
Abstract. The positions of a given fold always occupied
by strong hydrophobic amino acids (V, I, L, F, M, Y,
W), which we call ``topohydrophobic positions'', were
detected and their properties demonstrated within 153
non-redundant families of homologous domains,
through 3D structural alignments. Sets of divergent
sequences possessing at least four to ®ve members
appear to be as informative as larger sets, provided that
their mean pairwise sequence identity is low. Amino
acids in topohydrophobic positions exhibit several
interesting features: they are much more buried than
their equivalents in non-topohydrophobic positions,
their side chains are far less dispersed; and they often
constitute a lattice of close contacts in the inner core of
globular domains. In most cases, each regular secondary
structure possesses one to three topohydrophobic posi-
tions, which cluster in the domain core. Moreover, using
sensitive alignment processes such as hydrophobic clus-
ter analysis (HCA), it is possible to identify topohydro-
phobic positions from only a small set of divergent
sequences. Amino acids in topohydrophobic positions,
which can be identi®ed directly from sequences, consti-
tute key markers of protein folds, de®ne long-range
structural constraints, which, together with secondary
structure predictions, limit the number of possible
conformations for a given fold.
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1 Introduction

Many proteins are able to fold in physiologic conditions
without the help of chaperon proteins [1]. Thus, in

principle, it should be possible to predict the structure
of a protein knowing only its sequence. However, our
understanding of the driving forces of protein folding is
still insu�cient for this task, although there is ample
evidence that hydrophobic amino acids play a key role in
protein folding [2±8]. Hydrophobicity is one of the best
conserved characteristics (of both buried and exposed
amino acids) during evolution [9-12], but, surprisingly,
buried hydrophobic amino acids are more often mutated
than non-hydrophobic ones [13].

By comparing pairs of sequences for homologous
domains of known 3D structure, two major populations
of strong hydrophobic amino acids can be distinguished:
those which share the same position in the two structures
(and consequently in the two sequences), whatever their
chemical nature, and those which are replaced in the
other structure by non-strong hydrophobic amino acids.
Calculation of the mean solvent accessibilities of these
two populations showed that conserved amino acids are
more buried than non-conserved ones.

That unpublished study has been extended to the
analysis of families of proteins of known structure,
within a non-redundant bank of 150 folds constituted
for this purpose. Each family was structurally aligned
and the properties of the amino acids in positions where
only hydrophobic amino acids were found, which we call
``topohydrophobic positions'', were studied [14]. The
results show that these amino acids must play a special
role in folding and stability.

The properties of topohydrophobic positions are
demonstrated here through structural alignments, using
known 3D structures. However, even more interesting
is the possibility of identifying these positions from
sequence only, using sensitive sequence comparison
methods such as bidimensional hydrophobic cluster
analysis (HCA) [15±17], although with a lower accuracy
than with structural alignments.

2 Methods

Protein databanks were searched using the BLAST network server
at the NCBI (National Center for Biotechnology Information) with
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default parametrization [18] in order to harvest all known 3D
structures belonging to a same structural family. Each BLAST
search output was analyzed as a single multiple alignment of the
signi®cant pairwise alignments, through processing by MUL-
BLAST [19]. Editing of multiple alignments and pro®le database
screenings were performed with the programs LINEUP and
PROFILESEARCH from the software package GCG 7.0 (Genetic
Computer Group Inc., Wis., USA). The SWISSPROT Database
(release 32) was used for pro®le screenings. The statistical valida-
tion of the similarities came from the Poisson law probabilities
calculated by the program BLAST and from the PROFILE-
SEARCH Z score, the TOPITS search [29] and the homemade
program TZscore [15]. 3D visualization was performed on a UNIX
workstation using the program XmMol [20], and on a Silicon-
Graphics using the program INSIGHT II, release 2.3.0 (Biosym
Technologies, San Diego, Calif., USA). The program COMPOSER
was used to accomplish preliminary 3D superimposition, prelimi-
nary 3D alignments and root mean square distance (RMSD) cal-
culations [21]. Alignments were manually checked and re®ned using
an iterative process.

Final superimpositions, according to the structural alignments,
RMSD calculations, solvent accessibilities (using the algorithm of
Lee and Richards [22], multimers were completed before calcula-
tion, incomplete residues were excluded) and generation of aleatory
sub-families were performed by the program CHAP (Poupon,
1997, unpublished).

