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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 cr-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. [l] the 
a-helix was defined as a regular, right-handed helix 
with 3.6 residues per ,tum. 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,-Oi...Ni+, angle is 148.5” for the accessible 
surface compared to 159.0” on the solvent inaccessi- 
ble side. This leads to ICI, and +,+ 1 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 c-u-helical regions. These 
analyses were extended by Palau and Puigdomenech 
[6] and Lim [7] who found that hydrophobic triplets 
l-2-5 and l-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, IZ + 3 and IZ + 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 (Y- 
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. [lo] obtained the probabilities of amino acids 
occurring in accessible and inaccessible positions in 
cw-helices. 

Amino acid propensities also differ at the N- and 
C-termini of the helices. Schellman [ll] was the first 
to observe that glycine often adopts a positive 4 
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 4 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 
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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 molten 
globule [3.5]. 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. 

2. Methods 

Protein structures were obtained from the 
Brookhaven Databank [36]. Homologous structures 
in the database were aligned using COMPARER 
[37,38]. cu-Helices and 3,,,-helices were defined by 
DSSP [39]. The minimum lengths of an cr-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-cupping 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 n 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 + II 
if it is inside the helix and it is C - n if it is in 
C-extension. n is 1, 2, 3, or 4. 

cr-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 

$-e,xten;~on~ (7 , a-helix , , , , /T-e;ten;ionj 

N-4N-3N-2 N-l N N+lN+2N+3 N+4 C+4 C+3 C+2 C+I C C-l C-2C-3C-4 

b N-capping region4 kmiddle region 4 C- C-capping region4 

Fig. 1, The definition of sequence positions in an cy-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 IZ segments in an 
equivalent group, then each segment has weight l/n. 
The frequency of each amino acid in each segment is 
l/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 (a,, u2,..., a,) 
and (b,, b2,..., b,,) where n is the length. Then the 
difference of side-chain accessibilities, or accessibil- 
ity distance between A and B is 

r n 

Do,h = I/ C (ui - bi)* 
v i=l 

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 cy-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(6.6) - Asp(67.0) - Glu(64.5) - Leu(O.1) - Ala(ll.9) - His(93.3)- 

Phs(31.6) - lle(0.2) - Glu(47.5) - Lys(32.6) - Glu(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 

Glu 

ASP 

(b) 
Fig. 2. The definition of the inaccessible face of o-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 lpfk (PDB code). Side chain accessibilities are given in brackets. In (b), 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. 
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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 

k= 1 

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 [43-451 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 

tibk 1 
Distribution of amino acids in helices 

cr-Helix 3,,,-Helix Protein 

AA “ N/O P/C PP APP N/O P/C PP N/O P/C 

I 428 
F 340 
V 506 
L 836 
W 133 
M 210 
A 937 
G 293 
C 108 
Y 253 
P 167 
T 359 
S 353 
H 157 
E 626 
N 245 
u 353 
D 395 
K 525 
R 380 
Total 7603 

5.6 1.14 + 0.06 
4.5 1.22 + 0.09 
6.7 0.97 - 0.09 

11.0 1.40 +0.19 
1.8 1.26 +0.18 
2.8 1.53 + 0.08 

12.3 1.47 +o.os 
3.9 0.44 - 0.13 
1.4 0.82 +0.12 
3.3 0.93 + 0.24 
2.2 0.42 -0.15 
4.7 0.73 - 0.10 
4.6 0.62 -0.15 
2.1 0.95 - 0.05 
8.2 1.52 + 0.01 
3.2 0.68 +0.01 
4.6 1.29 +0.18 
5.2 0.85 -0.16 
6.9 1.15 -0.01 
5.0 1.29 +0.31 
_ _ _ 

