder can make the atom appear larger and more diffuse.

Structures derived from x-ray crystallography represent averaged states, in
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which more mobile parts of the chain, such as binding site flaps and exterior loop
regions have a lower effective resolution, indicated by higher B-values. Clearly, the
native structure is really a dynamic structutre and structural movements can occur
involving residue side chains, segments of backbones and whole domains.

Apart from the temperature factor, there are two other measures of quality
quoted within the entry to the databank, which helps the computational scientist assess

the relability of the structures deposited; resolution and R-factor.
1.2.1ii Resolution

Protein crystals have large unit cells, usually containing of the order of 1000
non-hydrogen atoms in the asymmetric unit. Consequently, many possible x-ray
reflections occur within a given range of 0 (the angle between the incident and
diffracted beams). Reflections that are observed at larger and larger values of 6,
correspond to reflections from planes of atoms with smaller and smaller interplane
spacing d. As such, contain information about the fine details of the structure i.e. they
hold higher resolution information. From electromagnetic theory - the intensity of
scattered radiation falls off with increasing 0 values. Corresponding to the observed
maximum 0 value 0, there is a minimum d value d_;, such that

d,, =M 2sin 0,

when A equals the wavelength of the radiation. It is customary to speak of d_, as

the nominal resolution. When collecting the diffraction pattern, the protein analysis
may proceed through stages of progressively higher resolutionas more reflections are
included eg 6A, 3A, 2.5A 1.5A- the electron density image undergoing gradually
improved mathematical focussing in the process.

The quoted “resolution” of the final model is an indication of the amount of the
raw data collected. It intimates the distance two atoms have to be apart, to be

identified as separate objects, hence a 1.5A resolution protein is of better quality than

a 3A resolution structure. Unfortunately, a characteristic feature of protein crystals
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is that their diffraction patterns often only extend to limited resolutions. This feature
is particularly apparent in medium to large proteins where diffraction data often does
not reach 2A resolution, and for many of these the structural conclusions are
inherently subject to margins of uncertainty.

For the structures determined to a resolution <2.0A the errors in atomic co-
ordinates are estimated as +0.05A - 0.15A (Borkakoti, 1984). These values represent
an average for a structure; the errors associated with internal regions and low
temperature factors will be smaller than those for atoms of surface side chains which

may have poor or non-existent electron density.
1.2.1.ii R-factor

The other assessment of a correct interpretation of the electron density is the
R factor, although not all structures have these values quoted in the databank.

The expected diffraction pattern F_(hkl) from the model can be calculated and
an estimate of how good the agreement is between the observed data F, and the

calculated data F is given by

o TR - IFcD
Y IF]

This residual discrepancy, or R-factor is 0.0 for exact agreement and around 0.59 for
total disagreement (Wilson, 1950). In practice an R-factor of 0.25 means that most
atoms are reasonably well placed for an initial model. A value greater than 0.45
suggests a very poor fit. Errors can arise in a variety of ways, both in measurement
of |F, |and in phase angles. The error in |F, | is usually around 5-10% while that
in the phase may be as high as, 30°. The R-factor usually converges in the vicinity
of 0.2 or less, during refinement. This compares to values between 0.03-0.05 found
in structures from small organic molecules. The R-factor is generally resolution
dependent: structures with higher resolution tend to produce better R-factors.

Considerable reservations have been expressed over too much reliance on the
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R-factor as an indicator of structural quality. The conventional R-factor defined
earlier is a single number, an overall indicator, and for large molecules is insensitive
to serious errors in restricted regions of the structure such as misorientated peptide
groups or misplaced side chains of a few amino acids. The R-factor is also insensitive
to errors in main chain connectivity as well as being affected by the choice of low
resolution cut-off and by the removal of weak reflections. Briinger (1992) proposed
that a free R factor R;Free, which is based on analogy with the cross validation method
of testing statistical models, and appears to give a more sensible correlation with

information content, and correlates highly with phasing accuracy.

1.2.2 NMR

Nuclear magnetic resonance techniques are based on the fact that certain
atomic nuclei such as 'H, ’C, N and *'P have a magnetic moment or spin. When
molecules containing these atoms are placed in a strong magnetic field, the spins of
the nuclei align along the field. By applying electromagnetic radiation in the form of
radio frequency (RF) pulses, this equilibrium alignment may be changed to an excited
state. When the nuclei of the molecule revert to their equilibrium state they emit RF
radiation, the frequency of which is dependent on their atomic environment. The
different frequencies are measured relative to a reference signal and are known as
chemical shifts.

In order to probe the three dimensional structure of a protein, the chemical
shift for each hydrogen atom is measured. In principle, all hydrogen atoms, except
those in identical environments, such as protons on the CHj, side chain of an alanine
residue, will give a unique signals. A 1-dimensional spectrum shows the distribution
of protons in the molecule, chemically shifted according to their unique environment.
However, except for small molecules, 1D NMR does not provide sufficient
information to allow the connectivity or three-dimensional structure of a molecule to
be determined.

2-dimensional NMR spectra measure correlations between protons in a

molecule and can be used to define distance and angle constraints which potentially
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define three-dimensional structures of quite large molecules (polypeptides of up to 200
residues have been attempted), in solution. Essentially, there are two different classes
of 'H-'H NMR experiment which provide different information. A Correlation
Spectroscopy (COSY) experiment gives cross peaks between hydrogen atoms that are
covalently linked through one or two different atoms. By tracing these connectivities
through the spectrum, the resonances can be grouped into the spin systems
characteristic of the individual amino acids and thus assigned to specific residues. The
other class of experiment is exemplified by 2D nuclear Overhauser enhancement
spectroscopy (NOESY) which provides information (NOEs) about protons that are
close together in space (usually <5A), even if the amino acids are far apart along the
sequences. For a small protein of 50 amino acids, it may be possible to obtain 500
or more approximate NOE distances to use as constraints in a folding simulation.
Many of these will be between residues close together in sequence and in the
sequential assignment strategy. Characteristic patterns of NOEs also help establish
secondary strucutures, whereas long range NOEs are important in determining the
tertiary structure.

The most important requirement for the calculation of the 3D structure is the
collection of the maximum possible number of distance and conformational
constraints. Most structure determination protocols include either an initial analysis
with a metric matrix distance geometry followed by molecular dynamic calculations,
or the use of a variable target function algorithm supplemented by molecular
mechanics energy minimization. No unique structural solution is found; instead,
several possible solutions are determined, all of which comply with the required
distance constraints. There is a "random sampling of the set of structures which are
consistent with the data” (MacArthur, 1993). In principle the structures in this
ensemble should contain no violations of the distance constraints. However, protein
molecules seldom meet this criterion since perfect convergence is very difficult in
such large numerical problems and the constraints themselves may be geometrically
inconsistent.

