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We present an original strategy, that involves a bioinformatic software structure, in order
to perform an exhaustive and objective statistical analysis of three-dimensional struc-
tures of proteins. We establish the relationship between multiple sequences alignments
and various structural features of proteins. We show that amino acids implied in disul-
fide bonds, salt bridges and hydrophobic interactions are particularly conserved. Effects
of identity, global similarity within alignments, and accessibility of interactions have
been studied. Furthermore, we point out that the more variable the sequences within a
multiple alignment, the more informative the multiple alignment. The results support
multiple alignments usefulness for predictions of structural features.

Keywords: Conservation; three-dimensionnal interactions; multiple alignment; similarity;
accessibility.

1. Introduction

There are two main ways to investigate the residue importance for a protein struc-
ture or function. The first is experimental, and consists in examining the effect
of mutations. The second is computational, by comparing sequences of proteins in
a family and studying the distribution of residues. Conserved positions are sus-
pected to play important roles regarding to protein structure or function. Previous
studies established some basic principles like conserved hydrophobic residues in
protein core,!™3 conserved physico-chemical properties regarding functional sites'
or conserved polar residues at protein surfaces.® Various studies focused on interac-
tion conservation in protein families, but they considered only one interaction type
such as hydrophobic interaction, electrostatic interaction such as salt bridges®” or
disulfide bonds.® Furthermore, they were not exhaustive, since the conservation was
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studied on few proteins or families: Musafia et al. (1995) used 94 proteins,? Schueler
and Margalit (1995) used eight protein families.'® However, in these studies, the ef-
fect of various parameters has been studied like accessibility or secondary structure.
We present an original automatic strategy, that allowed an exhaustive analysis of
the conservation of disulfide bonds, salt bridges, hydrophobic interactions in au-
tomatic computed multiple alignments. The aim of this work is to investigate the
relationships between the conservation of residues in multiple alignment of a pro-
tein family (obtained from sequence similarity search) and their involvement into
pairwise interactions (derived from three-dimensional structures). This study was
led with a permanent purpose of exhaustiveness and objectivity. Our results indi-
cate that structural roles of residues correlate with their preferential conservation in
multiple alignments, supporting the usefulness of multiple alignments in predicting
structural features.

2. Materials and Methods
2.1. Protein structures and interaction detection

A total of 1567 protein structures of the PDB!! have been used. The identity
between any two sequences is less than 25 percent, ensuring a sequence non-
redondancy protein set. An interaction database has been created using DSSP!?
(Dictionary of Secondary Structures of Proteins). We have modified the DSSP pro-
gram (called DSSPm) so as it becomes able to detect and list, the position and the
accessibility of residues implied in disulfide bonds, salt bridges and hydrophobic
interactions from a protein structure (PDB file). A chemical type has been defined
for each residue, and important functional atoms have been used for interaction
searching (Table 1).

Disulfide is detected if two atoms “SG” are distant of less than 3 A. A salt
bridge is detected if functional atoms of two opposed charged residues are distant
of less than 3 A. An hydrophobic interaction is detected if functional atoms of two

Table 1. Residues chemical types and atoms used for interaction detection.

Residue Functional Atoms Chemical Type
Gly G GLY
Arg R NH1, NH2 BASE
Asp D OD1, OD2 ACID
Cys C SG CYS
Glu E OE1l, OE2 ACID
His H ND1, CD2, CE1l, NE2 BASE
Ile I CD1 HYDROPHOBIC
Leu L CD1, CD2 HYDROPHOBIC
Lys K NZ BASE
Met M CE HYDROPHOBIC
Phe F CD1, CD2, CEl, CE2, CZ HYDROPHOBIC
Trp W CDI1, CD2, CE2, CE3, CZ2, CZ3, NE1, CH2 HYDROPHOBIC
Val Vv CG1, CG2 HYDROPHOBIC
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Fig. 1. Schematic distribution of sequences found by BLAST. s represents the stage calculated by
Eq. (1), the crosses are the position of selected sequences in order to obtain a mixed sample.

distinct hydrophobic residues are distant of less than 3.3 A.

