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Abstract

Many protein pairs that share the same fold do not have any detectable sequence similarity, providing a
valuable source of information for studying sequence-structure relationship. In this study, we use a stringent
data set of structurally similar, sequence-dissimilar protein pairs to characterize residues that may play a role
in the determination of protein structure and/or function. For each protein in the database, we identify
amino-acid positions that show residue conservation within both close and distant family members. These
positions are termed “persistently conserved”. We then proceed to determine the “mutually” persistently
conserved (MPC) positions: those structurally aligned positions in a protein pair that are persistently
conserved in both pair mates. Because of their intra- and interfamily conservation, these positions are good
candidates for determining protein fold and function. We find that 45% of the persistently conserved
positions are mutually conserved. A significant fraction of them are located in critical positions for sec-
ondary structure determination, they are mostly buried, and many of them form spatial clusters within their
protein structures. A substitution matrix based on the subset of MPC positions shows two distinct charac-
teristics: (i) it is different from other available matrices, even those that are derived from structural align-
ments; (ii) its relative entropy is high, emphasizing the special residue restrictions imposed on these
positions. Such a substitution matrix should be valuable for protein design experiments.
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The protein structure space is considerably smaller than the
sequence space (Brenner and Levitt 2000; Koppensteiner et
al. 2000). This means that many protein sequences, includ-
ing highly dissimilar ones, assume similar folding patterns
(Orengo et al. 1994; Brenner and Levitt 2000; Koppen-
steiner et al. 2000). It is not uncommon for structurally
similar protein pairs to have only 10% sequence identity,
suggesting that many positions have no critical role in struc-
ture determination, and that the folding determinants are

restricted to a limited number of sequence residues. This
was demonstrated both experimentally and computation-
ally. Experimentally, it was shown for a number of proteins
that many of the mutations introduced along the sequence
have had no effect on the protein’s activity (Rennell et al.
1991; Markiewicz et al. 1994; Suckow et al. 1996), and on
its stability (Milla et al. 1994). Most of the mutations that
have had an effect were located either at the core of the fold
or at the protein’s functional sites. The core residues, where
conservation seemed to be important, were mostly hydro-
phobic, but their identity was not crucial and different hy-
drophobic residues could replace one another without af-
fecting the structure (Lim and Sauer 1989; Bowie et al.
1990).

Recent computational studies have reached similar con-
clusions. Mirny and colleagues (Mirny et al. 1998; Mirny
and Shakhnovich 1999) and Ptitsyn and Ting (1999) com-
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pared the sequences within large protein superfamilies of
solved structures to search for positions that conserve a
certain type of residues (hydrophobic, charged, etc.). The
comparison was done within each family that is contained in
the superfamily, and conserved positions were examined
across the families within a superfamily. Thus, a position
can be conserved across the superfamily but contain differ-
ent types of residues in the different families. Both studies
have identified only a small number of such positions that
were also spatially close, and suggested that they form fold-
ing nuclei. Stabilization centers that are formed by long-
range interactions also were suggested by Dosztányi et al.
(1997), who demonstrated their conservation within the cor-
responding protein families. Similar findings also were de-
scribed in computational design protocols, where compat-
ible sequences have been sought for a given structural tem-
plate (Koehl and Levitt 1999), and in lattice models (Mirny
et al. 1998). The designed sequences showed high conser-
vation in a relatively small number of specific positions.
The potential role of key residues in structure determination
was also demonstrated by the Gaussian network model, by
which residues involved in the highest frequency fluctua-
tions near the native state coordinates were identified
(Demirel et al. 1998). Recently, Reddy et al. (2001) have
analyzed common substructures that recur in the protein
data bank (PDB), and identified in them conserved key
amino acids positions (CKAAPs). All these observations
show that a very small number of residues play a key role in
fold determination, enabling different sequences that con-
tain these key residues at appropriate positions to assume
similar folds. These can function either as folding nuclei
(Mirny and Shakhnovich 1999, 2001), establish the mol-
ecule’s active site (e.g., Reddy et al. 2001), or play key roles
in critical positions of secondary structure elements (Reddy
et al. 2001). In this study, we use a novel automated tech-
nique on a global, stringently constructed structural data-
base to identify and characterize such significant positions.
A global analysis of proteins from many different folds
enables us to draw general conclusions regarding soluble
proteins whose structures have been solved. Stringency is
applied at the level of database construction and at the level
of positional conservation analysis, enabling us to separate
those positions that are conserved as a result of nondiver-
gence from a common ancestor, from those that are con-
served for structural/functional reasons.

