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Abstract

Helices are selected from globular protein structures defined at high resolution by X-ray analysis. We cluster a-helices in
two ways: according to their position in the tertiary structure by considering patterns of solvent inaccessible residues and
according to the arc of the solvent inaccessible face. For each class of helices we have defined propensities for amino acids
at each position; these can be used to calculate templates for recognition of a member of that class. The analysis provides a
basis for the prediction of a-helices and estimation of their approximate position in a protein tertiary structure. It also
provides an approach to estimating the probability of finding amino acid sequences as helices in solution and in a folded
protein, thus indicating those helices that might be involved in nucleation of protein folding.
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1. Introduction

In the classical work of Pauling et al. [1] the
a-helix was defined as a regular, right-handed helix
with 3.6 residues per turn. In general this description
is satisfactory, but in detail helices have proved to be
less regular. For example, amphipathic helices are
generally curved with the centre of curvature to-
wards the hydrophobic core [2]. This curvature can
be associated with hydrogen binding water molecules
or amino acid sidechains to the carbonyl groups on
the solvent accessible side of the helix. As a conse-
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quence the peptide planes are tilted so that the
carbonyls are inclined away from the helix axis and
towards the hydrogen bonded water molecules. Thus
the C,—0,..N,,, angle is 148.5° for the accessible
surface compared to 159.0° on the solvent inaccessi-
ble side. This leads to ¢, and ¢,,, of —41° and
—66° for the solvent accessible side and —44° and
—59° for the solvent inaccessible side. The periodic
alternation of these angles along the helix is consis-
tent with the observed curvature of helices in globu-
lar proteins and the supercoiling in helix duplexes
and higher order coiled-coils.

In the first analysis of a-helical segments of
myoglobin and haemoglobin, Perutz et al. [3] ob-
served that non-polar residues repeat on the average
every 3.6 residues, making the interior face of the
helix non-polar. This feature was well described by
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Schiffer and Edmundson [4] using the ‘‘helical
wheel”” and Ptitsyn [5] noted that leucine tends to
occupy internal turns of oa-helical regions. These
analyses were extended by Palau and Puigdoménech
[6] and Lim [7] who found that hydrophobic triplets
1-2-5 and 1-4-5 are required for stabilising he-
lices. More recently King and Sternberg [8] have
used a machine learning approach to derive a-helix
forming rules, and they confirm that hydrophobic
residues occur at positions n, n+ 3 and n+ 4 or at
positions n —4, n— 3 and n or at n, n + 3. Torger-
son et al. [9] defined an infinite template in which
hydrophobic residues occur at positions n, n+ 4,
n+7, n+11, n+ 14, etc. and they fitted 247 a-
helices to the template to maximise the strip-of-helix
hydrophobicity index. They described significant
quadrant distributions of amino acids with respect to
N- and C-termini, interiors and entire helices. Liithy
et al. [10] obtained the probabilities of amino acids
occurring in accessible and inaccessible positions in
a-helices.

Amino acid propensities also differ at the N- and
C-termini of the helices. Schellman [11] was the first
to observe that glycine often adopts a positive ¢
conformation at the C-cap position. Argos and Palau
[12] studied the compositional distribution of amino
acids for particular positions within and surrounding
elements of secondary structure and indicated that
Ser and Thr frequently occur at N-terminal helical
positions and confirmed that glycine is often adja-
cent to the C-terminus. Richardson and Richardson
[13] found a 3.5:1 preference for Asn at the N-cap
position, 2.6:1 for Pro at N-cap + 1, a strong prefer-
ence (34%) for Gly at the C-cap and hydrophobic
residues with a high probability at N-cap + 4 and
C-cap — 4. PreiBner and Bork [14] found that 30% of
C-caps contain a Gly with the positive ¢ conforma-
tion and hydrophobic residues especially Leu and
Ala occur very frequently at a position four residues
before the Gly at the terminus. In an attempt to
predict the position of the terminus in this type of
helix, they derived six consensus sequence patterns
for 13 positions around the C-capping residue Gly,
three residues after and nine residues before it [15].
They were able to use the six patterns to identify 501
out of 575 helix ends in the Brookhaven Protein
Data Bank.

From the alignments of homologous protein struc-

tures, Overington et al. [16,17] and Bowie et al. [18]
calculated environment-specific amino acid substitu-
tion tables which give the probabilities of a residue
in a specific structural environment (e.g. secondary
structure, accessibility, side-chain hydrogen bonds
etc.) to be replaced by all possible amino acid
residues. Donnelly et al. [19] and Wako and Blundell
[20] have extended the use of such amino acid
propensities and substitution tables to provide a sys-
tematic prediction of helices. Their approach in-
volves (1) prediction of the solvent inaccessible
residues (2) use of Fourier transform approaches to
predict the solvent inaccessible face and (3) N-cap
and C-cap patterns to identify the helix termini.