2.2. Simalarity search and multiple alignments

For each protein, a similarity search is performed using BLASTP'? in SWISSPROT
+ TrEMBL.' In order to get a set of the maximum number of representative and
related sequences, a procedure for sampling sequences in the similarity result file
has been developed. This sampling function has to be efficient on most protein
families. The customized selection is achieved using different criteria:

o If several sequences are found with a zero E-value, only the first one is kept so as
to minimize uninformative redundancy;

e The selection procedure proceeds in stages. Each BLAST result file is decomposed
in different stages, according to the E-value range covered by sequences and the
number of found sequences. For each stage, one sequence is selected. The stages (s)
are defined using E-values (Eq. (1)).

o log(Ew)) — log(Ey)

n—1

(1)

With n: the number of sequences satisfying 0 < E-value < le — 6; E(q): the first
sequence with a non-zero E-value.

During the stage selection, the first non-zero E-value sequence is selected. The
second sequence is selected when it has an E-value so that Eq. (2) is verified. The
E-value of the second sequence is then used for the selection of the third sequence.
This procedure is iteratively used until the E value exceeds 1E-6.

log(Eit1) — log(Ei) > s (2)

The aim of this procedure is to avoid the overrepresentation of identical or
very close sequences (Fig. 1): this procedure allows to obtain a sample of related
sequences, in which structural features like weak interactions are conserved. In
the same time, this selection procedure introduces a minimal variability between
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Fig. 2. Example of selection procedure of sequences found by BLAST. The selected sequences
are represented by straight black lines, the discarded one are grey. In this example, the length is
defined to include all dissulfide bonds.

sequences (in the form of mutations) providing key material to observe and demon-
strate that these mutations tend to preserve weak interactions.

e The selected sequences (Fig. 2) are truncated on the basis of the two most distant
residues involved in a interaction, so as to comprise all the interactions found in the
PDB structure. These precautions ensure the calculation of a multiple alignment,
containing the interactions, and a weak number of gaps.

All the sequences that verify these criteria are selected and constitute a database
of related sequences. The sequences are then aligned using CLUSTALW!® (version
1.8) with default parameters. The process is applied to each PDB protein.

2.3. Interaction conservation and control pairs definition

Firstly, it is necessary to identify the interactions (listed using DSSPm) within the
multiple alignments. The positions numbers have to be corrected for the presence
of gaps. Secondly, the conservation of an interaction (f) is calculated as:

fa@BG) = namsg /N (3)

with ng(jy(j), the number of sequences in which a residue of type A is present at the
position i and a residue of type B is present at the position j and N, the number of
sequences in the multiple alignment. In Eq. (3), the type of the residue is consid-
ered: Argl0-Asp40 is equivalent to Lys10-Glu40 as BASE10-ACID40. Furthermore,
for salt bridges, a permutation is equivalent to a conservation: Aspl0-Arg40 is
equivalent to Argl0-Asp40. So as to have an idea of the statistical meaning of the
calculated values, controls are needed. Concerning salt bridges, the charged residues
that are obvioulsy not implied in a salt bridge (d = 15 A) have been used. Each
control pair is formed pairing two opposite-charged residues. The same rules are
applied to hydrophobic interactions. Concerning disulfide bonds, reduced cysteins
are randomly paired.
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Table 2. Accuracy levels of secondary structure predictions.
Q3 is the prediction accuracy considering three secondary
structure states (Helix, Extended or Sheet, Coil).

Q3 Percentage
Prediction Method Coil  Helix Sheet Average

SOPMA 75.5 75.3 62.1 72.5
DSC 78.0 645 56.2 68.5
PHD 749 743 64.8 72.5

SOPMA-DSC-PHD* 80.1 72.9 59.4 72.8

*Consensus prediction method from all three methods as
as calculated in NPS@?20

2.4. Alignment quality assessment: secondary structure
compatibility

In order to check the quality of the automatically computed multiple alignments,
we have used secondary structures information. Indeed, it has been established that
SOV is a valuable way to assess the homology relationships between sequences in
multiple alignments.'® The secondary structure of each protein has been predicted
using three different methods: SOPMA,'” DSC'® and PHD.'® Then a consensus
prediction has been calculated.

