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Abstract. Careful comparison of proteins sharing a
same fold but only low or no sequence identity should
allow a better understanding of the coding of three-
dimensional structures by amino acid sequences. It has
already been shown that positions of a given fold
occupied mainly by hydrophobic residues in the differ-
ent proteins of a structural family share very specific
physical properties and participate in stabilization of the
protein domain. They probably also play a crucial role
in the very first steps of folding [ Poupon A, Mornon J.-
P (1999) FEBS Lett. 452: 283-289; Mirny LA, Shakno-
vich EI (1999) J. Mol. Biol. 291: 177-196]. To further
understand the sequence-structure relationship, we
studied the correlation between allowed mutations at a
given three-dimensional position and some of its phys-
ical properties. The different amino acids were divided in
three groups (hydrophobic, nonpolar or weakly polar
and polar or charged), and a correlation was established
between the occupation rate of each group at a given
position in the fold and the burying, the side-chain
dispersion, the interposition distances and the ability
to form a network of directly interacting residues. The
results are then applied to predict some solvent acces-
sibility. We show that this property can be accurately
predicted for about 70% of the residues, providing
precious information concerning the corresponding
three-dimensional structures. The results are used to
predict other structural features, as secondary struc-
tures, compactness or long-range interactions between
residues remote in sequence. This information will allow
the number of possible structures for a given sequence
to be reduced considerably, simplifying the ab initio
modelling problem to a level where it might be solved by
computing methods.
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1 Introduction

As the number of known protein sequence keeps
growing, it is quite clear now that we will never be
able to study experimentally each of them. Homology
modelling is an alternative solution for about half
of them, those for which a homologous sequence with
known three-dimensional structure exists. Threading
methods can also be used to find a compatible fold for
some sequences. However, for many proteins, these
methods cannot be applied, and an ab initio prediction
method has to emerge. Recent developments in this field
look promising, and new methods have been published,
such as ROSETTA [1] (see Refs [2, 3, 4] for reviews).
These methods allow the prediction of the overall fold
for small proteins (one or two secondary structures),
within 4 A of the real structure. They also give good
results for 80-100 residue proteins, but in most cases
there are no results on larger proteins. Even when the
overall fold can be predicted, the models built are too far
from the real structure, on the atomic level, to give
information on the function of the protein. To reach that
goal, structural parameters for individual residues, such
as secondary structures or interresidue contacts and
distances, have to be better predicted, as they consider-
ably improve the quality of the structure prediction [2].

Methods for secondary structure prediction give Q3
values around 74% (meaning that 74% of the predicted
residues are assigned the correct secondary structure,
which can be one of three states: f-strand, o-helix or
coil) [2]. Methods for interresidue contact and distance
prediction give quite disappointing results, with only
8-15% of correctly predicted contacts [5, 6].

We have already shown that structure comparisons
allows significant differences for different physical
properties for conserved hydrophobic residues to be
demonstrated. For this purpose, proteins with known
three-dimensional structures where superimposed, and
the multiple alignment of the corresponding sequences
was deduced from the superimposition. The study of
the properties of topologically conserved hydrophobic
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residues (residues at positions occupied by hydrophobic
residues in almost all proteins sharing a same fold, which
we call ““ topohydrophobic ™ residues) shows significant
differences with unconserved hydrophobic residues: they
are far more buried, they are found in the inner part of the
hydrophobic core, they have very low side-chain disper-
sion, and probably the most important, they do form a
network of directly interacting residues [7, 8]. Moreover,
comparison of these topohydrophobic residues with res-
idues that have be demonstrated to be essential for the
folding process has shown a very good correlation be-
tween these two properties [9]. This demonstrates that
topohydrophobic residues are essential in every aspect of
protein structure: folding, stability and determinism.

