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Abstract There is a delicate balance between stability and
flexibility needed for enzyme function. To avoid undesirable
alteration of the functional properties during the evolutionary
optimization of the structural stability under certain circum-
stances, and vice versa, to avoid unwanted changes of stability
during the optimization of the functional properties of proteins,
common sense would suggest that parts of the protein structure
responsible for stability and parts responsible for function
developed and evolved separately. This study shows that nature
did not follow this anthropomorphic logic: the set of residues
involved in function and those involved in structural stabilization
of enzymes are rather overlapping than segregated.
� 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

Current proteins are the products of multimillion years of

evolution. During this long period many proteins have been

developed with similar structures but different functions. The

tertiary structure of proteins must fulfill more constraints than

the primary structure, thus the number of significantly different

structures and the number of protein folds are several orders of

magnitude smaller than the number of proteins [1–3]. Many

proteins from various organisms with different structural sta-

bility exhibit the same function [4–6]. These observations

suggest that functional regions of the polypeptide chains

evolved independently from the regions which are responsible

for the structural stability, in order to avoid interference in the

course of optimization. In fact, some authors classify conser-

vative residues as structural or functional residues [7]. Fur-

thermore, it is generally accepted that functionally important

residues are mainly solvent-accessible residues on the protein

surface, while structurally important residues are likely part of

the protein core [8].

Our earlier works suggested that residues responsible for the

function of major histocompatibility complex proteins play a

key role in their structural stabilization [9]. In PD-(D/E)XK
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(type II) endonucleases, the active site residues and some res-

idues involved in DNA recognition are frequently involved in

stabilization centers (SCs; see Section 2) [10,11]. Luque et al.

[12] discussed the structural stability of binding sites as char-

acterized by hydrogen/deuterium exchange and found that

catalytic residues are mostly located in high stability regions,

while binding sites can be found in both high and low stability

regions. Likewise, active site residue mutations in AmpC b-
lactamase caused decreased activity but increased structural

stability [13]. These observations indicate an overlap between

functionally and structurally important residues.

The aim of this work was to analyze the relationship between

functionally and structurally relevant residues using statistical

approaches on a dataset of 417 polypeptide chains, which will

be referred as overlapping functional–structural residue

(OFSR) dataset. For this purpose subsets of these residue

classes were analyzed. As a subset of functionally relevant res-

idues (F subset) of enzymes, we considered residues that had

SITE records in the protein data bank (PDB) entries, repre-

senting active site, substrate, coenzyme or effector binding site

residues. A similar subset of functionally relevant residues with

SITE records was also used by Sternberg and co-workers [14].

To probe the dependence of the results on the selection of the

dataset or the definition of functional residues, the analysis has

been repeated using the CATRES dataset [15]. Due to the

smaller size of the CATRES dataset, however, greater statistical

uncertainty is expected, a more detailed statistical analysis was

done only on the larger OFSR dataset. As a subset of struc-

turally important residues (S subset), we considered SC resi-

dues. SC residues are elements of clusters of residues involved in

cooperative long-range interaction, i.e., elements of non-cova-

lent crosslinks in proteins. They are involved in 70% more non-

local interactions than other residues and tend to have lower

than average B-factors in X-ray structures and have elevated

conservation [10]. A slightly increased number of SC elements

was found in proteins from thermophilic sources, compared to

their mesophilic counterparts [16]. SCs were shown to modify

the helix–helix orientation in four-helix bundles and to con-

tribute to the stabilization free energy [17]. These observations

indicate that SC residues are of structural relevance.
2. Materials and methods

2.1. SC definition
SC residues are defined based on the contact map of a protein with

known three-dimensional structure [10]. Two residues are in contact if
there is at least one pair of heavy atoms with a distance less than the
blished by Elsevier B.V. All rights reserved.
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Fig. 1. Distribution of O�
1 (A), O�

2 (B) and O�
3 (C) over 100 randomized

datasets and the actual O1, O2 and O3 values of the OFSR dataset.
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sum of the van derWaals radii of the two atoms plus 1.0 �A. Long-range
contacts are defined as contacts between residues, which are separated
by at least 10 residues in the amino acid sequence or they are not part of
the same polypeptide chain. Two residues are SC elements if they are
involved in long-range contacts and at least one supporting residue
could be found in each of the flanking tetra-peptides of these residues in
such a way that at least seven out of the possible nine interactions were
formed between the two triplets. Stabilization centers were identified
with the SCide public server (http://www.enzim.hu/scide) [18].