Such statistical analyses, often carried out with
the purpose of improving predictions, have been
complemented by experimental studies. For example,
the helix-forming tendencies of amino acids were
studied by the host—guest method [21,22] and by
making mutations in monomeric helix-forming pep-
tides [23] or in dimeric helix-forming peptides [24].
Kemp et al. [25] obtained the propagation parameter
of alanine in water from template-nucleated helices.
Baldwin and co-workers found that straight non-polar
amino acids are good helix-formers in water [26] and
that the helical propensities of amino acids depend
on their positions with respect to the termini [27,28].
Fersht and co-workers [29,30] have studied helices in
a globular protein by site-directed mutagenesis. They
concluded that it is not valid to assign to each amino
acid a unique helix-forming propensity that is gener-
ally applicable to all positions in all helices. In order
to simplify the protein folding problem and to inves-
tigate the role of alanine as a helix-stabilising residue,
Matthews and co-workers [31,32] substituted residues
within the helix 126—134 of T4 lysozyme by alanine,
either singly or in selected combinations. They found
that in five cases, the substitution of a buried leucine
with alanine decreased the protein stability; the other
four which are substitutions of Asp, Glu, Val and
Asn with alanines increased the stability. Matthews
and co-workers [33] have also demonstrated that
insertions in helices often do not lead to extensions
but rather the helices terminate with a similar length
to the wild type, presumably influenced by packing
of the core.

The results of the statistical analysis of amino
acid propensities and the experimental work have



T.L. Blundell, Z.-Y. Zhu / Biophysical Chemistry 55 (1995) 167184 169

been used as a basis for speculation on the mecha-
nism of protein folding. Chou and Fasman [34]
suggested that helices were mediated by nucleation
at the inner region by strong helix formers, whereas
Argos and Palau [12] maintained that nucleation
occurs at the termini. Other workers have assumed
that in protein folding most helices are stabilized
only when there is a loose association as in a moliten
globule [35]. Although it had been assumed that most
sequences are unstable in aqueous solution, Baldwin
and co-workers [26] have shown that helices can be
stabilised in short peptides without association, usu-
ally by the presence of alanines and ion pairs be-
tween adjacent charged residues on the helix surface.
Such helices may be importent nuclei in protein
folding. Helices can be stabilised by non-aqueous
solvents such as chloroethanol indicating that the
propensity for helix formation is much often higher
in a non-polar environment, an observation that is
consistent with the stabilisation of helical regions in
a molten globule.

In conclusion, helices have different conforma-
tions and amino acid propensities according to the
position of the helix in the tertiary structure. Further-
more amino acid propensities differ in the capping
and central regions. In order to study this further we
have constructed a database of helices selected from
globular protein structures defined at high resolution
by X-ray structure analysis. We have clustered he-
lices of the same length on the basis of patterns of
solvent inaccessible residues. Noting that the major
factor in such clustering is the size of the arc of the
solvent inaccessible face, we have further clustered
helices according to the number of residues in the
face. By comparing helices in the same class we
have been able to define propensities for amino acids
at each position. These templates can be used to
recognise a member of such a helical class.

LN—exr.ension-l — a -helix
i AL 1 1 ) I P I

2. Methods

Protein structures were obtained from the
Brookhaven Databank [36]. Homologous structures
in the database were aligned using COMPARER
[37,38]. a-Helices and 3,,-helices were defined by
DSSP [39]. The minimum lengths of an a-helix and
a 3,,-helix were defined as 4 and 3, respectively.
The accessibilities of residues were calculated [40].
If the side chain accessibility of a residue is less than
7%, the residue is defined as inaccessible [41].

Fig. 1 defines helix extensions and capping re-
gions. The four residues pre N- and post C-terminus
of an «a-helix are the N-extension and C-extension,
respectively. The N-capping regions of helices are
defined as their N-extensions and their first four
residues and C-capping regions are their C-exten-
sions and their last four residues. The first and last
residues in an «a-helix are N and C respectively. A
position which is # residues from the first residue of
an a-helix in the N-capping region is N + n if it is
inside the helix; it is N —n if it is in the N-exten-
sion. A position which is n residues from the last
residue of the helix in the C-capping region is C + n
if it is inside the helix and it is C —n if it is in
C-extension. n is 1, 2, 3, or 4.

a-Helices with their extensions were extracted
from the protein structures. For each element of
secondary structure, the amino acid sequence. the
length, the average side chain accessibility, side
chain hydrogen bond to main chain or side chain etc.
were also calculated and included in a database.

A pair of helices in two homologous proteins is
equivalent if over 70% of the residues in the two
segments are equivalent as defined using COM-
PARER [37,38]. If, in a group of three homologous
proteins, the segment A is equivalent to both seg-
ment B and segment C, then we define B and C

-C‘extension—'l
L | i 1 | R N S

N-4N-3N-2 N-1 N N+1N+2 N+3 N+

C+4 C+3 C+2 C+1 C C-1lc¢-2C-3C-4

b— N-capping region — }-middle region - |}— C-capping region——

Fig. 1. The definition of sequence positions in an a-helix. An a-helix is shown as a line between N and C. Its N-extension is from N — 4 to
N — 1. Its N-capping region is from N — 4 to N + 3. The C-extension and C-capping region are also defined similarly. The middle region is

between N + 4 and C + 4 inclusive.
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equivalent. Thus, groups of equivalent segments are
defined and labelled in the database.

In the calculation of frequencies of amino acids,
all segments in the databases are used but proper
weights are set for equivalent segments, instead of
including one representative. Each equivalent group
is given weight 1. If there are n segments in an
equivalent group, then each segment has weight 1 /n.
The frequency of each amino acid in each segment is
1/n. Hence the frequencies are not always integer.