These previous studies brought two questions. Would
similar properties be found if studying other types
of conservation (conservation of the hydrophilicity for
example)? What is the predicting power of such results?
To answer these questions, we classified the different
amino acids in three groups: hydrophobics (H, VIL-
FMYW), hydrophilics (C, REKNDQ) and nonpolar or
weakly polar (N, ACTHPGS). Cysteines were not in-
cluded in the hydrophobic group because, on average,
these residues are not very hydrophobic. Cystine resi-
dues are very buried, but were not included for two main
reasons: they are not really hydrophobic, meaning that
they do not have many hydrophobic interactions with
other hydrophobic residues; and the main goal of this
work is to establish structural parameters that could be
used for sequence-based predictions, and the distinction
between cysteine and cystine cannot be accurately made
from sequence only. The type of a given position was
then defined as a function of the proportions of residues
from each group found at this position in the different
proteins of the same family. For each type of position,
we studied different properties: burying, side-chain dis-
persion, mean distance between two positions of the
same type, direct interactions between two positions of
the same type. We show that each type of position has
different properties and that the properties demonstrated
for topohydrophobic positions are correlated not only
with conservation, but also with hydrophobicity.

To investigate the possibility to use these results,
obtained from the study of known structures, we used the
values found to predict solvent accessibility. Using this
method, solvent accessibility can be predicted for more
than 70% of the residues (depending of the chosen
threshold), knowing only a multiple alignment of diver-
gent protein sequences from the same family. We also
describe the prediction of solvent accessibility ranges for
each type of position, for which the accuracy is over 77%.

2 Material and methods

2.1 Fold families and multiple alignments

Clustering of proteins with known three-dimensional structures
into families of proteins sharing a same fold was done primarily by
sequence homology using PSI-BLAST [10], known homologies
(from bibliographic references or from the CATH databank [11])
were also taken into account (for details see Refs. [7, 8]). The
families obtained were then explored visually to group families
with similar folds. Redundancy was eliminated by keeping, in each

family, only sequences sharing less than 50% pairwise sequence
identity. For property computations, only families having six or
more members were used [7, 8]. Preliminary structure superimpo-
sitions were done using COMPOSER [12] and were refined man-
ually through an iterative process [7, 8]. Multiple sequence
alignment were deduced from structure superimposition.

Only positions represented for every protein of the family were
considered for computations. The positions corresponding to
active-site residues were also excluded.

2.2 Properties computations

1. Position types. The type of a given position is defined by the
proportions of residues from the three groups (H: VILFMYW;
C: REKNDQ; N: ACTHPGS) occupying this position in the
different proteins of the family. The proportions are rounded to
the closest tenth. For example, in a family of 24 members, a
position where 14 group H, seven group N and three group C
residues are found will be classified by the type t=(0.6H; 0.3N;
0.1C), which will further be noted (0.6, 0.3, 0.1). The number of
residues occupying each position type is given Table 1.

2. Residue solvent accessibilities for each protein were taken from
DSSP files [13]. For each type, ¢, of position, the mean solvent
accessibility is the sum of the solvent accessibility of all the
amino acids occupying a position of type ¢ divided by the
number of such residues. It is to be noted that the value is not
averaged in each family, but rather over the whole bank.

3. Mean distance between two positions of the same type. The
distance between two positions is defined, for positions i and j
(both of type 1), as the distance between the average centres of
gravity of the side chains for both positions. These distances are
normalized by the mean distance between any two positions in
the family. These normalized distances are then averaged over
the whole bank. Here again, it is to be noted that the distance
values are not averaged within a family but over the whole bank.

4. Distance between one position and its two closest neighbours of
the same type. For one position a of type ¢, the distances to its
two closest neighbours b and ¢, also belonging to type ¢, is the
distance between the average centres of gravity of the side chains
in positions ¢ and b and a and ¢, respectively. The mean value
between these two distances is computed, then averaged over the
whole family for each position type.