Analysis of the stereochemistry of NMR structures (MacArthur, 1993)

combined with comparison of the stereochemistry found in x-ray determined structures
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of known resolution and R-factor found, that in general, that for the protein core,
NMR structures are comparable to a medium resolution crystal structure (2 - 2.3 A).
However, when the protein structures were being selected for study in this work there
was no established method to assess the precision or accuracy of an individual
structure determined by NMR or a reliable method to determine which structure from

an ensemble to use.

1.3 THESIS OBJECTIVES AND OUTLINE

The structural role of helix-helix interactions with which this thesis is
concerned have been studied in terms of packing areas, interface residue properties
and patterns, and 3-dimensional geometry (eg. Chothia et al, 1981; Richmond &
Richards, 1978). Estimates of packing areas can be derived by comparison of
molecular surface areas of helix pairs in packed and unpacked states. As a first
approximation helices may be represented as axial vectors whose pairwise orientations
are described by distances and angles. Models for helix-helix packing based on
observations of these attributes have been proposed and are presented in more detail
in Chapter 4.

Helix-helix packing is described in current textbooks in terms of three types
of ridge-groove interactions along the surface of the interacting interfaces, which
determine the packing angles of the helix pair. The initial objective of this work was
to devise a computer algorithm to identify these three types of interactions and to
design knowledge-based sequence-packing templates to pack pairs of o-helices
together. In particular we wanted to apply these templates to membrane proteins as
identifying putative transmembrane o-helices from amino acid sequences is amongst
the most reliable type of secondary structure prediction and, due to experimental
difficulties, no more than a handful of membrane structures have been determined.
In addition, these templates may have provided useful constraints for conventional
secondary and tertiary structural predictions. However during the early stages of the

work, there was a change in focus, and a more fundamental study of helix-helix
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interactions was undertaken.

In Chapter 2 a representative data set of proteins of known structure was
selected, the o-helices within this data set identified and their physical properties
analysed in detail. Chapter 3 extends the analysis to interacting helix pairs found
within this data set, and using geometric criteria, divides the helix pairs into four
different classes of interaction. The geometrical and physical properties of these
interactions were then analysed in detail.

The results of the analysis in Chapter 3 found that the helix-helix packing
properties were in disagreement with the theories of helix packing reported in the
literature, for instance, a much wider range of packing angles were observed.
Consequently Chapters 4 and 5 examine the residue-residue packing in the interfaces
of the helix pairs in a small number of proteins. Chapter 4 approaches this in a
classical manner, following very closely the methods of Chothia et al. (1981). In
Chapters 5 and 6, a more computational approach is employed, using a modification
of the contact map/distance matrix approach used in several structural comparison
algorithms. The thesis concludes with a critical reassessment of the prevailing models
of helix packing, rejecting the simplistic descriptions of flawless geometric
interdigitation.

Several papers on helix-helix packing have been published after the work in
this thesis was completed. Reddy and Blundell (1993) published a paper on helix-
helix packing after the work in Chapter 3 was completed, and is discussed within that
chapter. Walther et al (1996) published a paper on helix-helix packing 2 years after
the work in this thesis had been completed, and Bowie (1997) has written a paper on
the distribution of helix-helix packing angles even more recently. The packing
theories and observations within these papers have been summarized in Appendices
A and B, and the results compared with our conclusions in the Discussion at the end

of the thesis.
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CHAPTER 2

ANALYSIS OF a-HELICES

The first step in this study is an analysis of the geometric and other properties
of the a-helices themselves. A representative dataset of proteins of known structure
was selected, the o-helices within this dataset identified and their physical properties

analysed in detail.

2.1 SELECTION OF A NON-HOMOLOGOUS DATA SET

A non-homologous data set of water soluble proteins was used so that an
unbiased representation of the structures in the database could be obtained (Hobohm
et al. 1992). The data set was produced using the methods described in Orengo et al.
(1993). The analysis uses proteins from the April 1993 release of the Brookhaven
Protein Databank (PDB, Bernstein et al. 1977). Only proteins elucidated by x-ray
crystallography and resolved to 2.5A or better were used because it is at this
resolution that helices are clearly visible. The proteins also had to contain at least 45
residues.

The initial non-homologous data set was provided by C.A. Orengo (personal
communication): The complete database of proteins was sorted chainwise according
to the quality of the data (resolution or stereochemistry). Quality is assessed
according to resolution, R-factor and finally structure type i.e. crystallographic, NMR,
native or mutant. Native structures were chosen over mutant, and those determined
by x-ray crystallography chosen over those determined by NMR. Next, pairwise
sequence comparisons were generated using the Needleman and Wunsch algorithm.

This gave a homology matrix which was used to cluster families of related proteins
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at 35% sequence identity. The best representatives of these families were then
structurally compared using the methods of Taylor and Orengo (SSAP & SSAPc)
(SSAP - Taylor & Orengo, 1989a,b; Orengo et al., 1992; Orengo & Taylor, 1991;
SSAPc - Orengo et al., 1993) and a structure-relatedness matrix generated. The
method uses dynamic programming at two levels to compare structural environments.
This allows homologous proteins to be assigned at low sequence identity so that a
representative data set can be established. Pairs of proteins are given a similarity
score between O and 100, with 100 denoting identical structure. For the non-
homologous data set a cut-off of 80 was used. Only those proteins that scored less
than 80 when compared to all the other proteins were included.

NMR structures, and proteins with a bad PROCHECK score (Laskowski et
al, 1993, Laskowski, R.A., personal communication) were removed from the data set.
The data set was then divided into classes of protein: mainly-a, mainly-B, o/B, o+,
multi-domain (Levitt & Chothia, 1976) and complex (Orengo CA, personal
communication). Table 2.1 lists the 148 proteins included in the non-homologous data

set, divided by class.

