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Abstract. Using a set of 372 proteins representative of a
variety of 56 distinct globular folds, a statistical correla-
tion was observed between two recently revealed features
of protein structures: tightened end fragments or ‘closed
loops’, i.e. sequence fragments that are able in three-di-
mensional (3D) space to nearly close their ends (a current
parameter of polymer physics), and ‘topohydrophobic
positions’, i.e. positions always occupied in 3D space by
strong hydrophobic amino acids for all members of a fold
family. Indeed, in sequence space, the distribution of pre-
ferred lengths for tightened end fragments and that for to-
pohydrophobic separation match. In addition to this sta-

tistically significant similarity, the extremities of these
‘closed loops’ may be preferentially occupied by topo-
hydrophobic positions, as observed on a random sample
of various folds. This observation may be of special in-
terest for sequence comparison of distantly related pro-
teins. It is also important for the ab initio prediction of
protein folds, considering the remarkable topological
properties of topohydrophobic positions and their para-
mount importance within folding nuclei. Consequently,
topohydrophobic positions locking the ‘closed loops’ be-
long to the deep cores of protein domains and might have
a key role in the folding process.
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The structure of globular domains of proteins is mainly
characterised by the dichotomy between a hydrophilic
surface (typically two-thirds of the amino acids of a do-
main) and an internal hydrophobic core (one-third).
Within this internal core, two species of positions occu-
pied by hydrophobic amino acids are distinguishable: on
the one hand, positions always occupied by strong hydro-
phobic amino acids for all the members of a family shar-
ing the same fold [1-2], recently called ‘topohydropho-
bic positions’ [3—6], and on the other hand, positions fil-
led either by hydrophilic, neutral or hydrophobic amino
acids (non-topohydrophobic positions). Precise knowl-
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edge of topohydrophobic positions from sequences alone
is possible by means of multiple alignment of representa-
tive sequences of a common fold.

Topohydrophobic positions exhibit remarkable proper-
ties: e.g. they are significantly more buried than non-to-
pohydrophobic ones; they constitute a set of mutually in-
teracting side chains, evidence of short-distance-interact-
ing residues and they are the main components of folding
nuclei [5—8]. Topohydrophobic positions represent be-
tween one-third and one-half of the total number of hy-
drophobic amino acids for a domain and constitute a
smaller inner entity of the hydrophobic core (e.g. T-fold-
ed proteins [9] and the uteroglobin fold [10]). In the pro-
tein set used in the present paper, the mean number of
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topohydrophobic positions in helices, strands and coils is
2.25, 1.67 and 0.54 positions, respectively [4]. It should
be noted that in our data set, 80 % of the topohydrophobic
residues occur in regular secondary structures.

A recent study using a polymer-statistical approach has
demonstrated the universal existence of ‘closed loops’,
consisting of chain fragments with both ends in close
contact in the three-dimensional (3D) space [11], typi-
cally less than 10 A between alpha carbons (C,s). These
fragments show a strong preference to be built by 22—32
amino acids and to gather their nearly closed extremities
in the internal core of proteins rather like petals in a daisy
flower (see fig. 1 B). To avoid any ambiguity with classi-
cal ‘loops’, we prefer to name these nearly standard size
closed loops of length centred on 27 amino acids, tigh-
tened end fragments or TEFs. Therefore, a globular do-
main can be split into TEFs, i.e. ‘closed loops’ [11], the
sizes of which often include between 22 and 32 amino
acids.

B) Stim

D} 1pk4

E) 1dom

Figure 1. Ribbon representation of six distinct folds: elongation
factor-Tu, PDB code left (4), triosephosphate isomerase, PDB
code 5tim (B), uteroglobin, PDB code lutg (C), chemoattractant
cytokin, PDB code 1pk4 (D), Plasminogen Kringle 4, PDB code
1dom (E), Myoglobin, PDB code 1mba (F). Different colours show
the tightened end fragments (TEFs) [11]. The chains outside TEFs
are left white. Purple spheres indicate the location of topohydro-
phobic positions within £3 amino acids from the extremities of
TEFs. Topohydrophobic positions inside TEFs but outside this
range are coloured green and those far from a TEF extremity (more
than 8 amino acids) in blue. A green line represents a virtual
connection between N and C termini which may allow additional
TEFs to be built through both ends of a chain, e.g. the purple one
of the Tim-barrel (B), red and orange ones in the dimeric uteroglo-
bin (C) and the blue one in the hydrolase (D). Overlapping parts of
TEFs are indicated by alternate colours on the ribbons.
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We show in this paper that in sequence space, the statisti-
cal distribution of lengths for TEFs and that of topohy-
drophobic separation match. They both appear to be often
in physical concordance: TEFs preferentially begin, or
end, at a topohydrophobic position, or very close to it.
Generally, TEFs are built by two regular secondary
structures and consequently are large parts of or full clas-
sical super-secondary structures. This correspondence
may constitute a step in the field of ab initio protein struc-
ture prediction [12], as it may help to identify pairs of
interacting topohydrophobic positions within protein
cores.