S. Dispersion at a given position is computed as the mean distance
between the centres of gravity of the different side chains (after
superimposition) occupying this position in the different

Table 1. Number of residues for each type of position. The
position type is defined by the proportion of hydrophobic (H,
residues VILFMYW) and nonpolar or weakly polar (N, residues
ACTHPGS) residues present in the different members of the family.
Consequently, the proportion of charged residues is 1-(H + N).
For the computation of the solvent accessibility, the mean distance
and the network distance, individual amino acids are used; the
number of positions of each type are used only for dispersion
calculations

NH 0 0.1 02 03 04 05 06 07 08 09 1

0 420 47 48 78 23 51 67 84 145 127 1553
0.1 270 95 80 167 101 93 162 89 167 886
02 191 46 199 126 80 91 80 168 682

0.3 535 304 180 287 217 250 287 433

0.4 329 188 240 159 123 181 377

0.5 272 105 248 186 118 317

0.6 274 240 43 129 203

0.7 189 171 119 468

0.8 226 114 152

09 184 357

1 912




proteins of the family. For each type of position, this value is
averaged over the whole bank.

2.3 Solvent accessibility predictions

Multiple alignments used to test solvent accessibility predictions
were taken from the PFAM bank [14, 15]. For each position of the
multiple alignment, the proportions of residues from H, N and C
groups were computed, then the solvent accessibility value observed
for the type of position was assigned.

3 Results and discussion
3.1 Properties of the different types of positions

Different properties were computed on positions of the
multiple alignments represented for every protein of the
same family. As a consequence, most loops are excluded
and p sheets are overrepresented. Catalytic residues were
also excluded because their properties are correlated
to their activity and not to structural needs. For each
position type, the properties studied are

1. The solvent accessibility, for which two different
parameters are computed: the mean value and the
median value (Fig. 1A, B).

2. The average distance between two positions of the
same type (Fig. 1C).

3. The mean distance between one position and its two
closest neighbours of the same type (Fig. 1D).

4. The side-chain dispersion (Fig. 1E).

The number of residues for each type of position is also
shown (Fig. 1F).

The different position types are not equally repre-
sented in the families studied (Table 1). This is not sur-
prising, as the three groups of residues have different
physicochemical properties; however, some interesting
features have to be noted. There is a great gap between
completely hydrophobic positions (1553 residues) and
(0.9, 0.1, 0) positions (886 residues), and this is even
greater for (0.9, 0, 0.1) positions. This is interesting as
nonpolar or weakly polar residues are the most common
ones (especially alanine). It is usually considered that
nonpolar or weakly polar residues can replace hydro-
phobic ones without damaging the structure. The
frequencies we found seem to indicate, on the contrary,
that some positions, representing about 10% of the
sequence, have to be maintained strictly hydrophobic.
This is also true for conserved nonpolar or weakly polar
positions: they concern 912 residues, whereas (0.1, 0.9, 0)
and (0, 0.9, 0.1) positions are much lower (357 and 184
residues, respectively).

Some of the variations appearing in the number or
residues are artifacts. For example, positions with 0.3 of
any of the three groups are overrepresented, whereas
positions with 0.1 are underrepresented. This is due to
the fact that some of the fold families have fewer than
ten members, thus having no occurrences for some
position types. For example, a family with six members
gives values only for 0, 0.2 (1 out of 6), 0.3, 0.5, 0.7, 0.8
and 1. The solution to this problem is not evident: one
can take only families with at least ten members, but this
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reduces the database and thus the precision of the data
obtained; another way is to keep more structures in each
family, but this introduces more redundancy, biasing the
results; the last solution is to reduce the number of
position types (with steps of 0.2 instead of 0.1), but the
consequence would be to average very different values.
For example, the median solvent accessibility value for
strictly hydrophobic positions (1, 0, 0) is 1 A%, whereas it
is 13 A2 for (0.9, 0, 0.1) positions. Simlarily, the median
solvent accessibility increases sharply as the proportion
of charged residues rises.

