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ABSTRACT Deciphering the interaction links
between proteins has become one of the main tasks
of experimental and bioinformatic methodologies.
Reconstruction of complex networks of interactions
in simple cellular systems by integrating predicted
interaction networks with available experimental
data is becoming one of the most demanding needs
in the postgenomic era. On the basis of the study of
correlated mutations in multiple sequence align-
ments, we propose a new method (in silico two-
hybrid, i2h) that directly addresses the detection of
physically interacting protein pairs and identifies
the most likely sequence regions involved in the
interactions. We have applied the system to several
test sets, showing that it can discriminate between
true and false interactions in a significant number
of cases. We have also analyzed a large collection of
E. coli protein pairs as a first step toward the virtual
reconstruction of its complete interaction network.
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INTRODUCTION

Recent advances in molecular biology have provided a
vast amount of genetic information for many different
organisms. A great challenge is to identify the possible
interactions between different protein components in what
has been called neighborhood relations.1 Accumulated
experimental evidence on metabolic and signaling path-
ways, supplemented by emerging techniques such as ex-
pression arrays, mass spectrometry applied to two-
dimensional gels, and automated yeast two-hybrid
systems,2 is leading to the experimental identification of
large numbers of relationships between sets of proteins.

A number of computational techniques for physical
docking have been developed to tackle the problem of
predicting protein complexes and protein interactions
from knowledge of the corresponding structures.3 Unfortu-
nately, the number of cases for which the three-dimen-
sional structures of both proteins are known is still very
small, and even in these cases the predictions are of
limited success.4

Another approach focuses on the prediction of functional
relationships irrespective of physical interaction. Dan-
dekar et al.5 identified a relationship between genes that
are contiguous in several bacterial chromosomes and

proteins that form complexes. This observation was unfor-
tunately limited to the small set of genes whose proximity
in the genome is conserved in several bacterial species.
Gaasterland and Ragan6 and Pellegrini et al.7 predicted
functional interactions based on comparisons of the spe-
cies distributions of gene pairs (“phylogenetic profiles”).
These methods assumed that genomes coding for one
member of an interaction pair would necessarily code for
its interacting partner. Among other technical limitations,
this approach would not be applicable to the many essen-
tial proteins that are widely distributed among different
genomes.8 Marcotte et al.9 and Enright et al.10 predicted
protein interactions for those multidomain proteins that
show a variety of domain arrangements in different ge-
nomes (e.g., the interaction between proteins A and B
would be predicted if it is possible to find a single protein
composed of two domains similar to A and B, respectively).
Nonetheless, this method can be applied only to the few
cases in which these types of molecular arrangement are
found.

The in silico two-hybrid (i2h) approach proposed here is
based on previous studies of sequence correlation between
distant positions of multiple sequence alignments. We
have shown that the study of such correlations can be used
as a weak but significant predictor of interresidue con-
tact.11–13 Indeed, we showed that correlation information
can be used systematically to improve protein structure
prediction methods based on threading alignments.14

We also showed that correlation information is sufficient
for selecting the correct structural arrangement of het-
erodimers and protein domains in a representative num-
ber of cases, because the correlated pairs between the
monomers tend to accumulate at the contact interface.15

This early approach addressed the detection of the struc-
tural interaction region between proteins known to inter-
act. The conceptual advance proposed here is the direct
search for interacting protein pairs. In practice, we search
for pairs of multiple sequence alignments with a distinc-
tive co-variation signal, based on the hypothesis that
co-adaptation of interacting proteins can be detected by
the presence of a distinctive number of compensatory

Grant sponsor: CICYT (Spain).
*Correspondence to: Alfonso Valencia, Protein Design Group, Na-

tional Centre for Biotechnology, CNB-CSIC, Cantoblanco, Madrid
E-28049, Spain. E-mail: valencia@cnb.uam.es

Received 2 February 2001; Accepted 16 November 2001

Published online 00 Month 2001 in Wiley InterScience
(www.interscience.wiley.com). DOI: 10.1002/prot.10074

PROTEINS: Structure, Function, and Genetics 47:219–227 (2002)

© 2002 WILEY-LISS, INC.



mutations in the corresponding proteins of different spe-
cies.