In the consensus prediction the most frequently predicted state is kept. Then
the prediction accuracy obtained is a little bit more reliable than any given method
alone as shown in Table 2

The agreement between the aligned secondary structures has been measured
with SOV parameter as most recently defined?! and adapted to the comparison of
two different protelns22

B 1 minov(Sq, St) + §(Sq, St)
SOV =100 x | >y maxov(S4.50) x len(Sq) (4)
i€[H,E,C] S(i)

in which N is the alignment length minus the number of gaps; len is the sequence
length; H, E et C are Helix, Extended, and Coil states, minov is the length of
actual secondary structures overlap of the query Sq and the target St; maxov is the
maximal length of overlapping secondary structures Sq and St and ¢ is defined as:

0(Sq, St) = min{(maxov(Sq, St) — minov(Sq, St)); minov(Sq, St);
len(Sq)/2; len(St)/2}

2.5. Identity and global conservation, interaction accessibility

The identity level is calculated counting the number of strictly conserved positions
divided by length of the multiple alignment.

Global conservation is calculated using AL2CO.?3 AL2CO calculates a con-
servation index for each position as a function of the frequency of each residue.



510 M. Errami, C. Geourjon & G. Deléage

In order to favour the structural similarity between residues, the matrix HSDM?24
(Homologous Structural Derived Matriz) was used in the command line:

AL2CO —1iinFile —o outFile — ¢ 2 — s hsdm.

We checked the ability of AL2CO to give relevant conservation indexes onto
BAIiBASE?® alignments, that have been manually refined. The indexes values were
compared to the ones obtained with the BAIIBASE alignments recomputed using
CLUSTALW. AL2CO gives better conservation indexes for BAIIBASE alignments
(data not shown), showing its ability to give relevant global conservation indexes.

Accessibility is calculated for each residue using DSSP!? (geodesic sphere inte-
gration algorithm).

DSSPm, Extractblast and Extractfasta programs, which have been developed
for this study, are available at http://pbil.ibcp.fr/. A graphical interface in Tecl/Tk
named BioRead has been written to integrate the functions of Exctractblast, and
Extractfasta (equivalent of Extractblast for FASTA26 and SSEARCH?” programs).

3. Results
3.1. Strategy

In order to determine how important residues for structures are conserved in mul-
tiple sequence alignments, an automated strategy had to be developed. For each
protein of the Protein Data Bank, we proceed in three major steps: first, the se-
quence is used to automatically find, select and align related sequences in order to
compute a representative multiple alignment. Second, the structural interactions
within this protein structure are listed in a automatic generated database. Finally,
the conservation of these interactions are calculated in the multiple alignment. This
process is repeated for all the proteins of the PDB, allowing an exhaustive analysis,
since it is fully automatic (Fig. 3).

In order to validate this strategy, we applied it on the disulfide bonds conserva-
tion. Indeed, since disulfide bonds play a major role in protein structure establish-
ment, evolution processes had to maintain these bonds in order to guarantee the
structure integrity. Multiple alignments reflect some of the mutational changes that
had occured during evolution. To be biologically relevant, our strategy must point
out an important conservation of disulfide bonds comparatively to controls (pairs
of reduced cysteins). The conservation of disulfide bonds in mutiple alignment has
been calculated for actual SS bonds and for control. The results are given for align-
ments containing less or more than ten sequences (Fig. 4). In all cases, disulfide
bonds conservation is higher for actual SS bonds than for control.

Disulfide bonds conservation is 94.5 percent, clearly more than controls con-
servation of 57.6 percent. The conservation varies with the size of the alignments.
The difference between disulfide bonds and controls conservations increases with
the size of alignments since it is of 21.26 in alignment of less than ten sequences
and reaches 55.55 in alignments countaining more than ten sequences.
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Fig. 4. Disulfide bonds conservation (grey) and reduced cystein pairs conservation (white).

We also found that the simultaneous presence of oxidized and reduced cyteins is
rarely observed. Only 34 proteins of the 597 counting at least one disulfide bonds,
also count at least two reduced cysteins that is to say 5.7 percent.