We first classify a-helices according to their
lengths. Suppose the side chain accessibilities of
residues in the elements A and B are (ay, a,,..., a,)
and (b,, b,,..., b,) where n is the length. Then the
difference of side-chain accessibilities, or accessibil-
ity distance between A and B is

n

E (a;,— bi)z

i=1

‘Da,b=

Each group of helices is used to calculate an
accessibility distance matrix from which dendro-
grams can be generated using KITSCH [42]. Sub-
groups are defined by examining the dendrograms.
We also examine the similarities of subgroups across
the groups with different lengths.

This clustering of a-helices indicated that the size
of the inaccessible face is the most important feature.
This is defined as the arc of its helical wheel made
by inaccessible residues (Fig. 2) and is measured by

Val(8.6) - Asp(87.0) - Glu(64.5) - Leu(0.1) - Ala(11.9) - His(93.3)-
Phe(31.6) - lle(0.2) - Glu(47.5) - Lys(32.6) - GIu(49.3) - Thr(5.0)

@

the number of residues in the arc. For an a-helix
with less than 18 residues, we extend the helix in
order to determine its inaccessible face. At each of
the 18 positions in a helical wheel, if there is a
residue, we use the side chain accessibility of the
residue; if there is no residue, we calculate it using
linear interpolation from neighbouring residues in
the wheel. For an a-helix with more than 18 residues,
where there are more than one residue at a position
in the wheel, we use the average of their side-chain
accessibilities. The largest inaccessible face was cal-
culated for each a-helix in our database. Helices are
classified together as type-n helices if they have n
residues in their inaccessible face. Helices in the
same type are then aligned by matching residues in
the inaccessible faces. No gap is allowed in the
alignments.

For any type of a-helix, we define its pattern by
considering eight positions in its N-capping region:
N—4 N—-3 N-2,N-1,N, N+1, N+2 and
N + 3; eight positions in its C-capping region: C + 3,
C+2,C+1,C,C—-1,C—-2,C~3 and C— 4
and its middle region between and including N + 4
and C + 4. Each position can be matched with each
of the 18 helical wheel positions. Hence, for any
helix class, a 20 X 18 table defines probabilities for
each of the 20 amino acids at each of the 18 posi-
tions of the helical wheel, omitting the first four and
last four residues of a helix. Eight such tables, one

17 Lys 10 Glu 3

(b)

Fig. 2. The definition of the inaccessible face of a-helix. An inaccessible face of an a-helix is defined as the arc of its helical wheel [4]
made by inaccessible residues in the helix. It is measured by the number of residues in the arc. (a) shows the amino acid sequence of the
a-helix at 227-238 in protein 1pfk (PDB code). Side chain accessibilities are given in brackets. In (), the a-helix is projected into a helical
wheel. Side chain accessibilities for added dummy residues at positions such as 13, 14 etc. are calculated using linear interpolation from
neighbouring residues in the wheel. For example, the accessibilities for dummy residues at 13 and 15 are 90.1% and 0.15%, respectively.
Thus, the inaccessible face for the helix is at positions 4—15-8 as shown in bold line. Its size is 3 residues.



T.L. Blundell, Z.-Y. Zhu / Biophysical Chemistry 55 (1995) 167184 171

for each of the eight N-capping residues occurring at
any position of the helical wheel, are obtained. There
is a similar set of eight tables for the C-capping
residues. Thus, there are 17 tables of dimensions
18 X 20 for each class of helix. These conditional
probabilities are calculated from frequencies of oc-
currences of amino acids in corresponding conditions
in the sequence alignment of each helix type.

To obtain propensities, probabilities of amino
acids in various conditions were normalised by the
probabilities of amino acids occurring in our protein
structure database irrespective of any conditions.

In general, the probability P of amino acid X,
occurring in condition f is calculated as

P(XIN =F(XIf)/ T F(X,)

where F(X | f) is the frequency of occurrence of the
amino acid X; in the condition f. The condition
variable f for an a-helix can be sequence position,
helical wheel position or their proper combination.

We also obtained the probability of the amino acid
X, occurring anywhere in a protein.

When the probability of an event is approximated
by the observed frequency of the event, the more
data we have the better the approximation and vice
versa. Because the frequencies of occurrence of
amino acids are counted in relatively strict condi-
tions, some of the frequency data are very sparse,
and the probabilities calculated will not be reliable.
The smoothing procedure [43-45] used to overcome
this problem will be described elsewhere (Zhu and
Blundell, in preparation).