MATERIALS AND METHODS
Calculation of Correlation Values

Correlated mutations evaluate the similarity in varia-
tion patterns between positions in a multiple sequence
alignment. The similarity of those variation patterns is
thought to be related to compensatory mutations. The
basic method for calculating correlated mutations was
originally proposed by Göbel et al.11 A position-specific
matrix is calculated for each position in the sequence; this
matrix contains the distances, defined as in McLachlan,16

between the residues corresponding to all sequence combi-
nations at that position. The position-specific matrices are
compared with a correlation formula. In the i2h system, we
obtained the best results with a variation of the method in
which the correlation formula was replaced by a rank
correlation calculation,17 in which the numerical values
are replaced by their ordinal ranking number. The rank
correlation coefficient (rij) between positions i and j is
given by

rij �

�
k, j
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��
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where the summations run for every possible pair of
proteins k and l in the multiple sequence alignment. Sikl is
the ranked similarity between residue i in protein k and
residue i in protein l. Sjkl is the same for residue j. S� i and S� j

are the means of Sikl and Sjkl, respectively.

Protein Alignment and Distribution of
Correlation Values

Original multiple sequence alignments were obtained by
searching for homologous proteins with BLAST18 and
aligning them with Clustalw19 in the E. coli test sets, or
taken from the HSSP database20 in the cases of the
structural domains and the interacting proteins of known
structure (see “test sets” below).

Starting with the multiple sequence alignments of the
two proteins, we reduce them, leaving only sequences of
coincident species. The entries in the position-specific
matrices of the positions of the two proteins are thus
comparable, and calculation of interprotein correlated
mutations can be performed by using compatible protein
sequences. This step is easy to visualize by imagining that
the corresponding sequences of the same species in each
one of the two proteins are linked in a “virtual concat-
enated alignment” (Fig. 1). If we have more than one
homologous protein in the same species (paralogs), we
choose that closest to the E. coli sequence in the E. coli test
sets, and that closest to the HSSP master in the structural
domains and the interacting proteins of known structure
test sets.

The interaction index is obtained by comparing the
distribution of correlation values that correspond to pairs
of positions, one from each protein in the concatenated
alignment, with the distributions corresponding to pairs of

positions in the individual proteins. This normalization
step is introduced to decrease the potential noise produced
by the presence of divergent sequences that could intro-
duce atypical high correlation values in both concatenated
and individual alignments (Fig. 1). Thus, we obtain the
interaction index score for proteins 1 and 2 with the
following formula.

C12 � �
i�incorr

1.0 P12i

P11i � P22i
� i

where the summation runs for all correlation bins from an
initial value (incorr; 0.4 in this study) to 1.0. P12i is the
percentage of interprotein pairs with correlation value in
bin i. P11i and P22i are the same for intraprotein pairs
(Fig. 1).

We also compare the interaction indices of one protein
with all its possible partners to evaluate the significance of
each of the interactions. The comparison is presented in a
Z-score.

Sets of Protein Families for Application
of the i2h System

The i2h system was applied to various test sets. In each
of them, all possible protein pairs were explored (for N
proteins, a total of Nx(N-1)/2 possible pairs) by building
the corresponding concatenated alignments. The main
limitation was that it was not possible to find in all cases
enough sequences after the alignment reduction step (see
“obtaining the alignments”). In the current application, we
fixed a minimal threshold of 11 sequences for each of the
two proteins from the same species. Under these condi-
tions, the number of protein pairs for which it was possible
to perform the i2h calculation was considerably lower than
the total number of possible pairs.

The first set was composed of structural domains rather
than of proteins. We took 14 two-domain proteins with a
tight intradomain interaction from Pazos et al.15 The PDB
codes of the proteins are 4mt2, 3dfr, 4tnc, 1rnd, 4mts,
3pgk, 1alc, 3blm, 2pf2, 3adk, 9pap, 2c2c, 3trx, and 1sgt.
Calculations were made for 133 domain pairs.

The second set was started with 53 proteins analyzed by
Dandekar et al.,5 which form 31 known interactions. The
total number of possible pairs was 1378, of which we could
explore a reasonable fraction of 244 protein pairs by
concatenating sequences extracted from 14 completely
sequenced genomes, namely, M. tuberculosis, N. Gonor-
rhoeae, E. coli, H. pylori, Synechocystis sp., M. thermoau-
totrophicum, A. aeolicus, B. burgdorferi, P. horikoshii, T.
pallidum, B. subtilis, M. jannaschii, H. influenzae, and A.
fulgidus. Among those 244 pairs, 8 pairs corresponded to
well-documented interactions, and some other pairs could
be considered candidates for possible interactions, includ-
ing different ribosomal proteins.