Table 2.1: Proteins in the non-homologous data set

Protein Resolution No of PROTEIN NAME
(PDB code) residues

ALPHA:

Globin

leca 1.40 136 HEMOGLOBIN (ERYTHROCRUORIN, AQUO MET)
lcpcA 1.66 162 C-PHYCOCYANIN

1colA 2.40 197 COLICIN *A (C-TERMINAL, PORE-FORMING DOMAIN)
Orthogonal

1lmbA 1.80 87 LAMBDA REPRESSOR-OPERATOR COMPLEX
lutg 1.34 70 UTEROGLOBIN (OXIDIZED)

1fiaA 2.00 79 FACTOR FOR INVERSION STIMULATION
2wrpR 1.65 104 TRP REPRESSOR (ORTHORHOMBIC FORM)
3sdpA 2.10 186 IRON SUPEROXIDE DISMUTASE

EF-Hand

4cpv 1.50 108 CALCIUM-BINDING PARVALBUMIN

Up-down

256bA 1.40 106 CYTOCHROME B562 (OXIDIZED)

Irch 2.20 129 INTERLEUKIN-4

Metal Rich

lyce 1.23 108 CYTOCHROME C (ISOZYME 1) (REDUCED)

2cdv 1.80 107 CYTOCHROME C=3
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Protein Resolution No of PROTEIN NAME

(PDB code) residues

1cy3 2.50 118 CYTOCHROME C3

1preC 2.30 323 CYTOCHROME FROM PHOTOSYNTHETIC REACTION CENTER

BETA:

Orthogonal Barrel

1bbpA 2.00 173 BILIN BINDING PROTEIN

Greek Key

larb 1.20 263 ACHROMOBACTER PROTEASE 1

2rhe 1.60 114 BENCE-JONES PROTEIN (LAMBDA, VARIABLE LIGHT DOMAIN)

1ten 1.80 89 3RD FIBRONECTIN TYPE HI REPEAT OF HUMAN TENASCIN.

2pabA 1.80 114 PREALBUMIN (HUMAN PLASMA)

2pkaA 2.05 80 KALLIKREIN A

2fb4H 1.90 229 IMMUNOGLOBULIN FAB heavy chain (2¢ +1v)

1hsaA 2.10 276 HUMAN CLASS I HISTOCOMPATIBILITY ANTIGEN

2mem 1.50 112 MACROMOMYCIN

2s0dB 2.00 151 CU,ZN SUPEROXIDE DISMUTASE (E.C.1.15.1.1)

1hoe 2.00 74 ALPHA-*AMYLASE INHIBITOR

1paz 1.55 120 PSEUDOAZURIN

1ger 1.60 174 GAMMA-II CRYSTALLIN

Jelly Rolls

2sty 2.50 184 SATELLITE TOBACCO NECROSIS VIRUS

2cna 2.00 237 CONCANAVALIN A

2itnA 1.70 181 PEA LECTIN

layh 2.00 214 HYBRID(1-3,1-4)-BETA-D-GLUCAN-4-GLUCANOHYDROLASE H
(A16-M)

small beta-

Sandwiches

2er7E 1.60 330 ENDOTHIA ASPARTIC PROTEINASE (ENDOTHIAPEPSIN)

1gpr 1.90 158 GLUCOSE PERMEASE (DOMAIN ID)

1tfg 1.95 112 TRANSFORMING GROWTH FACTOR TYPE BETA2 (TGF-B2)

trefoil

3fgf 1.60 124 BASIC FIBROBLAST GROWTH FACTOR (HB/FGF)

Propeller

InsbA 2.20 390 NEURAMINIDASE SIALIDASE

Metal rich

4rxn 1.20 54 RUBREDOXIN (OXIDIZED, FE(/III))

1hip 2.00 85 OXIDIZED HIGH POTENTIAL IRON PROTEIN (HIPIP)

Disulphide rich

3ebx 1.40 62 ERABUTOXIN B

ALPHA/BETA

Doubly wound

5p21 135 166 RAS P21 PROTEIN

4fxn 1.80 138 FLAVODOXIN (SEMIQUINONE FORM)

1cseE 1.20 274 SUBTILISIN CARLSBERG

2trxA 1.68 108 THIOREDOXIN

3adk 2.10 194 ADENYLATE KINASE

1gky 2.00 186 GUANYLATE KINASE

4dfrA 1.70 159 DIHYDROFOLATE REDUCTASE

Scpa 1.54 307 CARBOXYPEPTIDASE A (E.C.3.4.17.1)

Two doubly wound

domains

1rhd 2.50 293 RHODANESE
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Protein Resolution No of PROTEIN NAME

(PDB code) residues

1pfkB 2.40 320 PHOSPHOFRUCTOKINASE
3pgk 2.50 415 PHOSPHOGLYCERATE KINASE
1dri 1.70 271 D-RIBOSE-BINDING PROTEIN
2liv 2.40 344 LEUCINE-BINDING PROTEIN

One doubly wound
domain (multi

domain)

3grs 1.54 461 GLUTATHIONE REDUCTASE

2cmd 1.87 312 MALATE DEHYDROGENASE

lipd 2.20 345 3-ISOPROPYLMALATE DEHYDROGENASE

2tsl 2.30 317 TYROSYL-TRANSFER RNA SYNTHETASE

1pgd 2.50 469 6-PHOSPHOGLUCONATE DEHYDROGENASE

8adh 2.40 374 APO-LIVER ALCOHOL DEHYDROGENASE

Iphh 2.30 394 P-HYDROXYBENZOATE HYDROXYLASE

8catA 2.50 498 CATALASE

1gd10 1.80 334 HOLO-*D-*GLYCERALDEHYDE-3-
PHOSPHATE DEHYDROGENASE

TaatA 1.90 401 ASPARTATE AMINO TRANSFERASE

Tim Barrel

1ximA 1.00 392 D-XYLOSE ISOMERASE COMPLEX WITH XYLITOL-CO

SrubA 1.70 436 RUBISCO (RIBULOSE-1,5-BISPHOSPHATE
CARBOXYLASE/OXYGENASE)

StimA 1.83 249 TRIOSEPHOSPHATE ISOMERASE COMPLEX WITH SULFATE

1ald 2.00 363 ALDOLASE A

1pii 2.00 452 N-(5’PHOSPORIBOSYL)ANTHRANILATE ISOMERASE

1wsyA 2.50 247 TRYPTOPHAN SYNTHASE

4enl 1.90 436 ENOLASE (2-PHOSPHO-*D-GLYCERATE HYDROLASE)

ALPHA+BETA

Mainly alpha

11z1 1.50 130 LYSOZYME (E.C.3.2.1.17)

4bp2 1.60 115 PROPHOSPHOLIPASE A=2= (PHOSPHATIDE-2-ACYL
HYDROLASE)