Materials and methods

The protein set analysed in this study comprised 372
structures from the Protein Data Base (PDB) [13], group-
ed into 56 families of more than three members and re-
presentative of the different classes of fold, the sequences
of which have been aligned using 3D structures and
excluding too closely related proteins (pairwise sequence
identity between pairs is below 55%) [3]. When at least
three-quarters of the residues occupying a given position
in the alignment are clearly hydrophobic (VILFMWY),
this position was considered as topohydrophobic. All re-
sidues were assigned to one of three groups: group 1
comprised hydrophobic residues, group 2 comprised AC-
TPGSH and group 3 comprised all other residues. If a po-
sition was occupied by less than one-quarter of residues
from group 2, it was still considered topohydrophobic,
while members of group 3 were excluded from these po-
sitions [6]. Typically, one-third to one-half of the amino
acids of group 1 occupy topohydrophobic positions, de-
pending upon the protein family [5]. From this data set,
we computed the distances between all pairs of C,. The
data were then entered in large data files and processed
with SAS statistical software (SAS Institute, Cary, N.C.).
In such an analysis, histograms can then be produced for
any kind of residue pair, and cut-off distances can be im-
posed.

Results

Figure 1 illustrates, on six distinct folds, TEFs calculated
according to Berezovsky et al. [11] as well as the distri-
bution of topohydrophobic positions deduced from multi-
ple alignment of the corresponding protein families [3].
The histograms of C,-C,, distances were derived from the
data set of 372 proteins, for pairs of topohydrophobic or
non-topohydrophobic positions (fig. 2). Basic statistics
for amino acid pairs separated by a given sequence dis-
tances, are given in figure 3. Direct comparison of to-
pohydrophobic positions with the extremities of TEFs



494 M. Lamarine et al.

occurrence 11 A

2.519

2.0

6 A
1.5
%

1.0 v

0.5

Tightened end fragments and topohydrophic positions

----- Non Topohydrophobic
Topohydrophobic

(A) O.o T M T T T M T
0 5 10 15 20

T M T M T M T T T 1

25 30 35 40 45 50

distance between C, in A

occurrence

5_

----- Non-Topohydrophobic
Topohydrophobic

0 5 10 15 20

T T T T
25 30 35 40 45 50

distance between C, in A with delta > 10 a.a.

Figure 2. (4) Histogram, sampled every 0.5 A, of the distances between residue pairs in the entire data set without any restriction on se-
quence separation between the two members of a pair, for topohydrophobic pairs (solid line) and non-topohydrophobic pairs (broken line).
(B) Similar histogram, sampled every 1 A in order to have meaningful statistics, of the distances between residue pairs in the entire data
set with a sequence separation (delta) larger than ten amino acids to avoid the effects of local contacts, for topohydrophobic pairs (solid

line) and for non-topohydrophobic pairs (broken line).

(fig. 4) was performed on a sample set of 15 distinct folds
(PDB codes: 1pk4, lutg, Imba, 4blm, luox, left, 1fiv,
1frd, 3c2c, Stim, 1dom, 2aaa, 2fcr, 1gky, lamy).