The database that is used in the current analysis is of pairs
of proteins that share a common fold but are dissimilar in
sequence (12% identical residues on the average). By align-
ing the two structures of paired proteins, structurally aligned
positions are determined. These positions may possess iden-
tical residues in the two proteins or different residues. One
way to distinguish structurally aligned positions that may be
critical for the structure and/or function of the proteins in a
pair is to follow their pattern of conservation in their re-

spective protein sequence families. Positions that contain
residues that are conserved in both protein families are de-
noted mutually conserved. Because the two families of the
structurally similar, sequence-dissimilar (SSSD) aligned
proteins are so remote, mutually conserved positions, by
virtue of their intra- and interfamily conservation, may be
important for structure or function. More specific informa-
tion can be obtained by focusing on those mutually con-
served positions that are retained conserved as the multiple
alignment of family members is expanded to include mem-
bers that are more and more remote. Positions that are con-
served among close family members and remain conserved
when remote members are added to the alignment, add fur-
ther support to the putative role of these positions in struc-
ture and function determination. On the one hand, exami-
nation of conservation among close members may lead to
the inclusion of positions that have possibly not yet di-
verged. On the other hand, examination of conservation
among distant family members may be erroneous because
of possible arbitrary drift in the aligned sequences (Park et
al. 1998; Friedberg et al. 2000b). Therefore, examination of
conservation among both close and distant members may
pinpoint the critical residues. Such positions are denoted
here “mutually persistently conserved” (MPC), and the cur-
rent study focuses on them. We show that many of these
residues are located in positions that play an important role
in secondary structure determination, that they are buried in
their protein structures, and that many of them form spatial
clusters. Moreover, the substitution matrix derived from
MPC positions has high relative entropy, indicating that
MPC replacements are limited to only certain types of resi-
dues.

Results and Discussion

Identifying mutually persistently conserved positions

We have compiled a restrictive database of 118 SSSD pro-
tein pairs (see Materials and Methods). The proteins in each
pair have the same fold but do not exhibit any significant
sequence similarity. It should be noted that although se-
quence pairwise alignments in SSSD do not have high
enough alignment scores to be considered significantly
similar, this does not necessarily mean that all pair mates in
the SSSD pairs can be considered unrelated. Because the
current methods for assessment of statistical significance
are constructed to examine whether two proteins may be
related by sequence considerations, having found that two
sequences are dissimilar by such considerations does not
necessarily mean that they are unrelated. It only means that
the similarity score is not sufficiently high for them to be
considered related. However, as elaborated upon in the Ma-
terials and Methods section, we believe that as a population,
protein pairs in SSSD are sufficiently dissimilar to be con-
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sidered unrelated. Furthermore, as no single pair in SSSD
has a significant alignment score, then even the high scoring
pairs in our database can be considered interesting (if not
unrelated).

To identify MPC positions, the persistently conserved
positions in each protein family need first to be determined.
As noted in the introduction, we wish to identify positions
where the conservation is maintained as the alignment is
advanced and more remote family members are added. To
do that, we need to generate multiple sequence alignments
containing close and remote family members. This can be
achieved by using PSI-BLAST that identifies remote ho-
mologs by an iterative process (Altschul et al. 1997).

Figure 1 depicts a flowchart of the analysis. Each se-
quence in the database was run through PSI-BLAST for five
iterations, or until convergence. For each sequence, per it-
eration, the conservation at each position was evaluated by
calculating the information content (IC) (see Materials and
Methods). Note that the IC of each position is determined by
using relative entropy (see Materials and Methods). This

means that the conservation of a given amino-acid type in a
given position is evaluated relative to its background fre-
quency in the entire database. There exists a certain ambi-
guity in the use of the term “conservation” when applied to
scores assigned to positions in a multiple sequence align-
ment. Most studies use some variant of the Shannon entropy
(IC) formula to assess positional conservation. According to
the question at hand, some studies use the information-
content formula with scores normalized according to back-
ground frequencies, whereas others do not. The use or omis-
sion of priors in the computation should depend on the
question asked. Here we were interested in determining in
the SSSD protein pairs positions that show distinct amino
acids and therefore took into account the background fre-
quencies.

To arrive at conservation scores that are comparable be-
tween different sequences, the IC values were expressed in
standard deviations from the mean IC of the sequence (ZIC-
values). In this study, positions with a conservation score
greater than zero (the normalized IC mean) have been con-
sidered as conserved. We set the threshold at zero as our
other requirements of persistency and mutuality in conser-
vation already narrow down significantly the studied resi-
dues, and we did not wish to limit the range of studied
residues only to those that are extremely conserved. How-
ever, the threshold can be set at any desired value and the
analysis repeated on the residues determined by the defined
threshold. (Note that although our threshold was put at the
average, only 39% of the positions were determined as con-
served at the first iteration. This is because the average is
computed along the alignment that is frequently longer than
the actual length of sequences). As stated above, each se-
quence was run through PSI-BLAST for several iterations
(up to five). Each such iteration provides conservation
scores for the positions along the sequence. Positions that
had been found to be conserved both at the first and last
iteration were determined as persistently conserved. The
persistency requirement is especially important given the
derivation of the multiple sequence alignment by PSI-
BLAST, as PSI-BLAST incorporates very close sequences
at the first iteration, and may drift to include nonrelated
sequences as the iterations advance (Park et al. 1998; Fried-
berg et al. 2000b). Thus, the inclusion of residue positions
that are identified as conserved both at the first and last
iteration of PSI-BLAST is expected to decrease the fraction
of positions that were erroneously identified as conserved.
Finally, the MPC positions were determined by selecting
only those persistently conserved positions that were “mu-
tually” conserved in the two pair mates.

