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Now that complete genome sequences are available for a variety of organ-
isms, the elucidation of potential gene products function is a central goal
in the post-genome era. Domain fusion analysis has been proposed
recently to infer the functional association of the component proteins.
Here, we took a new approach to the analysis of the structural features
of the proteins involved in fusion events. An exhaustive survey of fusion
events within 30 completely sequenced genomes and subsequent struc-
ture annotations to the component proteins at a SCOP superfamily level
with hidden Markov models was carried out. A domain fusion map was
then constructed. The results revealed that proteins with the class a/b
fold are frequently involved in fusion events, around 86% of the total 676
assigned single-domain fusion pairs including at least one component
protein belonging to the class a/b fold. Moreover, the domain fusion
map in our work may offer an attractive framework for designing
chimeric enzymes following Nature’s lead, and may give useful hints for
exploring the evolutionary history of proteins.
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The major goal of genome projects is to deter-
mine the structure and function of all newly identi-
fied gene products. Domain fusion analysis was
recently introduced by Marcotte et al.1,2 and
Enright et al.3 It has been shown that the detection
of fused proteins in one genome (defined as com-
posite proteins) can be used for inferring functional
associations between the homologs (defined as
component proteins) that are separate in another
genome.3 The strong functional associations of the
component proteins, including direct protein–
protein physical interactions or similar cellular
roles, have been proved further with more genomic
data.4,5

Here, we took a new approach to the analysis of
the structural features of the proteins involved in
fusion events. Several important and fundamental
questions can be derived, such as whether some
aspects of the structure of proteins involved in
fusion events predispose these proteins to form
stable chimeric proteins more easily. To address

these problems, an exhaustive survey of fusion
events within 30 genomes and subsequent struc-
ture annotations to the component proteins at a
superfamily level with hidden Markov models
were carried out. A domain fusion map was then
constructed and the results clearly showed that
proteins with the class a/b fold are frequently
involved in fusion events.

Detecting fusion events within 30 genomes

According to the criteria proposed by Yanai
et al.,5 fusion events were detected using the
BLASTp search6 of queried protein sequences
against the non-redundant protein sequence data-
base nrdb90.7 Two proteins were identified as com-
ponent proteins in a fusion event if each had an
alignment of at least 80 residues with the same
nrdb90 protein with a cut-off E-value of 1 £ 10210

and with a maximum overlap of 20 residues
between these two alignments. To avoid inflation
of the number of fusion events by the paralogs,
the fusion links were collapsed by allowing at
most a single link between any two clusters of
paralogs.5 This filtering procedure obviated the
consideration of promiscuous genes or domains.1
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An exhaustive survey within 30 genomes (Pyro-
coccus abyssi†, Aquifex aeolicus,8 Pseudomonas
aeruginosa,9 Borrelia burgdorferi,10 Vibrio cholerae,11

Escherichia coli,12 Xylella fastidiosa,13 Archaeoglobus
fulgidus,14 Mycoplasma genitalium,15 Pyrococcus
horikoshii,16 Haemophilus influenzae,17 Methanococcus
jannaschii,18 Campylobacter jejuni,19 Thermotoga
maritima,20 Neisseria meningitidis MC58,21 Myco-
plasma pneumoniae,22 Treponema pallidum,23 Aero-
pyrum pernix,24 Chlamydia pneumoniae CWL029,25

Rickettsia prowazekii,26 Helicobacter pylori 26695,27

Helicobacter pylori J99,28 Deinococcus radiodurans,29

Bacillus subtilis,30 Synechocystis sp.,31

Methanobacterium thermoautotrophicum,32 Chlamydia
trachomatis,33 Mycobacterium tuberculosis,34 Urea-
plasma urealyticum,35 and Saccharomyces cerevisiae36)
yielded 10,073 fusion events.5

Assigning structural domains to the
protein sequences

The domain definition used here is that of the
Structural Classification of Protiens (SCOP) data-
base, a hierarchical classification of all domains of
known three-dimensional structure.37 The struc-
tural and sometimes functional features of the
SCOP domains in superfamilies strongly suggest a
common evolutionary origin. This work used
SCOP version 1.55 containing 31,474 structural
domains clustered into 947 superfamilies.

The SCOP domains were assigned to protein
sequences using hidden Markov models
(HMMs).38 For each non-identical SCOP domain,
at the 95% sequence identity level, an HMM was
generated by Gough et al.39 using the iterative
SAM-T99 method.40 The protein sequences were
scanned against this HMM library to find matches
with a maximum expectation value of 1 £ 1025.
With this procedure, the structure assignments, or
giving the SCOP superfamily identifiers, cover
about 45% of prokaryote and 35% of eukaryote
sequence.41,42

Constructing a domain fusion map

To obtain an unambiguous domain fusion
relationship, we focused on the fusion events in
which both component proteins were single-
domain proteins. A protein sequence was con-
sidered to be a single-domain protein if the regions
flanking the matched SCOP domain were less than
30 residues long. Thus, we obtained 4033 fusion
pairs among the 10,073 events where at least one
component was assigned as a single-domain pro-
tein, and 941 fusion pairs where both component
proteins had single-domain protein assignments.
Furthermore, to obtain clearly complete domain
fusion relationships, we discarded 265 single-
domain fusion pairs where at least a fusion seg-

ment in one of the component proteins did not
cover 70% of the full sequence length. Ultimately,
676 single-domain fusion pairs were obtained
where both component proteins had unique SCOP
superfamily identifiers.

