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Abstract
Background: Biological evolution conserves protein residues that are important for structure and function. Both 
protein stability and function often require a certain degree of structural co-operativity between spatially neighboring 
residues and it has previously been shown that conserved residues occur clustered together in protein tertiary 
structures, enzyme active sites and protein-DNA interfaces. Residues comprising protein interfaces are often more 
conserved compared to those occurring elsewhere on the protein surface. We investigate the extent to which 
conserved residues within protein-protein interfaces are clustered together in three-dimensions.

Results: Out of 121 and 392 interfaces in homodimers and heterocomplexes, 96.7 and 86.7%, respectively, have the 
conserved positions clustered within the overall interface region. The significance of this clustering was established in 
comparison to what is seen for the subsets of the same size of randomly selected residues from the interface. 
Conserved residues occurring in larger interfaces could often be sub-divided into two or more distinct sub-clusters. 
These structural cluster(s) comprising conserved residues indicate functionally important regions within the protein-
protein interface that can be targeted for further structural and energetic analysis by experimental scanning 
mutagenesis. Almost 60% of experimental hot spot residues (with ΔΔG > 2 kcal/mol) were localized to these conserved 
residue clusters. An analysis of the residue types that are enriched within these conserved subsets compared to the 
overall interface showed that hydrophobic and aromatic residues are favored, but charged residues (both positive and 
negative) are less common. The potential use of this method for discriminating binding sites (interfaces) versus 
random surface patches was explored by comparing the clustering of conserved residues within each of these regions 
- in about 50% cases the true interface is ranked among the top 10% of all surface patches.

Conclusions: Protein-protein interaction sites are much larger than small molecule biding sites, but still conserved 
residues are not randomly distributed over the whole interface and are distinctly clustered. The clustered nature of 
evolutionarily conserved residues within interfaces as compared to those within other surface patches not involved in 
binding has important implications for the identification of protein-protein binding sites and would have applications 
in docking studies.

Background
The analysis of sequence conservation in a protein family
is a useful method for identifying residues that are func-
tionally important - for catalytic activity or binding, or
responsible for providing stability to the folded structure
[1-10]. Residues comprising protein-protein interaction
sites are very often found to be more conserved over

those residing in the remaining surface [11-14]. Further-
more, within a given interface, core residues are usually
conserved to a greater extent than the rim residues
[15,16]. Binding surfaces on proteins are subjected to
considerable selective pressure to maintain critical inter-
actions with partner molecules throughout the course of
evolution, and not surprisingly therefore, the use of resi-
due conservation has been widely adopted in the identifi-
cation of protein binding sites [17-20]. In addition to the
conservation of individual interface residues, conserva-
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tion of interacting residue pairs have also been found to
characterize protein-protein binding sites [21].

The question addressed in this paper is whether the
subset of conserved residues in a protein-protein inter-
face occurs scattered across the interface, or cluster
together in three-dimension? It is possible that the con-
served residues would form one or more localized clus-
ters within the interface as it would enable the formation
of "functional motifs". It has recently been shown in pro-
tein-DNA interfaces that the most stabilizing residues
(putative 'hotspots') are those that form clusters of con-
served residues at the interface [22]. The residues in these
clusters are more tightly packed than those in the remain-
der of the interface and analysis of experimental muta-
tional data suggests the existence of cooperative
interactions between them (which makes these clusters of
conserved residues contribute significantly more towards
the stability of the interaction as compared to isolated
conserved residues). Such correlation between clustering
of conserved residues and functional importance of that
region is often found to be a recurring theme in the study
of protein structures. For example, spatial clustering of
conserved residues yields information about the observed
functional site in individual proteins and also enables
large-scale functional annotation by transfer of function
from a characterised protein to a homologue of unknown
activity [23]. Such clustering improved predictions in the
case of enzyme active sites [24]. Clusters of evolutionary
conserved residues are also commonly observed within
protein tertiary structures serving both structural and
functional roles [7,25,26]. How common is this for pro-
tein interfaces? A thorough analysis of this phenomenon
in different types of protein-protein interfaces would be
of use in the prediction of binding sites. These conserved
residue clusters may be analogous to modules containing
conserved and highly cooperative groups of interface res-
idues that characterize binding sites [27,28].

Of the large number of residues comprising a protein-
protein interface, only a few contribute significantly to
the free energy of binding. These "hot spot" residues are
generally occluded from bulk solvent, being surrounded
by other less important residues [29]. It is probable that a
significant fraction of these experimentally determined
hot residues would be localized within the conserved res-
idue clusters. Therefore, the identification of these clus-
ters would be a useful guide for mutational studies to
pinpoint the appropriate "functional determinant"
regions. Indeed, computational hot spot residues, instead
of being uniformly distributed across the interface, occur
as clusters of tightly packed regions [30]. In this work we
show that the conserved residues are significantly clus-
tered in the interface and this fact can be used as a search
tool to identify the possible binding patch in the struc-
ture.

Methods
Datasets of protein-protein interfaces
The sets of interfaces used were 122 homodimers [31]
and 204 heterocomplexes [32] - the former set contains
obligate dimers with two identical chains and the latter
group comprises individually stable proteins that bind to
their partner proteins and may again separate depending
upon the physiological conditions existing within the cel-
lular environment. For each PDB [33] file containing the
structural coordinates of the protein complex, a list of
interface residues was generated using ProFace [34].
Atoms/residues from both partners that lose more than
0.1 Å2 of surface area upon complexation are considered
as belonging to the interface [35].

Measuring sequence conservation
The sequence variablility at each interface residue posi-
tion is calculated as the Shannon entropy (s) in sets of
homologous protein sequences [15]:

where, pi(k) is the probability that the ith position in the
multiple sequence alignment is occupied by a residue of
class 'k', and s(i) is the sequence entropy of that position.
A low value of sequence entropy, s(i) implies that the
position has been subjected to relatively higher evolu-
tionary pressure than another position in the same align-
ment having a higher sequence entropy value. Multiple
sequence alignments were obtained from the Homology-
Derived Secondary Structure of Proteins (HSSP) database
[36]. The database provides for each PDB file an align-
ment of protein sequences deemed structurally homolo-
gous to the query protein on the basis of a homology-
threshold curve. While using Eq. 1 the amino acids were
grouped into 7 classes based on the similarity of the envi-
ronment of each amino acid residue in protein structures,
and mutations within a given class were assumed to be
conservative and did not attract a penalty [15]. The
amino acid groups were as follows: (1) Ala, Val, Leu, Ile,
Met, Cys; (2) Gly, Ser, Thr; (3) Asp, Glu; (4) Asn, Gln; (5)
Arg, Lys; (6) Pro, Phe, Tyr, Trp; and, (7) His.

Eq. 1 makes use of the probability (or frequency) of
occurrence of each residue class in a given aligned posi-
tion. However, it does not take into account the "back-
ground" frequencies of these amino acids. It has been
shown previously that the use of background frequency
information significantly improves entropy-based func-
tional site prediction within protein structures [37]. In
order to evaluate whether such a scheme improves the
results in the present study, we modified Eq. 1 as follows:

s i p k p ki i( ) ( ) ln( ( )),= − ⋅Σ (1)

s i p k p k p ki i back( ) ( ) ln( ( ) / ( )),= − ⋅Σ (1a)
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where pback(k) denotes the background frequencies of
the amino acids in group 'k', and the remaining terms are
the same as in Eq. 1. This relative entropy measure (also
called Kullback-Leibler divergence) is similar to the one
used by Wang and Samudrala [37]. A higher deviation
from the "background" indicates a stronger level of con-
straint in evolution, indicating a possibly important func-
tional role for that position. Since we partition the residue
space into 7 groups, we calculated the background fre-
quencies for each of these groups and incorporated them
into Eq. 1a. Only the residue types that occurred in a
given aligned column were used in computing the relative
entropy for that position. We also had to decide whether
to calculate the background frequencies using the overall
protein sequence or use a particular subset (such as the
interface region). Choosing an appropriate "background"
was important because the sequence composition of
interfaces differs from that of the overall protein. We
want to identify conserved residues in the interface and a
background calculated from overall protein sequences
may result in incorrect assignments. On the other hand, a
background calculated from the sequence composition of
interface residues will correctly increase the conservation
signal for invariant positions containing residues that are
"rare" for interfaces, but which may not be "rare" in over-
all protein sequences. Therefore, we calculated the back-
ground frequencies using interface residues belonging to
complexes of the Docking Benchmark 3.0 [38]. We also
compared using frequencies from the overall protein
sequences, but better results were obtained using inter-
face sequences alone.