32 
46 
47 
X8 
24 
14 

123 
76 
22 
51 
79 
52 

111 
29 

107 
42 
41 

113 
70 
46 

1212 

2.7 0.54 
3.8 1.03 
3.9 0.56 
7.2 0.92 
2.0 1.45 
1.2 0.64 

10.1 1.20 
h.3 0.72 
1.8 1 .Oh 
4.2 1.17 
6.5 1.26 
4.3 0.66 
Y.1 1.22 
2.4 I .09 
x.9 1.64 
3.5 0.73 
3.4 0.93 
0.3 1.52 
5.7 0.96 
3.x 0.99 
_ _ 

1561 
1166 
2171 
24x0 

440 
574 

26.59 
2754 

545 
II.30 
1644 
2057 
2381 

6Xx 
1712 
1504 
1142 
1936 
IXYX 
1237 

31676 

4.0 
3.7 
6.0 
7.x 
1.4 
I.8 
x.4 
x.7 
1.7 
3.6 
s.2 
6.5 
7.5 
2.2 
5.4 
4.7 
3.h 
6. I 
6.0 
3.‘) 

a 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 

TPGB t BALiVAAdFLaknt s 2aat 
LsaIiaSVnCAkkIV!dQEg 21zt 
adCid,JZLkAAIBkMSOI- - lcc5 
idCiPcFGrc~!!clLFB~BZ 2aat 
EaVada8AGLLAkwvll9k- 351~ 
j’Lgb6aGlatIA’“TVIlPY 1Phh 

I 

-6icPifahviefilLlgiPs 1UtB 

I 
WPPLrn~fiYf9Lm~tl~Zv ldhf 
WPPLifiE~iYf~rm~lt~hv Bdfr 
- -Liaa9iEtVqaiFakVLB lecd 
66YsssVf,iAAaiL~!z?QVM 2Prk 
VIGBdgSY9BAkLL46fi9FP 4Pfk 
VIGgd6$YmBAmiLL SmQFP 1Pfk 
PiBSasL~8AV~~Av8!?BVV 2Snie 
t vgnsgLqqAVP~Aw”&P~V ltec 
nLIICCqK!!gfi~lLLd~Pi9 lfC2c 

AmcdvdZLahf IekcTgf ET 1Pfk 
BV9sGvdfGiqI9CaTgf:T 4Pfk 
PsatIefiV&akIqdktPiPP lub9 
P,jcsc~dCI;FGLkIAni - - 4fxn 
aPPeQrqfraLAnqVvGmP” ZCPP 
- -ksPecLkBiFckkAak+S 3icb 
agViPajCfeMLa1 IfCikP 1wsYa 
AmGdt a!A~dkM~awLI 6Pn 3BbP 
Ij~CdPk9AvavA”~Ivn~QI 21bP 
ksps lnaAk*ELdkai 9TnC 31~m 
AJaEkvaVikaVIg~&BlBl lctf 
wg;lGmf;1Fe e iM%St QCv 4fxn 
gs t!!+tVaSVk!AFaAVQV& 3tln _ 
gas t rTiliF+!SMhrLgAs Batca 
YL&BtCVcwLti+LecGkct 3hlaa 
gjad:lksL~LaLfi”IBM$l Ztaa 
tFAagTkaLLdeVvk!SaaQ 3PBk 
GTIlfiiarF’flLGeYfsva lldb 
IFT’TVStYvPwIZaviE- - - 3rP2 
FgLggvGLSVImGCkaaJAa 8adh 

- 
i ffsPv$IAfAFAMLSlGTk 7aPia 
vgagYiAVfiMABILsaLB$k 3Brs 
8 la1jPYlSFAaAMd8Ls6Pl 2cta 
rgYiLGdWVCAALfeSifn% 21et 
r5’i iLafi&ICLAkicSgUnT 11~1 
OrIalPELICTMfht!gYdT lalc 
vsNPVdILTYvswklsO[Pk 51dh 
VTnPVDILTYvVLkiSSfPv 21dx 
AtfiPVjjILT~A~X~fSglPh lldb 
VCiiPVfiVLTSVAhLlSgLPm 61dh 
AAnPV~JLTYA~lkl~BfPk 111~ 
OiGIAPF@FL+kMf fakLd lfnr 
Vi OY6PvLV’LAw&~~Gt+d 2cYP - _-- 