A third set contains 195 pairs with 15 possible interac-
tions, derived from the 749 predicted interactions reported
by Marcotte et al.9 after selecting sequences from corre-
sponding species as described above. The Marcotte set was
derived by selecting pairs of E. coli proteins that are fused
into a single protein in different organisms, which in many
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cases implies a functional relationship between the pro-
teins, but not necessarily a direct physical interaction.9 In
most cases, neither the functional nor the physical interac-
tions have been verified experimentally.

The fourth test set was composed of interacting proteins
of known structure. The interacting chains were extracted
from the SPIN database (http://trantor.bioc.columbia.edu/
cgi-bin/SPIN/), which contains all the protein complexes
contained in the PDB Protein Data Bank.21 By using the
SPIN search engine, it is possible to search the set of
protein complexes for specific characteristics. We searched
in its sequence-unique set, excluding homodimers and
complexes involving proteases. This was done to eliminate
strong peculiar signals. We also excluded chains involved
in more than one interaction in an attempt to limit the set
to heterodimers. The set was then filtered by using the
SCOP22 structural classification to eliminate the chains
labeled as “membrane peptides,” “small proteins,” and
“coiled coils.” This filtering resulted in 226 interacting
protein chains (113 interactions). In this case, we need 12
sequences from common species for a pair to be evaluated.
From the final list of 25,425 possible pairs, we excluded

those with sequence identity �40%. With those restric-
tions we could make calculations for 321 pairs, 17 of which
are known to interact.

The fifth protein set was formed of a collection of 67,238
pairs corresponding to E. coli proteins that fulfill the
requirements for number of sequences in the concatenated
alignments as for the previous E. coli sets, representing a
small fraction of the possible pairs formed by all E. coli
proteins. Even if this set represents only a fraction of all
possible proteins, it contains on average �300 pairs for
each protein, adding relevance to the Z-score calculation
associated to the interaction indices. The corresponding
database entries and alignments can be found in http://
pdg.cnb.uam.es/i2h.

These data sets include all pairs for which it was
possible to obtain a sufficient number of sequences for the
alignments. They do not correspond to any selection bias.

RESULTS

To test the quality of the i2h predictions, we first
analyzed a previously derived set of two domain proteins of
known three-dimensional structure. A large collection of

Fig. 1. Schematic representation of the i2h method. A: Family alignments are collected for two different
proteins, 1 and 2, including corresponding sequences from different species (a, b, c, …). B: A virtual alignment
is constructed, concatenating the sequences of the probable orthologous sequences of the two proteins.
Correlated mutations are calculated as described in Materials and Methods. C: The distributions of the
correlation values are recorded. We used 10 correlation levels. The corresponding distributions are
represented for the pairs of residues internal to the two proteins (P11 and P22) and for the pairs composed of
one residue from each of the two proteins (P12). The interaction index is calculated from these distributions
(see Materials and Methods).
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TABLE I. List of Pairs in the Structural Domains Data Set

