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On the Classification and Evolution of Protein Modules

Hedvig Hegyi' and Peer Bork"?
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Our efforts to classify the functional units of many proteins, the modules, are reviewed.
The data from the sequencing projects for various model organisms are extremely helpful
in deducing the evolution of proteins and modules. For example, a dramatic increase of
modular proteins can be observed from yeast to C. elegans in accordance with new protein
functions that had to be introduced in multicellular organisms. Our sequence characteriza-
tion of modules relies on sensitive similarity search algorithms and the collection of
multiple sequence alignments for each module. To trace the evolution of modules and to
further automate the classification, we have developed a sequence and a module alerting
system that checks newly arriving sequence data for the presence of already classified
modules. Using these systems, we were able to identify an unexpected similarity between

extracellular C1Q modules with bacterial proteins.
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1. INTRODUCTION

With the sequencing of whole genomes a complete
understanding of living cells has been envisaged;
the pharmaceutical industry is already looking
forward to new strategies of identifying drug targets
resulting from the genome-based knowledge of
complex cellular processes. However, the first step
on the long road to understanding living cells
remains the characterization of the function of
individual gene products. This is primarily done by
experimental work on the ‘“‘proteome™ in various
organisms; molecular bioinformatics is supposed to
support the characterization of particular gene
products by predicting the function based on
similarities to sequences stored in databases (Bork
et al., 1994a). Sequence databases indeed contain
an enormous amount of valuable information that
can be decoded, but as for today, current databases
and automatic function prediction procedures are
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full of pitfalls (Bork and Bairoch, 1996) and much
care has to be taken in functional predictions (see
Bork, 1996, for an example).

Protein function is a loosely defined term,
diverse functional properties such as molecular (e.g.
“ATP-binding site”), cellular (e.g., “essential for
secretion”) and phenotypic features (e.g., “involved
in wing development”) are merged in sequence
databases without a reliability index of these
statements and often without quotation of the
source. A further complication is the multi-
functionality of many proteins. Metabolic enzymes
with well-defined catalytic activities and detailed
molecular knowledge comprise probably less than
25% of the human proteins (Ouzounis et al., 1995).
Most of the other proteins have regulatory or
structural roles, are usually much longer and
contain multiple domains with numerous distinct
binding features. Often, each domain has an
independent function and thus the identification
and classification of individual domains should be
most valuable for the understanding of the overall
function of the numerous multidomain proteins.
Here, we review our current understanding of the
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distribution of protein modules and their evolution;
we also describe some software tools that are useful
for the characterization and classification of
modules and demonstrate this by the identification
of Clg-like domains in bacteria.

2. DOMAINS AND MODULES

A domain is probably best defined as a
spatially distinct structural unit that usually folds
independently. In this definition, the sequence need
not be contiguous. Thus, in the absence of
structural knowledge, the term domain should not
be used for regions that have been assigned a
certain function, as the experimentally defined
domain borders often do not coincide with the
structurally determined ones (Bork er al., 1996).
Domains can already be found in ancient enzymes
such as NADH-dependent dehydrogenases where
the NADH-binding domain is merged with an
independent substrate-binding domain. This ap-
pears to be the result of gene duplication, sub-
sequent gene modification and gene fusion.

In more “modern” regulatory proteins that are
not present in bacteria, archaebacteria or lower
eukaryotes, several domains coexist within one
protein and each domain can be found as ‘‘building
block” in functionally diverse proteins. Such a
spreading can no longer be simply explained by
gene duplication and gene fusion, and thus the term
module has been introduced. Modules are a subset
of domains that are contiguous in sequence (Bork
et al., 1996). They are best characterized at the
sequence level as they have identifiable amino acid
patterns. The presence of an identified sequence
region in another, otherwise unrelated protein and
its location between other known modules are
strong indicators for a module. Various modules
are already known and their identification by
sequence analysis often leads to a subsequent
determination of their three-dimensional structure
that, in- turn, usually gives insights into their
molecular interactions. “‘Exon shuffling” has been
proposed as a major genetic mechanism leading to
domain rearrangements within proteins (Gilbert,
1978), but with the completely sequenced genomes
it becomes clear that modular proteins occur
already in bacteria or organisms with no or only a
few introns. Given the currently widely accepted
“intron-late” theory, other genetic mechanisms for
domain rearrangements are very likely to exist
(Patthy, 1991, 1996). In any case, protein evolution
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by domain rearrangement is much more efficient
than evolution by gene duplication and subsequent
modification.