3 Results and discussion

A large non-redundant bank of fold families containing
as much divergence as possible was needed for this
study. The existing banks contain mainly families
sharing around 30% sequence identity, and a few
families with no detectable sequence identity. To harvest
families, a subset of the Protein Data Bank (PDB, 1/1/97
release [23]), containing only sequences sharing less than
30% identity with any other one, was initially used to
constitute the fold families. Each sequence of the subset
was used as a probe for screening of the sequence banks
with the program BLAST [18]. Each sequence suspected
to share 3D similarities with the probe was checked
using the HCA method [15-17], then used as a probe
for a new screening of the sequence banks. Finally, only

the sequences with known 3D structure were retained in
the family.

In each putative fold family, the largest subset of
proteins sharing less than 55% identity with any other
member of the subset was determined using Hobohm
and Sander's bank [24, 25]. This ensures that the pro-
teins with the best resolution are chosen preferentially.

The proteins of each family were structurally aligned
using the program COMPOSER [21]. All alignments
were then manually checked through an iterative pro-
cess. For each step, the alignment was used for super-
imposition. Ca pairs that are too distant (>3AÊ ) were
discarded, leading to a new alignment used for super-
imposition. Ca pairs which became close enough in this
process are reintroduced in the alignment for the next
step. In this manner, it was possible to obtain RMSD
lower than 3 AÊ for 97% of the families.

The bank contains 648 proteins, divided into 153
families comprising at least two members; 292 proteins
of the original 30% identity subset remained single
(Table 1).

It is essential to emphasize that the alignments used
hereafter for all calculations derive from structural su-
perimpositions and not at all from sequence compari-
sons. Sequence alignments were used only when
generating the sequence family for each protein of the
original 30% identity subset of the PDB.

All the families of other structural databases such as
CATH [26], SCOP [27] or Homstrad [28] are represented
in our bank, but a signi®cant number of families in our
bank are not represented in the other databases, mainly
because the homology between their members cannot be
automatically detected.

Table 1. Size of the families

Number
of members

2 3 4 5 >5

Number of
families

61 33 19 13 27

Table 2. Tests of signi®cance of the di�erence between mean
solvent accessibility in topohydrophobic and non topohydrophobic
positions. In each family, and for each concerned amino acid, the
di�erence between mean solvent accessibility in topohydrophobic
and non topohydrophobic positions was tested for a ®rst kind error

a of 0.05 and 0.1. Part A summarizes the results obtained with
group I amino acids and strict topohydrophobic versus non
topohydrophobic positions. Part B summarizes the results obtained
with group I and II amino acids and extended topohydrophobic
versus non topohydrophobic positions.

A.
Number of proteins Total number

of tests
Signi®cant tests
for a = 0.05 (%)

Signi®cant tests
for a = 0.1 (%)

Non signi®cant tests
for a = 0.05 (%)

Impossible tests (%)

2 427 6.8 14.5 50.0 43.2
3 245 31.0 37.1 35.1 33.9
4 126 33.1 40.2 34.6 32.3
5 91 50.0 53.0 20.6 28.3
>5 182 36.8 40.1 24.7 38.4

B.
Number of proteins Total number

of tests
Signi®cant tests
for a = 0.05 (%)

Signi®cant tests
for a = 0.1 (%)

Non signi®cant tests
for a = 0.05 (%)

Impossible tests (%)

2 854 6.3 10.4 40.0 53.7
3 490 15.6 19.6 31.2 64.5
4 252 19.4 21.8 25.0 55.9
5 182 34.1 36.3 31.9 34.1
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Strong hydrophobic amino acids considered in the
present study are those used in HCA [15], i.e., V, I, L, F,
M, Y and W. They have been shown to mainly consti-
tute the internal sides of regular a and b secondary
structures, by computation of their observed preferential
participation in these elements. Indeed, sorting amino
acids by decreasing order of the sum of their respective
propensities to be a, b or coil, allows three obvious
groups to be distinguished : group I, for which the
propensity for the coil is lower than the propensities for
alpha helices and beta strands (V, I, L, F, M, Y and W);
group II, with a coil propensity similar to those for alpha
and beta conformations (A, R, C, Q, T, E and K); and
group III, preferentially associated with loops in the
increasing order H, S, N, D, P, and G.