Histogram of C_,-C, distances

In figure 2 A, the histogram of distances between all pairs
of topohydrophobic residues (104,505 pairs) in the entire
data set (solid line) is compared to the corresponding
histogram for non topohydrophobic residues (7,866,263
pairs) (broken line). Mixed pairs (topohydrophobic with
non topohydrophobic) were not taken into account. To
have the same scale for both curves, the number of pairs
at a given distance is expressed as a percentage of the cor-
responding total number of pairs. Figure 2 A shows that

the distribution maximum occurs around pair distances of
15 A for topohydrophobic residues, and is shifted to-
wards 25 A for non-topohydrophobic amino acids. This
shift is expected, since topohydrophobic positions form
the inner core of globular protein domains [4—5]. There
are two secondary maxima in both curves centred around
6 and 11 A, i.e. at short distances, corresponding to the
first and second neighbour shells in globular proteins. In-
terestingly, globular proteins were recently shown to be as
compact as a random packing of hard spheres encounter-
ed in the case of condensed matter [14, 15]. In the case of
compact hexagonal or cubic structures, the 12 first neigh-
bours are at a distance of 6.5 A, and the 24 third neigh-
bours are at 11.2 A. There are only 6 second neighbours
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Figure 3. (4) Histogram of C, carbon distances less than 7 A from
the entire protein set of this study as a function of sequence separa-
tion (delta), given for all residues and compared to the same data de-
rived from a previously published data set [11] (thick solid line).
The histogram is expressed as a percentage of the total number of
pairs observed in the data set. Mean peak positions are indicated by
arrows and their delta values are given. The dotted line corresponds
to the distribution of pairs without any distance cut-off. (B) Histo-
gram of C,-C, distances less than 7 A for topohydrophobic (solid
line) and non-topohydrophobic (grey line) amino acids, using the
data base of this study (left scale). The topohydrophobic plot with-
out distance cut-off is shown by circles (right scale).

at 9.2 A, not visible in figure 2 A because they are situat-
ed in the shoulder of the next peak (11 A).

To further investigate these first peaks, we restricted the
pair distance distribution to residues separated by more
than 10 amino acids along the sequence (fig. 2B.) In this
case, there are 55,413 topohydrophobic pairs and
3,786,239 non-topohydrophobic pairs, corresponding to
a slightly larger proportion of topohydrophobic pairs
(1.5%) than in the case of figure 2 A. These data therefore
indicate short-range interactions in the 3D space corre-
sponding to long-range distances in sequence, i.e. more
or less to the core of the protein, as is typical of the topo-
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Figure 4. Histogram of the occurrences of topohydrophobic posi-
tions on a set of 15 proteins of various common folds (continuous
line) compared to the positions of TEF ends (grey line). Numbering
origin is chosen at the centre of the TEF (e.g. a TEF of 26 residues
ranges from —13 to +12). Otherwise, to permit some uncertainty at
end positions covering the bell-shaped peak at delta 27 of figure
3 A, TEFs were allowed to shift by 3 residues in either direction
(dashed-dotted line).

hydrophobic distribution. The peaks at 6 and 11 A are still
present for the topohydrophobic positions but practically
vanish for the other distribution. For longer distances, ‘to-
pohydrophobic’ peaks are regularly observed at 15, 19
and 23 A. These distances are more difficult to interpret,
first because, from the fourth neighbour shell, distances
diverge between cubic and hexagonal compact packing,
and second, because these distributions of neighbours
start to become fairly continuous as distances increase.