Out of 118 protein pairs in our database, 93 pairs had
more than a single PSI-BLAST iteration for both pair mates.
Seventy-four percent of the positions identified as con-
served at the first iteration were persistently conserved.
Among all persistently conserved positions, 45% show mu-

Fig. 1. A schematic flowchart describing the identification of mutually
persistently conserved positions. See text for details.
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tual conservation, while 55% show persistent conservation
only in one pair mate. It is evident from the above statistics
that the application of the two requirements of persistency
and mutuality of conservation directs us to a strictly defined
subset of residues. These positions, together with the mu-
tually conserved positions in protein families that converged
after the first iteration, make up the MPC positions, 2603 in
total. This result is highly statistically significant (p<.0001;
see Materials and Methods). Eight hundred thirty-eight of
these positions (32%) are occupied by identical residues in
the two pair mates, and 1765 positions (68%) show different
residues. These proportions deviate significantly from what
is observed for all aligned positions in the database, where
only 12% (1962/15,566) of the aligned positions are occu-
pied by identical residues and 88% (13,604/15,566) show
different residues. The total number of residues in the 2603
MPC positions added up to 3701 (and not to 2603×2, as
some proteins appeared in more than one pair and in quite
a few cases exhibited the same MPC positions). We assume
that the MPC positions were maintained persistently con-
served in a corresponding manner in the two remote protein
families because they play important roles in structure and/
or function determination, and we turn to find out what
these roles might be.

Over-represented amino acid residues in mutually
persistently conserved positions

Comparison of the amino-acid frequency distribution in
MPC positions with their frequency distribution in all po-
sitions in the data revealed a significant difference (p�.01
by a �2 test). By applying a �2 test to the individual amino
acids we could point out the amino acids that contributed
mostly to the significant deviation, and to identify those
residues that were significantly over-represented (or under-
represented) in MPC positions. As illustrated in Figure 2,
aspartic acid, isoleucine, glycine, proline, histidine, cyste-
ine, tryptophan, phenylalanine, and tyrosine were found to
be significantly over-represented in MPC positions in com-
parison to their background frequencies. In many cases,
those residues were maintained unchanged in the structur-
ally aligned positions of the two pair mates. Previously, we
have shown that conserved identical residues in aligned po-
sitions have distinct roles, mainly in or near the active sites
of the proteins (Friedberg et al. 2000a).

Substitution matrix derived from mutually persistently
conserved positions

A log-odds substitution matrix based on the data from MPC
positions describes the favorableness of substitutions in
these positions, and provides a tool for analyzing the allow-
able substitutions at positions that are suspected to be im-
portant for structural/ functional determination. We derived

such a matrix (Fig. 3a), as described in the Materials and
Methods section. The pairs of residues that were introduced
to the matrix’s cells were the pairs of residues in the aligned
proteins, at positions denoted as MPC. For comparison, we
derived also a matrix from all structurally aligned positions
in the database (Fig. 3b). The structurally derived matrix
was quite similar to such matrices derived by others (Naor
et al. 1996; Prlic et al. 2000). Comparison of the amino-acid
pair distribution forming the structurally derived matrix to
those forming the matrices of the BLOSUM series (Heni-
koff and Henikoff 1992) has revealed an interesting pattern
of similarity (Fig. 4). The amino-acid pair distributions were
compared by computing the Jensen-Shannon divergence
(Lin 1991; see Materials and Methods for details). We
found that as the BLOSUM series number rises, the simi-
larity between the distributions decreases (Fig. 4). In other
words, the structurally derived matrix is most similar to the
BLOSUM matrix derived from low-similarity sequences.
On the contrary, the Jensen-Shannon divergence between
the distributions used to derive the MPC matrix and those of
the BLOSUM series remained almost constant regardless of
BLOSUM serial number, and it was usually higher than the
corresponding divergence obtained with the structurally de-
rived distribution.

The relative entropy of the MPC-derived matrix was
found to be 1.015 bits and highly statistically significant
(p�.01). For comparison, the relative entropy of the struc-
turally derived matrix is 0.17 bits. Generally, when a sub-
stitution matrix is derived from a multiple sequence align-
ment, the relative entropy of the matrix decreases as the
evolutionary distances among the sequences increase. This
is because the observed and background distributions draw
closer as evolutionary distance increases. Interestingly, al-
though the MPC-derived matrix is constructed from protein

Fig. 2. Distribution of residue types in mutually persistently conserved
(MPC) positions expressed as the log-odds ratio between the frequency of
a residue in MPC positions (obs) and its frequency in the entire database of
SSSD proteins (exp). All frequency differences were found to be statisti-
cally significant by a �2 test, except for Leucine, Asparagine, and Valine
(marked with ‘^’).
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pairs with no detectable sequence similarity, its relative en-
tropy value is quite high, correlating with those matrices
incorporating close homologs, such as BLOSUM 85. How-
ever, the high relative entropy values in matrices incorpo-
rating close homologs is because of the fact that they have
not yet diverged, and the rate of substitutions among them
is quite low. By definition, the majority of substitutions
between similar sequences are synonymous. In the MPC-
derived matrix, the same high frequency of synonymy pre-
vails, but for a completely different reason: MPC positions
will tend to be synonymous by virtue of their irreplaceabil-
ity, and not because they have not yet diverged in evolution.
The MPC-derived matrix therefore combines two compo-
nents of vastly different types of substitution matrices: on