3. EVOLUTION OF MODULES AS
INFERRED FROM THE ANALYSIS OF
COMPLETE GENOMES

To understand the spread of the modules in
the various regulatory and structural proteins, it is
advisable to study their spread and their evolution.
With the recent publication of complete genome
sequences from all major phyla, this task has
become much more feasible. If the complete gene
pool of an organism such as baker’s yeast is
available and a module cannot be identified therein,
it probably does not exist in this organism or the
sequence similarity is too low to be able to detect it.
In the latter case, a functional similarity is,
however, rather unlikely. Large-scale sequence
analysis of all putative gene products in an
organism leads to functional classification of many
of the proteins via sequence similarity and the
distribution of functional classes has already been
analyzed in several organisms (Fleischmann er al.,
1995; Fraser et al., 1995; Bult et al., 1996; Dujon,
1996; Tatusov et al., 1996). A shift in the
contribution of certain functional classes of the
complete gene pool can be observed during
evolution: The fraction of metabolic enzymes gets
smaller as the organisms become more complex; in
contrast, the portion of regulatory proteins involved
in communication increases (Ouzounis et al., 1995,
1996). Modularity is clearly overrepresented in
regulatory proteins. Furthermore, a recent study
revealed that most of the positionally cloned
disease genes contain modules and belong to the
regulatory class (Mushegian er al., 1997). As
probably more than 40% of human proteins are
involved in signal transduction and communication
processes, the study of the structural basis of their
multiple interaction is certainly necessary.

4. MODULES IN BACTERIAL PROTEINS

Sequence analysis of complete bacterial ge-
nomes has revealed that housekeeping enzymes
such as DNA polymerases have already a modular
architecture with up to four domains (Koonin and
Bork, 1996). A considerable number of modules in
bacteria have been reported, including the signal
transducer and NifU families. The probably most
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abundant bacterial modular proteins are extracellu-
lar glycohydrolases, which contain in addition to
their catalytic domains various carbohydrate-
binding domains (Gilkes et al.; 1991). Horizontal
gene transfer from animals (Little er al., 1994) and
recombination via hairpin structures in the DNA
coding for linkers between domains (Wu et al.,
1990) are only two out of several proposed genetic
mechanisms for domain spreading in prokaryotes.

5. CYTOPLASMIC MODULES THAT ARE
WIDESPREAD IN YEAST

Although baker’s yeast is a unicellular
organism, many signal transduction mechanisms are
already present and modules associated with these
processes can be quantitatively traced, as the
complete genome is available (Dujon, 1996). For
example, more than 20 SH3 domains and several
PH and WW domains are detectable in yeast. In
addition to the various nuclear DNA-binding
domains, there are now about 40 cytoplasmic
domains known, many of them are already present
in yeast. A considerable number of cytoplasmic
proteins contain numerous successive repeats (e.g.,
ARM, HEAT, WD40, TPR, LRR, spectrin, ANK,
etc.) that might have found their own way of
evolution by slippage mechanisms at the DNA
level. Several cytoplasmic domains that are
abundant in animals have very few (e.g., SH2
domain) or no counterparts in yeast; for example,
the PTB/PI domain (Bork and Margolis, 1995) that
binds phosphotyrosine has not yet been identified
in the yeast genome. As there is also no tyrosine
kinase in yeast, regulation via phosphotyrosine has
appeared probably later in the evolution.

6. EXTRACELLULAR MODULES

The most recent proteins are probably
extracellular, as there was particular pressure with
the emergence of multicellular organisms. Nearly
40% of human proteins might be extracellular or
might have an extracellular part; most of them
contain modules (Bork and Bairoch, 1995). The
modularity of extracellular proteins had already
been discovered in the early 1980s (for recent
reviews sece Baron et al., 1991; Doolittle, 1995;
Patthy, 1996; Bork et al., 1996 and references
therein). More than 60 extracellular modules have
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been classified so far (Bork and Bairoch, 1995;
Bork et al., 1996); many of them contain disulfide
bridges and thus cannot be located in the reducing
nuclear or cytoplasmic environment. Disulfide
bridges not only stabilize the fold, but also allow a
faster mutation rate, so that it is often very difficult
to identify extracellular modules. As the remaining
cysteine consensus pattern can also vary within a
family (Bork et al., 1994a; Bork et al., 1996),
methods more sensitive than standard database
searches have to be applied to identify and classify
modules.