Pair Interaction index Pair Interaction index

2c2c_2-1alc_1 3.503 3adk_2-4nc_2 0.961
1sgt_2-4mt2_1 3.448 1alc_1-1md_2 0.957
9pap_1-9pap_2* 3.042 1sgt_1-2c2c_2 0.889
1alc_1-1alc_2* 2.852 2c2c_2-3pgk_1 0.878
2c2c_1-4mt2_1 2.825 3trx_1-9pap_2 0.857
4tms_1-4tms_2* 2.735 4tnc_1-4mt2_2 0.853
3trx_1-3trx_2* 2.571 4tnc_2-4mt2_2 0.836
4mt2_1-4mt2_2* 2.469 3trx_1-3pgk_2 0.829
2c2c_2-4mt2_1 2.355 3trx_1-9pap_1 0.814
2c2c_2-4mt2_2 2.331 2c2c_2-1rnd_2 0.813
4tnc_1-4tnc_2* 2.238 4tms_2-3dfr_2 0.809
3blm_1-3blm_2* 2.206 9pap_2-3adk_2 0.805
3pgk_1-3pgk_2* 2.197 4tms_1-3dfr_2 0.804
2c2c_1-4mt2_2 2.139 1sgt_2-1alc_1 0.799
1sgt_2-2c2c_1 2.068 9pap_1-3adk_2 0.790
2c2c_1-1alc_1 2.011 3trx_2-9pap_2 0.761
2c2c_1-1alc_2 1.886 4tnc_2-4mt2_1 0.747
3adk_1-3adk_2* 1.862 3adk_2-3pgk_2 0.726
1sgt_2-2c2c_2 1.835 4tnc_1-4mt2_1 0.718
2c2c_1-2c2c_2* 1.787 9pap_2-4tnc_2 0.702
3adk_1-3pgk_1 1.624 3trx_1-3adk_1 0.673
1rnd_1-4mt2_1 1.530 3dfr_1-3dfr_2* 0.657
2c2c_1-9pap_2 1.520 2pf2_2-1alc_2 0.628
3adk_2-3dfr_2 1.507 3adk_1-4tnc_1 0.617
1sgt_2-2pf2_2 1.489 3adk_1-4tnc_2 0.614
9pap_1-3adk_1 1.488 2pf2_2-1alc_1 0.595
3adk_1-3pgk_2 1.444 3adk_2-4tnc_1 0.539
2c2c_2-1alc_2 1.415 4tms_1-3dfr_1 0.507
2c2c_1-3pgk_2 1.389 3trx_2-3pgk_1 0.489
1sgt_1-4mt2_1 1.387 3trx_2-3pgk_2 0.471
3adk_1-3dfr_1 1.367 3trx_1-3adk_2 0.471
1rnd_2-4mt2_1 1.359 1sgt_1-1alc_1 0.455
2c2c_2-3adk_1 1.319 3trx_1-2c2c_2 0.453
1rnd_1-1rnd_2* 1.314 3trx_1-2c2c_1 0.446
3pgk_1-4tms_1 1.299 4tms_2-4tnc_2 0.444
2c2c_1-3adk_1 1.297 2c2c_1-1rnd_2 0.442
3pgk_1-4tms_2 1.292 1sgt_2-1alc_2 0.435
3trx_1-3pgk_1 1.279 3trx_2-3adk_1 0.427
2c2c_1-3pgk_1 1.278 4tms_1-4tnc_2 0.413
1alc_1-4mt2_1 1.278 1sgt_1-1rnd_1 0.403
2c2c_2-9pap_2 1.274 4tms_1-4tnc_1 0.401
1rnd_1-4mt2_2 1.258 4tms_2-3dfr_1 0.398
3adk_2-3pgk_1 1.252 1alc_2-4mt2_2 0.362
1rnd_2-4mt2_2 1.240 1sgt_1-1rnd_2 0.358
3adk_1-3dfr_2 1.209 1sgt_1-4mt2_2 0.356
3trx_2-2c2c_1 1.196 1sgt_2-1rnd_1 0.352
3pgk_2-4tms_2 1.178 3trx_1-4tnc_2 0.316
3pgk_2-4tms_1 1.170 2c2c_1-4tnc_1 0.303
3adk_2-3dfr_1 1.136 4tms_2-4tnc_1 0.299
3trx_2-9pap_1 1.133 9pap_2-4tnc_1 0.289
1sgt_1-1sgt_2* 1.113 1sgt_1-1alc_2 0.278
1sgt_1-2pf2_2 1.098 9pap_1-4tnc_2 0.254
2c2c_2-9pap_1 1.094 2c2c_1-4tnc_2 0.236
2c2c_1-3adk_2 1.067 3trx_1-4tnc_1 0.233
1sgt_2-4mt2_2 1.063 1sgt_2-1rnd_2 0.229
3trx_2-2c2c_2 1.058 1alc_1-4mt2_2 0.227
2c2c_2-3pgk_2 1.047 2c2c_2-4tnc_2 0.218
1alc_2-4mt2_1 1.037 3pgk_1-4tnc_1 0.202
1alc_2-1rnd_1 1.033 3pgk_1-4tnc_2 0.199
2c2c_1-1rnd_1 1.029 9pap_1-4tnc_1 0.186
9pap_2-3adk_1 1.014 2c2c_2-4tnc_1 0.174
2c2c_2-3adk_2 1.008 3trx_2-3adk_2 0.161
2c2c_2-1rnd_1 1.004 3pgk_2-4tnc_1 0.150
1alc_2-1rnd_2 1.003 3pgk_2-4tnc_2 0.127
1sgt_1-2c2c_1 0.991 3trx_2-4tnc_1 0.103
2c2c_1-9pap_1 0.977 3trx_2-4tnc_2 0.070
1alc_1-1rnd_1 0.968