Identification of conserved interface residues
For each interface with 'n' residues an average value of
sequence entropy was calculated:

We used three different criteria with increasing levels
of stringency to identify the conserved interface residues,
and compared the results. (1) Interface residues with
sequence entropy values lower than the average (< s>int)
were assumed to constitute the conserved residues. (2)
We also selected the subset of conserved residues with
sequence entropy lower than the average less the stan-
dard deviation (< s>int - σ). It may be mentioned that the
values of the mean and standard deviation used for
selecting the set of conserved interface residues were cal-
culated for each individual interface. (3) Finally, we also
used only those residues with the sequence entropy value
of 0.0, i.e., the fully conserved residues.

Measure of the degree of spatial clustering (Ms)
The degree of spatial clustering of a set of residues can be
measured as the average inverse distance between all
pairs of positions in that set [25]:

where Ns is the number of residues in the set, Npairs is
the number of different pairs of residues in the set given
by: Npairs = (Ns-1).Ns/2; and, rij is the distance between the
centers-of-mass of the two residues in question, i and j.
Greater the value of Ms, greater is the degree of spatial
clustering of the residues in the set. The advantage of this
inverse-distance based formula is that one or a few outlier
positions are unable to significantly influence the overall
value of Ms for the entire set. The values of Ms that are
obtained are continuous and can be used in ranking dif-
ferent sets of residues.

For each interface Eq. 3 was employed twice, once for
the subset of conserved residues (Ms,cons) and then for the
whole interface (Ms,int). The contrast between the spread
of inter-residue distances between the two sets (con-
served residues versus all interface residues), ρ, is an indi-
cator of the extent of clustering of evolutionary
conserved residues,

ρ > 1.0 indicates that the subset of evolutionary con-
served residues is clustered within the interface. This
gives us a single numeric value representing overall
whether or not (and to what extent) the conserved resi-
dues are clustered within the interface (Eq. 3 down-plays
the effect of one or few outlying isolated conserved resi-
dues and gives a more general idea of whether the con-
served residues are grouped together or scattered in the
interface region). However, the occurrence of isolated
conserved residues has been dealt with while considering
cluster size.

Assessment of significance of clustering of evolutionary 
conserved residues by comparison to random subsets of 
residues
The degree of clustering of conserved interface residues
(Ms,cons) was compared to Ms values obtained for 1000
random subsets of interface residues of the same size in
each structure. The average (and SD) of the Ms values cal-
culated for the 1000 random subsets (denoted by < Ms,ran-

dom>) was compared to Ms,cons obtained for each interface.
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Identification of sub-clusters of conserved residues
Compared to the overall interface, the conserved residues
were found to be spatially clustered; but within this set,
spatially distinct sub-groups of conserved residues that
formed sub-clusters could often be discerned (including
single isolated conserved residues or conserved 'singlets'
as described by Ahmad et al. [22]). To identify if one or
more such sub-clusters are formed, the average linkage
method used earlier to identify interface patches [35] was
used. The algorithm involves the setting of a threshold
distance. Threshold distances of 21 and 15 Å for homodi-
mers and complexes respectively, were selected for iden-
tifying the number of sub-clusters. These cutoffs
correspond to half the average value of the maximum dis-
tance between any two atoms belonging to conserved res-
idues in all the interfaces. All interfaces were then visually
checked for the occurrence of the sub-clusters.

Experimental alanine scanning data and conserved residue 
clusters
The clustering analysis was also carried out on a set of 26
protein-protein complexes for which experimental ala-
nine scanning mutagenesis on the interface residues has
been carried out. The list of complexes used has been
described in our earlier paper [39]. Interface residues
with experimental ΔΔG values of ≥ 1, ≥ 1.5, and, ≥ 2 kcal/
mol were collected and the fraction of these residues that
occurred within the conserved clusters were found out.

Generation of surface patches and evaluation of the 
clustering of conserved residue positions in the interface 
vis-à-vis surface patches
Three different procedures were used for the identifica-
tion of surface patches. Method 1: NACCESS [40] was
run on the atomic coordinates of the protein subunit (or
chain) and residues with relative surface accessibility ≥
5% were selected as residing on the protein surface. Each
surface residue (represented by its center of mass) was
taken in turn and all the other surface residues within a
fixed radius were selected as belonging to the surface
patch with the original residue as the center. The average
maximum distance between two atoms of a standard size
interface is 30 Å for complexes [35] and 44 Å for homodi-
mers [31]. Accordingly, half of the above values, 15 and 22
Å, respectively, were the radii used to generate surface
patches for complexes and homodimers. The procedure
thus defined a number of contiguous, overlapping
patches of surface residues, roughly similar in size to the
interface region. Conserved residues within each patch
were then selected and the Ms values (Eq. 3) for both the
conserved and the overall residues in the patch were
computed. The procedure was repeated for each patch.
Finally, the surface patches were arranged in descending

order of ρ (Eq. 4) and the rank of the true interface in
relation to all the other surface patches was found out.

Two variations were also explored in the algorithm
used to generate surface patches. Method 2: Instead of
using standard cutoffs for all the proteins in the dataset,
individual cutoffs were used for each protein depending
on the size of the particular interface. For each interface
the maximum distance between any two atoms was found
out and the radial cutoff was set as half that value. This
step is likely to generate surface patches of a size which
will more closely approximate the size of the true inter-
face, than a cutoff based on the average value calculated
over the whole database. Method 3: In addition to using
individual cutoffs for each protein, vector constraints
were used while selecting surface neighbors around each
central residue [41]. This step avoids generating surface
patches that include residues from "opposite sides" of a
protein molecule. In this step, a 'solvent' vector (pointing
into the solvent) is calculated for each surface residue of
the protein. A particular surface residue is taken and the
centre of gravity of its nearest ten residue neighbors is
calculated. The vector from the center of mass of the par-
ticular surface residue to this center of gravity was then
calculated - the inverse of this (pointing into the solvent)
is called the 'solvent' vector. Each surface residue was
assigned such a vector. When generating the surface
patch, a particular residue is included in the patch if the
angle between the solvent vectors of the residue and the
central residue was < 110°.

All three definitions of the surface patches result in
approximately contiguous, circular regions of the protein
surface which overlap each other. We also evaluated how
the generated patches sampled the true interface region
by calculating a percentage overlap - fraction of residues
common between the real interface and the surface patch
relative to the total number in the interface:

where NrI is the number of residues in the true inter-
face patch, and NrC is the number of residues in the gen-
erated surface patch. The numerator defines the set of
residue common between the real interface and the cal-
culated patch.

Results
Clustering of conserved residue positions in protein-
protein interfaces
The first issue addressed is the relative spatial location of
evolutionary conserved residues in protein-protein inter-
faces, if these are scattered throughout the interface or
they form spatial clusters. Ms (Eq. 3) is a simple but useful
measure for assessing the degree of spatial clustering of a
group of points (residues in this case) in space [25]. Since

Overlap NrI NrC NrI= ( ) / * ,∩ 100 (5)
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Ms uses an inverse distance relationship, residues that are
close together will mainly influence its value and one or a
few outliers will not unduly affect it. A high value of Ms
indicates that the set of residues under consideration are
mostly clustered together. Ms is calculated both for the
subset of conserved residues as well as for the whole set
of interface residues. The ratio (ρ) of Ms for the conserved
subset to that for the entire interface gives an indication
of the clustered (or dispersed) nature of the distribution
of the evolutionary conserved subset. ρ > 1.0 indicates
that the conserved residues are relatively more clustered
compared to the whole interface. A few representative
examples of interfaces where the evolutionary conserved
residues are clearly clustered together are shown in Addi-
tional file 1, Figure S1. Overall, the same picture holds
true, as can be seen in Figure 1, where Ms,cons and Ms,int
for each interface are plotted. A point lying above the
diagonal indicates that Ms,cons is greater than Ms,int (i.e., ρ

> 1.0), implying that the conserved residue subset is more
clustered in space relative to the overall interface (the
detailed values are provided in Additional file 1, Table
S1). For 96.7% (117/121) and 86.7% (340/392) interfaces
in homodimers and heterodimers, respectively, a ρ value
of greater than 1.0 is obtained (Table 1). The overall dif-
ference between Ms,cons and Ms,int for both datasets is sta-
tistically significant at the 1% level indicating that the
phenomenon is non-random and almost universal (P <
0.01 implies that the observed difference between Ms,cons
and Ms,int is significant). We repeated the clustering anal-
ysis but this time the calculation of sequence entropies
was carried out using Eq. 1a (which takes amino acid
background frequencies into account). However, this
additional step did not affect the clustering results signifi-
cantly (values shown in square brackets in Table 1).
Therefore, we restricted further analysis using Eq. 1 only.