I I hIghLa4ILTMr&F~sag~i 2ta1 
IOGBiGGLa$AriAail gAf 3Brs 
f9iwPhidlltaFsiiy9nf 1Prcm 

--w - - - gdvsiGkkTfvqkca9c 1cYc 
idafatiri~9tELef?LB+E 1Phh 

116 
69 
74 
64 
68 

375 
4 

26 
26 

3 
139 
103 
103 
133 
141 
144 

68 
170 
209 

63 
174 
379 
227 
227 

23 
125 
106 

3 
76 

165 
56 
39 
65 
94 

301 
54 

163 
99 

346 
166 
231 
202 

54 
197 
256 

26 
25 
23 

142 
139 
140 
140 
142 
175 

43 
49 
30 

179 
2 

360 

(4 
11 1 

47 9 3 
93 7 1 

6 3 
93 3 1 

5 4 
1 4 

68 1 11 
66 1 11 
59 3 4 
97 6 6 
06 4 6 
96 4 6 

6 6 
97 6 6 

1 9 
6 2 6 

3 6 
0 
4 3 
6 1 

99 3 4 
96 3 1 
96 5 16 

4 16 
96 6 1 

3 4 
4 1 
6 1 

66 3 1 
100 5 1 

3 1 
3 1 

a4 6 6 
5 6 
6 9 
7 8 
3 14 
6 11 

94 3 14 
63 4 16 

6 6 
11 1 

7 5 
11 11 

72 616 
72 6 16 
72 3 1 
92 2 2 
92 6 16 
92 6 16 
92 6 16 
92 6 16 

9 5 
6 1 
4 9 
9 5 
1 14 
1 16 
1 14 

Fig. 3. The cluster of the cu-helices of length (a) 12 residues and (b) 13 residues. Single letter codes of amino acids are presented according 

to their structural features [16]: italic, for positive 4; 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 cu-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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aaA~qLitir”a4hqi5r--- 256b 93 
V~iNsglI~kAA;LIssggjh 3tln 
kv~PCsIILsA~mMLihMgit 3icd 
IIABPsGLLLGQLLhka9Id&lPhh 

TGaGqtiGvASALASa 119LkC 1waYb 
IAI@fiAMAmGAVeALkahnka 2gbP 

r IAW”~AMAmGAv~ALka~nks 3BbP 
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GhGcjl t saFfTVfilLtfiCfP!! 4xia 
Qa6IjGi fAR9ALLALVLlrdl t?atca 
YtndlaLaGNVaAFIILN&CL 2taa 
;aYkfYPVMI~LIAqAV!!qf~ 3~18 
dPiGPYV~i~~AAVq$LA(a~ 21bP 
tVyGilt 6VTidLmeaReacPa 1Phh 
kagktldVV$?QL”atL’eVk 1YPi 
G9fkSkdlVPkLVadfmaLkf Badh 
~stnwkev~kmvv~sa5~vik 51dh 
PdvHGS~Ss~mLYnwvakdvc 1abP 
&PCYfkvlaavIAd!VaaSaa 21hb 
9t I~fP~F14mm”‘kmkdtd! 3Cl” 
i[Pmml3vLdL7vlmtlqdcaLP 4mdh 
19a6iatI~r6~n~lkaaPve 2wrP 