the one hand, it is a matrix derived from the alignments of
proteins that are remote in sequence. On the other hand, the
actual data from which this matrix is derived is that of
structurally aligned positions that are extremely well-con-
served. We propose that by determining the MPC positions,
we include in the matrix only those positions that, although
substituted between distant proteins, still maintain a neces-
sary role in their respective structures. Inspection of the
MPC-derived matrix (Fig. 3a) reveals that favorably substi-
tuted residues are located along the diagonal and within
three distinct groups: aromatic, aliphatic, and charged. The
high log-odds values along the diagonal indicate that the
maintenance of certain residues as unchanged is of high
significance in MPC positions. Other replacements are lim-
ited to residues with similar physicochemical characteris-
tics. Within the aromatic residues, we note that substitutions
among tyrosine, phenylalanine, and tryptophan are highly
favorable. Likewise, substitutions among the aliphatic resi-
dues are highly favorable. While such general preferences
have been observed in the other matrices, the actual relative
contributions of the various pairwise substitutions are dif-
ferent, as demonstrated in Figure 4. It is conceivable there-
fore, that the MPC-derived matrix captures valuable infor-
mation regarding critical structural determinants, putting
high restrictions on allowable substitutions in positions that
are supposedly critical for the structure and function deter-
mination.

Mutually persistently conserved positions in secondary
structure elements

One role key positions may have in structure determination
is in the stabilization of secondary structures. Extensive
work has been done in determining the preferences of cer-
tain residue types in � helices and their role in determining
helix structure, including helix initiation and terminationFig. 3. Amino-acid residue substitution matrices derived from (a) mutu-

ally persistently conserved positions and (b) all structurally aligned posi-
tions. Values are scaled to 1/10 bit.

Fig. 4. Comparison between sequence-derived and structure-derived sub-
stitution matrices. The amino-acid pair frequency distributions that were
used for the derivation of the substitution matrices were compared by the
Jensen-Shannon divergence. A series of BLOSUM matrices were com-
pared with the mutually persistently conserved-derived matrix (filled
squares) and with the structurally derived matrix (open circles).
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(Aurora and Rose 1998; Kumar and Bansal 1998). Here, we
investigate the presence of MPC residues in specific posi-
tions along secondary-structure elements, both in � helices
and � strands. The MPC frequencies at each position in the
vicinity of the termini of secondary structure elements and
their flanking regions were determined and compared to the
frequencies expected at random (see Materials and Meth-
ods). Figure 5 shows the comparison between observed and
expected frequencies of MPC positions along the positions
of the secondary-structure elements, expressed by their log-
odds values. As demonstrated in Figure 5a, there is a clear
preference for MPC positions to be present at the flanking
regions of � helices, both at their N and C termini. These
tendencies were found to be highly statistically significant
by a �2 test, especially in positions N���, N�, and C��
(p�.01). Thus, these residues probably play a role in the
helix initiation and termination. Notably, among the MPC
positions at N� and N��, there is over-representation of
amino-acid residues with hydrogen bond acceptors in their
side chain, consistent with a possible role in determination
of the N-terminus of the helix. Similarly, the MPC positions
at position C� show over-representation of amino-acid resi-
dues with a hydrogen-bond donor in their side chains, con-
sistent with the stabilization of the C-terminus of the helix,
which is relatively negatively charged. Specific positioning

of MPC residues in � strands also is observed, although less
prominently (Fig. 5b). It was found that MPC residues were
preferred at the terminal position of the � strand and in its
vicinity (p�.01). Thus, we have demonstrated that one of
the roles MPC residues may have is in the determination
and stabilization of secondary structure elements along the
protein sequence. A similar observation was reported by
Reddy et al. (2001) for residues in CKAAPs.

Solvent accessibility

The solvent accessibility values of MPC positions were
compared with those of all paired positions in the database.
Figure 6 shows the fractions of exposed and buried MPC
positions in comparison to all aligned database residues. By
applying a t-test to the actual solvent accessibility values,
we show that the MPC positions significantly differ from
the positions in the whole data set (p�0.02). This suggests
that MPC positions tend to be located in the protein’s inte-
rior, lending further support to their possible role as main-
tainers of structure/function.

Spatial proximity of mutually persistently
conserved positions

We describe the spatial proximity of MPC positions by
using a graph representation. A graph in this respect denotes