As our strategy points out the clear conservation of disulfide bonds and confirms
our thoughts. This strategy can be regarded as relevant and the developed bioin-
formatic structure as functional. Then salt bridges and hydrophobic interactions
conservation have been studied using the same process.

3.2. Alignment quality

In order to assess the quality of the automatic computed alignments used in this
study, the secondary structure compatibility between aligned sequences has been
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checked using SOV parameter. It has been previously demonstrated that a minimal
SOV of 60 percent was sufficient to establish that two aligned proteins are related.??
Furthermore it has also been shown that SOV parameter could be made profitable
to assess the relevance of a multiple alignment, even at low identity rate (10 to
30 percent).'6 The average SOV calculated for all the alignments is 89 percent
+ 9 percent suggesting that the automatic computed alignments are biologically
relevant. Furthermore, one aim of the selection procedure was to minimize the gap
rate, since sequences were selected with a length that depends on the position of
the interactions. This goal has been reached since the average gap rate within the
alignments is of 5 percent + 4 percent.

3.3. Conservation of interactions
3.3.1. Global analysis

As cysteins, charged and hydrophobic residues play an important role in three-
dimensional structures. Thus, they should be more conserved than control pairs.
However, these residues play various roles in proteins: solubilisation physiological
solutions, allosteric regulation, interaction with other molecules, enzymatic cataly-
sis etc. Consequently, conservation of these residues cannot be attributed to their
only structural role. The aim of this study is to determine how the structural role
influences their conservation within multiple alignments.

Results show a clear preferential conservation of amino acids when they are
in an interaction (electrostatic or hydrophobic). Amino acids within salt bridges
(Table 3) and hydrophobic interactions (Table 4) are more conserved than controls.
Furthermore, this preferential conservation is more marked in alignments containing
more than ten sequences: the differences between interactions and controls conser-
vation rates are greater for these alignments.

With regard to salt bridges, permutations are more observed when residues are
implied in an interaction, since the permutation rate is 12.41 for salt bridges versus
8.07 for controls. The difference is higher when alignments count more than ten
sequences (8.72). This difference, while real, is not sufficient to be reliably applied
in a predictive purpose.

The results are comparable to the ones obtained with disulfide bonds: the ten-
dencies are the same. However, the difference between interactions and controls

Table 3. Salt bridges and control pairs conservation and permutation

rates.
All Alignments < Sequences > 10 Sequences
(570) (346) (224)
Percentage
(Number) Cons. Perm. Cons. Perm. Cons. Perm.

Salt bridges  63.86 1241 7120 4.62 5505  26.16
(3075) (1992) (1083)

Controls 53.87 8.07 62.00  3.03 4276  17.44
(14,382,706) (9,393,334) (4,989,372)
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Table 4. Hydrophobic interactions and control pairs conservation rates.

Conservation
Percentage All Alignments < 10 Sequences > 10 Sequences
(Number) (762) (353) (409)
Hydrophobic interactions 76.37 80.13 75.12
(2248) (1209) (1039)
Controls 66.66 73.68 64.32
(17,994,378) (10,829,637) (7,164,741)

conservations is lower, pointing out the difficulty of predicting salt bridges from the
only sequences.

3.3.2. Multiple alignment identity effect

With the aim to measure the identity effect on interaction conservation, three align-
ments groups were made. The first, composed of alignments showing less than
five percent identity, the second of alignments showing between 5 and 50 percent
identity, and the third in which alignments present more than 50 percent identity
(Fig. 5). First, the greater the identity rate within the alignment, the more con-
served the interactions and the controls. Second, the difference between controls
and interactions conservation rates is all the more high since identity rate is weak:
at five percent identity this difference reaches 12.61 for salt bridges and 8.4 for hy-
drophobic interactions, when at > 50 percent identity this difference downs to 8.0
for salt bridges and 1.3 for hydrophobic interactions. The preferential conservation
of interactions is then better when the sequences of alignments are more variable.