Vdvm~d~LkBtmmdl?hB! 1 f 61dh 
Vaa~tdqLrBasldlPh621f 21dx 
qiPteiqVawL!k&WAkfAaL 2cts 
qlvPletvLaMLraaMvakVd 3adk 
kdvs~ekLidPIwn~L”99rv acts 
rl3mafeil~~lAm~~Ll 9arg 6Xia 
l”S~k98IkeIV”;L”taaIP 1YPi 
LShfieaeLtPlA9lhA!khki lmba 
~sh~ea~LkPlAs~hAtkht; lmbd 

mngkrklLBe1 IhILagakl s ltima 
A69ivdavfs!!VclhLdt 1 i- 3adk 
EniL~qhLikiea~Akk~tln 2sna 
8dYdmndviarLk~ghe’g~k 4Pfk 
V!!!d~kit~dlV~fiVikl!?Vk lfcb 
IjaCdPk9AvavAlkVvndSIk 21iv 
vcf~ieaLvncIka6,akg~k 1Pfk 
keVtveeVfiaaL~aAA;ge~k lI3dl 
kecsYddIkaaMktaacIJPI,q 46Pd 
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si”l4”“Xl”lIdvLlak9Vk 36bP 
SPndq’k nd4IdvLLakgVk 26bP 
YnqtPn~~kiVit~FriGiwa 31em 
GsGdl~aaFwLVBlLr~agYs 6Xia 
SjgiwiaVa9GItYAA~9SAk ltcc 
fhBd~LfIAa~TkfAls~gV6 1YPi 

YGGYhPeMGgILc4A?aa91k 21iv 
YGGYYPeMGqML’cA’svSlk 21bP 
Vpk~faVVa~LVl~A~ragFk 160x 
GALCssST9PASai~edegIL 21bP 
G~L~nsSI~PAS~ipedeg1L 21iv 
fSaS~elIGSKVa~ALatJL6 ltima 
GbP6ie~Sl~IIatL,~agA~ 1wsYa 
giGkYsi1 i”GI6iAlafinMd 2stl 
9iG9gswi i!!GI$iAlafinMd 28nie 
g~6~~igiv~GIeiAtt~~Md lcsee 
986sYagivZGIeiAtt~9Md 2aece 

Tflij, e&I~aleqelieaPck Ztsl 
eFrdeni&avAieZ!Lkki!7Id 1Pfk 
afLaeemIaeF~aaFdmf~a~ 4tnc 
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Fig. 3 (continued). 
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c-u-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 cy-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 cy-helices and 3,,-helices are roughly 
normal with means at about 35% for cu-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 cY-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 a-helix formation. The other significant 
changes in a-helix are Leu (APP = +0.19: 1.21 4 
1.40), Gln (APP= +0.18: 1.11 + 1.291, and Asp 
(APP = -0.16: 1.01 --f 0.85). Thus the strong (Y- 
helix formers are Met > Glu > Ala > Leu > Gln = 
Arg and those disfavouring cy-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 (‘1 17/Y), 
2. (0 10X 0 6X)” 
3. (0 3X 0 6X 0 6X), 
4. (0 3X 0 6X 0 3X 0 2X), 
5. (0 3x 0 2x 0 3x 0 2x 0 3X)” 
6.(002X03X02X03Xtl2X), 
7. (00 2x 0 3x 0 2x 00 2x 0 2X)” 
6. (00 2x 00 2x 0 2x 00 2x 0 2X), 
9. (00 2x 00 2x 0 2x 00 2x 00 IX), 

10. (00 2x 00 2x 00 1x LID 2x no lx)n 
11. (000 IX on 2x llo 1x no 2x 00 1X)” 
12. (aon IX 00 2x on 1x 000 IX no 1X)” 
13. (000 1x 000 1x 00 ix on0 1x 00 1X)” 
14. (000 IX 000 1x no 1x 000 1x non), 
15. (000 IX 000 1x onocltlo 1x 000)” 
16. (0000000 1X [700000 IX ??OU), 
17. (oooooon 1x 0000000000)” 
16 (C~OO~3~~CCG~oCOCC~)~ -buried helix 
19. (16X), -exposed helix 

Fig. 4. The patterns of cu-helices with various sizes of inaccessible 
face. 0 represents an inaccessible residue; /LX’ represents k 
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 

f ace 

We derived all possible sequence patterns of infi- 
nite length for the regular cy-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 (l-5) and triplets (l-2-5; l-4-5) 
defined earlier by Lim [49] and others are sub-pat- 
terns. For example, l-5 is equivalent to the sub-pat- 
tern 0 3X 0; l-2-5 and l-4-5 are equivalent to 
sub-patterns 0 0 2X 0 and 0 2X 0 0, 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 (2stl). 
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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 lpfk 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 lpfk 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 lpfk 
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. 