3. Results and discussion
3.1. General results of structural database analysis
Our analysis defined a-helices with 4 or more

residues. Although a-helices with 4 residues occur
very often in protein structures, it is shown that

Table 1
Distribution of amino acids in helices

a-Helix 3,p-Helix Protein
AA Y N/O pP/C PP APP N/O pP/C PP N/O P/C
I 428 5.6 1.14 +0.06 32 2.7 0.54 1561 4.9
F 340 4.5 1.22 +0.09 46 38 1.03 1166 37
\" 506 6.7 0.97 -0.09 47 39 0.56 2171 6.9
L 836 11.0 1.40 +0.19 88 7.2 0.92 2480 7.8
w 133 1.8 1.26 +0.18 24 2.0 1.45 440 1.4
M 210 28 1.53 +0.08 14 1.2 0.64 574 1.8
A 937 123 1.47 +0.05 123 10.1 1.20 2659 8.4
G 293 3.9 0.44 —-0.13 76 6.3 0.72 2759 8.7
C 108 14 0.82 +0.12 22 1.8 1.06 545 1.7
Y 253 33 0.93 +0.24 51 4.2 1.17 1130 3.6
P 167 2.2 0.42 —0.15 79 6.5 1.26 1644 5.2
T 359 4.7 0.73 ~0.10 52 43 .66 2057 6.5
S 353 4.6 0.62 -0.15 111 9.1 1.22 2381 7.5
H 157 2.1 0.95 —-0.05 29 2.4 1.09 688 2.2
E 626 8.2 1.52 +0.01 107 8.9 1.64 1713 54
N 245 32 0.68 +0.01 42 35 0.73 1504 4.7
Q 353 4.6 1.29 +0.18 41 34 0.93 1142 3.6
D 395 5.2 0.85 —-0.16 113 9.3 1.52 1936 6.1
K 525 6.9 1.15 —0.01 70 5.7 0.96 1898 6.0
R 380 5.0 1.29 +0.31 46 3.8 0.99 1227 39
Total 7603 - - - 1212 - - 31676 -

* AA, amino acid; N/O, the number of occurrences in the secondary structure of this amino acid; P/C, the percentage composition of the
amino acid in the secondary structure; PP, calculated propensity of the amino acid to form this secondary structure; APP, the difference of
the amino acid propensities between the values listed here and those published by Chou and Fasman (1978).



172 T.L. Blundell, Z.-Y. Zhu / Biophysical Chemistry 55 (1995) 167-184

(a)
TPGItBALFVAAdFLaknts 2aat 116 11 1
T_—_::gsalcaSVnCAkkIvidws 21zt 89 47 9 3
8dCiddeLkAAIGKkMS 9 !-- lccs 74 83 7 1
idGiPcFGreTAcILF9k&8 2ant 84 6 3
navViddéAgtLAkwvI&sqk- 351c¢ 88 93 3 1
yLE&éaG1laltTASBYVIIPY 1Phh 375 5 4
-8icPifahvieA]LIB{Ps jutg 4 1 4
WPPLronEfiYfaimFttdsv 1dhf 28 68 1 11
WPPLinefJkYfarmfats8nv gdfr 28 68 1 11
--L&iBd9i2tvaaiFdikVi8 lecd 3 59 3 4
BBYSssVAsAAaFf L9338 9VM 2Prk 139 87 6 8
VIGEdESYABAkLLtéh9FP 4Pfk 103 96 4 6
] VIGE8d8SYmEAmMi Lt emgFP 1Pfk 103 96 4 6
PigsaaLi8AVikAvasgVV 2snje 133 6 8
r___—|:tvtznssLqtmv:_”u'mwgf(g§V 1tec 141 97 6 8
nLneeqIngfigqsLigddPsq 1fc2c 144 1 9
L[EVthbtlkanSVhV!kgva 11ht 88 6 2 8
kad8adActkvIkflreemgv 3jcd 170 3 6
kvkiaéheadyfrdvveysi 1Prcl 209 0
9eVEfeée8FAGvLvkkI®a--- 3ich 63 4 3
PeediPhLkyLTdQMTirPge 2cPP 174 6 1
fnfafiflndLAiéHAL19%F 4xija 379 99 3 4
rmcdvdéLahflekeTgfeT 1Pfk 227 98 3 1
_r___l—_—————BVQSGVdfGEQIqenIQféI 4Pfk 227 98 5 16
PsdtleiVkakIadkediPP jubg 23 4 18
W PdcacgdCIléFGkkIAni-- 4fxn 125 95 6 1
H 4qPPcQrdfraLAnaVvGmPv 2cPP 108 3 4
--ksPecLk8iFekVAakZd 3ich 3 4 1
agViPadCfeMLal IfehLP 1wsyan 78 6 1
AmpdtadAjgdkMiawLE8gPn 38bP 185 88 3 1
DaCdPk9AvavAngIvnddl 21bP 55 100 5 1
L:kSPSInnAk!éLginiyinC 3lzm 39 3 1
A9snkvaVikavVIgatg]gl ictf 85 3 1
wBJGkWMF JFeefMDEF I9CV 4fxn 94 84 6 8
95 t85§évaSVKIAFdAVIVE 3tIn 301 5 8
i:énstrTilquggmhrLyAs 8atca 54 6 8
L] YLe8tCVEWLFfYLefiGket 3hlan 183 7 8
¢giaddlkaL§saL{eraMjl 2tan 99 3 14
EkFAaSTkuLLchVkeiaay 3PEk 348 8 11
GIT1DtarFrf1LGeyfsve 11db 166 94 3 14
IFTRVStYvPwInRavin--- 3rp2 231 53 4 18
FILEEVGLSVIMGCkaagAa gadh 202 86 6
1 ffsPVvSIATAFAMLS 1GTk 7aPia 54 11 1
v9agY i AVEMABILsaL95k 38rs 197 7T 5
alsPPY1SFAaAMiBLa8P1 2cts 258 11 11
r9YsLGAWVCAALfeSsfnT 21zt 26 72 6 16
r9i§LaAWMCLAkweS9¥nT 1121 25 72 6 16
9gr1elPELICTMfhtS gvdT 1alc 23 72 3 1
vsNPVAILTYvawklsd{Pk 51ldh 142 92 2 2
VInPVDILTYvV¥kiSgfpPv 21dx 139 92 6 18
4 ALtAPVDILTVATWE fS91Ph 11db 140 92 6 18
VBAPVHVLIT§VAWLK1S9LPm gldh 140 92 6 16
AAnPVDILTYAT¥Kk1S8S9fPk 111¢c 142 92 6 186
9{GIAPFRSFLwkMffékfd 1fnr 175 8 5
VigyYBPVLVILAWLKTSGtwd 2¢yPp 43 6 1
—_::hIKhLDEILIM!BFB‘Iaﬂﬂf 2t81 49 4 9
19GBEGGLaSATfABE] JAT 38rs 30 9 5
f9iwPhid¥)ltaFsify9nf 1Prem 179 1 14
——_l——L ---8dvakGkkTfvakcalc 1cvc 2 1 16
tdafsgridate¢LeyyLE&E 1Phh 360 1 14