We also carried out the same calculations using a more
stringent criterion for selecting conserved interface resi-
dues (those with individual sequence entropy values
[from Eq. 1] less than the average sequence entropy at the
1σ level). A fewer number of residues from each interface
are labeled conserved, but the conclusion that the con-
served residues are clustered within the interface remains
the same (Table 1 and Additional file 1, Figure S2A,B).
91.3% (94/103) homodimers and 81.6% (252/309) com-
plexes retain the characteristic tendency for conserved
residues within protein interfaces to be clustered. The
extent of clustering within the interface (given by ρ) actu-
ally increases when the stringency for selecting conserved
residues is increased. Finally, to further test the robust-
ness of the approach, we used the most stringent crite-
rion possible for identifying conserved residues (those
having sequence entropy equal to 0). The features of the
distribution of data points remain the same (Additional
file 1, Figure S2C,D). As such, in the subsequent sections
we restrict ourselves to the results obtained using the first
method.

We had previously shown that antibody-antigen com-
plexes are not good candidates for analysis based on evo-
lutionary conservation because of high rates of mutation
at the interface regions necessary for antibodies to recog-
nize a wide arsenal of antigens [15]. This is also reflected
in the present analysis. Figure 1B shows that a large frac-
tion of antibody-antigen complexes are located either
below or on the diagonal line, showing that the clustering
of 'conserved' interface residues in these complexes is less
clear compared to the general dataset. Table 1 also shows
that there is an improvement in the statistics when anti-
body-antigen complexes are separated out from the gen-
eral dataset of complexes.

Figure 2 shows the distribution of the ρ values for the
interfaces in homodimers and protein complexes. Almost

Figure 1 Distribution of Ms values for the conserved subset of in-
terface residues (Ms,cons) versus that for the entire set of interface 
residues (Ms,int) for (A) homodimers and (B) protein-protein com-
plexes. In (B) the antibody-antigen complexes are marked as triangles.
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three-quarters of the homodimeric interfaces have ρ val-
ues between 1.0 and 1.2. In case of the complexes, more
than 50% of the interfaces belong to this range. The range
of ρ values extends up to a much higher range in case of
complexes compared to homodimers. Two examples of
interfaces belonging to the protein complexes and having
high ρ values are shown in Additional file 1, Figure S1B,C.
Overall, this histogram shows that although individual
interfaces show differences in their shapes and sizes and
the absolute values of Ms,cons and Ms,int may vary within a

certain range, for the majority of interfaces ρ > 1.0, imply-
ing that the group of conserved residues occurs clustered
together rather than being scattered throughout the
entire interface.

We also found that subsets of evolutionary conserved
interface residues are significantly more clustered than
what is observed in subsets of the same size consisting of
randomly selected interface residues (Table 2 and Addi-
tional file 1, Figure S3). Ms values were calculated for con-
served residues within each interface (Ms,cons). From the

Table 1: Parameters delineating the clustering of conserved residues in interfaces

Interface type Averagea Number of interfacesb

Ms cons Ms int ρ Total With Ms cons greater than 
Ms int

P valuesc

Homodimers 0.081 (0.02)
[0.079 (0.02)]

0.071 (0.02)
[0.071 (0.02)]

1.13 (0.08)
[1.11 (0.09)]

121 117
[108]

1.57E-04
[1.50E-03]

0.087 (0.02) 0.070 (0.02) 1.24 (0.20) 103 94 1.93E-08

Complexes 0.102 (0.03)
[0.101 (0.02)]

0.089 (0.02)
[0.089 (0.02)]

1.14 (0.14)
[1.13 (0.17)]

392 340
[308]

9.64E-14
[3.74E-11]

0.113 (0.04) 0.090 (0.02) 1.26 (0.30) 309 252 < 2.2E-16

Complexes (antibody-antigen excluded) 0.103 (0.03) 0.088 (0.02) 1.16 (0.14) 348 313 4.86E-14

0.115 (0.04) 0.089 (0.02) 1.28 (0.30) 271 229 < 2.2E-16

Antibody-antigen complexes 0.101 (0.02) 0.097 (0.01) 1.04 (0.15) 44 23 0.59

0.103 (0.03) 0.097 (0.01) 1.07 (0.29) 38 21 0.57

Two sets of values are provided, corresponding to two different ways of identifying the subset of conserved residues (see Methods). In the first, 
conserved residues in each interface are those whose sequence entropy values (calculated using Eq. 1) are lower than the mean sequence 
entropy (< s>int) for that interface; in the second method, conserved residues have s < (< s>int - σ), σ being the standard deviation of 's' values over 
all residues in that particular interface. The first method was also repeated by using Eq. 1a (instead of Eq. 1) for the calculation of sequence 
entropy and the results are provided in square brackets.
a Standard deviations are in parentheses.
b Multiple sequence alignments were available in the HSSP database for all proteins in our datasets with the exception of one homodimer, and 
therefore the analysis could not be carried out for that interface. 121 homodimeric interfaces and 408 interfaces belonging to 204 protein-protein 
complexes were analyzed - since the subunit interfaces in homodimers are identical, the analysis was performed for only a single subunit in 
homodimers. For protein complexes, each of the two components was analyzed separately. The average numbers of aligned homologous 
sequences in the HSSP files were 768 and 1391 for homodimers and protein complexes, respectively, and the percentage sequence identities of 
the aligned proteins ranged between 30 and 100%. For 16 protein chains belonging to the dataset of complexes, all the interface residue 
positions in the multiple sequence alignments were fully conserved and therefore the average interface entropy was 0.0. This did not allow the 
identification of the subset of conserved residues within the whole set of interface residues, precluding the calculation of clustering of conserved 
residues relative to the whole interface. Therefore, the statistics are shown for the remaining 392 interfaces only. A smaller number of interfaces 
is reported in the second row of data (corresponding to Method 2), where because of the use of a more stringent condition of conservation, some 
interfaces, with 0 or 1 conserved residue, get excluded from consideration.
c The non-parametric Mann-Whitney U-test was used to test for statistical significance of the hypothesis that Ms,cons is greater than Ms,int. P < 0.01 
indicates that Ms,cons is significantly greater than Ms,int at the 1% level. All statistical calculations (including P-values) were implemented using R 
[64].
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same interface, subsets of residues (of the same size as the
number of conserved residues) were selected randomly
and their Ms values were found out. The average Ms,random
value of 1000 such random subsets were computed for
each interface and compared against Ms,cons. In 96.7%
(117/121) homodimeric and 87.7% (341/389) protein
complex interfaces, we found that the randomly selected
groups of residues were indeed less clustered than the
conserved residue subset in the interface, and this differ-
ence was statistically significant at the 1% level (P < 0.01).

Size of the conserved subsets and variation with interface 
area
On average, the homodimer interfaces contain 27 (± 16)
conserved interface residues per subunit (comprising 52
± 29 interface residues), with the average interface area

being 1941.2 (± 1108.2) Å2. For the protein-protein com-
plexes, these numbers are: 15 ± 8 conserved residues (and
29 ± 13 interface residues) per chain, which on average
possesses an interface area of 1000 ± 422 Å2. Since how-
ever, on average, homodimer interfaces are almost twice
the size of protein complex interfaces [31], the numbers
of conserved interface residues in each subunit (or chain)
when normalized per 1000 Å2 of the interface area were
13.9 and 14.9 for homodimers and complexes, respec-
tively. The number of conserved interface residues (and
the total number of interface residues) per subunit (or
chain) as a function of the interface size has been plotted
in Additional file 1, Figure S4. Both the number of con-
served interface residues and the total number of inter-
face residues correlate very well with interface size in case
of homodimers, but the correlation is slightly inferior in

Figure 2 Histogram showing the percentage distribution of the ρ values for the interfaces in homodimers and protein-protein complexes.