Fig. 5. Frequency of mutually persistently conserved (MPC) positions in secondary structure elements. The X-axis shows the positions
in and flanking the secondary structure element (nomenclature after Aurora and Rose 1998). The flanking regions are marked with
apostrophes, the in-element residues with digits, and the initial and terminal (capping) residues with a “c.” The Y-axis is the logarithm
of the ratio between the actual frequency of MPC residues in a position and that expected at random, based on the overall frequency
of MPC positions in the data. The positions in which MPCs were found to be significantly over- or under-represented are marked with
an “*.” (a) � helices; (b) � strands.
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a network of nodes connected by edges. Graph-theoretical
approaches have been used in structural biology, for ex-
ample, for protein structure prediction (Samudrala and
Moult 1998), for estimating the number of possible topolo-
gies for a protein built from a given number of elements
(Jaroszewski and Godzik 2000), and for identifying side-
chain clusters in protein structures (Kannan and
Vishveshwara 1999). Here, we use such a representation to
describe the structural proximity of MPC residues, using the
structural information of both respective protein structures
that make a pair. Any given pair of structurally aligned
proteins is represented by a graph, where aligned residue
positions are presented as vertices, and edges are drawn
between those residue pairs that are aligned and are in spa-
tial proximity in both pair mates. Residues consecutive in
sequence are not joined by edges. From this graph, we ex-
tract the MPC subgraph: a graph whose nodes are those
aligned positions that are MPC, and are in spatial proximity
in both respective, aligned chains. By taking into account
the number of edges and their sequence distance given the
protein fold, a quantitative measure is assigned to each MPC
subgraph, representing the spatial proximity of its constitu-
ents (see Materials and Methods for a detailed description).
The higher this score, the closer in space are the examined
residues.

At the end of this procedure, each protein pair is assigned
a quantitative value that depicts the structural proximity of
its MPC positions. To assess the significance of this spatial
proximity score, we performed a Monte-Carlo run under the
null hypothesis that the spatial proximity score for MPC
positions is no better than that expected at random. Given
Np MPC positions in a protein pair, we selected from the
aligned proteins Np aligned positions at random, and de-
rived their proximity score, as done for the MPC positions.
This process was repeated 500 times for each protein pair.
If less than 25 Monte-Carlo runs had a score greater than the
MPC score (p<.05), then the null hypothesis was rejected,
and the spatial proximity of the MPC positions was deter-
mined as statistically significant. Out of the 118 protein

pairs, 69 pairs were found to have MPC positions whose
spatial proximity was better than that expected at random.
This suggests that a fraction of the MPC positions form
spatial clusters of interacting residues that may have a func-
tional or structural role. Thus, an additional role of these
residues may be in establishing folding nuclei and/or special
substructures associated with the functional sites.

A case study

For a close impression of the possible roles of MPC posi-
tions, we look at one example of a protein pair in our da-
tabase and its MPC constituents: Lipase B from Candida
antarctica (CALB; PDB entry 1tca [Uppenberg et al. 1994])
and haloalkane dehalogenase from Xanthobacter autotro-
phicus (XADL; PDB entry 1ede [Verschueren et al. 1993]),
two enzymes that show a very high structural similarity, yet
no detectable sequence similarity. CALB belongs to the
lipase family, a diverse group of enzymes that hydrolyze
triglycerides at lipid-water interfaces, and which all have a
catalytic triad similar to the one found in serine proteases
(Ser-His-Asp/Glu). XADL is a haloalkane dehalogenase,
which converts 1-haloalkanes into primary alcohols and a
halide ion by hydrolytic cleavage of the carbon-halogen
bond. CALB and XADL belong to the SCOP superfamily of
�/� hydrolases (Murzin et al. 1995), although they are clas-
sified in different families, fungal lipases and haloalkane
dehalogenases, respectively. In CATH, CALB and XADL
are classified in the same homology group despite their
sequence dissimilarity, as a result of the high structural
similarity of the two structures (Orengo et al. 1997). XADL
is of length 310 amino acids and CALB is of length 317
amino acids, and there are 39 positions determined as MPC
along the structural alignment. Inspection of the locations of
these residues along the structures of the proteins shows the
same patterns that were revealed for the whole database:
many of the MPC positions are located at the termini of
secondary structures, and a relatively large fraction are lo-
cated in turns, thus their importance in the structure deter-
mination is by maintaining the turns that are critical for the
overall fold of the molecules. Most interesting are those

Fig. 6. Distribution of mutually persistently conserved positions (white
bars) by solvent accessibility compared to all aligned residues (black bars).
Residues were defined as buried when the solvent accessibility was <30%
and exposed otherwise.

Table 1. Spatially close mutually persistently conserved
positions in XADL and CALB that establish and stabilize the
active site

XADL CALB Parallel function

D260 D167 catalytic triad
D124 S105 catalytic triad
W125 Q106 substrate stabilization
G55 G39 active-site stabilization
G126 G107 active-site stabilization
G127 G108 active-site stabilization
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residues that form spatial clusters. Here, we discuss in detail
one such cluster in the two proteins, which is related to the
active site (Table 1).