7. TOWARD AUTOMATION OF MODULE
CLASSIFICATION

The most alarming factor in sequence analysis
is the increasing amount of data that flood the
databases and that are often poorly annotated or
even contain errors (Bork and Bairoch, 1996). In
order to be able to keep track of the already
identified domains and to update existing align-
ments, we have developed a module alerting system
that scans weekly the newly incoming data to
identify already known domains and to incorporate
them into existing multiple alignments. As such an
approach is equally useful for remaining informed
on a particular single sequence, we first imple-
mented a sequence alerting system, outlined in Fig.
1. It is an automated procedure which performs
BLAST searches on the users’ sequences against a
daily protein database. This database is generated
daily by comparing that day’s nonredundant protein
database with that of the previous day and by
retaining only the new sequences; hence the name,
Daily Differential Database. The nonredundant
database is created using a script provided by the
NCBI and contains only nonidentical proteins from
the following databases: (1) SWISSPROT, (2)
PDB, (3) TREMBL, (4) PIR, (5) GENPEPT, and
(6) WORMPEPT. The server provides a BLASTP
or a BLASTX search for the subscribed protein
or DNA sequences, respectively. The users
can subscribe their sequences via a WWW inter-
face (URL: http://www.bork.embl-heidelberg.de/
Alerting/). The users’ requests consist of the
sequences in FASTA format, and some parameters
optionally determined by the users such as
threshold for the score, filtering method, and the
searching method (BLASTP or BLASTX). The
users receive the results by e-mail. An e-mail is sent
if the highest score in the result of the BLAST
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Fig. 1. Flow chart of the Sequence and Module Alerting
Systems. The two systems work independently, but have similar
features. The Sequence Alerting System accepts a single se-
quence as an input via a WWW interface (URL:
http://www.bork.embl-heidelberg.de/Alerting/). The system
keeps the users’ sequences for 1 year and checks for similar
sequences every day in the Daily Differential Database (gener-
ated every day containing only the new database entries) using
the Blastp (for proteins} or the Blastx (for DNAs) programs.
The Module Alerting System requires a multiple alignment as
input or offers subscription to several previously built align-
ments. MoST and SEARCHWISE programs are used to identify
significant hits in the differential database.

search is above the user-defined threshold. The
sequences are kept and followed for 1 year after
subscription in our system unless the users delete
them via the WWW interface. Users also can easily
modify their subscribed sequences.

8. MODULE SEARCHING SYSTEM

In order to watch a whole domain family, we
extended the alerting system to input a multiple
alignment of a family of interest or to subscribe to
an already characterized domain family. A
semiautomatic procedure updates preexisting mul-
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tiple alignments of module families, searching for
new members of the families at regular intervals
(weekly). To perform this, the system generates a
Weekly Differential Database in the same fashion
as described above for the daily database. The
multiple alignment is the basis for iterative motif
and profile searches (for details see Bork and
Gibson, 1996); there is no recipe as for now to
decide whether motif (here MoST [Tatusov et al.,
1994] is used) or profile searches (SEARCHWISE
[Birney et al., 1996] is implemented) will be more
successful. The module alert offers both.

Motif searches concentrate on small conserved
regions within the alignment to reduce the noise
level (Bork and Gibson, 1996). The two most
conserved blocks (ungapped regions) are defined in
a multiple alignment and MoST searches in the
weekly database are carried out. MoST (Tatusov et
al., 1994) is a motif-searching program which does
an iterative search for all the short sequences,
“motives” of the input block repeating the search
until it does not find any new members in the
database with the given, user-defined statistical
significance (r-value, expected/observed ratio, was
set as 0.05). The whole module-searching procedure
1s represented schematically in Fig. 1. Those
database entries for which both regions of the
multiple alignment give a hit with MoST are
included automatically in the new multiple
alignment, using the CLUSTALW program
(Thompson et al., 1994), the new motives found in
the new entries are added to the input blocks, and
the whole procedure is repeated with the extended
input and the new Weekly Database every week.
Those sequences for which only one of the two
patterns was found have to be carefully examined
to determine whether they are real members of the
family or false positives.