Table 2: Statistics showing the significance of clustering of conserved interface residues compared to the clustering in the 
subsets of the same-size containing randomly selected interface residues from the same structure

Datasets Selection of conserved interface residuesa

s < < s>int s < (< s>int - σ)

Number Ms,cons < Ms,random> P-valueb Number Ms,cons < Ms,random> P-valueb

Homodimers 121 0.081
(0.02)

0.071
(0.02)

1.6E-04 103 0.087
(0.02)

0.070
(0.02)

2.0E-08

Complexes 389 0.103
(0.03)

0.089
(0.02)

6.5E-14 309 0.113
(0.04)

0.090
(0.02)

2.2E-16

a Conserved interface residues were selected using different criteria (see Methods and Table 1 footnote).
b P-values refer to the significance levels for the Mann-Whitney U-test corresponding to the hypothesis that Ms,cons is greater than < Ms,random > 
(i.e., the degree of clustering of conserved residues within an interface is greater than that of random, same-size subsets collected from the same 
interface). A P-value < 0.01 indicates that the difference is significant at the 1% level. Calculated using R [64].
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case of protein complexes. Broadly, the number of con-
served residues is about half the number of interface resi-
dues (as can be expected from the primary definition of
conserved residues used in the study that selects posi-
tions with sequence entropy smaller than the interface
average), making the slopes of the two plots different, but
having very similar correlation of interface size with
either the total number of interface residuess or the num-
ber of conserved residues.

Formation of multiple conserved residue clusters in larger 
interfaces
The larger interfaces often comprise of multiple distinct
clusters of evolutionary conserved residues. The number
of sub-clusters formed by the subset of conserved resi-
dues can be easily identified by a simple geometric clus-
tering algorithm which uses the average linkage method
[35] (see Methods). The clustering algorithm was run
separately on the two polypeptide chains of the com-
plexes, but on a single subunit only of the homodimers.
Of the 121 interfaces in homodimers, 66 formed a single
cluster of conserved residues; 31 had two sub-clusters
and 24 possessed 3 or more. Similarly, out of 392 inter-
faces from the set of protein-protein complexes, 193, 130
and 69 respectively had 1, 2 or (3 and more) conserved

residue sub-clusters (Figure 3; complete details given in
Additional file 1, Table S1). Figure 3 also shows that the
number of sub-clusters correlates well with the size of the
interface. For the homodimers, all the single-cluster
interfaces have interface areas < 2800 Å2 and all but one
of the interfaces with 3 or more sub-clusters possess
interfaces larger than 2000 Å2. A similar observation can
also be drawn from the complexes - out of the 193 single-
cluster interfaces, 94.3% (182 cases) have interface areas
within 1200 Å2 whereas 54 of the 69 (~ 80%) interfaces
with 3 or more sub-clusters have interfaces > 1200 Å2.

Examples of a few interfaces containing multiple clus-
ters of conserved residues are shown in Additional file 1,
Figure S5. These multiple structural sub-clusters contain-
ing evolutionary conserved interface residues may be
contributed either by a single protein domain or from
separate structural domains. For instance, in the first
example of the cell signaling complex between human
Rac and RhoGDI, although the interface of the latter pro-
tein contains two well-clustered sub-groups of conserved
residues (Additional file 1, Figure S5A), the protein itself
is composed of only a single domain (having the immu-
noglobulin-like β-sandwich fold with SCOP [42] classifi-
cation b.1.18.8). In contrast, in the second example

Figure 3 Histogram of the distribution of the number of conserved residue sub-clusters in interfaces as a function of the interface size in 
(A) homodimers and (B) protein-protein complexes. The x-axis labels mark the middle of the range in each column. Bins are of size 400 Å2 in (A) 
and 200 Å2 in (B). In (A) only the interfaces of subunit A have been considered because of the identical nature of the two chains. In (B), each component 
of the protein complex has been considered separately.
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shown in Additional file 1, Figure S5B, the interface
formed by the protein internalin-A contains two well sep-
arated conserved residue sub-clusters and each of them is
contributed by a different structural domain. Internalin-
A contains two domains - the first one containing an
immunoglobulin-like β-sandwich fold and the other with
a right-handed β-α superhelix leucine-rich repeat fold
(with SCOP identifiers b.1.18.15 and c.10.2.1). Both
domains of internalin (residues 36-416 and 417-496,
respectively) participate in interface formation when it
binds to its receptor E-cadherin. The cluster depicted in
orange comes from the N-terminal domain, whereas the
yellow-colored conserved cluster is formed from residues
coming from both domains.

The next two examples depict homodimeric molecules.
Once again, the multiple conserved sub-clusters may be
part of the same protein domain or may come from dis-
tinct structural domains. The subunit interface of the
enzyme glucosamine 6-phosphate synthase contains 3
distinct conserved clusters (2 larger ones and a smaller
one) (Additional file 1, Figure S5C) and the protein itself
is also composed of multiple domains of the α/β type. In
another example, for the other interface shown in Addi-
tional file 1, Figure S5D, the protein contains four sepa-
rate domains (an N-terminal domain with SCOP
classification b.1.18.9, two identical C-terminal domains
b.1.5.1 and a catalytic domain d.3.1.4). The N-terminal
domain extends from residue numbers 5-190 and two
sub-clusters (in red and blue) are contributed by this
domain. The central catalytic domain (residues 191-515)
also forms part of the interface and the third sub-cluster
(yellow) is part of this domain. Finally, the fourth con-
served residue sub-cluster (orange) is contributed jointly
by the catalytic domain and the first of the C-terminal
domains (residues 516-627).

Cluster size
We also analyzed the distribution of the cluster size
(Additional file 1, Figure S6). Conserved residues can
occur singly, or form clusters (comprising of varying
numbers of residues) with other conserved residues.
Considering the datasets of homodimers and complexes,
there are a total of 213 and 673 distinct clusters of con-
served residues, respectively in the two types of inter-
faces. On average a cluster consists of 15 and 8 conserved
residues in homodimers and complexes, respectively.
Their distribution in terms of the cluster size (i.e., the
number of conserved residues comprising each cluster)
shows that there are only 6% (13/213) and 7.4% (50/673)
of single isolated conserved residues. Therefore, it is clear
that the majority of conserved residues prefer to be clus-
tered together with other conserved residues rather than
remain isolated.

Preferred amino acid types in conserved residue clusters
Certain amino acid types are enriched in the conserved
residue clusters. The relative enrichment of each of the 20
amino acid types in the conserved subsets compared to
the overall interface has been calculated (Figure 4). The
enrichment (EX) of a particular amino acid (X) is defined
as the ratio of the frequency of occurrence of that amino
acid in the conserved residue subset compared to its fre-
quency in the whole of the interface region, i.e.,

The same types of residues are found to be preferred in
conserved residue clusters in both homodimeric and pro-
tein complex interfaces, namely, hydrophobic (Val, Leu,
Ile, Met), Cys, Gly, and the aromatic residues (Tyr, Phe,
and Trp). Except for Gly the observed preference matches
with the propensities of residues to occur in interface
core [43]. The only distinction between the two datasets
comes from Asp - this residue is disfavored in conserved
clusters in homodimers, but slightly favored in com-
plexes. It may be mentioned in this connection that of the
two negatively charged residues, Asp is found more as
binding hot spots in complexes [39]. Interestingly, Ala is
the only hydrophobic residue that is under-represented in
the conserved subset of interface residues. Charged (both
positive and negative) and polar (Ser, Thr, Asn, Gln, His)
residues appear to be much less conserved in protein-
protein interfaces in general.

The extent of location of experimental hot spot residues in 
conserved residue clusters
Residues targeted for alanine scanning mutagenesis are
distributed over all the residue classes and have a wide
range of sequence conservation (Additional file 1, Table
S3 and Figure S7). Functionally important residues in
protein-protein interfaces are usually those that contrib-
ute significantly to the free energy of binding - mutations
resulting in binding energy changes of ≥ 2 kcal/mol are
called hot spots [29]. The identification of clusters of con-
served residues is probably a good way of identifying
functionally important regions of the interface because it
is likely that a sizeable number of hot spots will reside
within such clusters. A group of 26 diverse protein-pro-
tein interfaces for which experimental alanine scanning
mutagenesis data are available have been taken (compiled
in [39]) and the conserved residue clusters present in
each of them have been identified. Then the location of
the experimentally determined 'hot' residues (identified
using different ΔΔG cutoffs) have been mapped onto the
interface and the fraction of these residues occurring

E

No. of X in conserved subset
Total no. of conserved resi

X = ddues
No. of X in interface

Total no. of interface residues
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within the conserved residue clusters was found out
(Additional file 1, Table S2). Three groups of residues
were considered - those with experimental ΔΔG values of
≥ 1, ≥ 1.5 and ≥ 2 kcal/mol. Of the 196 interface residues
that contribute ≥ 1 kcal/mol to the binding energy, 106
(54.1%) occur within these clusters of conserved residues.
When further restricted to those interface residues con-
tributing 1.5 kcal/mol (or greater) or 2 kcal/mol (or
more), the fraction of these that could be located within
the conserved clusters increased to 56.8% (83/146) and
57.9% (55/95), respectively.