Table 2 
Distribution of amino acids in the middle region of type-3 u-helix 

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 

1 I I 
I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 IX 

I I.30 0.49 1.71 2.53 1.71 0.47 1.41 1.71 0.51 0.78 2.41 1.84 0.49 1.67 2.39 0.78 0.49 1.41 
F I .40 0.35 l.OX 1.97 1.08 0.35 1.51 1.0X 0.38 0.70 1.97 1. I9 0.43 1.11 1.92 0.70 0.38 1.51 
V I .oo 0.40 O.XX 1.30 0.88 0.48 1.09 0.8X 0.51 0.65 1.26 0.91 0.45 0.90 1.25 0.67 0.48 1.07 
1. 1.46 0.5X 1.40 2.01 1.3X 0.58 1.50 1.41 0.58 0.81 1.90 1.14 0.62 1.38 1.94 0.79 0.59 1.47 
W I .Xh 0.50 1.64 1.79 1.64 0.43 1.86 1.64 0.57 1.64 2.00 1.93 0.79 1.86 1.93 1.64 0.57 1.X6 
M I .x0 1.00 1.44 3.06 1.50 1.00 1.89 1.44 1.06 2.22 3.00 1.39 1.11 1.72 3.17 2.28 1.06 1.8Y 
A 1.57 1.86 1.33 1.50 1.32 1.87 1.58 1.33 1.82 1.38 1.43 1.75 1.68 1.24 I .42 1.38 1.82 1.56 
c; 0.52 0.29 0.31 0.7s 0.30 0.28 0.52 0.30 0.29 0.36 0.78 0.32 0.31 0.31 0.72 0.37 0.29 0.53 
C I .x2 0.65 1.1X 1.47 1.24 0.59 1.82 1.18 0.65 1.18 1.53 1.47 0.88 1.29 1.59 I.18 0.65 1.82 
\ I .0x 0.50 1.50 0.64 1.50 0.47 1.06 1.50 0.53 0.X1 0.67 1.50 0.58 1.47 0.67 0.78 0.53 1.08 
P 0.23 0.23 0.17 0.23 0.17 0.21 0.23 0.17 0.23 0.33 0.27 0.27 0.29 0.23 0.29 0.3.5 0.23 0.25 
T 0.5 I 1 .O? 0.60 0.69 0.58 1.02 0.51 0.58 1.02 0.92 0.68 O.S7 1.02 0.60 0.69 0.92 1.03 0.52 
s 0.54 0.83 0.40 0.47 0.40 0.83 0.60 0.40 0.83 0.77 0.48 0.41 0.83 0.40 0.47 0.76 0.84 0.60 
H 0.91 0.68 0.45 1.05 0.45 0.68 0.86 0.45 0.73 1.18 1.14 0.59 0.91 0.59 1.14 1.18 0.73 0.91 
E 0.89 1.72 1.31 0.48 1.33 1.74 0.87 1.31 1.69 1.37 0.50 1.17 1.76 1.33 0.50 1.37 1.70 0.87 
N (I.55 1.26 0.49 0.36 0.49 1.28 0.55 0.49 1.2x 0.06 0.43 0 55 1.19 0.51 0.43 O.Yh 1.26 0.55 
0 1.33 I .X3 1.50 0.44 1.53 1.81 1.33 1 .SO 1.81 I.61 053 1 12 1.X1 1.36 0.53 1% 1.7X 1.33 
D 11.39 1.56 0.70 0.46 0.70 1.57 0.38 0.70 1.54 1.15 K4Y 0 72 1.49 0.79 0.49 I.15 1.54 0.30 
h: 1 .Oi 1.9x 1.37 0.30 1.37 2.02 1 .os 1.3X I .9s 1.50 (I.33 1 33 I .x7 1.33 0.35 I .so I .97 I .os 
K I .67 1.64 2.10 0.44 2.10 1.67 1.59 2.13 1.64 1.X5 0.51 2 18 1.62 1.97 0.51 I .X7 1.64 l.SY 
- IO.1 h4.2 37.0 15 37.6 63.4 21.7 27.5 67.0 4Y.1 I.3 27.0 63.6 27.9 1.5 42.x 63.4 24.x 