" N

Fig. 3. The cluster of the a-helices of length (a) 12 residues and (b) 13 residues. Single letter codes of amino acids are presented according
to their structural features [16]: izalic, for positive ¢; UPPER CASE, for solvent inaccessible residues (less 7%); lower case, for solvent
accessible residues; bold, for hydrogen bonds to main chain amide nitrogen; underline, for hydrogen bonds to main chain carbonyl oxygen;
~ , for side chain and side chain hydrogen bonds. Four residues before N-terminus and after C-terminus, respectively, are shown with the
amino acid sequence of each a-helix. The PDB code, index of the first residue and the family number are given after amino acid sequence.
The number of residues between the first residue in an a-helix to its inaccessible face and the size of the inaccessible face are also shown.
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(continued).

256b
3tln
3icd
1Phh
1wsYb
28bP
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a-helices with 5 to 13 residues occur with almost
equal frequency (data not shown). However, helices
longer than 13 residues occur much less often. A
similar trend can also be seen from the distribution
of a-helices given by Barlow and Thornton [46]. In
contrast to the distribution shown by Srinivasan [47],
there are no relative maxima at lengths of 7, 11, 15
residues which are corresponding to 2, 3 and 4 full
turns of helix respectively. We found 370 3,,-helices,
of which 302 are three residues long and 46 are four
residues long. None was greater in length than nine
residues. The distributions of average side-chain ac-
cessibilities for a-helices and 3,,-helices are roughly
normal with means at about 35% for a-helices and
50% for 3,,-helices, showing that 3,,-helices — like
loops — are usually exposed to solvent.

The distributions of amino acids in a-helices and
3,,-helices in proteins are shown in Table 1. The
correlation coefficients between these amino acid
propensities and those published by Chou and Fas-
man [48] are 0.90 for a-helices. Some significant
differences for some amino acids are observed. The
two largest changes for a-helix are Arg (APP =
+031: 0.98 > 1.29) and Tyr (APP = 0.24: 0.69 —
0.93). The new values show that Arg is not indiffer-
ent to a-helix formation but rather a strong a-helix
former. Tyr is not an o-helix breaker but is indiffer-
ent to oa-helix formation. The other significant
changes in a-helix are Leu (APP = +0.19: 1.21 -
1.40), Gln (APP = +0.18: 1.11 = 1.29), and Asp
(APP = —0.16: 1.01 — 0.85). Thus the strong a-
helix formers are Met > Glu > Ala > Leu > Gln =
Arg and those disfavouring a-helices are Pro > Gly
> Ser > Asn.

3.2. Classification using accessibility distance

For each length we have clustered helices on the
basis of the differences between patterns of solvent
accessibility. Fig. 3 shows cladograms which cluster
the helices of length 12 and 13 residues. Although
the clustering is objective, it poses many subjective
problems for classification of helices. If fairly broad
sub-clusters are selected as a class, there are many
outliers that appear to be structurally distinct. Exami-
nation of cladograms for helices of different length
shows that there are strong similarities between he-
lices with equivalent positions in the tertiary struc-

1.(117.X),

2. (010X 0 6X),

3.(03X 06X 06X),

4.(03X 06X 03X D2X),

5.(03X 02X 03X 02X 03X),

6. (002X 03X 02X 03X 12X),
7.(002X 03X 02X 002X 02X),
8.(D02X 002X 02X 002X 02X),
9.(002X 002X 02X 002X 001X),
10.(002X 002X 001X 002X 001.X),
11.(0001X 002X 001X 002X 001X),
12.(000 41X 002X 001X 000 1.X DO 1X),
13.(0001X 000 1X 001X 0001X 00 1X),
14.(0001X 000 1X 001X 000 1X 0QO),
15, (000 1.X 000 1X 040000 1.X 000),

16. (000OO0BC 1.X 0B0000D 1.X 000),
17.(0000000 1X 0OO0RBODO0),
18 (20000J00ELo0otOCen), — buried helix
19. (18.X), — exposed helix

Fig. 4. The patterns of a-helices with various sizes of inaccessible
face. O represents an inaccessible residue; kX represents &
exposed residues (k = 1,2,...,18); n is a repeating number.

ture and there are also apparent ambiguities in the
lengths arising from poor definitions of N- and C-
termini. In general the dominant features within clus-
ters seem to arise from two sources: first the size and
position of the inaccessible face and second the
position of the N- and C-capping regions. This indi-
cated that each of these features might be analysed
independently and then brought together combinato-
rially.