Conserved residue clustering to discriminate interface from 
other surface patches
The clustering of conserved residues in the interface
region can be compared to the clustering of conserved
residues within alternative, randomly-collected surface
patches on the protein. For each of the proteins studied a
group of surface patches were created as described in
Methods. For each of these surface patches, the clustering
of conserved positions within them are compared to the
residues comprising the entire patch. The ratio of cluster-
ing of the conserved positions relative to the overall patch
(ρ) was then used to sort the surface patches (in descend-
ing order of ρ). A ranking of the true interface patch rela-
tive to all the other surface patches was then calculated
(on a scale of 1 to 10). A rank of 1 indicates that the true
interface is present in the top 10% of all surface patches
and a rank of 10 indicates a location in the lowest 10%
range in the distribution of ρ for all surface patches. Fig-
ure 5A,B assesses the extent to which this parameter can

differentiate the interface region. Overall, in comparison
to similar-size groups of surface patches, the clustering of
conserved residues within the interface is more. All the
three methods of generation of surface patches result in
similar ranking. Of the 121 homodimeric interfaces, 25
(i.e., 20%) are ranked #1 (absolute #1 rather than rank bin
1) among random surface patches and 65 (53.7%) in the
top 10% (i.e., rank 1) (Table 3). Of the complexes, 64
interfaces (16.5%) are ranked #1 among all random sur-
face patches, and 189 (48.6%) in the top 10% bin. Figure
5C shows the distribution of the percentage of common
residues (with the real interface) for the patch with maxi-
mum overlap (Eq. 5). Figure 6 and Additional file 1, Fig-
ure S8 illustrate examples of the clustering of conserved
residues within the true interface as opposed to the distri-
bution of conserved positions within randomly generated
surface patches. In both these illustrations, the subset of
conserved residues cluster together within the interface
region, whereas in the other surface patches shown the
conserved residues are distributed randomly all over the
patch. The use of Eq. 1a instead of Eq. 1 (i.e., using back-
ground frequencies) does not improve the prediction
accuracies (values given in square brackets in Table 3).

To study if the results depend on the nature of the com-
plex we made a functional classification of heterocom-
plexes as interfaces belonging to enzyme-inhibitor,
antigen-antibody, signaling complexes, and Others. For
each of these four types, we found out the prediction
accuracy separately (Table 3). In all three methods for
generating surface patches, we find that the enzyme-
inhibitor interfaces are predicted to a much higher degree

Figure 4 Relative enrichment of the 20 amino acid types within conserved regions in protein-protein interfaces.



Guharoy and Chakrabarti BMC Bioinformatics 2010, 11:286
http://www.biomedcentral.com/1471-2105/11/286

Page 11 of 17

Figure 5 Ranking of the interface relative to all possible surface patches. Distribution of the degree of clustering of conserved residues within 
interfaces as compared to other surface patches for (A) homodimers, and (B) protein complexes. For each protein, the interface is ranked, relative to 
all other surface patches, as being in the top 10% (rank 1), 10-20% (rank 2), etc. according to the ρ value (Eq. 4). Methods 1-3 for generating the surface 
patches are described in Methods. (C) For each protein, the generated surface patch having the maximum overlap with the true interface is found out 
and the distribution of the % overlap is plotted for all proteins belonging to the two datasets.
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Figure 6 Comparison of the clustering of conserved residues within the interface and other surface patches of human carboxypeptidase 
complexed to its inhibitor (PDB file, 1dtd). (A) The chain of interest (carboxypeptidase) is shown in spacefill (grey), its partner (inhibitor) in cartoon 
representation (yellow) in two different orientations. Conserved interface residues (on the enzyme) are colored green, the remaining interface residues 
are in blue. The partner protein is removed in the third view to clearly show the clustered nature of the conserved residues within the interface. (B) 
Diagram showing the construction of surface patches around each surface residue using a fixed cutoff of 15 Å (Method 1). (C) Sixteen different surface 
patches of the protein (in grey) are shown, in each of them the conserved residues (green) are scattered over the entire patch.
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of success compared to the other interface classes. Pre-
diction accuracy of interfaces in antibody-antigen com-
plexes is the lowest. This might reflect the fact that
antibody sequences diverge quickly in order to recognize
a wide repertoire of antigens, and therefore, any analysis
based on conservation may not be appropriate while
dealing with these complexes. Indeed, the statistics in
Table 1 show that the general observation that conserved
residues are clustered within the interface region does
not seem to be the case for antibody-antigen interfaces.

We further examined the statistical significance of the
degree of clustering of conserved residues within true
interfaces as compared to that in random regions of the
protein surface. The Z test was used for this purpose,
defined as Z = (ρint - < ρ>)/σ, where ρint is the value (Eq. 4)
for the real interface, and < ρ> is the average vale for all
surface patches in the protein, σ being the standard devi-
ation. For the homodimers, about 40% (49/121) interfaces
contain conserved residues which are significantly more
clustered compared to conserved residues present within
other surface patches (Z > 1.64, the critical Z-score, cor-
responding to the 95th percentile of the normal distribu-
tion). For the complexes, such significant clustering of
conserved residues within the interface was observed in
38% (148/389) cases. Hence, for these interfaces, the clus-
tered nature of the conserved residues alone is sufficient
to distinguish the true interface from remaining surface
patches.

Discussion and Conclusions
This work investigates the degree of spatial clustering of
conserved residues within protein-protein interfaces.

Three main issues are addressed: (1) the distribution of
conserved residues in interfaces, (2) the degree of overlap
between the subset of conserved residue positions and
experimentally determined binding hot spots, and, (3) the
prediction of the interface using the distribution of con-
served residues.

Clustering of conserved residues within interfaces
A ρ value of > 1.0 indicating the clustering of conserved
residues relative to all the residues in the interface (Ms,cons
> Ms,int) can be seen in Figures 1, 2, Additional file 1, Fig-
ure S2 and Table 1. The clustering of conserved residues
within protein-protein interfaces has an important impli-
cation - the identification of protein-protein binding sites
may be facilitated by analyzing the clustering of con-
served residues within all surface patches. The veracity of
the conclusion that conserved residues in the interface
tend to be spatially clustered has also been confirmed
using yet another dataset - the Protein-protein Docking
Benchmark 3.0 [38] (Additional file 1, Figure S9). Func-
tionally important residues are almost always conserved
throughout evolutionary history so as to preserve the
integrity of biological interactions occurring in signaling
and reaction pathways. These residues also need to act in
tandem with one another which necessitates them to be
located in close juxtaposition within protein structures
and interfaces. The conserved residues prefer to be clus-
tered with other neighboring conserved residues rather
than be in isolation (less than 7.5% of conserved residues
in both homodimer and heteroprotein interfaces occur as
isolated conserved residues, Additional file 1, Figure S6).
Overall, 52 (± 15) and 46 (± 21)% of the interface area in

Table 3: Interface prediction accuracy, with heterocomplexes divided into functional classes

Interface type (number) Number (and percentage) of interfaces with Rank 1

Method 1 Method 2 Method 3

Homodimers (121) 65/121 (53.7)
[54/121 (45)]

58/121 (47.9) 51/121 (42.2)

Heterocomplexes (389) 189/389 (48.6)
[180/389 (46.3)]

196/389 (50.4) 187/389 (48.1)

Enzyme-inhibitor (114) 77/114 (67.5) 80/114 (70.2) 75/114 (65.8)

Antibody-antigen (41) 10/41 (24.4) 09/41 (22.0) 10/41 (24.4)

Signaling complexes (78) 32/78 (41.0) 34/78 (43.6) 32/78 (41.0)

Others (156) 70/156 (44.9) 73/156 (46.8) 70/156 (44.9)

Details of the slightly different methods used to generate the surface patches are provided in Methods. Eq. 1 was used to calculate sequence 
entropy; however, in a few cases (values in square brackets) calculations were also repeated using Eq. 1a.
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homodimers and complexes, respectively, are occupied
by the conserved residues. The identification of con-
served residues is based on multiple sequence alignments
available at the HSSP database [36], with the sequence
identities for the aligned sequences being in the range 30-
100%. Although sometimes there might exist some vari-
ability in the position of binding sites in large protein
families, it has been shown that close homologues (30-
40% or higher sequence identity) almost invariably inter-
act the same way [44]. As such the interface residues in
one member of the multiple sequence alignment are
likely to be part of the interface in all the other homo-
logues as well.