*List of possible pairs in the structural domains data set (Fig. 2), with corresponding interaction
index values. Pairs are labeled “pdbid1_domain1_pdbid2_domain2.” The pairs corresponding to
known interactions are in bold. The table is sorted by interaction index value.
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possible domain pairs was prepared by treating different
domains as independent proteins. In most cases, the i2h
system scored the correct pair of protein domains above all
other possible interactions (Table I, Fig. 2). Most of the
false positives involve the domains of two proteins. One of
them is a metallothionein (pdb code: 4mt2), a Cys-rich
protein predicted to interact with many other domains as
strongly as with its own second domain. We have no
explanation for this behavior, which may be related to
artifacts in the multiple sequence alignment produced by
the peculiar sequence composition of this protein. The
other false positive is cytochrome-C2 (2c2c). The result for

this well-characterized set of proteins can be used as an
indication of the relationship between score and quality of
prediction. Scores � 1.5 can be considered as an initial
indication of interaction; scores � 2.0 correspond mostly to
true interactions.

Remember that i2h analysis is based on the prediction of
physical proximity between residue pairs and, together
with the predictions of interactions between proteins, it is
possible to recover directly the predicted interacting resi-
dues.15 In the case of the hemoglobin �/� dimmer, for
example, the strongest interaction predictions were found
for residues 37, 52, 88, and 84 in the �-subunit and 102, 57,
46, and 64 in the �-subunit. Together with a set of
conserved residues, these form part of the interaction
surface of the two subunits (data not shown). This observa-
tion adds value to the i2h predictions because they include
not only the possible protein partners but also the predic-
tion of their possible region of interaction.

A second test set was derived from that used by Dan-
dekar et al.5 to select those proteins for which we could
obtain enough sequences in at least 11 genomes from a
total of 14 used to build the alignments (see Materials and
Methods). This set included 8 known pairs of interactions
buried in 244 possible protein pairs. Figure 3 shows that
seven of the known interactions were found among the
high scoring pairs in i2h analysis. In addition, 11 protein
pairs with a high interaction index were possible interact-
ing proteins, including different ribosomal proteins and
translation factors. Only one pair of known interacting
proteins, SecD-SecF, gave a relatively low score. It is of
interest that, although the interaction index of this pair is
low in absolute terms, it is among the best for the pairs
formed by SecD with other potential partners, indicating
the possibility of detecting interactions based on compari-
son of their indices when the absolute score is insuffi-
ciently high.

We examined the influence of the species distributions on
these results, that is, if the presence or absence of sequences
of given species could always be related with high (or low)
scores. The results are shown in Figure 3(c). There is no
obvious relation between the species distribution (“phyloge-
netic profile”) and the interaction index for pairs whose
alignment of common species contains that distribution.
Most of the phylogenetic profiles produce a complete range of
scores, from low to high. There are only a few exceptions [e.g.,
the phylogenetic profile “11011111101111” (the alignment
of common species contains all the 14 species but the ones
from N. Gonorrhoeae and T. Pallidum)] that seem to be
related always with low scores.

We analyzed a third set of protein interactions derived
from the study by Marcotte et al.9 The results using the i2h
system revealed an interesting complementation with the
approach of Marcotte et al. This is not surprising, because
the i2h system is based on the prediction of physical
interactions, and Marcotte’s method addresses the predic-
tion of general functional relations. From their protein set
we extracted 195 pairs of proteins that contained enough
sequences for application of i2h analysis, including 15 of
the interactions predicted by Marcotte et al. Three were