Closed-loops size distribution compared to that of
topohydrophobic separation

For the remainder of this study, we therefore decided to
focus on shorter pair distances, limiting them, unless
otherwise specified, to 7 A between their respective C,s,
i.e. to the first peak of figure 2B centred on 6 A, as in the
case in figure 1B by Berezovsky et al. [11]. Thus figure
3 A presents the histogram of all pairs (belonging to either
topohydrophobic or non-topohydrophobic positions) at
distances smaller than 7 A as a function of sequence se-
paration, which we will henceforth call ‘delta’. Proteins
with fewer than 120 amino acids were removed for a suf-
ficiently long separation range in the plots. The data in fi-
gure 3 A are expressed as a proportion of the total area un-
der the curve, which corresponds to 279,359 pairs of re-
sidues from all amino acid groups. This histogram with a
cut-off at 7 A shows a series of regularly distant peaks
(near 13 or 14 amino acids between each other), whose
mean delta values are indicated by arrows. It is very sim-
ilar to the equivalent histogram built on another 3D data
base (thick solid line) by Berezovsky et al. [11], and
therefore indicative that those peaks are not base depen-
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dent. Figure 3 B shows the same data separately for topo-
hydrophobic and non-topohydrophobic amino acids. In
particular, it shows a large peak centred at a delta of 27 re-
sidues, which corresponds to the 22—32 nearly standard
loop size previously discussed by Berezowsky et al. (fig.
3A) [11] and that we now call TEFs. The highest maxi-
mum also occurs with our data set for a delta centred
around 26—27. Topohydrophobic amino acids are clearly
more concerned than non-topohydrophobic ones by pre-
ferred regular occurrences along delta at a mean separa-
tion of 13—14 amino acids. In figure 3B there are 7,159
topohydrophobic pairs with a cut-off at 7 A and 55,413
without. The restricted curve is therefore not as statisti-
cally significant as without the cut-off, although the six
maxima of figure 3B are present in both curves, sug-
gesting that the cut-off has no effect on the distribution of
topohydrophobic peaks. Clearly, the preferred separation
(in amino acids) between topohydrophobic positions
(fig. 3B) matches the three first preferred differences of
‘closed loops’ end positions shown in figure 3 A, i.e. a
mean separation between maxima of approximately 13—
14 amino acids. This result may be important regarding
the remarkable properties of topohydrophobic positions
as key markers of folds and folding [3—7]. The non-uni-
form character of the distribution of topohydrophobic
amino acids constituting the core of proteins, i.e. residues
at short distances one from another (cut-off curve), is
conserved in the distribution of topohydrophobic resi-
dues along the sequence (no cut-off curve). An important
result of this is the occurrence of a large peak in the range
22-32 when the allowed pair distances are limited to
small values. It reflects the appearance of the first neigh-
bour layer among topohydrophobic residues, which sta-
tistically favours this particular range, even if it also de-
tects residues distant along the sequence.

TEFs and regular secondary structure elements

We next investigated the number of secondary structure
elements (SSEs) included in TEFs (i.e. the part of the
closed loops which are included in the range 22—-32) and
observed that the most frequent situation occurs for pairs
of residues separated by one to two SSEs. If the sequence
separation between the two residues of each pair is re-
stricted to the range 22—32, thus corresponding to the
large peak of figure 3 A, then most of these pairs are se-
parated by two SSEs. Restriction of this histogram to the
pairs of residues separated by 22—32 residues without
any distance cut-off leads to the same position of the ma-
ximum (data not shown).

Direct comparison between TEF ends and
topohydrophobic positions

It should be noted that the closed loops in figure 3 could
have various amino acid sizes, but only the preferred-size
(22—-32) TEFs are used to map globular domains.

Tightened end fragments and topohydrophic positions

In the majority of cases, TEFs approximately start or end
at a position occupied by one or several topohydrophobic
residues (e.g. fig. 1) as illustrated for a sample of 15 pro-
teins of various folds (fig. 4). Amino acids included in
TEFs are numbered relative to the TEF central position, if
the TEF contains an odd number of residues, or to the up-
stream one for an even number. In the ordinate axis the
histogram of topohydrophobic positions is represented
(continuous line) as a percentage of the topohydrophobic
residues involved in TEFs in the data set (topohydropho-
bic residues in regions where TEFs cannot be defined are
excluded from fig. 4). For comparison the histogram of
TEF ends (grey line) is also shown. To accept a certain to-
lerance (that observed on the main ‘27’ peak in fig. 3 A),
TEFs are allowed to slide by 3 residues in each direction,
their length remaining, nevertheless, constant (dash-dot-
ted line). For example a TEF of 26 amino acids will par-
ticipate in seven positions: [-16, +9], [-15, +10], [- 14,
+11], [-13, +12], [-12, +13], —11, +14], [-10, +15].
This is in agreement with Berezovsky and Trifonov’s
study that admitted a “window’ of 7 residues which more
or less corresponds to 90 % of the peak centred at position
27 in figure 3 A (unpublished data). Negative and positive
values correspond to the Nter and Cter side of the TEFs,
respectively. As the major contribution to TEFs is the one
between 22—32 amino acids, the larger peaks occur for
this length, i.e. at positions centred around [-13, +12].
These maxima match fairly well the maxima of the topo-
hydrophobic positions. This is the first statistical evi-
dence of a common distribution of TEF ends and topo-
hydrophobic positions. Although our data set is limited,
this is an optimistic indication of a statistical correspon-
dence between the ends of TEFs or ‘closed loops’ and the
location of many topohydrophobic residues. Indeed,
among the 15 folds of the test set, 13 exhibit low prob-
abilities that TEF extremities (+ 3) randomly match topo-
hydrophobic positions, taking into account all these posi-
tions, as calculated by the hypergeometrical law; between
1073 and 1.2 X 10" (mean 2.4 X 10-?). The two extra cases
concern | gky and 4blm. The probability of a random
match between TEF ends [-3, +3] and topohydrophobic
positions for 1gky falls from 0.4 to 5x 103 if the
125—147 TEF is extended to 120—166, with no variation
in the C,-C, distance. For 4 blm, the quasi-random value
of 0.8 is due to a special fold which includes, among
others, an internal helix where many positions are topo-
hydrophobic but which are unable to be included in a
TEF.