1poc 2.00 134 PHOSPHOLIPASE A2

ap split Sandwiches

20vo 1.50 56 OVOMUCOID THIRD DOMAIN

4sgbl 2.10 51 SERINE PROTEINASE B COMPLEX WITH THE POTATO
INHIBITOR

1sn3 1.80 65 SCORPION NEUROTOXIN (VARIANT 3)

1fxd 1.70 58 FERREDOXIN II

lcrn 1.50 46 CRAMBIN

2hpr 2.00 87 HISTIDINE-CONTAINING PHOSPHOCARRIER PROTEIN HPR
MUTANT WITH

1bop 1.70 85 BOVINE PAPILLOMAVIRUS-1 E2 DNA-BINDING DOMAIN/DNA
COMPLEX

3rub$S 2.00 123 RIBULOSE 1,5-BISPHOSPHATE CARBOXYLASE/OXYGENASE

aff meander sanwiches

1csel 1.20 63 SUBTILISIN CARLSBERG

2sicl 1.80 107 SUBTILISIN BPN

1rnh 2.00 145 SELENOMETHIONYL RIBONUCLEASE H

laak 2.40 150 UBIQUITIN CONJUGATING ENZYME

aB rolls

Trsa 1.26 124 RIBONUCLEASE A

9rnt 1.50 104 RIBONUCLEASE T1
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Protein Resolution No of PROTEIN NAME

(PDB code) residues

2sarA 1.80 96 RIBONUCLEASE SA

lubq 1.80 76 UBIQUITIN

1pgx 1.66 70 PROTEIN G TYPE 7 (B2 DOMAIN)

1fkf 1.70 107 FK506 BINDING PROTEIN

2sns 1.50 141 STAPHYLOCOCCAL NUCLEASE

3il8 2.00 68 INTERLEUKIN 8

1shaA 1.50 103 TYROSINE KINASE TRANSFORMING PROTEIN

1msbA 2.30 115 MANNOSE BINDING PROTEIN A (LECTIN DOMAIN)

small disulphide rich

1zaaC 2.10 85 ZIF268 IMMEDIATE EARLY GENE (ALSO KNOWN AS KROX-24)

Spti 1.00 58 TRYPSIN INHIBITOR (CRYSTAL FORM /II)

1tpkA 2.40 88 TISSUE PLASMINOGEN ACTIVATOR (KRINGLE 2 DOMAIN)

2tscA 1.97 264 THYMIDYLATE SYNTHASECOMPLEX WITH DUMP

8atcB 2.50 146 ASPARTATE CARBAMOYLTRANSFERASE
(TRANSCARBAMYLASE)

9wgaA 1.80 171 WHEAT GERM AGGLUTININ (ISOLECTIN 2)

3cla 1.75 213 TYPE 11l CHLORAMPHENICOL ACETYLTRANSFERASE (CATIID

1tsA 1.95 185 HEAT-LABILE ENTEROTOXIN (LT); CHOLERA-LIKE TOXIN, AB5S
TOXIN

Metal Rich

3b5c 1.50 85 CYTOCHROME BS (OXIDIZED)

MULTI-DOMAIN

lezm 1.50 298 ELASTASE

2cpp 1.63 405 CYTOCHROME P450CAM (CAMPHOR MONOOXYGENASE)

9pap 1.65 212 PAPAIN

lcsc 1.70 429 CITRATE SYNTHASE

2cyp 1.70 293 CYTOCHROME PEROXIDASE

Icox 1.80 502 CHOLESTEROL OXIDASE

1gal 2.30 581 GLUCOSE OXIDASE

2ca2 1.90 256 CARBONIC ANHYDRASE

3bcl 1.90 344 BACTERIOCHLOROPHYLL-A PROTEIN

lovaA 1.95 385 OVALBUMIN (EGG ALBUMIN)

1wsyB 2.50 385 TRYPTOPHAN SYNTHASE

11fi 2.10 688 LACTOFERRIN (COPPER FORM)

2hhmA 2.10 266 HUMAN INOSITOL MONOPHOSPHATASE DIMER

tfor 2.20 296 FERREDOXIN:NADP OXIDOREDUCTASE

1gly 2.20 470 GLUCOAMYLASE (GLUCAN 1,4-ALPHA-GLUCOSIDASE)

1gstA 2.20 217 ISOENZYME 3-3 OF GLUTATHIONE S-TRANSFERASE (2.5.1.18)

2reb 2.30 301 RECA PROTEIN

3gapA 2.50 208 CATABOLITE GENE ACTIVATOR PROTEIN - CYCLIC AMP
COMPLEX

8atcA 2.50 310 ASPARTATE CARBAMOYLTRANSFERASE

1thg 1.80 544 LIPASE (EC 3.1.1.3) TRIACYLGLYCEROL HYDROLASE

1bia 2.30 290 BIOTIN REPRESSOR

COMPLEX

Irtc 2.30 268 RICIN A CHAIN

1pda 1.80 295 PORPHOBILINOGEN DEAMINASE (HYDROXYMETHYL BILANE )

laozA 1.90 549 ASCORBATE OXIDASE

1gpb 1.90 823 GLYCOGEN PHOSPHORYLASE (E.C.2.4.1.1) (T STATE)

2had 1.90 310 HALOALKANE DEHALOGENASE

lapmE 2.00 341 C-AMP-DEPENDENT PROTEIN KINASE
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Protein Resolution No of PROTEIN NAME

(PDB code) residues

1btc 2.00 491 BETA-AMYLASE COMPLEXED WITH ALPHA-CYCLODEXTRIN
2pia 2.00 321 PHTHALATE DIOXYGENASE REDUCTASE

Sacn 2.10 754 ACONITASE (INACTIVE (3FE-45) CLUSTER FORM)
1bbkA 2.20 355 METHYLAMINE DEHYDROGENASE

Hla 2.20 600 LIMULUS POLYPHEMUS SUBUNIT Il HEMOCYANIN
1minA 2.20 468 NITROGENASE MOLYBDENUM-IRON PROTEIN
1minB 2.20 522 NITROGENASE MOLYBDENUM-IRON PROTEIN
lala 2.25 316 ANNEXIN V, PAP-1, LIPOCORTIN V, ENDONEXIN II
1tfd 2.30 294 TRANSFERRIN (N-TERMINAL HALF-MOLECULE)
1tmd 2.40 729 TRIMETHYLAMINE DEHYDROGENASE