3.3. Classification using the size of the inaccessible
face

We derived all possible sequence patterns of infi-
nite length for the regular a-helices classified ac-
cording to their inaccessible faces as shown in Fig.
4. The inaccessible residues in each sequence pattern
constitute an inaccessible face with various sizes.
Hydrophobic pairs (1-5) and triplets (1-2-5; 1-4-5)
defined earlier by Lim [49] and others are sub-pat-
terns. For example, 1-5 is equivalent to the sub-pat-
tern 03X O; 1-2-5 and 1-4-5 are equivalent to
sub-patterns ODO2X 0 and DO 2X 00O, respec-
tively. The most populated class is the type-4 a-helix.

Totally exposed helices are usually short (4 or 5
residues). We observed some totally buried helices
for example helix 64-74 in protein subtilisin (2st1).
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These helices are usually in the centre of the pro-
teins, surrounded by all other secondary structure
elements.

The size of the inaccessible face gives a quantita-
tive measure of how tightly a helix packs with other
parts of a protein. Fig. 5 shows the superposition of
the C-terminal domains of 1pfk and 4pfk two homol-
ogous structures. The two structures are very similar
but there is a large shift of two equivalent helices at
227-238 in 1pfk and 4pfk. This gives a different
packing ‘‘strength’’ of the helices with the core of
protein, This difference in ‘‘strength’” can be de-
scribed by the size of the inaccessible face: the
closely packed helix in 4pfk has 5 residues in its
inaccessible face while its equivalent helix in 1pfk
has only 3 residues. Fig. 6 gives examples of helices
with different inaccessible faces viewed along the
helix axis.

The probabilities of twenty amino acids in various
conditions were calculated. For individual classes,
the conditions are (1) 17 sequence positions (eight at
each of the termini and one central) and (2) 18
positions in the helical wheel.

There are 7603 amino acids in the 769 indepen-
dent helices. Smoothing has been used to overcome
the sparsity problem of the data as described [50].
Tables 2 and 3 show the propensities of amino acids
in the 18 different helical wheel positions of 3-type
helices in which positions 4, 11 and 15 constitute the
inaccessible face. In Table 2, only middle residues
were included, the first four and last four residues in
a helix were not considered. In Table 3, only N
residues were used. There are 17 such tables for each
class of helix.

As shown in Tables 2 and 3, the propensity of an
amino acid varies with the helical wheel position, as
each wheel position has different average accessibil-
ity. This is shown in Fig. 7 which is the plot of
values in Table 2. The propensities of Leu at 18
helical wheel positions in the middle regions of
3-type helices were extracted from Table 2 and are
highlighted in Fig. 8. The Figure shows clearly that
propensities of Leu vary for different helical wheel
positions. Where the value is greater than 1, Leu is a
helical former and where value is less than 1, Leu is
a helical breaker. The average value of 1.40 for the

Table 2
Distribution of amino acids in the middle region of type-3 a-helix
l l l
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

I 139 049 1.71 253 171 047 141 171 051 078 241 184 049 167 239 078 049 141
F 149 035 108 197 108 035 151 108 038 070 197 119 043 1.1l 192 070 038 151
Vo109 049 088 130 088 048 109 088 051 065 1.26 091 045 090 125 0.67 048 1.07
L 146 058 140 201 138 058 150 141 058 081 190 1.24 062 138 194 0.79 059 147
W LB 050 164 1.79 164 043 186 164 057 164 200 193 079 186 193 164 057 186
M 18 1.00 144 306 150 100 189 144 106 222 300 139 111 172 317 228 106 189
A 157 186 133 150 132 187 158 133 182 138 143 125 168 124 142 138 182 1.56
G 052 029 031 075 030 028 052 030 029 036 078 032 031 031 072 037 029 053
C 182 065 118 147 124 059 182 118 065 118 153 147 088 129 159 1.18 065 1.82
Y 108 050 150 064 150 047 106 150 053 081 067 150 058 147 067 078 053 1.08
P 023 023 017 023 017 021 023 017 023 033 027 027 029 023 029 035 023 0.25
T 0351 1.02 060 069 058 102 051 058 102 092 068 057 102 060 069 092 103 052
S 059 083 040 047 040 083 0.60 040 083 077 048 041 083 040 047 076 084 0.60
H 091 068 045 105 045 0.68 086 045 073 118 1.14 059 091 059 114 1.18 0.73 091
E 08 172 131 048 133 174 087 131 169 137 050 117 176 133 050 137 1.70 087
N 055 126 049 036 049 128 055 049 128 096 043 055 119 051 043 096 1.26 055
Q 133 183 150 044 153 181 133 150 181 161 053 142 181 136 053 158 178 1.33
D 039 156 070 046 070 157 038 070 154 115 049 072 149 079 049 115 154 039
K 1.05 198 137 030 137 202 105 138 195 150 033 133 187 133 035 150 197 105
R 162 164 210 044 210 167 159 213 1.64 185 051 218 162 197 051 187 164 1.59
- 19.1 642 370 15 376 634 217 275 670 491 1.3 270 636 279 15 428 634 248

— Average side chain accessibility of the residues observed at each position of the helical wheel. | Shows the positions which comprise
the inaccessible face.
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propensity of Leu in a-helices (Table 1) indicates
that Leu is a helical former. This depends on the
structural environment of the amino acid (helical
wheel position).