Enzymes often have multiple clusters of conserved resi-
dues in the structural scaffold as well as in the protein-
protein interface [22]. This is consistent with our obser-
vation that larger interfaces often have multiple clusters
in the interface. Examples of interfaces with multiple
clusters of conserved residues in the interface are pro-
vided in Additional file 1, Figure S5. The increasing num-
ber of distinct interface clusters with increasing interface
size may reflect the fact that larger interfaces are often
functionally more complex. For example, larger interfaces
often consist of multiple patches contributed by different
structural domains of the protein [35] and each of these
domains contains a conserved interface cluster (as for
example in Additional file 1, Figure S5B-D). The multiple
clusters may be important for stabilizing the interaction
in case of larger interfaces by forming distinct binding
units (or "hot regions") which are characterized by coop-
erative interactions such as hydrogen bonding and salt
bridges [30]. Each of the independent clusters probably
contributes additively to the binding free energy. Hence
the findings of this study appears to confirm the view of
protein-protein interfaces as being locally optimized and
consisting of well-packed sub-regions containing con-
served and energetically important residues that form a
network of interactions.

Experimental approaches for the identification of func-
tionally important residues on protein surface involve
mutagenesis of a large number of residues and recoding
the change in activity or binding to other proteins. How-
ever, considering the large size of the protein-protein
interfaces and without a priori knowledge of the binding
site, such determination is time-consuming and fraught
with technical difficulties. Therefore, computational
efforts have been used to identify and target those regions
likely to contain functionally important residues. For
example, the evolutionary trace method (ET) [20]
searches for spatial clusters of conserved residues and
then maps them onto a representative three-dimensional
structure to suggest probable functionally important
sites. Landgraf et al. [7] also combined the structural
environment and evolutionary variation of residues to

detect functionally important residue clusters. A scoring
scheme that did not take three-dimensional information
into account performed poorly compared to their 3-D
cluster analysis. Thus, spatial contiguity along with
sequence conservation is important for inferring func-
tionally relevant residue clusters. Even within protein
structures and on protein surfaces, such structural clus-
ters of evolutionary trace residues occur quite commonly
and are found to be statistically significant
[22,23,25,26,45,46]. These clusters almost consistently
overlap with known functional sites of the protein surface
and the potential of this sort of method for functional
annotation from a structural genomics point of view is
enormous [19,23,24,47]. The formation and use of inter-
acting residue clusters within protein-DNA interfaces has
also been observed as well [22,48] and the phenomenon
is apparently universal to most, if not all, types of macro-
molecular recognition.

Conserved residue clusters and energetically 'hot' regions 
in the interface
It is known that interface hot spot residues form clusters
within densely packed 'hot regions', where they form net-
works of interactions contributing cooperatively to the
stability of the complex [30]. Therefore, the degree of
overlap between the conserved residue clusters and
experimental hot spots has also been investigated in this
work (overall results are shown in Additional file 1, Table
S2). Although the observed correlation between our con-
served interface clusters and experimental hot spots is
moderate (~60% of hot spot residues can be localized to
these clusters), the method has potential to identify and
target mutagenesis experiments to appropriate sites.
Availability of a larger group of experimental mutants
may possibly increase the extent of this overlap. At the
same time, however, it is also true that many binding
energy hot spots do not actually contribute directly to the
interface [49]. For example, some of them function by
serving to orient other residues that are directly involved,
for instance in hydrogen bonding networks within the
interface. Of the 20 amino acid residues, hydrophobic
and aromatic groups seem to be among the most pre-
ferred in conserved clusters (Figure 4), and these are the
same residues that are preferred in the interface core [43].
Gly seems to be an exception in that it is preferred in con-
served residue clusters, but not in the core. Indeed
because of its small size Gly can preferentially couple
with many other residue types and has a higher level of
conservation [50]. Although conserved polar residues
(Arg, Gln, His, Asp and Asn) are known to constitute hot
spots [51], these are not prominent in the conserved sub-
set relative to the overall interface. Fewer in number they
may still confer specificity to the interaction (by partici-
pating in critical hydrogen bonds or salt bridges) [39].
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The finding that conserved Trp residues (and to a lesser
extent Phe and Met) on the protein surface indicate likely
binding sites [52], is also supported by the high propen-
sity of these residues to be observed in the conserved
region of the interface (Figure 4), along with the general
low level of occurrence, especially of Trp and Met, in pro-
teins. It has also been shown that the majority of the con-
served residues in the binding region overlap clusters of
high-frequency vibrating residues [53].

Clustering of conserved residues for the prediction of 
binding site
We investigated the potential use of the clustering of con-
served residues for the identification of the binding site
by comparing this feature in the real interface against all
other surface patches (Figure 5). In about 50% of cases in
both datasets, the real interface region is listed in the top
10% (rank #1) of all surface patches, actually occupying
the top position (absolute #1) in 16-20% cases. Jones and
Thornton [41] have previously characterized protein
interaction sites in complexes of known structures using
six parameters (solvation potential, residue interface pro-
pensity, hydrophobicity, planarity, protrusion and acces-
sible surface area) to evaluate what differentiates them
from other surface patches on the protein surface.
Although none of the parameters were definitive, the
majority showed trends for the observed interface to be
distinguished from other surface patches. Furthermore, a
combined score (using these six parameters) giving the
probability of a surface patch forming protein-protein
interactions was also put forward giving a success rate of
66% for 59 structures [54]. Thus there is a scope for com-
bining evolutionary and physicochemical features for
identifying the binding sites.

A question may be asked if a direct assessment by first
identifying conserved residues on the protein surface and
then searching for spatial clusters could have been per-
formed (instead of dividing the protein surface into
patches similar in size to the interface, and then searching
for conserved residues). Methods like the Evolutionary
Trace (ET) [20] use the former approach - they first locate
completely conserved and class-specific (i.e., conserved
within sub-groups) residues and then check if these resi-
dues form spatial clusters on the protein surface. Such a
direct assessment of conserved residue clusters is likely to
yield significant results when the functional sites being
identified are highly conserved and extremely crucial to
the protein's function, for example enzyme active sites.
However, protein-protein interfaces are extensive, involv-
ing a much larger number of residues, which are less con-
served in general than enzyme active sites or other small-
molecule binding sites. In many cases the same protein
may exist in equilibrium between different oligomeric
forms, such that the interface in one form may be surface

exposed in another [55]. As such we had to use a less
stringent condition for the definition of conserved resi-
dues, and compare the clustering of such residues relative
to the entire interface (or surface patches of similar size)
rather than using a direct assessment of the distribution
of conserved residues over the whole surface (as done in
ET).