+ Average side chain accessibility of the residues observed at each position of the hellcal wheel. 1 Shows the positions which comprise 
the inaccessible face. 
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propensity of Leu in cz-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 O-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 o-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. 6. Helices with different sizes of inaccessible face. The six 
helices are (1) 6 X ia-64, (2) 256b-56, (3) lpft-227, (4) 6 X ia-108, 
(5) 2mhr-19, (6) lmba-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]. 

Fig. 5. Two types of a-helix in homologous protein structures. 
The structures are C-terminal domains of lpfk 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 lpfk and five residues in 4pfk. Hence, the size of the 
inaccessible face of a-helix gives a quantitative measure of the 
strength of packing. 

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. 

Table 3 
Distribution of amino acids at the N position in type-3 a-helices 

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 a-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 [ 12,13,34,5 11. 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 

-1 1 
1 2 3 4 5 6 7 8 9 10 II 12 13 14 1”5 16 17 18 

I 0.78 0.76 0.67 1.63 0.69 0.76 
F I .0x 1.1’9 1.46 1.49 1.46 1.19 
V 1.13 0.72 1.03 1.38 1.01 0.72 
L I.13 0.74 0.74 1.10 0.73 0.74 
W 1.50 1.57 1.57 2.21 1.64 1.57 
M 1.72 1.28 0.94 0.94 1.06 1.28 
A 0.80 1.02 1.12 1.43 1.08 1.01 
G 0.38 0.37 0.43 0.77 0.44 0.37 
C 1.74 1.65 0.88 1.59 1.00 1.65 
Y 1.42 0.89 1.28 0.92 1.31 0.89 
P I .94 2.25 1.90 I SO 1.85 2.23 
T 0.68 0.86 0.63 0.85 0.65 0.86 
s 0.92 0.59 0.53 0.52 0.53 0.59 
H 1.09 0.95 0.64 0.73 0.73 0.95 
E I.33 I.69 1.54 0.98 1.50 1.67 
N 0.55 0.57 0.85 0.36 0.87 0.57 
0 I).94 1.61 1.47 0.72 1.47 1.61 
D 0.97 1.30 0.85 0.57 0.85 1.30 
K 0.80 0.90 0.98 0.60 0.97 0.90 
R I .08 1.08 1.92 0.87 1.87 1.08 
-+ 19.1 64.2 39.0 1.5 37.6 63.4 

0.78 
1.08 
1.13 
1.13 
1.57 
1.72 
0.89 
0.38 
1.29 
1.42 
1.94 
0.69 
0.92 
1 .OY 
1.31 
0.57 
0.94 
0.97 
0.80 
1.08 
21.7 