3.3.3. Global similarity effect

The identity is not a precise measure of the global conservation in a multiple align-
ment, since identity complies with the “all or nothing” law. No difference is made

Conservation (%) Conservation (%)

100 — A 100 — B
90 1 90 —
80 Bl 80 —

70 1 70
60 60
50 50
40 40
30 1 30
20 20
10 1 10
0 0
1d<=5%  5%< 1d<=50% 50%<Id ld<=5%  5%< 1d<=50% 50%<Id

Fig. 5. Identity effect on salt bridges (A), hydrophobic interactions (B) and respective controls
(white) conservation rates.
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Fig. 6. (A) AL2CO average indexes for the alignments used in the analysis of salt bridges con-
servation. (B) AL2CO average indexes for the alignments used in the analysis of hydrophobic
interaction conservation. One plot is obtained per alignment. The indexes are represented as a
function of the number of the sequences. (C) Global similarity effect on salt bridges and controls
(white) conservation rates. (D) Global similarity effect on hydrophobic interactions and controls
(white) conservation rates.

between a position conserved at 90 percent or one conserved at 10 percent. AL2CO
program provided us a solution to this problem. AL2CO was used to calculate a
global conservation index for each multiple alignment. Two groups of alignments
have been made (Figs. 6(A) and 6(C)): the first in which calculated indexes are
high showing a high global conservation, the second with alignments presenting
low indexes and then a weak global conservation. The groups were constituted so
that the number of alignments and the size of these alignments are comparable.

The results (Figs. 6(B) and 6(D)) confirm the observation made with the iden-
tity. Indeed, preferential conservation of salt bridges and hydrophobic interactions
is more marked when the global similarity is weak.

3.3.4. Accessibility effect

Charged residues present at molecule surfaces help in protein solubilization. Sub-
stitution studies did not reveal any significant influence of exposed salt bridges on
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Table 5. Salt bridges (SB), Hydrophobic interactions (Hyd. int.) and con-
trol pairs (controls) conservation rates. Accessibility threshold is applied
to each residue of interactions and control pairs. Numbers in parenthesis
are the strength used for the study.

SB Accessibility < 10 A 2 Global Analysis
Conservation (%)
(number) Salt Bridges  Controls  Salt Bridges  Controls
Alignments 79.40 59.04 64.37 54.28
(723) (277) (233) (3075) (8198)
< 10 sequences 82.50 71.24 71.20 62.00
(449) (184) (144) (1992) (5519)
> 10 sequences 72.59 41.57 55.05 42.76
(274) (93) (89) (1083) (2679)
Hyd int Accessibility < 10 A 2 Accessibility > 30 A 2
Conservation (%)  Hydrophobic Hydrophobic
(number) Interactions  Controls  Interactions  Controls
Alignments 78.85 75.27 64.60 54.28
(1130) (1434) (1612) (135) (1240)
< 10 sequences 82.58 80.66 71.05 65.00
(632) (770) (1097) (73) (509)
> 10 sequences 77.60 73.47 62.46 50.95
(498) (664) (856) (62) (731)

structure stability. But, buried salt bridges are favourable over isolated charges, the
latter tend to destabilize protein structures. Concerning hydrophobic residues, they
tend to decrease their solvent exposure and are generally located within the protein
core. Accessibility is then an important parameter to consider when dealing with
salt bridges and hydrophobic interactions conservation. With the aim to study the
conservation of more buried interactions, an arbitrary maximal threshold of 10 A 2
has been fixed for both residues within a buried interaction.

Conservation results (Table 5) clearly show that the preferential conservation of
salt bridges is more important for buried ones, and more particularly for alignments
containing more than ten sequences, since the difference between true positive and
control reaches 31.02, versus 12.29 for the global analysis (independently of interac-
tion accessibility). The accessibility effect on hydrophobic interactions is opposed:
the difference between interactions and controls conservation rates is all the greater
since residues are exposed. Thus, the preferential conservation of hydrophobic in-
teractions is more important when they are exposed. As exposure of hydrophobic
residues is not energetically favourable, exposed interactions must be of biologi-
cal importance so that they are maintained at protein surfaces, explaining their
conservation in multiple alignments.
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4. Discussion