Computation of solvent accessibility for the different
position types shows that only few of them are system-
atically buried: (0, 1, 0), positions with 90% or more
hydrophobic residues, and positions with 60%—-80%
hydrophobic residues, the remaining ones being non-
polar or weakly polar (Fig. 1A). However, the distri-
butions are very asymmetric and cannot be fitted with
Gaussian distributions (Fig. 2B). To take into account
this dissymmetry, together with the mean accessibility,
the median value was also computed (Fig. 1B). The
median value is the value separating the population
in two halves. For symmetric distributions, the median
value is very close to the mean value, but is very different
for asymmetric distributions. As illustrated in Fig. 2B,
for (1, 0, 0) and (0, 1, 0) positions, the median accessi-
bility value (2 and 1 A2 respectively) is more indicative
than the mean value (11 and 15 A2, respectively) of
the nature of the distribution. Computation of solvent
accessibility for conserved hydrophobic positions (0, 0,
1) shows two categories: positions where the charge is
conserved (RKQN or DE), which are buried (here it
should be remembered that all active-site residues have
been excluded from computations); in contrast, posi-
tions where the charge is not conserved are exposed
(Fig. 2A).

The computation of the mean distance between two
positions of the same type (Fig. 1C) clearly shows that
positions which occupy the inner part of the protein are
fairly well conserved hydrophobicity, and very few polar
or charged residues are allowed at these positions. These
positions also have low side-chain dispersion (Fig. 1E). (0,
0, 1) positions for which the charge is conserved are also
found in the inner part of the protein (data not shown) and
have low side-chain dispersion. These results are consis-
tent with the fact that in the protein core, where the
hydrophobicity (or the charge) is well conserved for each
position, the interactions are also well conserved. This
implies that the axis of the side chain must be conserved,
even when the chemical nature of the residue is not. In
contrast, positions that can be occupied either by hydro-
philic or by hydrophobic residues have very high disper-
sion and a large mean distance between two positions of
the same type. This shows that, at these positions, when
occupied by a hydrophobic residue, the side chain points
towards the centre of the protein, and when occupied by
an hydrophilic residue, the side chain points towards the
solvent. This also explains why, for these positions, the
solvent accessibility distributions are very wide.

Computation of the mean distance between one po-
sition and its two closest neighbours of the same type
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Fig. 1A-F. Properties computed for the different position types
(see Sect. 2). A: Mean distance between two positions of the same
type; B: mean distance between one position and its two closest

(Fig. 1D) shows that, for most position types, there is no
direct interaction between positions of the same type:
most positions give values from 15 to 20 A. Only
conserved positions give lower values. For conserved
hydrophobic positions, this value is very low (5.8 A),
showing that each position makes direct interactions
with its two closest conserved hydrophobic neighbours.
We have already shown that these positions form a
network of directly interacting residues in the inner core
of the protein [7, §]. The values obtained for conserved

B Median solvent accessibility
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neighbours of the same type; C: mean side-chain dispersion;
D: number of residues occupying each type; E: mean solvent
accessibility; F: median solvent accessibility

polar or charged positions and conserved nonpolar or
weakly polar positions are higher, and that there is often
interaction with one of the two closest neighbours, but
not with both of them.

It is obvious from these results that conserved
hydrophobic, hydrophilic and nonpolar or weakly polar
positions have very different properties. As already
shown in previous publications, topohydrophobic
positions (conserved hydrophobic positions) are very
buried; they occupy what could be called the “inner
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Fig. 2. A: Distribution of solvent accessibility for conserved
hydrophilic positions with conserved charge (204 positions) or
nonconserved charge (294 positions). B: Distribution of solvent