Looking at the alignment, both catalytic triads are struc-
turally aligned, and XADL:D260/CALB:D187 and XADL:
D124/CALB:S105 are identifiable as MPC. XADL:H289/
CALB:H224 was not identifiable using MPC positions, as
CALB:H224 is not a conserved residue in the first PSI-
BLAST iteration, although it is conserved in subsequent
iterations. The other residues identified as MPC also play a
role in maintaining and stabilizing the active site. These
include XADL:W125/CALB:Q106 that are MPC in both
proteins. At least XADL:W125 is known to play a critical
role in binding the halide atom of the substrate, as con-
firmed by mutation studies (Kennes et al. 1995). In addition,
several glycines appear in this cluster as MPC. Glycine
residues serve as “filler residues” when a side chain might
interfere with necessary functionality or may disrupt sec-
ondary structure. Following the MPC XADL:W125/
CALB:Q106, there are two consecutive glycines in both
proteins XADL:G126/CALB:G107 and XADL:G127/
CALB:G108. These are MPC positions with high conser-
vation scores. Both are within a 7.0 A distance from
XADL:D124/CALB:S105 active site nucleophile, and from
XADL:W125/CALB:Q106, which is a substrate stabilizer.
It is obvious that replacement of these glycines with a side-
chain–containing residue will cause disruption of the pro-
teins’ function, by being in contact with the active site nu-
cleophile, or with the substrate stabilizing residue. Another
conserved glycine is observed in XADL:G55/CALB:G39.
This glycine is well conserved in most of the �/� hydro-
lases. Indeed, its ZIC score is quite high: 3.47 in XADL and
4.65 in CALB. A side chain at this position would create a
close contact between its C� and the C� of the active site
position XADL:D124/CALB:S105 and possibly disturb in-
teractions. Therefore, glycine is mostly suitable at this po-
sition. Thus, we have seen that spatially close MPC residues
have clearly been maintained for a reason in this example
for maintenance and stabilization of the structure of the
active site.

Concluding remarks

Evolutionary information has been used in various studies
to identify residues that may be important for structure and
function determination (Mirny and Shakhnovich 1999,
2001; Ptitsyn and Ting 1999; Reddy et al. 2001). In most of
these studies, the identification of candidate residues was
obtained based on structural and sequence information, us-
ing different data sets for the structural and sequence analy-
sis, and different approaches to estimate conservation of a
suspected residue. It is mostly important that interpretation
of the results should be done in view of the different pa-
rameters used in the analysis. In the current study, the data

set of protein sequences used is constructed in a very strin-
gent fashion. It includes pairs of similar-structure proteins
that exhibit only 12% of identical residues on the average.
The positions that are candidates for maintaining important
structural/functional characteristics are structurally aligned
positions that show residue conservation in their respective
protein sequences. It is important to note that conservation
is evaluated by calculating the information content of a
position, considering the 20 amino acids without clustering
and taking into account the background frequencies of the
amino acids in the data. Positions with information content
above the average of all the sequence positions are deter-
mined as conserved. Furthermore, only positions that were
found to be conserved in both close and remote family
members of the two corresponding protein families are con-
sidered in the analysis.

These definitions direct us to a specific subset of residues
(MPC) that are shown to be relevant for structure/function
determination. Among these residues stand out the aromatic
residues, and cysteine, glycine, and proline as appearing
above their background frequencies. The bulky aromatic
residues play important roles in the packaging of the pro-
tein, while the cysteines are maintained conserved for pre-
serving the disulfide bridges, and proline and glycine are
located in critical structural positions, most often flanking
secondary structures or near active sites. Notably, we do not
identify as standing out the aliphatic residues that are fre-
quently found in the protein hydrophobic cores and are im-
portant for protein stabilization. Because these residues are
interchangeable among themselves and are highly abundant
in the data, they cannot be singled out by our procedure that
uses a 20-letter alphabet for the amino acids and considers
their background frequencies in the information content cal-
culation. Thus, the analysis directs us to different types of
residues and structural roles. The residues that we have
identified are mostly buried within their protein structures,
but only in 70% of the proteins they form spatial clusters
more than expected at random. In many of these cases, these
clusters are found to be related to the active site of the
protein. Thus, residues in MPC positions are important for
establishing and maintaining the substructure around the
active site. One very distinct feature of the identified MPC
positions is their location in the termini of secondary struc-
ture elements. Thus, it is important to conserve certain types
of residues in these positions to maintain secondary struc-
ture elements through evolution.

To obtain the MPC positions, we perform in each family
a strict conservation analysis, but we do not require that the
same residues be maintained in both proteins. This enables
us to capture the interchangeability between MPC positions
by analyzing the pairs of residues found in MPC positions
of the two structurally aligned proteins. The substitution
matrix obtained is very informative (H � 1.015) and de-
fines the restrictions of allowable substitutions in these criti-
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cal positions. We observe interchangeability only within
groups of same-character amino acids, i.e., within the ali-
phatic, hydroxyl-containing aliphatic, aromatic, and
charged amino acids. Interestingly, some interchanges be-
tween positively and negatively charged residues are ob-
served, consistent with other structurally derived matrices
(Naor et al. 1996; Blake and Cohen 2001). From a predic-
tive perspective, such a matrix provides valuable informa-
tion regarding the allowable substitutions for maintaining a
desired structure. When comparing two multiple alignments
of protein families, it may be used to identify those persis-
tently conserved positions that should be aligned as mutu-
ally conserved, and serve as the anchor positions for ho-
mology modeling.