Comparison with machine learning techniques
Recently, machine learning techniques, such as Support
Vector Machines and Neural Networks have also incor-
porated the use of sequence conservation metrics to
enhance the likelihood of predicting which surface resi-
dues of a given protein form an interface [56-58]. In one
of the earlier applications of the SVM-based approach
incorporating evolutionary information as an additional
attribute, the prediction accuracy for the classification of
interface residues reached 64% [56]. However, when clas-
sifiers based on only evolution were used the value was
lower (54%). This is comparable to the value for the per-
centage (~50%) of interfaces that are ranked 1 among all
surface patches (Figure 5). This study, however, does the
prediction from sequence unlike the present work where
we use the crystal structure to define surface patches and
then score them for the likelihood of being a binding
interface. In another study which starts from the protein
structure for surface patch generation, a combination of 7
properties, including residue conservation, was used to
predict protein binding sites and achieved a maximum
prediction accuracy of 76%, 64% being the value for
enzyme-inhibitor complexes [57]. Interestingly, we obtain
a comparable prediction success (~70%) on the enzyme-
inhibitor complexes using just a single parameter (con-
served residue clustering) (Table 3). That evolutionary
conservation has a greater discriminatory power for the
identification of interface residues has also been shown
[58]; however, there was no consideration of any cluster-
ing. In another study, 52% of 'precisely' identified and 77%
of 'correctly' predicted binding sites were reported in a
study that trained an SVM classifier using structural con-
servation scores as one of the parameters [59]. Though
the authors noted that the structurally conserved residues
were more clustered in interface regions compared to the
non-interface surface, the concept of clustering of con-
served residues was not directly used to train the SVM
classifier. ProMate is a program to predict protein-pro-
tein interfaces using an optimized combination of 9 dif-
ferent metrics including evolutionary conservation - 70%
success rate (on 51 protein structures) has been reported
[60]. ProMate has also been combined with another pre-
diction program based on surface conservation and
structural information (WHISCY) [61]. The algorithm
implemented in WHISCY uses a sequence alignment to
calculate a prediction score (the residue is predicted as
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"interface" if the score exceeds a certain threshold) for
each surface residue of the test protein. It also recognizes
that predicted interface residues that are surrounded by
other predicted interface residues are more likely to be
part of the actual binding site rather than isolated pre-
dicted residues. To incorporate this observation, the
scores for all the surface residues are taken and smoothed
over the surface of the protein structure. This "smooth-
ing" ensures that the scores of the spatial neighbors on
the surface are also taken into account. When the high-
scoring residues are visualized on the structure, they are
often found clustered. However, what we propose here is
a scheme to explicitly measure the degree of clustering of
conserved residues within a surface patch and use that for
the prediction. Lastly, neural network techniques are also
available for the prediction of protein-protein interaction
sites and may achieve a success of 70-80% [62,63].
Although objective comparison between all these algo-
rithms is difficult as each study used different interface
definitions and criteria for success in addition to using
different datasets, it does appear that the identification of
conserved residues and their spatial clustering offers a
convenient way to locate the binding site. To conclude,
residue conservation has been a useful metric for many
prediction algorithms. The incorporation of the cluster-
ing procedure enumerated here should improve the per-
formance of these methods.

Additional material

Authors' contributions
PC conceptualized the work that was carried out by MG. MG and PC partici-
pated in interpretation of the data and writing the manuscript. Both the
authors have read and accepted the final version of the manuscript.

Acknowledgements
The work was supported by the Department of Biotechnology. PC is a JC Bose 
National Fellow.

Author Details
1Bioinformatics Centre, Bose Institute, P-1/12 CIT Scheme VIIM, Kolkata 700 054, 
India and 2Department of Biochemistry, Bose Institute, P-1/12 CIT Scheme VIIM, 
Kolkata 700 054, India

References
1. Manning JR, Jefferson ER, Barton GJ: The contrasting properties of 

conservation and correlated phylogeny in protein functional residue 
prediction.  BMC Bioinformatics 2008, 9:51.

2. Capra JA, Singh M: Predicting functionally important residues from 
sequence conservation.  Bioinformatics 2007, 23:1875-1882.

3. Panchenko AR, Kondrashov F, Bryant S: Prediction of functional sites by 
analysis of sequence and structure conservation.  Protein Sci 2004, 
13:884-892.

4. Berezin C, Glaser F, Rosenberg J, Paz I, Pupko T, Fariselli P, Casadio R, Ben-
Tal N: ConSeq: the identification of functionally and structurally 
important residues in protein sequences.  Bioinformatics 2004, 
20:1322-1324.

5. del Sol Mesa A, Pazos F, Valencia A: Automatic methods for predicting 
functionally important residues.  J Mol Biol 2003, 326:1289-1302.

6. Pupko T, Bell RE, Mayrose I, Glaser F, Ben-Tal N: Rate4Site: an algorithmic 
tool for the identification of functional regions in proteins by surface 
mapping of evolutionary determinants within their homologues.  
Bioinformatics 2002:S71-S77.

7. Landgraf R, Xenarios I, Eisenberg D: Three-dimensional cluster analysis 
identifies interfaces and functional residue clusters in proteins.  J Mol 
Biol 2001, 307:1487-1502.

8. Armon A, Graur D, Ben-Tal N: ConSurf: An algorithmic tool for the 
identification of functional regions in proteins by surface mapping of 
phylogenetic information.  J Mol Biol 2001, 307:447-463.

9. Mirny LA, Shakhnovich EI: Universally conserved positions in protein 
folds: reading evolutionary signals about stability, folding kinetics and 
function.  J Mol Biol 1999, 291:177-196.

10. Casari G, Sander C, Valencia A: A method to predict functional residues 
in proteins.  Nat Struct Biol 1995, 2:171-178.

11. Bordner AJ, Abagyan R: Statistical analysis and prediction of protein-
protein interfaces.  Proteins 2005, 60:353-366.

12. Caffrey DR, Somaroo S, Hughes JD, Mintseris J, Huang ES: Are protein-
protein interfaces more conserved in sequence than the rest of the 
protein surface?  Protein Sci 2004, 13:190-202.

13. Elcock AH, McCammon JA: Identification of protein oligomerization 
states by analysis of interface conservation.  Proc Natl Acad Sci USA 2001, 
98:2990-2994.

14. Valdar WS, Thornton JM: Conservation helps to identify biologically 
relevant crystal contacts.  J Mol Biol 2001, 313:399-416.

15. Guharoy M, Chakrabarti P: Conservation and relative importance of 
residues across protein-protein interfaces.  Proc Natl Acad Sci USA 2005, 
102:15447-15452.

16. Biswas S, Guharoy M, Chakrabarti P: Dissection, residue conservation, 
and structural classification of protein-DNA interfaces.  Proteins 2009, 
74:643-654.

17. Chung JL, Wang W, Bourne PE: Exploiting sequence and structure 
homologs to identify protein-protein binding sites.  Proteins 2006, 
62:630-640.

18. Aytuna AS, Gursoy A, Keskin O: Prediction of protein-protein 
interactions by combining structure and sequence conservation in 
protein interfaces.  Bioinformatics 2005, 21:2850-2855.

19. Lichtarge O, Sowa ME: Evolutionary predictions of binding surfaces and 
interactions.  Curr Opin Struct Biol 2002, 12:21-27.

20. Lichtarge O, Bourne HR, Cohen FE: An evolutionary trace method 
defines binding surfaces common to protein families.  J Mol Biol 1996, 
257:342-358.

21. Pazos F, Helmer-Citterich M, Ausiello G, Valencia A: Correlated mutations 
contain information about protein-protein interaction.  J Mol Biol 1997, 
271:511-523.

22. Ahmad S, Keskin O, Sarai A, Nussinov R: Protein-DNA interactions: 
structural, thermodynamic and clustering patterns of conserved 
residues in DNA-binding proteins.  Nucleic Acids Res 2008, 36:5922-5932.

23. Aloy P, Querol E, Aviles FX, Sternberg MJ: Automated structure-based 
prediction of functional sites in proteins: applications to assessing the 
validity of inheriting protein function from homology in genome 
annotation and to protein docking.  J Mol Biol 2001, 311:395-408.

Additional file 1 The file contains three tables (numbered S1 to S3), 
and nine figures (numbered S1 to S9).Table S1. Values of the parameters 
indicating the clustering of conserved residues in individual inter-
faces.Table S2. Location of experimental hot spots within the conserved 
residue clusters in the interface.Table S3. Distribution of 462 alanine 
scanned interface residues among the seven residue classes.Figure S1. Rep-
resentative examples of interfaces showing the clustered nature of evolu-
tionarily conserved residues.Figure S2. Plots of Ms,cons versus Ms,int.Figure 
S3. Plots of Ms,cons versus < Ms,random>.Figure S4. Number of interface resi-
dues and conserved residues as a function of interface area.Figure S5. Multi-
ple clusters of evolutionary conserved residues in protein interfaces.Figure 
S6. Distribution of cluster size.Figure S7. The level of sequence conservation 
of residues subjected to alanine scanning experiments.Figure S8. Compari-
son of the clustering of conserved residues within the subunit interface and 
other surface patches.Figure S9. Plot of Ms,cons versus Ms,int for interfaces 
from the bound forms 124 protein complexes described in the Protein-pro-
tein Docking Benchmark version 3.0.