Profile searches include all available informa-
tion within an alignment to maximize the signal
(Bork and Gibson, 1996). To confirm the MoST
results and extend the search for all possible
members of the family, a profile searching program,
SEARCHWISE, is used. SEARCHWISE is part of
the WiseTools package (Birney et al., 1996); it
performs a database search with a profile generated
by PAIRWISE (another program of WiseTools
package) from the multiple alignment of the
module family. As SEARCHWISE does not
calculate the statistical significance of the results,
automatic runs currently rely on the thresholds
provided by MoST.
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9. AN EXAMPLE: IDENTIFICATION OF
THE Clq DOMAIN IN BACTERIAL
PROTEINS

To give an example that shows how useful such
a module-alerting system can be, we describe here
the identification of bacterial homologues of the
Clq domain. As extracellular domains have so far
not been found in unicellular organisms, the
presence of Clq domains in bacteria is quite
surprising. Clq is a subunit of the Cl enzyme
complex and plays a key role in the recognition of
immune complexes, initiating the classical pathway
of complement activation. The molecule consists of
an N-terminal nonhelical region, a triple-helical
(collagenous) region and a C-terminal - globular
head (as shown by electron microscopy studies),
which is called the Clq module. It was also
concluded from Fourier-transform infrared spec-
troscopy studies that the Clq module contains
primarily B-sheet structure (Smith et al., 1994).
According to these authors, the module consists of
about 136 amino acids, which probably form ten 8
strands interspersed by B-turns and/or loops. In
addition to the complement component Clq, the
module was found in several different proteins of
animals (Fig. 2) such as vertebrate collagen type

Collagens and collagen-like' proteins
such as complement component C1iq

Hegyi and Bork

VIII and X, chipmunk hibernation-associated
plasma proteins HP-20, HP-25, and HP-27, as well
as human multimerin, a large soluble protein found
in platelets and in the endothelium of blood vessels
(Hayward et al., 1995). Clq modules appear to be
located exclusively at the C-terminal end of the
respective proteins (Fig. 3).

In Fig. 2, the two conserved blocks are
indicated that were used for the searches of new
members of the Clq family. Based on a training set
of five members, all but three sequences were
automatically aligned; only multimerin (Hs27109—
1) and the two bacterial sequences (YQCC—
BACSU and BSPBSXSE—25) were aligned separ-
ately, as they only matched the first pattern.
Multimerin has already been identified to contain a
Clq domain (Hayward et al., 1995); the last two
sequences are hypothetical proteins from Bacillus
subtilis. They are located in the so-called ’skin
element’ (skin = sigK intervening element), a 42 kb
DNA which contains no genes essential for viability
(Takemaru et al., 1995).

In all of the last three sequences the second
pattern is not strong enough to be detected by
MoST, but HS27109—1 and YQCC—BACSU
were also found by the SEARCHWISE program.
Although the similarity between the bacterial and

Nt [ - collagenous : : :

Multimerin

EEERECSILISIIEREIEEE

Yqcc_Bacsu

Bspbsxse_25

Ciq

Clq

Fig. 3. Example Clq domain: modular architecture in diverse proteins. The hatched and gray boxes
indicate recurring short patterns, which are also present in the region inserted in the B. subtilis protein
BSPBSXSE—25. Apart from the insert, the two B. subtilis proteins have an average of 66% identity. The
insert contains a region (marked B.l.) which has sequence similarity with a Bacillus licheniformis protein

(id: BLD712).
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vertebrate sequences is too low to be detected by
conventional sequence searching methods like
BLAST, it is clear from the multiple alignment
(Fig. 2) that the bacterial sequences fit the overall
Clq domain structure. Our findings are supported

.by secondary structure analysis, using the PhD

server (Rost et al., 1994). It predicts all ten
B-strands proposed by Smith et al. (1994). Smith et
al. (1994) not only used several different secondary
structure prediction methods, but also gained
experimental evidence (by infrared spectroscopy)
for the B-sheet structure of the Clq domain.

10. CONCLUSION

Comparative sequence analysis is a powerful
methodology to identify, classify, and trace the
history of protein modules. It is greatly facilitated
by the sequencing of complete genomes of model
organisms and with an ongoing autoimation of the
sequence analysis. As an example, we have
introduced a module updating system that allows
one to keep track of a particular family of interest.
Unfortunately, specific biological functions cannot
be directly associated with the identification of a
protein module. Modules might have different
functions in different settings, there is often not
enough functional information available, and
modules sometimes just do not function auton-
omously. Nevertheless, a classification of existing
modules is an essential prerequisite to the
understanding of the overall function of multi-
domain proteins.
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