2polA 2.50 366 BETA SUBUNIT OF POL III

lads 1.60 315 ALDOSE REDUCTASE WITH BOUND NADPH
Unknown Small

lend 1.60 137 T4 ENDONUCLEASE V

2ltnB 1.70 47 PEA LECTIN

IcmbA 1.80 104 E. COLI MET APOREPRESSOR (METJ)

1hyp 1.80 75 HYDROPHOBIC PROTEIN FROM SOYBEAN

labk 2.00 211 ENDONUCLEASE III

laaiB 2.50 262 RICIN

Few secondary

srtuctures

1itsC 1.95 41 HEAT-LABILE ENTEROTOXIN

2gn5 2.30 85 GENE 5 DNA BINDING PROTEIN

The entries in the table show the code entry from the Brookhaven Protein Database
with chain indentifiers (if required) directly after, the resolution of the crystal structure
contained within the entry and the number of residues in the protein chain. The
protein name is taken directly from the PDB files. This data set was calculated so
that no 2 proteins had a SSAP score > 80.

2.2 CALCULATION OF SINGLE HELIX PROPERTIES

The first step in the analysis requires a suitable definition of an a-helix. Early
work examining o-helix characteristics was often based on the secondary structure
assignments included in the PDB coordinate files. These assignments were usually
obtained by visual inspection of the model by the crystallographers and are therefore
somewhat subjective. The IUPAC-IUB Commission on Biochemical Nomenclature
(1970) proposed outline rules for helix and sheet definitions based on H-bonding

patterns or ¢,y angles (see Table 2.2).
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Having chosen a definition of helix, an automatic method of assignment is
required. Several algorithms have been proposed using either H-bonding patterns
(Kabsch & Sander, 1983), conformational angles or interatomic distances (Richards
& Kundrot, 1988). Sliding probes of idealised o-helix over the target coordinates
(Barlow & Thornton, 1988, Mitchell et al., 1989) is yet another approach. The
algorithm used in this work (sstruc - Smith, 1989) is an adaptation of the Kabsch and

Sander (1983) H-bonding pattern assignments.

Table 2.2:  Secondary structure properties

Secondary structure [0} V]
ETl -116° +112°
E 1l -147° +145°
G -14° -4°
H -57° -47°

Ideal ¢ and y angles are shown for each of the major secondary structures (Brown,
1992). E 11 represents a B-strand within a parallel B-sheet, E Tl a B-strand within an
antiparallel sheet. G a 3, helix and H an a-helix.

Having identified an o-helix a simple representation is required, the most
common being that of its axis. This abstraction has been used by many authors,
although there are slight differences in the methods used in defining the helix axis.
Given a set of atomic coordinates a best fit vector can be derived using techniques
such as the method of least squares, or that of principal component analysis. Usually,
either the Ca coordinates (Chothia et al., 1981; Cohen et al., 1982) or the main chain
atoms (Janin & Chothia, 1980) are used. The endpoints for the resulting axial vector
can then be defined by projection of the N- and C-terminal Ca coordinates onto the
helix axis.

The main problem in defining a helix axis as a single vector is that helices are
often distorted from ideality, containing kinks or gradual cumulative curvature. In

either case, this disruption may be insufficient for a structure assignment algorithm to
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identify it. Curvature has been studied in detail for o and 3,, helices (Barlow &

Thornton, 1988).
2.2.1 METHODS

The o-helices were identified and their axes calculated using programs that are
used to produce the iditis protein structure, relational database (Gardner & Thornton,
1991). The output also contained some geometric parameters. Solvent accessibility
information was derived using the access program suite (Hubbard S, private
communication, Lee & Richards, 1971). The data obtained from these programs were
stored in series of flat files. The steps required and the individual programs used to
generate these data are outlined in Figure 2.1. Once the data files had been generated,
several programs were written to add to, and to analyse the data; hlxgeom, hlxtors

and hlxmoment.
2.2.2 DEFINITION OF HELICES

For the analysis presented here the method used to define o-helices was that
of Kabsch and Sander (1983). Different types of secondary structure are assigned on
the basis of main chain hydrogen bonding patterns. The rules governing the definition
of a helix are described below. Theoretical main chain hydrogen bond energies are
calculated electrostatically by placing partial charges on the main chain CO (+g¢,, -q;)
and NH (-¢q,, +g,) moieties, and using the following equation.

1 1 1 1 Equation 2.1
+ - - ] kcal/mol
r(ON) r(CH) r(OH) r(CN)

E - fq1q2 [

where g, = 0.42e, q, = 0.20e, e is the unit electron charge, r(AB) is the interatomic
distance from A to B (A), and fis a scaling factor (332). A good hydrogen bond has
a binding energy of approximately -3kcal/mol, however a generous cut-off of
—0.5kcal/mol is allowed to cater for bifurcated hydrogen bonds.

The basic helical H-bond pattern is a series of n-turns. An n-turn is assigned
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brkcln

sstruc

helix

access

hlxgeom
hlxtors

hlxmoment

Figure 2.1: Flow chart of data generation

pdb coordinate files

"cleaned” pdb ' secondary structurj

coordinate files assignment files

1 helix geometry data L { accessibilty data l
momen
} output 1 ( moment data ’

(Smith & Hutchinson, 1989). This runs on the PDB coordinate files to
check their format and to remove lower-occupancy atom entries where
there are alternate conformations.

(Smith, 1989). This runs on the cleaned PDB files output by brekln to
generate the secondary structure assignments for the proteins.

(Flores, 1989; adapted by Naylor, 1991 and Pearl, 1992). This uses
secondary structure assignment and PDB coordinate files to calculate
the helix-axis vectors.

(Hubbard, 1991) This uses the method of Lee and Richards(1971) to
calculate the solvent accessibility of proteins and protein fragments.

(Pearl, 1992). Statistical analysis of the helix parameters calculated.
(Pearl, 1992). Calculation of Co virtual torsion angles
(Pearl, 1992). Calculation and analysis of the hydrophobicity,

hydrophobic moment, accessibility and accessibility moments for each
of the helices.

Page 58



Geometric analysis of a-helices

if a hydrogen bond is calculated from CO, to NH,,,, (n = 3,4,5) and a minimal helix
is defined by two consecutive n-turns. Table 2.3 shows the Kabsch and Sander

notation for each type of helix.