Structural domain assignment was used to view
the 676 fusions between individual domains in
terms of 129 different types of fusions between
pairs of protein superfamilies. The domain fusion
map in Figure 1 was used to understand how the
fusions between protein superfamilies were
organized on a large scale: 111 of the 947 super-
families in SCOP were found to occur in 676 fusion
links. Most of these superfamilies were observed in
fusion links with less than three other super-
families, while a few superfamilies were relatively
versatile in their fusion behavior. The most versa-
tile superfamilies included P-loop-containing
nucleotide triphosphate hydrolases (SCOP identi-
fier c.37.1), CheY-like proteins (c.23.1), FAD/
NAD(P)-binding domains (c.3.1), thioredoxin-like
proteins (c.47.1), PLP-dependent transferases
(c.67.1), and firefly luciferase-like proteins (e.23.1)
with 11, 11, seven, six, six, and six fusion partners,
respectively.

As shown in Figure 1, protein superfamilies with
the class a/b fold constituted about one-half (53
out of 119) of the superfamilies involved in fusion
events. Furthermore, 583 fusion events, around
86% of the total of 676, included at least one com-
ponent protein belonging to the class a/b fold. A
total of 304 of these 583 fusion links involved com-
ponent proteins that were both of the class a/b.
Similarly, 100 out of 129 types of superfamily
fusion pairs contained component proteins with
the class a/b fold. In addition, almost all of the
top 11 versatile superfamilies that have at least
five fusion partners in the domain fusion map
belonged to the class a/b fold, except for the firefly
luciferase-like superfamily (e.23.1).

To test if the impressively large fraction of fusion
events containing class a/b fold proteins was due
to the structural features themselves but not other
factors, for example, the overrepresentation of
class a/b proteins in the Protein Data Bank (PDB)
or SCOP43 and, thus, in the annotated sequences, a
rigorous statistical test was performed. Of the total
annotated single-domain proteins within the 30
genomes, we randomly selected 1000 proteins
with the class a/b and another 1000 proteins that
were not of the class a/b. (The total annotated
single-domain proteins within the 30 genomes rep-
resent 9673 unique proteins, and among these 9673
proteins, there are 5606 unique proteins with the
class a/b fold.) We then calculated the number of
proteins involved in detected fusion events in
these two protein sets. We repeated this entire pro-
cess 100 times and found that an average of
248 ^ 15 components of the class a/b fold were
involved in fusion events, almost twice the average
of 129 ^ 10 not belonging to the class a/b (Figure
2). The Wilcoxon rank sum test produced a P-value
of less than 1 £ 1027, which is highly significant.

† The genome sequence is available at http://www.
genoscope.cns.fr
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Figure 1. The domain fusion map. Each node represents a protein superfamily distinguished by the SCOP identifier. The nodes are color-coded according to the type of the
fold class in SCOP (blue, all-a proteins; green, all-b proteins; pink, a/b proteins; yellow, a þ b proteins; orange, multidomain proteins; purple, membrane and cell-surface
proteins; gray, small proteins). A line connecting two nodes indicates that there occurs at least one fusion event with two component proteins belonging to the two respective
superfamilies. If a fusion event in which two component proteins belonging to the same superfamily exists, the superfamily is labeled with a loop. The width of the line or the
loop is proportional to the number of protein superfamily fusions it undergoes. In all, 61 out of the total of 119 superfamilies in the map form a big connected cluster.



The data analysis has shown that proteins with
class a/b fold are involved frequently in fusion
events. It was noted that most pairs of component
proteins with known functions appear to be meta-
bolic enzymes.3,44 This indicates a potential corre-
lation between a/b folds and enzymes, especially
for single-domain proteins, as was suggested by
Hegyi & Gerstein.43

It is worthy of mention that, although most
superfamilies in the map linked by fusion events
have typical catalytic domains, some pairs have
one catalytic component while the other com-
ponent is a typical DNA-binding motif, which
may help to explain the cellular complexity of
higher organisms. An interesting example is
shown in Figure 3.