Received: 16 February 2010 Accepted: 27 May 2010 
Published: 27 May 2010
This article is available from: http://www.biomedcentral.com/1471-2105/11/286© 2010 Guharoy and Chakrabarti; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.BMC Bioinformatics 2010, 11:286

http://www.biomedcentral.com/content/supplementary/1471-2105-11-286-S1.DOC
http://www.biomedcentral.com/1471-2105/11/286
http://creativecommons.org/licenses/by/2.0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18221517
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17519246
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15010543
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14871869
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12589769
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12169533
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11292355
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11243830
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10438614
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7749921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15906321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14691234
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11248019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11800565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16221766
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18704949
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16329107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15855251
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11839485
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8609628
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9281423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18801847
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11478868


Guharoy and Chakrabarti BMC Bioinformatics 2010, 11:286
http://www.biomedcentral.com/1471-2105/11/286

Page 17 of 17
24. Gutteridge A, Bartlett GJ, Thornton JM: Using a neural network and 
spatial clustering to predict the location of active sites in enzymes.  J 
Mol Biol 2003, 330:719-734.

25. Schueler-Furman O, Baker D: Conserved residue clustering and protein 
structure prediction.  Proteins 2003, 52:225-235.

26. Madabushi S, Yao H, Marsh M, Kristensen DM, Philippi A, Sowa ME, 
Lichtarge O: Structural clusters of evolutionary trace residues are 
statistically significant and common in proteins.  J Mol Biol 2002, 
316:139-154.

27. Rahat O, Yitzhaky A, Schreiber G: Cluster conservation as a novel tool for 
studying protein-protein interactions evolution.  Proteins 2008, 
71:621-630.

28. del Sol A, Carbonell P: The modular organization of domain structures: 
insights into protein-protein binding.  PLoS Comput Biol 2007, 3:e239.

29. Bogan AA, Thorn KS: Anatomy of hot spots in protein interfaces.  J Mol 
Biol 1998, 280:1-9.

30. Keskin O, Ma B, Nussinov R: Hot regions in protein--protein interactions: 
the organization and contribution of structurally conserved hot spot 
residues.  J Mol Biol 2005, 345:1281-1294.

31. Bahadur RP, Chakrabarti P, Rodier F, Janin J: Dissecting subunit interfaces 
in homodimeric proteins.  Proteins 2003, 53:708-719.

32. Pal A, Chakrabarti P, Bahadur R, Rodier F, Janin J: Peptide segments in 
protein-protein interfaces.  J Biosci 2007, 32:101-111.

33. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, 
Shindyalov IN, Bourne PE: The Protein Data Bank.  Nucleic Acids Res 2000, 
28:235-242.

34. Saha RP, Bahadur RP, Pal A, Mandal S, Chakrabarti P: ProFace: a server for 
the analysis of the physicochemical features of protein-protein 
interfaces.  BMC Struct Biol 2006, 6:11.

35. Chakrabarti P, Janin J: Dissecting protein-protein recognition sites.  
Proteins 2002, 47:334-343.

36. Sander C, Schneider R: Database of homology-derived protein 
structures and the structural meaning of sequence alignment.  Proteins 
1991, 9:56-68.

37. Wang K, Samudrala R: Incorporating background frequency improves 
entropy-based residue conservation measures.  BMC Bioinformatics 
2006, 7:385.

38. Hwang H, Pierce B, Mintseris J, Janin J, Weng Z: Protein-protein docking 
benchmark version 3.0.  Proteins 2008, 73:705-709.

39. Guharoy M, Chakrabarti P: Empirical estimation of the energetic 
contribution of individual interface residues in structures of protein-
protein complexes.  J Comput Aided Mol Des 2009, 23:645-654.

40. Hubbard SJ: NACCESS: A program for calculating accessibilities.  
Department of Biochemistry and Molecular Biology. University College of 
London; 1992. 

41. Jones S, Thornton JM: Analysis of protein-protein interaction sites using 
patch analysis.  J Mol Biol 1997, 272:121-132.

42. Murzin AG, Brenner SE, Hubbard T, Chothia C: SCOP: a structural 
classification of proteins database for the investigation of sequences 
and structures.  J Mol Biol 1995, 247:536-540.

43. Janin J, Bahadur RP, Chakrabarti P: Protein-protein interaction and 
quaternary structure.  Q Rev Biophys 2008, 41:133-180.

44. Aloy P, Ceulemans H, Stark A, Russell RB: The relationship between 
sequence and interaction divergence in proteins.  J Mol Biol 2003, 
332:989-998.

45. Yao H, Kristensen DM, Mihalek I, Sowa ME, Shaw C, Kimmel M, Kavraki L, 
Lichtarge O: An accurate, sensitive, and scalable method to identify 
functional sites in protein structures.  J Mol Biol 2003, 326:255-261.

46. Yu GX, Park BH, Chandramohan P, Munavalli R, Geist A, Samatova NF: In 
silico discovery of enzyme-substrate specificity-determining residue 
clusters.  J Mol Biol 2005, 352:1105-1117.

47. Pazos F, Sternberg MJ: Automated prediction of protein function and 
detection of functional sites from structure.  Proc Natl Acad Sci USA 2004, 
101:14754-14759.

48. Sathyapriya R, Vishveshwara S: Interaction of DNA with clusters of amino 
acids in proteins.  Nucleic Acids Res 2004, 32:4109-4118.

49. DeLano WL: Unraveling hot spots in binding interfaces: progress and 
challenges.  Curr Opin Struct Biol 2002, 12:14-20.

50. Halperin I, Wolfson H, Nussinov R: Protein-protein interactions: coupling 
of structurally conserved residues and of hot spots across interfaces. 
Implications for docking.  Structure 2004, 12:1027-1038.

51. Hu Z, Ma B, Wolfson H, Nussinov R: Conservation of polar residues as hot 
spots at protein interfaces.  Proteins 2000, 39:331-342.

52. Ma B, Elkayam T, Wolfson H, Nussinov R: Protein-protein interactions: 
structurally conserved residues distinguish between binding sites and 
exposed protein surfaces.  Proc Natl Acad Sci USA 2003, 100:5772-5777.

53. Haliloglu T, Keskin O, Ma B, Nussinov R: How similar are protein folding 
and protein binding nuclei? Examination of vibrational motions of 
energy hot spots and conserved residues.  Biophys J 2005, 88:1552-1559.

54. Jones S, Thornton JM: Prediction of protein-protein interaction sites 
using patch analysis.  J Mol Biol 1997, 272:133-143.

55. Dey S, Pal A, Chakrabarti P, Janin J: The subunit interfaces of weakly 
associated homodimeric proteins.  J Mol Biol 2010, 398:146-160.

56. Res I, Mihalek I, Lichtarge O: An evolution based classifier for prediction 
of protein interfaces without using protein structures.  Bioinformatics 
2005, 21:2496-2501.

57. Bradford JR, Westhead DR: Improved prediction of protein-protein 
binding sites using a support vector machines approach.  
Bioinformatics 2005, 21:1487-1494.

58. Bordner AJ, Abagyan R: Statistical analysis and prediction of protein-
protein interfaces.  Proteins 2005, 60:353-366.

59. Chung J-L, Wang W, Bourne PE: Exploiting sequence and structure 
homologs to identify protein-protein binding sites.  Proteins 2006, 
62:630-640.

60. Neuvirth H, Raz R, Schreiber G: ProMate: a structure based prediction 
program to identify the location of protein-protein binding sites.  J Mol 
Biol 2004, 338:181-199.

61. de Vries SJ, van Dijk AD, Bonvin AM: WHISCY: what information does 
surface conservation yield? Application to data-driven docking.  
Proteins 2006, 63:479-489.

62. Fariselli P, Pazos F, Valencia A, Casadio R: Prediction of protein-protein 
interaction sites in heterocomplexes with neural networks.  Eur J 
Biochem 2002, 269:1356-1361.

63. Chen H, Zhou H-X: Prediction of interface residues in protein-protein 
complexes by a consensus neural network method: test against NMR 
data.  Proteins 2005, 61:21-35.

64. R Development Core Team: R: A language and environment for 
statistical computing.  2009 [http://www.R-project.org]. R Foundation for 
Statistical Computing, Vienna, Austria

doi: 10.1186/1471-2105-11-286
Cite this article as: Guharoy and Chakrabarti, Conserved residue clusters at 
protein-protein interfaces and their use in binding site identification BMC 
Bioinformatics 2010, 11:286

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12850142
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12833546
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11829509
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17972288
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18069884
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9653027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15644221
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14579361
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17426384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10592235
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16759379
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11948787
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2017436
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16916457
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18491384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19479323
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9299342
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=7723011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18812015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14499603
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12547207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16140329
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15456910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15302912
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11839484
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15274922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10813815
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12730379
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15596504
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9299343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20156457
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15728113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15613384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15906321
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16329107
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15050833
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16450362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11874449
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16080151
http://www.R-project.org


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