Fig. 2. Results obtained in a set of two domain proteins of known
structure. The i2h method was applied to the set of 14 proteins with two
“interacting” domains, previously used for the prediction interaction
regions.15 A: The interaction index is represented for the 133 pairs with 11
or more sequences in common. The true positive hits are highlighted with
filled squares. B: Representation of i2h results, reminiscent of those
obtained in the experimental yeast two-hybrid system. The diameter of the
black circles is proportional to the interaction index; true pairs are
highlighted with gray squares. Empty spaces correspond to those cases
in which the i2h system could not be applied, because they contained �11
sequences from different species in common for the two domains.
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strongly predicted as physically interacting pairs by the
i2h system, with absolute scores � 2.0; two other pairs
were found in the range of significant predictions (scores �
1.5). Among those pairs predicted by both systems, we
found, for example, thioredoxin with Thr-rRNA synthase
and Mo cofactor biosynthesis protein C with Mo Cofactor
biosynthesis protein A. For 10 other cases, i2h predictions
did not agree with Marcotte’s predictions. For example,
the interaction predicted by Marcotte et al. between a
hypothetical protein similar to ferredoxin reductase and
thioredoxin may be due to their functional relation as part
of the redox-related reactions rather than the physical
interaction required by the i2h analysis. The i2h system
predicts additional interactions between proteins in that
set, including seven pairs with scores � 2.0. Even if some
are false positives, it is difficult to disregard them com-
pletely (e.g., certain interactions between ribosomal pro-
teins and aminoacyl-tRNA synthetases).

The results for the set of interacting proteins of known
structure extracted from the SPIN database are shown in
Figure 4. Again, most of the pairs of interacting chains plot
at high scores. Among the false positives we find, for
example, the pair formed by 1aisA with 1volB (two TATA
binding proteins), many pairs among hemoglobins, 1lgbC-
1hdsA (N2 fragment of lactotransferrin with hemoglobin),
and 1cpcB-1phnA (two phycocyanins). Among the false
negatives we find 1ttpB-1ttpA (subunits of the tryptophan
synthase), 1aqdA-1aqdB (two chains of the Hla-Dr1 class
II histocompatibility complex), and 1outA-1outB (�- and
�-chains of trout hemoglobin).

Finally, we applied the i2h system to a large collection of
E. coli proteins to show the feasibility of the systematic
reconstruction of interaction networks in full genomes. In
its current state, the database contains 67,238 pairs, for
which we found at least 11 homologous sequences of
common species for the two proteins in each pair. The
extension of this experiment will require enlargement of
the corresponding alignments, increasing the number of
protein pairs and thus the number of potential interaction
candidates. The number of predicted interactions at differ-
ent interaction index cutoffs is shown in Figure 5.

Despite the limited size of the experiment, interesting
relationships were found among the high scoring pairs,

Fig. 3. Results obtained in the Dandekar data set. The i2h method
was applied to the set of bacterial interacting proteins analyzed by
Dandekar et al.,5 using multiple sequence alignments compiled from 14
fully sequenced genomes. A: The interaction index is represented for the
244 possible pairs as in Figure 2(a). In this case, possible interactions are
indicated with empty squares, including different ribosomal proteins and
elongation factors. B: Representation of i2h results reminiscent of the
typical representation of yeast two-hybrid experimental data. In this case,
a subset of the results of (A) is represented, corresponding to proteins that
form part of protein pairs with experimentally verified interactions and
protein families with enough alignments. As in Figure 2(b), the diameter of
the black circles is proportional to the interaction index, positive cases are
highlighted with dark gray squares, and plausible interactions with light
gray squares. Empty spaces correspond to those cases with �11
sequences from different species in common, as in Figure 2. C: Values of
interaction indexes for the different phylogenetic profiles in this data set. A
phylogenetic profile represents the pattern of presence (1)/absence (0) of
that species in the alignment of common species for a pair of proteins.
Abbreviations for the names of the species are shown at the right. The
values of interaction indexes for all pairs of proteins containing a given
phylogenetic profile are drawn.
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corresponding in many cases to known interacting pro-
teins such as membrane transporters implicated in spermi-
dine/putrescine transport (PotB-PotH), transcription fac-
tors of the bacterial two-component system (ArcA-TorR),
and the two isoforms (N and O) of formate dehydrogenase.
Other interesting interactions were predicted, including
different hypothetical proteins for which the possible
relationships could be a first clue to their function. For
example, YABK_ECOLI (Swissprot ID code) was predicted

to interact with different iron and zinc transporters.
Further analysis revealed that this hypothetical protein
contains a possible transmembrane region, as well as
distant similarity to an iron transporter from S. marc-
escens. Both observations added credibility to its possible
function as part of a metal transport system (Fig. 6).

