
We have investigated the prediction of
protein interactions through the

analysis of domain fusion to assess
whether metabolic enzymes have a higher
participation in gene-fusion events com-
pared with other proteins. We show here
that known metabolic enzymes from
Escherichia coli exhibit a threefold prefer-
ence in participating in fusion events
compared with control sets. This observa-
tion can be used in delineating the likely
cellular role for proteins of unknown
function detected by gene-fusion analysis.

Progress has been made in the compu-
tational prediction of protein interactions
using gene-fusion analysis1–3. Using sets
of multi-domain proteins (defined as
‘composites’), it is possible to identify
their single-domain homologues (defined
as ‘components’) in complete genome
sequences3. This relationship indicates a
strong functional association of the com-
ponent proteins in the form of physical
interaction, pathway involvement or gen-
erally similar cellular role4. The simplicity
of the idea and its wide applicability pro-
vide a sound basis for an economical and
rapid alternative to or support for bio-
chemical experimentation.

Previous work has concentrated on the
prediction of functional coupling using
detection of conservation of gene order and
operon architecture5. The stricter con-
straint of fusion analysis provides more
reliable predictions for functionally associ-
ated proteins6. It was noted that most pairs
of component proteins of known function
appear to be metabolic enzymes, corre-
sponding to multi-subunit systems such as
the shikimate pathway enzymes or the pair
of tryptophan synthase α- and β-subunits3.

To test this hypothesis, it is important to
obtain a reliable set of small-molecule
metabolic enzymes (monomeric proteins
or the corresponding subunits of multi-
meric complexes), which is not readily
available. The only resource that allows the
extraction of a representative set of meta-
bolic enzymes with a high degree of preci-
sion and reliability is the EcoCyc database7,
which describes the genome and pathways
of Escherichia coli. All enzyme entries in
EcoCyc have been described on the basis of
experimental evidence.

Using a precisely formulated query (Fig.
1), we extracted 636 protein monomers or
protein subunits from multimeric
enzymes from the EcoCyc database, all

involved in small-molecule metabolism.
Subsequent comparison with 22 complete
genome sequences yielded 106 compo-
nents (of 636; 16.7%), participating in 96
fusion events (Fig. 1). Hence, one of six
metabolic enzymes in E. coli appears to
participate in a fusion event. We next
traced three principal factors that may be
responsible for the fusion of genes encod-
ing metabolic enzymes: complex forma-
tion of multimeric enzymes, multiple
fusions or paralogy, and species distribu-
tion of the composite proteins.

First, one pattern to emerge is the rela-
tive participation of subunits of protein
complexes versus monomeric proteins in
gene fusion. Of the 106 detected compo-
nents, 81 (76%) are present in enzyme
complexes in EcoCyc (from a total of 413
entries) and 30 are present in monomeric
enzymes. There is some overlap (5 cases)
due to enzyme monomers being shared
between monomeric and multimeric

enzymes. This high percentage of subunits
of enzyme complexes involved in gene
fusion events is additional evidence that
this approach allows the detection of
physical interaction between proteins3.

Second, redundancy of component pro-
teins increases the number of detected
fusion events3. Ideally, the 106 components
detected should correspond to 53 unique
pairs of possibly interacting partners. The
fact that we observe as many as 96 fusions
reflects either a complex structure of the
composite proteins or a considerable
degree of paralogy within the metabolic
enzyme set of E. coli. As an example of the
former case, proteins AroK (P24167) and
AroE (P15770) detected AroD (P05194) as
a likely partner: both pairs map to the
penta-functional aromatic biosynthesis
enzyme from yeast (YDR127w). As an
example of the latter case, the paralogous
proteins NarI (P11350) and NarV (P19316)
are both grouped with NarG (P09152)
against the composite gene encoding respi-
ratory nitrate reductase (Rv1736c) from
Mycobacterium tuberculosis.

Third, the detection of enzyme fusions is
obtained by homology to composite pro-
teins from the ‘reference’ species. The four
species with the highest number of compos-

Fig. 1 Species distribution of fused
proteins homologous to E. coli
enzymes. Distribution of the compos-
ite proteins in various species (x axis)
that allow detection of 96 fusion
events (y axis) of single-domain com-
ponent proteins for the set of 106
metabolic enzymes of E. coli. All
known metabolic enzymes from E. coli
were obtained using EcoCyc (version
5.0; ref. 7) by querying for all proteins
that are enzymes and whose reactants
and products differ (to exclude intra-
cellular transport ‘reactions’). We
obtained the actual sequences of
these proteins through their database
accession numbers. Each subunit of
enzyme complexes was considered as
a separate enzyme entry. This query
returned 636 enzymes that catalyse a
biochemical reaction for small-mole-
cule metabolism. This set of enzyme
sequences was subject to fusion analy-
sis3, which detected 106 component
proteins involved in 96 unique fusion
events. All results, including database
identifiers for all protein sequences,
are available (http://www.ebi.ac.uk/
research/cgg/pathways/fusion/).
Archaeal species are shown in red;
bacterial species, in blue; and eukary-
otic species, in green. aae, Aquifex
aeolicus (VF5); afu, Archaeoglobus
fulgidus (DSM4304); ape, Aeropyrum
pernix (K1); bsu, B. subtilis (168); cel, C.
elegans; cpn, Chlamydia pneumoniae
(CWL029); ctr, Chlamydia trachomatis
(serovar D); hin, Haemophilus influenzae (KW20); mge, Mycoplasma genitalium (G-37); mpn, Mycoplasma
pneumoniae (M129); mtb, M. tuberculosis (H37Rv); mth, Methanobacterium thermoautotrophicum (delta H);
sce, S. cerevisiae (S288C); syn, Synechocystis sp. (PCC 6803); tma, Thermotoga maritima (MSB8). Seven species
(the two Helicobacter pylori strains, Borrelia burgdoferi, Rickettsia prowazekii, Treponema pallidum, and the
two archaeal species Methanococcus jannaschii and Pyrococcus horikoshii) did not yield any composite pro-
teins against the E. coli enzymes.
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Here we present genetic evidence that
different missense mutations of the