Table 2.3: Kabsch and Sander n-turn notation

TYPE OF HELIX 310 o- T
5-TURN >>555<<
4-TURN >>44<<
3-TURN >>3<<

SUMMARY GGG HHHH IIIII

(< and > define a hydrogen bond)

In the case of an a-helix (n = 4), the minimum length of helix is four residues,
denoted as H, from i to i+3. This requires two hydrogen bonds to be formed, CO),
to NH;,3 and CO, to NH,,,4 giving the H-bonding pattern as >>44<<. Longer helices
are defined as overlaps of minimum helices. These deviate from regularity when not
all possible hydrogen bonds are formed, eg. two overlapping minimal helices offset
by two or three residues are joined into one. For instance in a 7 residue helix (i)

denotes a perfect helix while (ii) denotes an irregular helix.

HHHHHHH X=>+<)
@) >>>>X<<<< (regular)
or >>44<<
+ >>44<<
(>ii) >>4>X<4<< (irregular)

2.2.3 ASSIGNMENT OF O-HELICES

In this analysis, residues referred to as "H" are defined as o-helical. If the H-
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bonding pattern shows that the helix is regular no further consideration is required.
Analysis using hlxgeom followed by visual inspection demonstrated that irregular o.-
helices could either be a single kinked helix with a "missing" hydrogen bond or
alternatively could refer to two consecutive helices with a residue in common. To
distinguish between the two an algorithm was written and implemented in helix. Each
irregular a-helix is first split about the irregularity, and the axes of both are defined.
The angle of kinking € is then calculated; if it is found to be greater than 60° the

helix is divided in two.

2.2.4 DERIVATION OF AXIAL VECTORS

The helix geometry is calculated by the method documented in Chothia et al.,
(1981). The orientation of the axis of each a-helix is calculated using the Ca atom
coordinates of each helical residue. A product vector P, is defined for each triad of

o-carbons along the length of the helix (Equation 2.2).

Figure 2.2: Diagram to show definition
of the Pi vector

A
Helix axis
C&+2)
c o
(i)
< Col
P, = r(Cd) + r(Ca'?) - 2r(Ca'™) Equation 2.2

where r(Ca. /) is the Cartesian position vector of the ith atom.

Page 60



Geometric analysis of a-helices

In an ideal helix, with a constant rise, each P, vector will be orthogonal to the
axis. To understand why, consider a helix whose axis lies along the z direction. Let
the z-coordinates of three sequential Cow atoms be z;, z;,; and z;,,. Now, because the

rise is constant, these coordinates will differ by some constant, for example dz, i.e.,

z,, =2z +dz Equation 2.3
z,=2z+2dz Equation 2.4

Substitution into equation 2.2, reveals that the z-component of P, is zero and hence
P, must be orthogonal to the helix axis. The endpoints of all these vectors would then
lie, on a circle, in a plane normal to the axis. To find this normal, a, one calculates
the principal axes of distribution of the P, vectors. This is done by forming the 3x3

inertia matrix M, and determining its eigenvectors and eigenvalues, where:

M, Mv M,
M=| M, M},}, Myz Equation 2.5
M, sz M,
and
Mxy = Z(xi‘;)(yf)-’) Equation 2.6
1

where x; is the x coordinate at P;, n the number of residues in the helix and

x =lz X, Equation 2.7

is the mean x coordinate. The helix axis direction corresponds to the eigenvector with
the smallest eigenvalue as the P; distribution is thinnest in that direction.
The endpoints and direction of the axial vector can be defined by projection

of the N- and C-terminal Co. coordinates onto the axis. Given the direction of the

Page 61



Geometric analysis of a-helices

axis, a, the beginning and end points (b & e) of each helix axis are defined as

follows:

b=5+[a-(rCd)-5)la Equation 2.8

e=5s+[a - (f(C™ -5)]a Equation 2.9

where § is the centroid of the helix, r(Ca') is the position of the first a-carbon in the

helix and r(Ca") that of the last a-carbon.

2.2.5 GEOMETRIC PROPERTIES MEASURED

Having defined the axis and endpoints for each helix, the length, rise, pitch,
residues per turn and RMSP were calculated for the data sets. The rise, pitch and the
number of residues per turn, were illustrated in Figure 1.6. The rise is a measure of
the average distance along the helix axis that one residue spans. The number of
residues per turn is defined as the average number of residues in the helix to complete
a 360° rotation around the axis. The pitch is the distance along the axis (in f\) that
it takes for the helix to complete a 360° rotation around the axis.

The RMSP is a measure of ideality of a helix. In a regular helix, P; should be
orthogonal to the axis however as most helices are far from ideal this is rarely the
case. The difference in angle between P, and a vector from the Co*' which is

perpendicular to and intersects the helix axis is defined as 0, and is shown in Figure

2.3. The RMSP is defined below:

Equation 2.10

A reference measurement of RMSP was calculated. A linear 25-residue alanine

helix with a unit rise of 1.50A was built using the Biopolymer Package Unit in the
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QUANTA™ molecular modelling package. The RMSP for this helix was calculated

and found to be 3.5%residue, giving a reference for idealised, linear helices.

Figure 2.3: Diagram to show the deviation
from ideal of the Pi vector

A
Helix axis
(i+2)
Ca
v Pi

(i+1)
Co

\e\ -+ Ideal vector
N

2.2.6 PHYSICAL PROPERTIES MEASURED

As well as the geometric parameters described above, several physical

properties of the helices were calculated as well.

2.2.6.i Hydrophobicity

The hydrophobicity values were summed for each of the component residues
in a helix to give an overall hydrophobicity. The sum was divided by the number of
residues in the helix to calculate the hydrophobicity/residue. Two hydrophobicity
scales were used for this calculation, the Eisenberg normalised consensus scale
(Eisenberg et al., 1984) and the PRIFT scale (Cornette et al., 1987).

Hydrophobicity values are assigned to the individual amino acids to reflect
their propensity to be in a hydrophobic environment. Data used to produce these
scales have been obtained experimentally, statistically and from theoretical

considerations. Consensus scales, such as Eisenberg’s, are popular as they are
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designed to minimize the discrepancies between the data gathered from the different
sources. The PRIFT scale (Comette et al., 1987) was designed specifically for
detecting amphipathic helices.