The average side chain accessibility at each posi-
tion of the helical wheel increases gradually on each
side of the inaccessible face and usually reaches its
highest value opposite the inaccessible face. We
divided the average side chain accessibility into five
different ranges 0-7%, 7-25%, 25-40%, 40-55%
and over 55% and used these to obtain the probabili-
ties of amino acids for different sequence positions
of an a-helix; these were used in smoothing proce-
dures [50]. The smoothed probabilities were con-
verted into propensities and are shown in Fig. 9.

The propensities of amino acids at the N — 4,
N — 3 and N — 2 positions are close to 1 and do not
vary very much, indicating that these position do not
contain significant information for helix formation.
The apparent preference of Met for certain positions
in this region of a helix is probably a consequence of
the very small sample. However, the very significant

Fig. 5. Two types of a-helix in homologous protein structures.
The structures are C-terminal domains of 1pfk in white line and
4pfk in green line. The two structures are superposed. There is a
large shift of two equivalent helices at 227-238 in the two
structures. The size of the inaccessible face of the helix is three
residues in 1pfk and five residues in 4pfk. Hence, the size of the
inaccessible face of a-helix gives a quantitative measure of the
strength of packing.

Fig. 6. Helices with different sizes of inaccessible face. The six
helices are (1) 6 X ia-64, (2) 256b-56, (3) 1pfk-227, (4) 6 Xia-108,
(5) 2mhr-19, (6) 1mba-126 (here the numbers in parentheses give
the size of the inaccessible face; PDB code and the index of the
first residue are used). The red dot surface gives their inaccessible
faces. The figure was obtained using program SETOR [53].

patterns shown at N — 1 confirm that Ser, Asp, Asn,
Gly and Thr are capping residues irrespective of
their position relative to the inaccessible face; there
is a tendency for Thr and Ser to be more strongly
capping on the inaccessible side and Asp on the
accessible side. The propensity of hydrophobic
residues such as Ile, Phe, Val, Leu at N — 1 is very
low. Pro can often be found at the first position (N)
of an a-helix, especially in an exposed environment;
but it is rare at other positions of an a-helix. Glu
occurs often at N and N + 1 and most often at
N + 2. Hydrophobic residues tend to occur at N and
more often at the N + 3 position; this confirms pre-
vious results [13]. The C-terminus of an a-helix does
not have such distinct patterns as the N-terminus.
Hydrophobic residues are quite common at all posi-
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tions, although their propensities, especially for Leu,
are greater at C + 1 and C + 2. Tyr has some prefer-
ence for the C position. Positively charged Lys and
Arg do not show such a strong preference for the
C-terminus of a helix as negatively charged Glu and
Asp do at the N-terminus; in fact Glu is quite
common at the C-terminus. Gly is frequently found
at the C — 1 position where it acts as a C-capping
residue. His is also found often at the C — 1 position
but this might be a result of its function, such as
binding haem iron, rather than a structural feature.
Pro is very rare at C — 1, but with Gly is often found
at C—2. C~3 and C— 4 positions contain little
significant information for a-helix formation.

In the central region hydrophobic residues such as
Phe, Leu, Val, Ile, Met are strongly preferred in the
inaccessible regions, and Glu and Lys in the accessi-
ble regions. Gly has a preference for the inaccessible
side in the central region of helices. Trp, Tyr, Arg
and Gln show slight preference for the regions of
intermediate accessibility reflecting the hydrophobic-
ity of the region of the side chain close to the main
chain.

Ala is the only amino acid which has a propensity
greater than 1 in an a-helix irrespective of its sol-
vent accessibility and sequence position. Ala can be
in the middle of an «-helix or at the C-terminus in a
buried or exposed environment. No other amino acid
is a general helix-former. The propensities of other
amino acids depend mainly on their positions rela-
tive to the inaccessible face and on the sequential
position in the helix. The characterisation of the
propensity with respect to the position of the helix in
the tertiary structure is the major difference between
this study and previous studies that have sought to
define the amino acid distributions [12,13.34,51]. In
general this analysis supports the conclusion of Ser-
rano et al. [30] that single values of propensities are
not generally applicable to all positions in the helix

3.4. Amino acid propensities and protein folding

During the process of protein folding the local
environment of the amino acids in the polypeptide
chain will vary. At times during the folding process
amino acids will be completely surrounded by the

Table 3
Distribution of amino acids at the N position in type-3 a-helices
l i
1 2 3 4 5 6 7 8 9 10 n 12 13 14 15 16 17 18