For each alignment, positions occupied only by
strong hydrophobic amino acids were determined and

are called strict topohydrophobic positions. Partial
topohydrophobic positions were de®ned as positions
where the percentage of strong hydrophobic amino acids
is greater than or equal to 75%, and strictly lower than
100%, the other amino acids (mainly A, C, T) in the
position belonging to group II, de®ned above. The ex-
pression ``extended'' topohydrophobic position is used
for positions which are strict or partial topohydrophobic
positions.

3.1 Solvent accessibility of topohydrophobic positions

Figure 1A shows that, for each hydrophobic amino acid,
the mean ratio between solvent accessibilities in non-
topohydrophobic versus topohydrophobic positions
(strict or extended) is high. The ratio is largely greater

Fig. 1. Ratio between mean
solvent accessibilities in topo-
hydrophobic and non-topohy-
drophobic positions A For each
amino acid, the ratio between
mean solvent accessibilities
when involved in topohydro-
phobic or non-topohydropho-
bic positions is computed, in the
case of strict topohydrophobic
positions (d all families;
s families having more than
four members) for group I
amino acids, and in the case of
extended topohydrophobic po-
sitions (j all families; h families
having more than four mem-
bers) for group I and II amino
acids. B Percentage of each
amino acid involved in strict
(d all families; s families hav-
ing more than four members) or
extended (j all families;
h families having more than
four members) topohydropho-
bic positions. The number of
amino acids in one category,
which ranges from 164 to 9127,
allows representative score
calculations
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than 2 for the aliphatic V, I, L and M amino acids, and
often above 1.5 for the aromatic amino acids (F, Y,
and W). Consequently, hydrophobic amino acids in
topohydrophobic positions are clearly more buried than
the same amino acids in non-topohydrophobic positions.
When computed on the whole bank, the di�erences
between these values are signi®cant for all amino acids,
and indicate that topohydrophobic positions mainly

occupy the inner core of globular domains (Table 2A).
Figure 1 also shows that, in extended topohydrophobic
positions, A, C, and T are naturally distinguished from
the remaining amino acids of group II.

Fig. 2. Proportions of topohydrophobic positions in secondary
structure elements. For each type of secondary structure element,
the percentage of positions which are strict or extended topohy-
drophobic is calculated, for all families, and for families with a
mean pairwise sequence identity lower than 40%

Fig. 3. Topohydrophobic positions and sequence identity. For
each family, the percentage of amino acids involved in strict
topohydrophobic positions is computed. The correlation coe�cient
between this percentage and the mean pairwise sequence identity in
the family is then computed for all families having a mean pairwise
identity lower than 10, 15, . . . , 55%. The deviation between the
correlation coe�cient and the critical value for a ®rst kind error
a � 0:05 is plotted as a function of the maximum mean pairwise
sequence identity
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When computed in each family for strict or partial
topohydrophobic positions, these di�erences are signi-
®cant in half the families containing three or more
members, where the test is possible (Table 2B). For
families containing two members, conservations of hy-
drophobic amino acids are mainly due to sequence re-
latedness and not to structural necessities. There are only
very few cases in which the mean accessibility of an
amino acid in a topohydrophobic position is higher than
that of the same amino acid in a non-topohydrophobic
position, and in this latter case, the di�erence is never
signi®cant. The main di�erence between the results ob-
tained with strict or partial topohydrophobic positions is
the proportion of impossible tests (one of the categories
is empty) which is higher in the case of partial positions.

Approximately 15±30% of the strong hydrophobic
amino acids are involved in strict topohydrophobic po-
sitions (Fig. 1B), and about 25±35% in extended ones,
while only 8% of A, C or T, and 4% of remaining group
II amino acids are involved in extended topohydrophic
positions. Interestingly, it can be seen in Fig. 1 that V, I,
L for aliphatic amino acids, and F for aromatic
ones, constitute the hard nucleus of hydrophobic amino
acids, as previously reported [15, 17, 19].