Perutz and co-workers (1965) first observed amphipathicity in the o-helices
of myoglobin and haemoglobin; the hydrophobic residues clustered on one side of the
helices with the hydrophilic residues on the other. Cornette et al. (1987) studied the
power spectra of a large number of hydrophobicity scales using a set of known helices
from water soluble proteins. They measured the angle at which sequential residues
arose from a helical backbone, and determined the strength of the amphipathicity as
this angle was altered. A peak was found at 100°. The height and gradient of this

peak indicated the strength of detection and subsequent prediction of amphipathic

Figure 2.4: Hydrophobicity values for each of the amino acids

=
=
]
2
=
2.
) 1
|7
Y
=

3
2
~ 0 x4
E - M #ﬁj{.(—gié ,,;!, . : % .
L ] fhs ™ RG TYR

H
&

W t +
SBR GLY ALA CYS MET PHE VAL ILE LEU

# Eisenberg Consensus Scale
CJPRIFT scale

helices, for each scale. Cornette et al. (1987) set about finding a scale which would
give the most discrete peak possible using one set of helices as a data set. By using
a combination of matrices and eigenvectors, they were able to detect periodicity in

helices without reference to hydrophobicity and from here able to create a scale
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optimal for the detection of amphipathic helices. The hydrophobicity values assigned
to each individual amino acid residue using this method are markedly different from
those assigned in the majority of other hydrophobicity scales. In particular, the PRIFT
scale (for a-helices) assigns arginine and tyrosine as hydrophobic.

The hydrophobicity values for each amino acid, from both the PRIFT
andEisenberg hydrophobicity scales, are displayed in Figure 2.4. The scales are

calculated by distinct methods so that the comparative values differ.
2.2.6.ii Hydrophobic moment

The hydrophobic moment for each of the helices was also calculated. This
measures the amphipathic nature of helices directly. Schiffer and Edmundson (1967)
represented helical amphipathicity using a two dimensional helical wheel with each
side chain emerging at 100° intervals. Eisenberg et al. (1982) later quantified this
approach by combining a hydrophobicity scale with the helical wheel model so that
a vectorial quantity “the hydrophobic moment" p, could be calculated for any helix

of n residues.

n n l
py = ([ Y, Hsin(8) * + [ Y Hcos(8) I} )? Equation 2.11
i=1 i=1

Where H, is the hydrophobicity value for each residue and 9, is the angle which
successive residues arise from the backbone when viewed down the helical axis.
In an amphipathic helix the vectors reinforce each other to produce a large

hydrophobic moment whereas in non-amphipathic helices they cancel out.
2.2.6.iii Accessibility

Several measures of accessibility were calculated for each helix using the
ACCESS implementation (Hubbard, 1992) of the solvent accessibility method of Lee

and Richards (1971). This method calculates the surface area of each atom in a
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coordinate set that is accessible to a probe of given radius. The probe size used in
this study is comparable to a water molecule taken to have a radius of 1.4A. The
algorithm assigns a van der Waals radius to each atom under consideration and
extends this by the probe radius. The resulting surface represents the atomic solvent
accessible surface, where the surface is uniquely defined and not intersecting with any
other atomic accessible surface. This surface represents the surface mapped out by
the centre of the probe if it were rolled around the van der Waals surface of the
protein.

The total possible surface area that residues can possess in a fully extended
conformation was calculated for each amino acid, R,,,, (Hubbard, 1992). These
extended conformations were similar to those first defined by Lee and Richards
(1971), using the residue X in a tripeptide ALA-X-ALA, where the ¢ and y values
of all residues were set to be -140° and 135° (except for proline), and ® set to 180°.
The side chain angles (and proline conformation) were set as defined by Satow et al.
(1980), where the side chain 7 angles were predominantly trans. These standard

residue accessibilities are listed in Table 2.4 and are taken from Hubbard (1992).

Table 2.4: Maximum accessible surface areas in an all-extended configuration

Amino Acid R,y (AD Amino Acid Ryux (A% Amino Acid R, (AY)
ALA 109 GLY 81 PRO 141
ARG 243 HIS 184 SER 118
ASN 145 ILE 177 THR 142
ASP 141 LEU 180 TRP 248
CYS 136 LYS 204 TYR 212
GLN 181 MET 197 VAL 153
GLU 174 PHE 200

Three solvent accessibility measurements were calculated for each helix

(Figure 5.2).
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(a) The amino acid sequence of every a-helix in the data set was recorded. Each
of these sequences was then given a theoretical conformation, that of an extended
peptide chain. A solvent accessible surface area (ASA) was then calculated for this
extended peptide chain: A, (Accessible surface area of a helix in an unfolded state).
A, was defined as the largest possible solvent accessible surface area for the sequence
and was calculated by summing the individual residue accessible surface areas R, y.
A, gives an idea of the possible solvent accessibility for the sequence of the helix in

an unfolded state.

(b) Next, each helix was considered as an isolated entity in solution: Ay,
(Accessible surface area of a Helix in an isolated state). The coordinates of each helix
were taken from the crystal structure and the solvent accessible surface area of this

fragment was calculated.

(©) Finally, the solvent accessibility of each helix in situ was calculated, A,. The
solvent accessibility of each folded peptide chain in the data set was calculated andthe
observed helix solvent accessibilities extracted. This value gives a measure of how

exposed a helix is within the protein.

The percentage accessible surface area buried (%B,_;) on helix formation was

calculated for each helix.

JoBy_,y = 100 * (A, - Ay )/ Ay Equation 2.12

The percentage loss on helix burial in the folded (%B;,_,y ) was also calculated,

%Byy = 100 * (Ay - Ay ) / Ay Equation 2.13

as was the total percentage loss on folding.

%By,_y = 100 * (A, - Ay )/ Ay Equation 2.14
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Figure 2.5: Accessibility calculations for 3 states.

(a) ®) ()
AU:E Rypax AH:E Ry AN:Z Ry

Solvent accessible surface area for (a) unfolded helix, (b) isolated helix in solution,
and (c) helix in folded peptide chain.

E is over all residues in helix where,
R,,x= maximum ASA as shown in Table 2.4,
R, = ASA is calculated for isolated helix,
and Ry = ASA is calculated for helix in the native protein.

2.2.6.iv Accessibility moment

The accessibility moment corresponds to the hydrophobic moment but using
accessibility data, as opposed to hydrophobicity data. An accessibility score a; is
defined for each residue. This is the relative accessible surface area of that residue
calculated as the solvent accessible surface area / maximum accessible surface area
for each residue. The accessibility moment p, can then be calculated from equation

2.15.

n n l
m, = ([ ) asin@) P+ [ acos(8) F)* Equation 2.15
i=1 i=1

Both a totally buried helix and a totally accessible helix will have an
accessibility moment of zero. Whilst one packed against the side of a folded chain will

have a high value (dependent on the number of residues in the helix).
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2.3 RESULTS - ANALYSIS OF SINGLE HELIX PROPERTIES

The non-homologous data set of water soluble proteins consisted of 148 protein
chains and contained 1052 a-helices. This section describes the results of an analysis

of the helix properties for these 1052 a-helices.