Discussion
This study confirmed our previous findings concerning

the folding of proteins by fragments, with a clear advan-
tage for fragment lengths in the range of 22—32 amino
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acids. Here, we show that topohydrophobic residues,
which actually constitute the deep core of proteins, are
not regularly distributed along the sequence, but rather
display some sequence periodicity compatible with the
22-32 length of TEFs. This is also in good agreement
with the fact that TEFs have mainly hydrophobic ends
that are located at the centre of globular proteins (data not
published). This argues in favour of cooperative folding
of proteins [16], with topohydrophobic positions acting
as anchors for protein folding [17]. This can be related
to the numerous studies on the formation of S hairpins,
either by lattice simulation [ 18], molecular dynamics [19]
or Monte-Carlo simulation [20], demonstrating that an
important stage of B sheet nucleation concerns the
contacts between residues in hydrophobic clusters. Our
data suggest that topohydrophobic residues, and particu-
larly the first neighbour shells that they constitute in the
protein core, play a key role in the formation of these hy-
drophobic clusters.

Furthermore, figure 1 suggests that extra TEFs do exist,
linking the N- and C-terminal parts of protein domains.
For example, the dimeric uteroglobin protein (PDB code
lutg) shows a unique TEF of 30 amino acids between L13
and K42 (K42 is a very conserved and important marker
of this fold [10]). The structure reveals a putative second
one of 35 amino acids between Q50 and L14 through an
artificial link between the C and N termini, which are of-
ten very close in the 3 D space within globular domains
(here 6 A between their C,s). The first TEF (L13-K42)
is built by helices 2 and 3 (yellow and blue), the ‘extend-
ed’ one bringing together helices 4 and 1 (red and
orange). Such a situation is expected to occur in many
other proteins [21] (e.g. Stim and 1pk4 in fig. 1).

In figure 1, topohydrophobic positions which are located
at or near the extremities of TEFs are coloured purple and
constitute, in the sample of 15 folds considered here (fig.
4), nearly half the total number of topohydrophobic posi-
tions. Therefore, as for Russian dolls, we can consider
three ‘concentric’ populations of hydrophobic amino
acids: the classical hydrophobic core (roughly one-third
of a globular domain), the topohydrophobic positions
(around one-third to one-half of the hydrophobic core do-
main, depending on each domain) and, finally, the topo-
hydrophobic residues at the extremities of the TEFs as
discussed above (near 50 % of the preceding population).
The mean separation between peaks observed in figure 3
(13.5 amino acids) is likely the result of the mean length
values for a helices, f strand, and coil regions (classical
loops) observed for protein globular domains. Indeed, for
an observed rough repartition of amino acids, about half
are found in loops, and one-quarter in both helices and
strands. As a mean TEF is built by two SSEs and their
connecting loop, the mean length of a TEF is expected to
be of the order of the sum of the mean length of its con-
stituting elements: 12 amino acids for an a helix, 7 amino
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acids for a f strand and 7 amino acids for a loop in the
present data. In the majority of cases, TEFs are composed
of two helices or two strands connected by a loop, which
implies that a TEF length is included between 21 and 31
amino acids in very good agreement with the peak in the
range 22-32 (fig. 3A).

Finally, as topohydrophobic positions can be directly
identified from a sufficient set of divergent sequences of
a protein family (typically five or six members exhibiting
mean pairwise sequence identity between 10 and 30%)
[3,4,9, 10], particularly through the hydrophobic cluster
analysis approach [22], the 22—32-amino acid preferred
length of TEFs may then be used to roughly sort topohy-
drophobic positions and identify some amino acids of the
inner circle of the considered fold.

These additional constraints derived from an accessible
punctuation of sequences [23] may be a new efficient tool
to further characterise distant members of a family (post-
genomic analysis), as well as constituting a valuable de-
terminant for the ab initio prediction of protein folds, ba-
sed on sequence data and distance constraint methods
[24-25].
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