Materials and methods

Construction of a database of structurally similar,
sequence-dissimilar proteins

The FSSP (fold classification based on structure-structure align-
ment of proteins) (Holm and Sander 1996) and distant aligned
protein sequences (DAPS) (Rice and Eisenberg 1998, http://siren.
bio.indiana.edu/daps) databases were used as a starting point for
the database of 118 SSSD protein pairs. Briefly, FSSP is a data-
base based on an exhaustive all-versus-all structural alignment of
proteins in the PDB database (Berman et al. 2000). The classifi-
cation and alignments are automatically maintained and continu-
ously updated using the DALI program (Holm and Sander 1996).
Each FSSP file has a single structural representative against which
all structurally similar proteins are aligned in decreasing order
of structural similarity. The DAPS database is based on FSSP
and contains alignments of all protein pairs sharing <25% iden-
tical residues. These pairs of proteins were based on the
PDB_SELECT25 list (Hobohm and Sander 1994). We verified
that the structural alignments are not different from those based on
structural alignments obtained by SSAP (Orengo and Taylor
1996). DALI, the structural alignment method used to construct
FSSP, is based on a Monte-Carlo optimization for the alignment of
C�−C� distance matrices. SSAP aligns proteins as a set of C�

vectors. We found that ∼80% of the paired positions were
coaligned when either alignment was used as a standard.

For generation of the SSSD database used in this study, the
DAPS database was filtered using the following criteria (Friedberg
et al. 2000a): minimal protein length of 30 residues for both pair
members; resolution better than 3.5Å for each pair member; dif-
ference in lengths within a protein pair does not exceed 50% of the
shorter member; the alignment length is at least 60% of the longer
member’s length; and the sequences of the pair members should
not be well aligned using sequence alignment methods. A good
sequence alignment, regardless of compatibility with the FSSP
structural alignment, denotes a sequence similarity that we wish to
avoid. Each pair was checked for similarity using the BESTFIT
program from the GCG package (version 10, Genetics Computing
Group), an implementation of the Smith-Waterman algorithm
(Smith and Waterman 1981). Statistical significance was evaluated
by comparing the actual alignment score to a sample of random
scores obtained by alignment of one sequence to shuffled se-
quences with the same amino-acid composition as the second se-
quence. Sequence pairs with alignment scores that deviated more

than six standard deviations from the average random score were
excluded (Z�6). The average Z score of the sequence pairs in our
data was found to be 1.16 with a standard deviation of 1.63.
Therefore, we can say that in SSSD, no proteins within a pair are
similar. As a population, they are dissimilar enough to be consid-
ered unrelated by sequence.

The SSSD database is available at http://bioinfo.md.huji.ac.il/
marg/SSSD/.

Assessment of conservation

Generally, per any given PSI-BLAST iteration, the information
content for a single position j in a multiple sequence alignment
(IC(j)) would be:

IC�j� = �
i=1

20

pij*log�pij�qi�,

where: pij is the frequency of residue i at position j, and qi is the
frequency of residue i in the database. We used the information
content values provided by PSI-BLAST, which are actually cor-
rected information content values incorporating the following ca-
veats: sequence weighting in the MSA is performed so as to assign
a smaller weight to sequences having more relatives in the MSA,
thus preventing them from “outvoting” more divergent sequences;
and estimation of pij is further complicated by sample size and
knowledge of relationships among residues. PSI-BLAST solves
this problem using pseudocounts (Altschul et al. 1997).

Upon obtaining the IC(j) for a given position in a given iteration,
the normalized value ZIC(j) was calculated by

ZIC (j) � (IC(j) − IC)/SIC,

where IC is the mean of IC(j) values along the sequence in a
particular iteration, and SIC is its standard deviation. A position
was considered to be conserved when ZIC(j)>0.

Statistical significance of number of mutually
persistently conserved positions found

To evaluate if the observed number of MPC positions deviates
significantly from that expected at random, we applied a normal
approximation to a binomial test. The null hypothesis is that
the fraction of MPC positions observed is the same as that
expected at random. The expected number of MPC positions
is calculated as follows: as there is a differential conservation
in buried locations compared with exposed locations, we
partitioned all positions according to their solvent exposure.
Fifty-six percent of the positions were found to be buried (<30%
solvent exposure) and 44% exposed. The fraction of PCs in
buried and exposed positions is 0.3784 and 0.1914, respectively.
The fraction of MPC positions expected at random is therefore
0.56 × 0.37842 + 0.44 × 0.19142 � 0.096. By using a normal ap-
proximation to a binomial test, we show that the deviation between
observed and expected at random is highly statistically significant
(Z � 30; p<.0001).

Residue distribution in secondary structure elements

Analysis of residue distribution in secondary structure elements
was carried out as follows: helix and strand locations were deter-
mined using DSSP (Kabsch and Sander 1983). Helices or strands
whose lengths were less than seven residues were discarded. Each
MPC position was assigned in a secondary structure position, or a

Friedberg and Margalit

358 Protein Science, vol. 11



flanking region. We have named the positions as in Aurora and
Rose (1998): the order of N4�, N���,N��,N�,Ncap,N1,N2,N3,
N4. . .C4,C3,C2,C1,Ccap. . .C4� for flanking and in-element posi-
tions is given. The flanking regions are marked with apostrophes,
the in-element residues with digits, and the initial and terminal
(capping) residues with a “c.”

We aligned all helices by the determined positions and calcu-
lated the relative occurrence of MPC residues in each position. The
same was done for � strands. The occurrence of MPC residues in
a position was expressed as log(Nj/Ej), where Nj is the actual
number of MPC residues at position j, and Ej is the expected
number of MPC residues, based on the fraction of MPC residues
in the data.