2.3.1 HELIX LENGTH

Figures 2.6a and 2.6b show the frequency distribution for helix length in terms
of both number of residues and axial vector length. It is a skewed distribution with
the helix lengths ranging from 4 to 34 residues with a mean of 10.6, however there
are a disproportionate number of 4 residue o-helices. The distribution of axial vector
lengths is similarly skewed (range 3.8A to 51.08A, mean 16.15A), with a
disproportionate number of helices of ~6A in length, corresponding to the 4 residue

helices.

2.3.2 HELIX IDEALITY

RMSP is a measurement that represents helix ideality (see section 2.2.5); low

values are found in linear, regular helices, in an idealised o-helix it was calculated be
3.5%residue.  High values of RMSP enable the highly distorted helices to be
identified and removed from the data set. Figure 2.6c shows the frequency
distribution of the RMSP. The graph shows three discrete peaks, one at ~40°/residue,
one at ~21°%residue and one at ~10%residue. The values range from 2.1%residue to
64.2°residue, with a mean of 14.29%residue, and 6=10.91°residue. The distribution
of RMSP shows that very few helices are as ideal as the one modelled. Consequently,
a RMSP value of 19° was used to separate linear from distorted helices, corresponding

to a minimum in the distribution.
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calculate a single rmsp vector, three Ca. atoms from three consecutive residues are
required, therefore for a completely balanced equation 20 residues are needed.

When the rmsp vectors are balanced a low RMSP results. For example, these
minima occur when 4 and 8 rmsp vectors are used to calculate the RMSP, i.e. in 6-
or 10-residue helices.

Helices containing between 6 and 18 residues tend to have a low RMSP being
linear in nature, after which the RMSP tends to rise as distortions become more
common. This is because longer helices have to distort more to wrap around the

—

protein globule.

2.3.3.iv Cua torsion fingerprints

Of the 99 helices with 18 or more residues, 30 were significantly distorted
having a RMSP of over 19. A plot of the Ca virtual torsion angle along the length
of a helix provides a ‘Ca torsion fingerprint’ which helps identify the source of the
distortion; 7 distorted helices were found to have a proline kink. The Co fingerprints
for three of these helices are shown in Figure 2.11.

The presence of proline residues in helices causes them to kink; in addition to
leaving the (i-4) backbone carbonyl without its normal hydrogen-bond donor, the (i-3)
carbonyl to (i+1) amide backbone hydrogen bond is often broken (Barlow & Thornton
1988). The fingerprints of helix 15 from 2CCP and helix 1 from 1CSC show regular
helices with a single proline kink (RMSP = 31.9, 30.4). In contrast helix 17 from
IMINA is far more distorted and has 2 proline kinks (RMSP = 64.2).  Of the other
long, distorted helices, 13 had a disruption in their o-helical hydrogen bonding
patterns. In most cases, this disruption was compensated by formation of other types
of helical hydrogen bonds. In 8 cases, 3,, hydrogen bonds were formed causing a
tightening of the helix, and in one case a w-helix hydrogen bond was present. As to,

the position of the disruption, in 4 cases it occurred at their
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2.3.3.v Summary
Analysis of the RMSP and the Co-Cao virtual torsion angles, suggests that helix
ideality is dependent on helix length. Table 2.5 shows the percentage of distorted -

helices (RMSP>19) for helices of different lengths.

Table 2.5 Percentage of irregular a-helices in the data set

Short helices Medium helices Long helices

(4&S5 residues) (6-18 residues) 18+ residues
Percentage of distorted | 96% 6% 30%
helices (RMSP > 19)

) Short o-helices are nearly all irregular having high RMSP values. This was
found to be due to the definition of helix used. Both 4- and 5- residues helices tend

to have one non-o-helical Co-Co virtual torsion angle.

(i)  Medium length o-helices tend to be very regular with only 6% having a high
RMSP. Regular helices have Co-Ca torsions of ~ 50.0° except at their ends where
distortions tend to occur. The observation of large standard deviations for the Ca
torsions at the termini of the helices suggests that a variety of conformations are
tolerated, with both © and 3,, conformations observed.  Although previous data
(Barlow & Thornton, 1988) suggested that 3,, helices commonly occur at the end of
o-helices, this work suggests that unwinding to a ®-helix conformation is even more

common.

(iii)  Longer a-helices have a tendency for irregularity. This is probably because
they have to distort more, to wrap around the protein globule. The irregularity is
generally accommodated by disruptions in the o-helical hydrogen bonding patterns,
such as proline kinks. Alternatively, additional formation of other types of helical

hydrogen bonding (7 and 3,,) can occur, which also tend to distort the helix. Co-
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Geometric analysis of a-helices

accessibility (Ay) of 451+296A% The mean percentage burial, when going from an
extended chain (%By_y) is 74.5% 11.8%, thus an extended protein chain loses
approximately three-quarters of its surface area if it folds into an a-helix packed in
a protein globule, of which half is due to the helix packing against the protein and a
quarter in helix formation. There is only weak correlation between helix
hydrophobicity and the surface area buried on protein folding (0.41)

When isolated helices pack against proteins they lose between 8 and 99% of
their surface accessible area (with a mean of 65.0+15.7%). This implies that helices
can pack against protein in a wide variety of ways with some helices being very
exposed with others nearly completely buried.

The solvent accessibilities of helices can also be considered at the residue
level. Table 2.6 shows the mean accessibility per residue of helices in extended,
isolated and packed states. It also shows the standard accessibilities for the residues

in an extended state which most closely match the mean accessibilities in the residues

of the helices.

Table 2.6 Residue solvent accessibilities
Type of helix Mean residue solvent Comparable
accessible area extended residue
A? A?
Extended chain (R,,y) 163+14 Val (153)
Isolated helix (Ry) 121+14 Ser (121)
Packed helix  (Ry) 43120 Gly (81)

2.3.7 ACCESSIBILITY MOMENT

2.3.7.i Accessibility moment - scalar component

Figure 2.20a shows the distribution of the accessible moments for each of the

helices in the data set (over 6 residues long). The range is from 0% to 26.44% with
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