core”, the size of which is greatly reduced compared to
that of the usual hydrophobic core; they are close to
each other and they form a network of directly inter-
acting residues in the core of the protein; the dispersion
is very low, meaning that the orientation of the side
chain is conserved from one protein to another within
the same family and for the same position. Nonpolar or
weakly polar conserved positions are also very buried,
are found in the inner core of the protein and exhibit low
dispersion, but they do not form a network. Mixed
hydrophobic/nonpolar or weakly polar positions have
properties similar to conserved hydrophobic and con-
served nonpolar or weakly polar positions: they are very
burred, they are found in the protein core, they have low
dispersion, but they are not in direct interaction with
each other. Mixed positions containing hydrophilic res-
idues have very different properties: they are exposed
and are found mostly at the surface of the protein, the
side chains occupying such positions are very dispersed,
and they do not make contact with each other.

3.2 Solvent accessibility distributions and prediction

As already shown for conserved hydrophilic positions,
the distribution of solvent accessibility for a given
position type is very asymmetric, especially for buried
residues (Fig. 2B). Consequently, the mean value is not
very relevant for the accessibility of the position type in
a prediction perspective. The median value (the value
dividing the population in two halves) is much more
indicative (Fig. 3): for (1, 0, 0) positions the mean
solvent accessibility is 11 A? [15 A2 for 0, 1, 0)
positions], whereas the median value is 1 A? 3 A? for
(0, 1, 0) positions].

To investigate the possibility of predicting structural
parameters, from sequences only, using the values ob-
tained, we predicted the solvent accessibility for 90
proteins of known structure, from the multiple align-

Conserved hydrophobic B

------ Conserved non or weakly polar

| Solvent accessibility (A2)
Mean: 11 ;7-\2

accessibility for conserved hydrophobic and conserved nonpolar or
weakly polar positions

ment in Pfam [15] to which they belong. These proteins
were selected according to the following criteria: they
should not be present in the set of structures used to
compute the different values; the length of the multiple
alignment should be more than 60 residues and has to
contain more than ten sequences.

For each protein, a residue is assigned the median
value corresponding to the position type it occupies in
the multiple alignment. The accuracy of these predic-
tions was then investigated for different thresholds
(Fig. 4). The solvent accessibility is correctly predicted
for more than 70% of the residues for any threshold
value. Residue solvent accessibility is predicted if the
corresponding position is occupied in all the sequences,
which represent 97.6% of the residues present in Pfam
alignments and 84% of the residues of the complete
domains (because protein N- and C-terminal parts are
most often omitted in the alignments).

The Q2 values obtained do not vary much with the
threshold; however, the number of residues predicted in
one category that truly belong to this category does
depend on the threshold (Fig. 5SA), as does the number
of residues that belong to one category and are predicted
in that category. As expected, the proportion of residues
predicted to be buried that are truly buried increases as
the threshold increases, and the proportion of residues
predicted to be exposed that are truly exposed decreases.
However, for every threshold tested, the numbers of
residues predicted in one category and the number of
residues which truly belong to that category are very
close (Fig. 5B).

As a consequence of the method used to predict
solvent accessibility, the accuracy of the prediction
depends on the position type and on the chosen
threshold. As shown in Fig. 6, for a given threshold,
the positions for which the median value is close to the
threshold are not well predicted (the lowest value is
0.46) and the positions for which the median value is
very different from the threshold are very well predicted
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Fig. 4. Q2 values for solvent accessibility prediction as a function
of the threshold. (The Q2 value is the number of correctly predicted
residues divided by the number of predicted residues, times 100.)

(the highest value is 0.96). Thus, if, for a given
threshold, only “‘well-predictable” positions are con-
sidered, the Q2 values are higher. For example, when
the threshold is 15 A% position types with median

values between 5 and 15 A? can be considered as dif-
ficult to predict. If the prediction is made only for the
position types having median values outside this range,
the Q2 value obtained is 75%, and 84% of the reSidues
are predicted. Similarly, for a threshold of 25 A2,
if posmon types with median values between 15 and
35 A are omitted, the Q2 value reaches 78% on 79%
of the previously predicted residues.