It was revealed by our domain fusion analysis
that protein AROM (encoded by ARO1 in
S. cerevisiae ), a penta-functional enzyme in the
shikimate pathway, was evolved from fusions of
five separate genes (aroB, aroA, aroL, aroD, and
aroE in E. coli ) encoding five mono-functional
enzymes in the shikimate pathway. It was
suggested by the genetic, biochemical and physio-
logical analysis that two regulatory proteins, a
transcription activator protein, QUTA, and a
repressor protein, QUTR, in the quinate utilization
pathway, which shares two metabolites with the
shikimate pathway, have arisen via duplication
and splitting of the gene encoding the protein
AROM in Aspergillus nidulans.45,46 The QUTR
repressor protein acts as a molecular sensor that
detects the presence of quinate pathway inter-

mediates and mediates its repressing effect by
binding directly to the QUTA protein.47,48 The
QUTA activator protein contains a putative zinc
binuclear cluster motif in its N-terminal domain
that facilitates binding to the appropriate motif in
the promoters of the quinate pathway genes.48,49

This elaborate domain combination structure gives
a structural basis for controlling the expression of
genes encoding metabolic enzymes via the signal
transduction pathway. Although the proposed
evolutionary relationship between QUTA/QUTR
and the protein AROM has been challenged
recently by Nicholas et al.,50 we can still view the
QUTA or QUTR protein as an example of the com-
posite protein that might be fused by different
single-domain structures. It is anticipated that
further studies on other composite proteins that
are the result of fusion of a catalytic domain and a
DNA-binding domain may help to elucidate the
molecular mechanisms coupling the metabolic
and regulatory pathways. Given that proteins at
the superfamily level often show clear structural
and functional homology, the domain fusion map

Figure 2. Proteins with the class a/b fold frequently
involved in fusion events. Distribution of detected com-
ponent proteins involved in fusion events from the set
of 1000 randomly selected a/b fold single-domain
proteins within the 30 genomes (filled bars) and from
the set of 1000 randomly selected single-domain proteins
not belonging to the class a/b (open bars). The data
analysis showed that proteins with the class a/b fold
have higher levels of participation in fusion events. The
Wilcoxon rank sum test produced a P-value of less than
1 £ 1027, which is highly significant.

Figure 3. Modular structure of enzymes and regu-
latory proteins involved in the shikimate and quinate
pathways. The upper five boxes represent five mono-
functional enzymes catalyzing steps 2 to 6 in the pre-
chorismate section of the shikimate pathway in E. coli:
aroB, dehydroquinate synthase (DHS); aroA, 5-enol-
pyruvylshikimate 3-phosphate synthase (EPSPS); aroL,
shikimate kinase (SK); aroD, type-1 3-dehydroquinate
dehydratase (DQ); and aroE, shikimate dehydrogenase
(SDH). The structural annotation (SCOP identifier) for
each enzyme is placed above the appropriate box.
Among these assignments, the structures of DHS,
EPSPS, SK and DQ have been proved experimentally.60 –

63 The protein AROM (encoded by ARO1 in S. cerevisiae ),
a penta-functional enzyme in the shikimate pathway,
evolved from multiple gene fusions. It was also pro-
posed by the genetic, biochemical and physiological
analysis that two regulatory proteins, a transcription
activator protein, QUTA, and a repressor protein,
QUTR, in the quinate utilization pathway, which shares
two metabolites with the shikimate pathway, have arisen
via duplication and splitting of the gene encoding the
protein AROM in A. nidulans.45,46
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presented here will provide useful information for
studies on this aspect.

Implications for protein engineering and
protein evolution

The pace at which humans modify this world
will never slow. Lots of efforts have been made to
create new hybrid enzymes51,52 or modular
enzymes53 – 55 with multiple functions or higher
catalytic efficiency by making fusions of protein
modules. However, in some cases, although the
individual domains or subunits can be recombined
in chimeric enzymes by genetic engineering, the
resulting chimeras may lose overall stability and
even activity, possibly due to a structural mismatch
at the fusion interface. The compatibility of the
fused domains or modules will be crucial to any
attempt at constructing multienzymes. The domain
fusion map in our work may offer an attractive
framework for designing chimeric enzymes follow-
ing Nature’s lead, because component proteins
have co-existed stably in the natural fused proteins
possibly due to some functional advantages, such
as co-regulation, co-localization, substrate channel-
ling, etc.

Understanding Nature’s strategies and mechan-
isms for protein evolution may provide insights
into the rational design of proteins with novel bio-
logical functions. Gene fusion has played an
important role in the evolutionary history of con-
temporary proteins. The possibility of the
evolution of complex folds from antecedent
domain segments has been suggested.56 In
addition, structural and sequence data for some
enzymes with the triosephosphate isomerase
(TIM)-barrel fold or the b/a8-barrel (SCOP identi-
fier c.1), the most common enzyme fold,57 strongly
suggested that the b/a8-barrel may have evolved
from an ancestral b/a4-half barrel via gene dupli-
cation and subsequent fusion.58,59 As shown in
Figure 1, 11 superfamilies with the b/a8-barrel
fold are involved in the fusion events, which
suggests that this type of fold is still very active in
the fusion behavior at a higher level that between
domain and domain. The fusion map given here,
which delineates evolutionary relationships
among superfamilies, shows an evolutionary scen-
ario that might have led to the evolution of some
multiple-domain proteins from a series of domain
fusion events.

Supplementary material

Supplementary material including the 10,073
fusion events within the 30 genomes, the structural
annotation of the proteins involved in the fusion
events, the 676 assigned single domain fusion
pairs and a Java applet showing the domain fusion
map is available at http://www.bioinfo.tsinghua.
edu.cn/fusion/supplementary.htm
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