I 078 076 067 163 069 076 078 069 078 0.67 163 069 076 067 1.63 067 076 0.78
F 1.08 119 146 149 146 1.19 108 138 1.19 078 149 146 1.19 146 149 078 119 1.08
Vo L13 072 103 138 101 072 113 1.04 072 101 136 101 072 1.03 139 101 072 1.14
L .13 074 074 110 073 074 113 078 073 091 109 073 074 074 110 091 074 115
W 150 157 157 221 164 157 157 1.8 1.64 129 229 171 157 157 221 129 157 143
M 172 128 094 094 106 128 172 111 133 167 100 106 128 094 094 167 128 1.67
A 089 102 112 143 108 101 089 106 100 120 140 1.10 1.02 112 144 1.19 102 092
G 038 037 043 077 044 037 038 044 038 040 076 044 037 043 077 040 037 037
C 124 165 088 1.59 100 165 129 112 1.71 141 165 100 165 088 159 141 165 1.18
Y 142 089 128 092 131 089 142 125 092 119 094 128 0.89 128 092 119 089 142
P 194 225 190 150 185 223 194 179 217 235 148 185 225 190 150 235 225 200
T 068 08 063 085 065 08 069 063 086 062 085 065 08 063 08 062 086 0.68
S 092 059 053 052 053 059 092 051 060 087 052 055 059 053 052 087 059 093
H 1.09 095 064 073 073 095 109 082 105 077 077 073 095 064 073 077 095 1.05
E 133 169 154 098 150 167 131 150 165 172 098 150 149 154 098 170 1.69 135
N 055 057 085 036 087 057 057 089 060 049 038 085 057 085 036 049 057 053
Q 094 161 147 072 147 161 094 147 158 1.08 075 147 161 147 072 1.08 161 092
D 097 130 085 (57 085 130 097 084 128 084 059 087 130 085 057 084 130 097
K 08) 090 098 060 097 090 080 095 090 082 060 098 090 098 060 082 090 0.80
R 1.08 108 192 087 187 108 1.08 190 1.08 1.13 090 190 1.08 192 087 113 108 1.08
- 191 642 390 15 376 634 217 275 670 491 13 270 636 279 15 428 634 248

| Average side chain accessibility of the residues observed at cach position of helical wheel. | Shows the positions which comprise the
inaccessible face.
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aqueous solvent. At other times, for example, in a for helices vary with the local environment, we

‘““molten globule’’ the environment may be partially might expect that nucleation of the secondary struc-

hydrophobic. Because the propensities of amino acids ture will depend on the degree of folding and be very
25

1 2 3 4 5 6 7 8 8 10 11 12 13 14 15 16 17 18

Fig. 8. The variation of the propensity of the amino acid Leu at helical wheel positions in the middle region of the type 3 helix. The data are
taken from Table 4. The positions 4, 11, 15 are in an inaccessible face.
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different for a random coil exposed to solvent when
compared to the polypeptide chain in a molten glob-
ule or optimally folded native state.

The availability of propensities for different sol-
vent-exposed states allows estimates of relative sta-
bilities in these different environments. This may
give clues to those regions that will nucleate helices
in an aqueous environment. For example, a helix
which is predicted to be stable in a fully exposed
position to solvent might be expected to adopt a
helical conformation at an early stage in the folding
and, therefore, might contribute to nucleation of the
folding of the protein. On the other hand, those
helices that will require a hydrophobic core for
stabilisation, i.e. those that are either amphipathic or
completely hydrophobic, are unlikely to exist until at
least a molten globule is formed.

We are now carrying out analyses of such effects.
These hopefully can be correlated with NMR studies
on isolated peptides and proteins in aqueous environ-
ments and in non-aqueous solvents. Such measure-
ments should give clues about the stability of partic-
ular secondary structures during the folding process
of the protein intermediate.

3.5. Application on secondary structure predictions

The propensities of amino acids at specific posi-
tions in different classes of helices allow us to
develop new methods of secondary structure predic-
tion (Zhu and Blundell, 1994 in preparation). For
each class of helix a pattern of propensities for each
position in the helix can be calculated. This enables
us to develop a database of profiles or templates for
each class of helix defined by its length and accessi-
bility. Each of these profiles or templates can be
compared with an amino acid sequence and the
probability of secondary structure evaluated by the
products of propensities of the residues at each posi-
tion. This allows us to predict which secondary
structures are likely to be assumed by each segment
of the sequences. Where more than one secondary
structure element is predicted we take that with the
highest probability. The approach can be used to
predict not only the position of a secondary structure
element in a protein sequence, but also the orienta-
tion and accessibility with respect to the protein core.

3.6. Application on solving inverse protein folding
problems

Johnson and co-workers {16,52], Eisenberg and
co-workers [10] have developed methods to identify
protein sequences that adopt a known protein 3-D
fold. These methods depend on the calculation of
amino acid propensities and /or amino acid substitu-
tion probabilities for each position in the sequence
for proteins of known 3-D structure. These propensi-
ties /substitution patterns are then compared with the
sequences of unknown structure. Such propensities
that characterise specific secondary structural ele-
ments with respect to the tertiary structure provide a
more accurate and characteristic profile. The inclu-
sion of this information should improve profile and
template search procedures.
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