In this paper, we have described an original automatic strategy, that allowed an
exhaustive analysis of the conservation of disulfide bonds, salt bridges, hydropho-
bic interactions in automatic computed multiple alignments. A crucial point is to
check the relevance of these alignments. The calculated indexes with AL2CO on
these alignments, are comparable with values obtained on BAIiIBASE?® (Bahr et al.,
2001) structural alignments (data not shown) suggesting that the alignments of this
study are correct. Furthermore, the quality of the alignments has been checked by
measuring the agreement between aligned secondary structures (SOV) and by mea-
suring the gap rate. Our results clearly show that our alignments can be regarded
as relevant. This is not suprising, since the maximal E-value threshold of selected
sequences (found by BLAST) has been fixed as classically to le-6. This rather low
value has been chosen so as to avoid the selection of foreign sequences.

The strategy was validated onto the disulfide bonds pairing since it clearly points
out the preferential conservation of cysteins within multiple alignments oxidized.
Thus, multiple alignments are valuable tools to help in prediction of disulfide bonds
within proteins.?® The preferential conservation of oxidized cysteins is more marked
in alignments counting more than ten sequences. Indeed, the more heterogeneous
a family, the more important are the conserved residues within the family. In or-
der to provide a representative sampling of the sequences of a given family, an
extraction procedure by stages has been developed and implemented into a pro-
gram called Extractblast. This program is a valuable tool to select sequences from
BLAST files, in order to constitute a non redondant protein set, representative of a
proteic family, allowing sufficient mutations to emphasize these important residues.
Consequently, cysteins that are not essential to the structure may have disappeared
but oxidized ones, which are particularly important are kept. These observations
made with disulfide bonds also apply to salt bridges and hydrophobic interactions.
Indeed, residues are more conserved when they are implied within an interaction,
suggesting the importance of their structural role. Furthermore, this conservation is
all the more important since the sequences within multiple alignments are variable.
Nevertheless, this preferential conservation of residues involved in interactions, is
less marked for salt bridges and hydrophobic interactions than for disulfide bonds.
Several reasons can explain this. Firstly, salt bridges and hydrophobic interactions
are weak interactions, it is easy for the protein to make up for the disappearing
of weak interactions, by other weak interactions.” Russell and Barton (1994) has
previously shown that weak interactions can be quite different (number, position
and type) within proteins sharing the same structure.?? Thus the conservation of
a fold would not be due to the conservation of weak interactions but rather to the
conservation of global physico-chemical properties. Secondly, the residues involved
in weak interactions, like charged or hydrophobic residues are multivalent: enzy-
matic catalysis, interactions with other molecules, interactions with membranes,
regulation targets. Consequently, it is not possible to ascribe the conservation of
these residues to their only structural role.
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An important parameter of the study is the accessibility of the interactions. Con-
cerning electrostatic interactions, the more buried interactions show the greater
preferential conservation (compared to controls). Due to the missing of water
molecules in the interior of proteins, interactions are favourable over isolated
charges. Accessibility is the more conclusive parameter, and has to be made prof-
itable in any predictive purpose: the observed differences between interactions and
controls conservation rates are the greatest when accessibility is considered. Acces-
sibility influence on electrostatic interactions conservation has also been studied by
others, '3 and the results confirm that the more conserved salt bridges are also the
more buried. Furthermore, it is known that the consequences for the protein stabil-
ity are minor when eliminating exposed salt bridges.?!32 Concerning hydrophobic
interactions, our results are consistent with previous studies3334
has a visible effect on residue conservation. Unlike salt bridges, the difference be-
tween hydrophobic interactions and controls conservation rates is more important
for the more exposed interactions. Nevertheless, buried interactions are very well
conserved as previously suggested.3

An interesting point arose from this work: the more variables the sequences
within an alignment, the more informative the alignment, as the observed differ-
ence between interactions and control conservation rates is all greater since global
similarity is weak. Thus, it is interesting to compute alignments using related se-
quences, and by introducing the maximum variability. However, it is necessary to
have a way at one’s disposal to validate such alignments. To this goal, we have
developed a strategy that helps in the detection of non related protein sequences,
within low identity multiple alignments by using secondary structure predictions.'6

since accessibility
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