3.2 Distribution of topohydrophobic positions

In the studied set of protein families, strict topohydro-
phobic positions respresent 12.4% of all positions, a
proportion which reaches 14.9% when partial positions
are included (10.7 and 13.4% for families with mean
pairwise sequence identity lower than 40%).

Table 3 and Fig. 2 show that, as expected, topohy-
drophobic positions mainly occupy regular secondary
structures (usually one or two strict topohydrophobic
positions per b-strand, two or three per a-helix).

Fig. 4. Number of topohydro-
phobic positions in sub-families
of the virus coat protein family.
For each generated sub-family
of the virus coat protein family,
the number of strict topohy-
drophobic positions is plotted
as a function of the sub-family
size. For 2-member and 11-
member sub-families, all the
possible sub-families were gen-
erated; for the other sizes, 50
sub-families of each size were
randomly chosen

Fig. 5. Topohydrophobic lattice. In an SH3 domain (A) and a
Tyrosine phosphatase (B), Ca of amino acids involved in
topohydrophobic positions are shown in red, and Ca of hydropho-
bic amino acids involved in non-topohydrophobic positions in
green. The topohydrophobic lattice is indicated with red dashed
lines; each line associates amino acids whose gravity centers are
closer than 6 AÊ
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Fig. 6. Limiting the number of favored conformations using
topohydrophobic positions. In this ®gure, we illustrate only the
hypothesis of an antiparallel b-sheet. A Secondary structure and
topohydrophobic positions for the sequence of mouse tyrosine
phosphatase. B Favored and non-favored relative positions of all
possible pairs of b-strands. C For each possible antiparallel b-sheet
there are 8 favored conformations out of at least 64 possible ones.
The true conformation is double-boxed
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Figure 3 shows that, above the sequence ``twilight
zone'' (25-30%), the detection of topohydrophobic
positions is perturbed by sequence relatedness. Conse-
quently, the divergence area, accessible through HCA
below this zone, would be of great interest.

3.3 In¯uence of family size

To check the in¯uence of family size on the detection of
topohydrophobic positions, large families possessing
more than ten members were used to generate numerous
random sub-families of lower size. Figure 4 illustrates a
typical result for a 12 member family (virus coat
proteins). The number of topohydrophobic positions
detected decreases sharply as the size of the sub-family
increases, and rapidly converges toward the ®nal number
(here, 5 topohydrophobic positions), provided that the
mean pairwise sequence identity in the sub-families is
similar to that of the complete family (data not shown).

In many cases, ®ve divergent members are su�cient
to ensure a virtually complete detection of all topo-
hydrophobic positions. This property will become
especially useful in the automatic detection of topohy-
drophobic positions from limited sets of divergent
sequences, using sensitive alignment procedures such as
HCA [15, 16].

3.4 Topohydrophobic positions as key markers of folds

Compilation of the whole set of families shows that the
side chains of amino acids in topohydrophobic positions
are far less dispersed than those of the same amino acids
in non topohydrophobic positions [14]. Moreover, they
constitute a lattice of positions in contact with each
other (most of the time situated in the inner part of the
hydrophobic core, data not shown) as illustrated in
Fig. 5.

Consequently, the identi®cation of topohydrophobic
positions from sequences only is a useful structural
constraint to considerably limit the number of favored
conformations, as schematically illustrated in Fig. 6.
Indeed, we directly detect, with topohydrophobic posi-
tions, long-range key markers of folds, distributed all
along family sequence alignments.

Prediction of the nature and approximate limits
(�2 aa) of secondary structure elements, which is be-

coming increasingly possible with the use of divergent
sequence families (data not shown), combined with the
detection of topohydrophobic positions, would therefore
represent a promising new contribution to the ab-initio
prediction of protein globular domain 3D structures.
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Table 3. Distribution of topohydrophobic positions in secondary
structure elements. For the three main types of secondary structure
elements (a helix, b strand and coil), the mean number of strict and
partial topohydrophobic positions (lanes 3 and 4) in one element

was determined. The number of representatives of each element in
the bank is indicated in lane 2 (an element is counted only once per
family).

Secondary structure Total number of considered
secondary structures

Mean number of strict
topohydrophobic positions

Mean number of extended
topohydrophobic positions

a helix 574 2.25 2.52
b strand 1005 1.67 1.87
Coil 1660 0.54 0.59
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