Solvent accessibility

Solvent accessibility (SA) values in Å2, were taken from the FSSP
database. For each residue, these were divided by the accessible
surface area of the extended conformation of that residue (Miller et
al. 1987) and expressed in percentages. The analysis was carried
out both by using these values and by clustering the residues into
two solvent-accessibility categories: buried (SA<30%) and ex-
posed (SA�30%).

Assessing spatial proximity of mutually persistently
conserved positions

As described in the Results section, we assess the spatial proximity
of MPC positions using a graph representation of the residues in
the protein. A quantitative measure of the spatial proximity of
residues in an MPC subgraph would be the number of edges in it
compared to the number of vertices. However, because we com-
pare the actual measure to those obtained by a Monte-Carlo pro-
cedure that uses the same number of vertices, the constant number
of vertices is canceled out. In addition, instead of just counting the
number of edges, the spatial proximity is better represented by
weighting the edges according to the probability of having con-
tacting residues within that sequence distance in the particular fold
examined. Generally, an edge drawn between contacting residues
distant in sequence receives a higher weight than an edge drawn
between contacting residues that are close in sequence. However,
because of the different folds of different proteins, the weighting
function should not be universal. Therefore, it was constructed
according to the contact map of each chain. For example, upon
examining a particular fold, it might be shown that residues within
a sequence distance of 50 positions have a higher probability of
being in contact than residues within a distance of 40 or 60 posi-
tions. This phenomenon is a result of regularity in the protein’s
tertiary structure, and will vary between different fold patterns.
Thus, for computing the edge weights, the frequency of contacting
residues with the same sequence separation was taken into ac-
count.

The calculation in detail is shown below. Given two structurally
aligned proteins A and B:

For protein A build a vector A � <a2,. . .,an−2>, ak being the
number of contacting residue pairs that are k residues distant in
sequence, and n is the chain length (2� k �n−2). Contacting
residues are those with a distance �7.0Å between �-carbons. This
process is repeated for the second protein in the alignment, gen-
erating B � <b2,. . .,bm−2> (m being the length of the second pro-
tein sequence).

Determine the probability for two residues separated by a se-
quence distance of k positions to be in contact:

PA�k� =
ak

�A
PB�k� =

bk

�B
.

The weight of the edge drawn between any two contacting resi-
dues separated by a sequence distance of k positions (WA(k) for
protein A and WB(k) for protein B) is calculated as follows:

WA�k� = max
i=2

n−2

�PA�i�� − PA �k�;

WB�k� = max
i=2

m−2

�PB�i�� − PB�k�;

where max [PA(i)] and max [PB(i)] are the maximal probabili-
ties for two i-separated residues to be in contact in proteins A and
B, respectively. This weighting function provides an equal base-
line score of zero for proteins in a pair.

Ai and Aj are two contacting residues in protein A. They are
aligned to Bk and Bl respectively, which are also contacting. There-
fore, one vertex would be [Ai,Bk] and the other would be [Aj,Bl].

The edge weight between the vertices [Ai,Bk] and [Aj,Bl]
would be

w�Ai,Bk��Aj,Bl� =
WA�|j − i|� + WB�|l − k|�

2
.

Without the weighting function, the quantitative measure for the
spatial proximity of residues in a subgraph would have been ob-
tained by the summation of the edges. Similarly, now the weighted
number of edges is summed.

Finally, assessment of the spatial proximity of the MPC posi-
tions is performed using a Monte-Carlo procedure. For each pro-
tein pair we repeat the above analysis with randomly picked
aligned positions. The number of those positions is the same as the
number of vertices in the MPC graph. The randomization is re-
peated 500 times. If <25 randomization scores (5% of 500) have a
better spatial proximity score than the MPC score, the result is
considered significant.

Generation of log-odds matrices

Generation of the matrix derived from mutually
persistently conserved positions

All the aligned positions that were determined to be MPC were
tallied. For each two residues Ai and Aj (1�i�j�20), we count the
number of times that they appear as aligned in MPC positions. This
provides the number of substitutions between Ai and Aj. A sub-
stitution matrix was derived as described in (Naor et al. 1996). The
values that appear in the matrix in Figure 3 were obtained by

log2

Fij

FiFj

where Fij are the observed frequencies of substitutions between
amino acids Ai and Aj, and Fi·Fj are the expected frequencies,
based on the frequencies of amino acids Ai and Aj in the data.
The values are scaled to 1/10 bits.

Generation of the structurally derived matrix

For the structurally derived matrix, all the aligned positions in the
SSSD protein pairs were tallied, and the matrix was derived as
described above.
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Comparing frequency distributions by the
Jensen-Shannon divergence

The Jensen-Shannon (JS) divergence of two distributions p1 and p2

is defined as in (Lin 1991): JS � H(�1p1+�2p2) – �1H(p1) –
�2H(p2), where H(pi) is the entropy of distribution pi, and �i is the
weight given to that distribution. �1, �2>0 and �1+�2 � 1. We
used JS divergence with �1 � �2 � 0.5 to compare between the
observed amino-acid pair frequency distributions in the BLOSUM
matrices and the MPC and structurally derived matrices.
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