DISCUSSION

The application of i2h analysis to different sets of
interactions revealed a considerable capacity for detection
of true interactions with distinct scores. The information
provided by the i2h systems is an indication not only of a
possible interaction but also of the possible protein region
involved. The main practical limitation of the current
application of the i2h system is the difficulty in obtaining
large multiple sequence alignments of corresponding se-
quences for each possible pair of proteins. This problem
may disappear with the incorporation of new sequences
from the continuous stream of newly sequenced genomes.
Regarding the prediction of correlated mutations, it was
previously shown that more informative alignments led to
improved predictions of intraprotein contacts.12

Another important limitation, common to the other
approaches for the prediction of protein interaction net-
works,5,9,10,23 is the difficulty in obtaining good test sets to
quantify the performances of the different methods.

Current experimental descriptions of full interaction
networks (i.e., systematic applications of yeast-2-hybrid
screenings) are still far from complete in both number of
known interactions and reliability.24 Moreover, known
interactions are only a small part of the many still
unknown reactions of biological relevance. The develop-
ment of the field of protein interaction prediction would
require the creation of gold standards as has occurred in

Fig. 5. Number of predicted interactions for E. coli. The bars represent
the number of predicted interactions obtained from the 67,238 calculated
pairs, depending on the interaction index cutoff established as a limit to
consider interaction. The y axis scale is logarithmic.

Fig. 4. Results obtained with the set of interacting proteins of known structure. Results of the application of
the i2h method to the set of interacting proteins of known structures extracted from the SPIN database (see
Materials and Methods). The interaction index is represented for the 321 pairs calculated. The black squares
correspond to the 17 real complexes.
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fields such as gene finding, threading, and secondary
structure prediction. Efforts are underway to construct
databases of annotated interactions. For example, DIP25:
http://dip.doe-mbi.ucla.edu; MIPS: http://www.mips.
biochem.mpg.de.

Because of these difficulties in obtaining good test sets,
other methods have been tested by analyzing the presence
of similar keywords in their database descriptions9 or by
manually screening some of the proposed interactions.5

We used a first test set composed of protein domains,
because it provides unambiguous information about stable,
permanent protein interaction. In addition, we tested our
method with some of the data sets previously used by other
authors finding a reasonable level of accuracy.

The reduction of the initial multiple sequence align-
ments, taken only sequences from common species (see
Materials and Methods), restricts the number of available
sequence pairs and the quality of the alignments. We

previously showed that including a broad range of se-
quences in the alignments improves the predictions of
intraprotein contacts.12 Therefore, it is conceivable that
the implementation of a more sophisticated process for
sequence selection (i.e., selecting putative orthologous
sequences) would improve the results even if it would
imply an increase in computational complexity.

The results derived from the i2h system may also be
improved by increasing the accuracy of the basic correla-
tion method used to detect interaction sites, by reformulat-
ing the current algorithm (see Refs. 26–29 for alternative
approaches) or by combining correlated mutations with
other methods for the prediction of functionally important
residues.30–32

We aim to apply the i2h system to the prediction of
networks of physical interactions in complete genomes to
provide suggestions about protein interactions and their
biological function. The large set of interactions for the E.

Fig. 6. Example of data analysis using the E. coli i2h database. Analysis of predicted interaction partners
for the hypothetical protein YABK_ECOLI, one of the E. coli proteins included in the prototype database. The
interaction index distribution for the different possible pairs is compared in an interactive Web-based interface
that facilitates inspection of their functions by following links to the information deposited in Swissprot35 and
other databases, localization in the E. coli genome, and the possible relationship to E. coli operons. In this case,
the different functions highlight the relationships of the hypothetical protein with iron and zinc transport
mechanisms, as well as with other hypothetical proteins. The experimental i2h E. coli database can be
accessed at http://pdg.cnb.uam.es/i2h.
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coli genome here presented could be considered a first step
in this direction. The experience of Marcotte et al.,23

combining theoretical and experimental data, provides an
excellent departure for the inclusion of the i2h predictions,
because it represents a distinct type of prediction con-
cerned with the detection of physical interactions.
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