Different approaches have previously been used for
solvent accessibility predictions: neural networks [16,
17], Bayesian statistics [18] or logistic functions [19]. In
particular, the later method shows that the neighbours
of a residue can be used to predict its solvent
accessibility. Such consideration is not taken into
account in our method; thus, the combination of the two
could give even better results.

3.3 Predicting solvent accessibility ranges

As already explained, the consequence of using a unique
threshold is that some residues, whose accessibility
is close to the threshold, are not well predicted. To
overcome this problem, instead of predicting an acces-
sibility relative to a threshold, we predict solvent
accessibility ranges for each position type.

The ranges were computed from the structural
alignments. We defined two ranges for each position
type: the 60% range and the 80% range. For a given
position, the 60% range (or the 80% range) is a region of
solvent accessibility in which 60% (or 80%) of the resi-
dues occupying this type of pOSition are found. If the
median value for the given type is lower than 30 A2, the
range starts at 0 A2 and so is more like a maximum
value; if the median value is higher than 30 A2, the range
is more like a minimum value and goes up to more than
200 A2 (Fig. 3, Tables 2, 3).

To test these ranges, we assigned these ranges to the
residues of the previous 90 proteins. 59.4% of the resi-
dues have accessibility within the corresponding 60%
range; 77.4% for the 80% range. Some of these ranges,
especially for 80%, are very large. They correspond to
positions which are not very well represented in the
original database (Fig. 1D). These ranges could proba-
bly be narrowed by using more data for the computa-
tion; however, it should be noted that these large ranges
also correspond to position types which are not very
frequent in the alignments used to test the method, and
not predicting them does not change the proportion of
well-predicted residues.

4 Conclusion

The comparison of proteins sharing a same fold but no
or low sequence identity allows the establishment of
a correlation between the residues allowed at a given
position of the fold and some structural parameters of
this position. These results can be used to predict these
structural parameters for proteins with unknown three-
dimensional structure, using only a multiple alignment
of divergent sequences. For example, solvent accessibil-
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Fig. 6. Proportions of correct predictions for each position type and for two different thresholds: 15 and 25 A?

Table 2. 60% ranges for each position type

N\H 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0 >35% >36 >18 >34 >25 <54 <47 <28 <36 <22 <4
0.1 > 57 >55 >40 >29 >41 >28 <54 <32 <18 <4

0.2 >60 > 54 >44 >21 >24 >28 <48 <28 <17

0.3 > 57 >47 >47 >24 <60 <30 <22 <6

0.4 >50 >43 >29 >23 <31 <24 <4

0.5 >50 >39 >28 <40 <18 <4

0.6 >32 >30 <45 <20 <17

0.7 >37 <66 <25 <4

0.8 <44 <35 <4

0.9 <34 <3

1 <6

#For hydrophilic positions with conserved charge, the 60% range is below 20
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Table 3. 80% ranges for each position type

N\H 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0 >11% >8 >1 >13 >2 <70 <64 <42 <57 <37 <17
0.1 >22 >19 >10 >13 >4 >8 <78 <58 <36 <17

0.2 >32 >24 >17 >5 >5 >11 <75 <45 <8

0.3 >25 >21 >14 >7 <74 <54 <46 <27

0.4 >15 >17 >10 >4 <59 <44 <18

0.5 >15 >17 >6 <56 <46 <14

0.6 >7 >4 <67 <5l <29

0.7 >14 <73 <48 <22

0.8 <62 <47 <16

0.9 <46 <13

1 <22

#For hydrophilic positions with conserved charge, the 60% range is below 55

ity can be predicted with good accuracy: around 70%,
depending on the threshold. Solvent accessibility ranges
can be assigned to residues, with a rate of success of 59%

or 77%, depending on the ranges chosen.

This method for solvent accessibility prediction does
not consider the environment of each residue. As methods
using this type of data also give very good results [19], a

consensus method should give even better results.
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