2.2. Dataset
The Families of Structurally Similar Proteins [19] database released

on 16th June 2002 was downloaded from ‘‘ftp://ftp.ebi.ac.uk/pub/da-
tabases/fssp’’. The initial dataset contained 27 180 protein chains from
14 437 proteins, belonging to 2859 representative families. All repre-
sentative polypeptide chains were checked against SITE records in the
PDB [20] entries, enzyme commission (EC) numbers [21] in the
COMPND records, and whether the chain contains SC elements. Only
280 polypeptide chains fulfilled all these conditions. For the rest of the
representative enzymes, homologous structures were selected with the
highest possible similarity, utmost SITE records and lowest RMSD
values. This search resulted in 140 new entries. After checking the
whole dataset for redundancy using the BLASTclust program [22]
(with a score density threshold value of 0.8), 417 entries remained
containing 3618 functionally important residues. The complete dataset
is available under: ‘‘http://www.enzim.hu/~magyarcs/func_stab.html’’.
The dataset has been divided into several secondary structural sub-
classes based on the SCOP classification [23]. Protein chains with
differently classified domains were considered as multi-domain (class-
E) proteins. Different biochemical functions were also taken into
account by dividing the dataset according to the EC numbering [21].
The CATRES dataset [15], containing 614 catalytic residues from 177
entries in 181 polypeptide chains was also analyzed.

2.3. Data analysis
The expected number of residues occurring in both F and S subsets

of the ith polypeptide chain was calculated as
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where Ni
F is the number of residues in the F subset; Ni
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where Nch is the number of polypeptide chains in the dataset (417 and
181 for the OFSR and the CATRES dataset, respectively).
The mean value (O1) is calculated as an average of the Oi values. The

O2 value is calculated as the ratio of the sums of expected and observed
values of overlapping residues over all protein chains. While O1 gives
equal weights to the proteins of various sizes, O2 implicitly weighs each
protein with its total number of residues. We created a hypothetical
protein by merging all sequences with SC and SITE residues already
identified into a single sequence and calculated the O value (O3). The
median of the Oi values was derived from the whole dataset and its
functional (EC) and structural (SCOP) subclasses in order to show that
the observed overlap is not due to a few proteins with high Oi values.
To check the significance of the observed high overlap between the S
and F subsets, 100 randomized control datasets were generated. For
each protein of the control datasets, the same number of residues as in
the F subsets (Ni

F) was selected randomly and the statistical analysis
was repeated with these residues instead of the SITE residues. The
same O1, O2 and O3 overlap values and their standard deviations were
calculated for the 100 randomized datasets.
3. Results and discussion

The overlap between functionally and structurally relevant

residues has been investigated by calculating the correlation

between these two residue classes in our OFSR dataset of 417

polypeptide chains containing 136 810 residues. O values for all

studied proteins are available at ‘‘http://www.enzim.hu/~

magyarcs/func_stab.html’’, while the result of the statistical

analysis is summarized in Fig. 1 and Table 1. Fig. 1 shows the

http://www.enzim.hu/scide
ftp://ftp.ebi.ac.uk/pub/databases/fssp
ftp://ftp.ebi.ac.uk/pub/databases/fssp
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Table 1
Main properties and O values for the OFSR dataset with its various subsets and for the CATRES dataset [15]

Subset Nch Ntotal O1 O2 O3 M

EC 1 95 35 625 1.31 1.12 1.13 1.14
EC 2 81 26 196 1.19 1.19 1.20 1.09
EC 3 166 49 043 1.37 1.24 1.21 1.37
EC 4 46 16 131 1.38 1.07 1.06 1.03
EC 5 18 5612 1.65 1.35 1.38 1.48
EC 6 11 4203 1.13 0.94 0.88 0.98

Total 417 136 810 1.33 1.17 1.17 1.20

SCOP A 26 8879 1.30 1.27 1.22 1.35
SCOP B 53 14 650 1.14 1.07 1.04 1.11
SCOP C 135 44 189 1.29 1.11 1.14 1.15
SCOP D 76 18 285 1.28 1.34 1.26 1.25
SCOP E 113 47 870 1.46 1.22 1.19 1.23
SCOP other 14 2937 1.76 1.36 1.26 2.05

CATRES 181 62 075 1.13 1.19 1.20 1.05

Nch is the number of polypeptide chains, Ntotal is the sum of total number of residues in the various subsets. O1, O2 and O3 values are measures of
overlap between functionally and structurally relevant residues. M values are the medians derived from the Oi values of the individual proteins.
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distributions of the O�
1, O�

2 and O�
3 values for 100 random

datasets and the actual data for the OFSR dataset. Table 1

shows the O1, O2 and O3 values, and the median of the Oi

values for the CATRES dataset, the OFSR dataset and its

various subclasses. The mean values and the standard devia-

tions on the 100 random samples are 0.992� 0.051,

0.986� 0.028 and 0.992� 0.028 for O1, O2 and O3, respec-

tively. It is worth noting that the measured overlap as well as

its standard deviation is about twice as high in the case of the

O1 value, than for the other two O values. Therefore, the de-

viations from the averages of the random cases are the same,

6.6 in standard deviation units in all three cases. The proba-

bility that this deviation happens by chance on a database of

this size is less than 10�9. Our observations that the overlap

between F and S subsets is higher, than in a randomized

sample, is valid for the OFSR dataset and not for all individual

proteins. In fact, it is not valid for more than one-third of the

proteins studied. O2 and O3 values are almost the same for the

random distribution and also for the OFSR dataset, indicating

that the hypothetical protein (created by merging all sequences

together) gives the same result as the size weighted average of

the Oi values of the individual proteins. To confirm whether

this considerable overlap is generally valid for all proteins in

the dataset, proteins with different secondary structure

or different biochemical function have been analyzed sepa-

rately. Table 1 shows the results for the six SCOP and six EC

subclasses.

To investigate further if our results are generally valid or the

consequence of our special definition of functionally important

residues, the same statistical analysis was carried out on the

CATRES dataset, which contains only catalytic residues in

contrast to the SITE residues used in all other statistics. This

dataset contained 614 catalytic site residues in 181 polypeptide

chains, the obtained results are listed in Table 1. The O2 and

O3 values are similar to the values obtained on the OFSR

dataset. The lower O1 and median values can be explained with

a relatively large number of proteins with zero Oi values with

no common residues in the F and S subsets due to the low

number of catalytic residues per protein in the CATRES da-

taset. Therefore, only the calculation of O values, which are
based on sums over the whole dataset (particularly O3), is

meaningful.

The expected number and measure of overlaps were also

calculated for the 20 different amino acids using the same

statistical approach as for the entire dataset (available at

‘‘http://www.enzim.hu/~magyarcs/func_stab.html’’). Since the

majority of the 20 types of residues are missing from the F

subset of many individual proteins, only the O3 values can be

used. In a few cases like for Glu, Asp and Gln, the measure of

overlap has a statistically significant value (2.09, 1.78 and

1.70). As a rule of thumb, charged and some polar residues

appear rather often among the observed overlaps. Except Cys,

none of the polar residues have smaller observed than expected

value for overlap and there are only a few apolar residues (like

Ile and Val) where the observed value falls below the expected

one. It indicates that the higher overlap between the func-

tionally and structurally important residues is due to the fact

that many functionally important hydrophilic residues do ap-

pear among the structurally relevant residues, and not because

structurally important hydrophobic residues are over repre-

sented in the F subset.

The results obtained on the whole dataset and practically on

all of its subsets indicate that the overlap between the func-

tionally and structurally relevant residues is higher than ex-

pected on statistical basis. This is just the opposite of what one

would expect with an anthropomorphic logic; the division of

labor among structurally and functionally relevant residues.

For allosteric enzymes, the overlap of functional and structural

residues might contribute to the propagation of the confor-

mational changes [12]. However, the high level of overlap as a

general rule looks peculiar, especially in the light of the rather

apolar character of the majority of structurally relevant resi-

dues and the rather polar and charged character of most of the

residues involved in various enzyme functions, like substrate

binding. Bartlett et al. [15] have recently showed a surprising

result about the localization of catalytic site residues. Although

they are mostly hydrophilic, most of them are in buried posi-

tions even in the apo-enzyme. The mostly hydrophobic SC

residues also tend to appear in buried parts of the protein.

Our results indicate that from the viewpoint of overlap, the

http://www.enzim.hu/~magyarcs/func_stab.html
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tendency of being buried for both the structurally and the

functionally relevant residues is significantly stronger than the

difference in polar–apolar character of the two kinds of bio-

logically important residues.

It is worth noting that in the CATRES dataset the subset of

functional residues, i.e., exclusively the catalytic residues,

represents only 1% of the total residues, while in the OFSR

dataset the F subset of functional residues, i.e., all residues in

the SITE records, came out at 2.7% of all residues. Therefore,

the majority of these SITE residues are not catalytic ones, but

rather binding residues and other functionally important res-

idues, which more often appear in surface loops of proteins.

Despite the different distribution of residues in the interior and

the exterior of proteins considered in the two datasets, the

measured overlap is almost the same. This suggests that the

preference of the location of the structurally important resi-

dues and that of the functionally important ones is not the only

reason of the observed high level of overlap.
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