0.69 0.78 0.67 1.63 0.69 0.76 0.67 1.63 0.67 0.76 0.78 
1.38 1.19 0.78 1.49 1.46 1.19 1.46 1.49 0.78 I.10 1.08 
1.04 0.72 1.01 1.36 1.01 0.72 1.03 I .3Y 1.01 0.72 1.14 
0.78 0.73 0.91 1.0’) 0.73 0.74 0.74 1.10 0.91 0.74 1.15 
1.86 1.64 1.29 2.29 1.71 1.57 1.57 3.21 1.29 1.57 1.43 
1.11 1.33 1.67 1.00 1.06 1.28 0.94 0.94 1.67 1.28 1.67 
1.06 1.00 1.20 1.40 1.10 1.02 1.12 1.44 1.19 1.02 0.92 
0.44 0.38 0.40 0.76 0.44 0.37 0.43 0.77 0.40 0.37 0.37 
1.12 1.71 1.41 1.65 1.00 1.65 0.88 1.59 1.41 I.65 1.18 
1.25 0.92 1.10 0.94 1.28 0.89 1.28 0.92 I.lY 0.X’) 1.42 
1.79 2.17 2.35 1.48 1.X5 2.25 1.90 1.50 7.35 2.25 2.00 
0.63 0.86 0.62 0.85 0.65 0.86 0.63 0.85 0.62 0.86 0.68 
0.51 0.60 0.87 0.52 O.SS 0.59 0.53 0.52 0.87 0.59 0.93 
0.82 1.05 0.77 0.77 0.73 0.95 0.64 0.73 0.77 0.9s 1.05 
1.50 1.65 1.72 0.98 l.SO 1.69 1.54 O.Y)x 1.70 1.69 1.35 
0.89 0.60 0.49 0.38 0.85 0.57 0.85 0.36 0.49 0.57 0.53 
1.47 1.58 1.08 0.75 1.47 1.61 1.47 0.72 1.0X 1.61 0.92 
0.84 1.28 0.84 0.59 0.87 1.30 0.85 0.57 0.84 I .30 (I.‘)7 
0.95 0.90 0.82 0.60 O.Y8 0.90 0.98 0.60 0.87 0.90 0.80 
1.90 1.08 1.13 0.90 1.90 1.08 1.92 0.x7 1.13 I .0x I .08 
27.5 67.0 49.1 1.3 27.0 63.6 27.9 1.5 42.8 h3.4 24.8 

I Average side chain accessibility of the residues observed at each position of helical wheel. 1 Shows the positions which comprise the 
inaccessible face. 
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19.1 
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21.7 
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49.1 
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Fig. 7. Propensity plot of amino acids occurring in the middle region of a type-3 helix. The helical wheel positions marked by ( ’ ) indicate 
the inaccessible face. The propensities of the twenty amino acids occurring at each helical position are shown by small bars on the lines 
pointing out of the helical wheel. The propensity scale is plotted. The average side chain accessibilities of residues observed at each position 
are given. 

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 

1 2 3 4 5 6 7 6 9 10 11 12 13 14 15 16 17 16 

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. 

3.6. Application on solving inrerse protein folding 
problems 

The availability of propensities for different sol- 
vent-exposed states allows estimates of relative sta- 

Johnson and co-workers [16,52], Eisenberg and 

bilities in these different environments. This may 
co-workers [IO] have developed methods to identify 

give clues to those regions that will nucleate helices 
protein sequences that adopt a known protein 3-D 

in an aqueous environment. For example, a helix 
fold. These methods depend on the calculation of 

which is predicted to be stable in a fully exposed 
amino acid propensities and/or amino acid substitu- 

position to solvent might be expected to adopt a 
tion probabilities for each position in the sequence 

helical conformation at an early stage in the folding 
for proteins of known 3-D structure. These propensi- 

and, therefore, might contribute to nucleation of the 
ties/substitution patterns are then compared with the 

folding of the protein. On the other hand, those 
sequences of unknown structure. Such propensities 

helices that will require a hydrophobic core for 
that characterise specific secondary structural ele- 

stabilisation, i.e. those that are either amphipathic or 
ments with respect to the tertiary structure provide a 

completely hydrophobic, are unlikely to exist until at 
more accurate and characteristic profile. The inclu- 

least a molten globule is formed. 
sion of this information should improve profile and 
template search procedures. 

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. 
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