gene GJB6, encoding connexin-30 (CX-
30), cause hidrotic ectodermal dysplasia
(HED, MIM 129500; also known as Clous-
ton syndrome). This disease is an autoso-
mal dominant skin disorder characterized

by palmoplantar hyperkeratosis, hair
defects (from partial to total alopecia), nail
hypoplasia and nail deformities1. HED
occurs worldwide with a very low fre-
quency, but is more common in French-
Canadians2, wherein a strong founder
effect has been demonstrated3.

A locus for HED was mapped by link-
age analysis to the pericentromeric region
of chromosome 13q (ref. 4). Recombina-
tion mapping of HED families allowed the
refinement of the candidate region to an
interval flanked by D13S1828 proximally
and D13S1830 distally3. The construction
of a physical map of this chromosomal
region allowed us to map 15 genes and
expressed sequence tags5 (ESTs), among
which we found GJB2 and GJB6, encoding
CX-26 and CX-30, respectively. GJB2 and

Mutations in GJB6 cause hidrotic
ectodermal dysplasia

ite proteins are Saccharomyces cerevisiae,
Bacillus subtilis, Caenorhabditis elegans and
M. tuberculosis (Fig. 1). It seems that the
detection of composite proteins is a complex
function of genome size, paralogy and phy-
logenetic distance. Almost one-half of the
composite proteins are exclusively obtained
from eukaryotes S. cerevisiae and C. elegans
(with the largest and most paralogous
genomes). S. cerevisiae provides more com-
posite proteins than C. elegans, possibly due
to the presence of the homologous enzymes
(and by implication the corresponding bio-
chemical pathways). Similar species exhibit
similar distributions of the fusion cases. For
example, composite proteins from the two
Mycoplasma or Chlamydia species are iden-
tical (Fig. 1). Species closely related to E. coli
yield more composite proteins: C. elegans,
having a much larger genome than B. sub-
tilis, does not yield as many composite pro-
teins homologous to E. coli enzymes.

To test whether any randomly chosen
protein is also as likely to participate in a
fusion with another protein, we obtained
30 sets of 636 randomly selected proteins,
excluding the 636 enzymes, from the E. coli

complete genome sequence8. By perform-
ing an identical analysis against the same
number of genomes3, we found that an
average of 28±7.4 components (out of 636,
or an estimated average of 4.4%) seem to
be involved in this process (Fig. 2). Due to
the fact that the control sets may contain
unknown metabolic enzymes, this fre-
quency can be seen as an overestimate for
the true (but unavailable) number of non-
enzymes involved in gene fusion.

This observation suggests that the set of
metabolic enzymes in E. coli exhibits a
strong tendency to participate in gene-
fusion events, with a more than threefold
difference over a set of control proteins. A
statistical test for comparing the proportions
with equal sample size produces a Z-score of
7.2, which is highly significant (Fig. 2). The
possible implication of this fact is predictive
power: for any two E. coli genes of unknown
function identified by gene-fusion analysis,
there is a higher chance that they are meta-
bolic enzymes. This may also be true for
other classes of proteins, but selecting those
from databases on the basis of their func-
tional roles is not currently possible.

Although our analysis is restricted to E.
coli, its applicability may extend to similar
species with high precision. Unfortu-
nately, no other database allows the
extraction of enzyme components
involved in small-molecule metabolism.
We conclude that metabolic enzymes
exhibit a much higher tendency to partici-
pate in multiple gene-fusion events. We
hypothesized previously3 that this effect
may be due to metabolic channelling of
substrates9 or other physical constraints.
Our results may have implications for
more precise metabolic reconstruction
from the genome sequence10 and the con-
struction of artificial multifunctional
enzymes for metabolic engineering11.
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Fig. 2 Prevalence of E. coli
enzymes in gene-fusion events.
Distribution of detected compo-
nent proteins involved in fusion
events for the set of 636 meta-
bolic enzymes of E. coli (red) and
30 control sets of other proteins
(blue). Each of the control sets
contains 636 randomly selected
proteins, extracted from the
remaining 3,654 ORFs of the pub-
lished E. coli genome sequence8

(total number of ORFs, 4,290).
Each of the 31 sets was subject to
fusion analysis3 by comparing all
636 sequences with 22 genomes
(Fig. 1). Comparing this set with
the non-redundant database is
prohibitively expensive in terms
of computation time. The analysis
for the set of metabolic enzymes
detected 106 component pro-
teins, whereas the sets of ran-
domly selected proteins detected
on average 28±7.4 component proteins. Counts of detected component proteins are shown on the x axis (bins
of 5) and the frequency of the sets corresponding to these counts is shown on the y axis.
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