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Protein sequence motifs
Peer Bork™ and Eugene V Koonin'

Protein sequence motifs are signatures of protein families
and can often be used as tools for the prediction of protein
function. The generalization and modification of aiready
known motifs are becoming major trends in the literature,
even though new motifs are still being discovered at an
approximately linear rate. The emphasis of motif analysis
appears to be shifting from metabolic enzymes, in which
motifs are associated with catalytic functions and thus often
readily recognizable, to structural and regulatory proteins,
which contain more divergent motifs. The consideration

of structural information increasingly contributes to the
identification of motifs and their sensitivity. Genome
sequencing provides the basis for a systematic analysis

of all motifs that are present in a particular organism. A
systematically derived motif database is therefore feasible,
allowing the classification of the majority of the newly
appearing protein sequences into known families.
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Abbreviations

BIR baculovirus IAP repeat

FAD flavin adenine dinucleotide

IAP inhibitor of apoptosis protein
PKD polycystic kidney disease

PPI peptidylprolyl cis—trans isomerase
SH Src homology

TNF tumor necrosis factor
Introduction

With the exponential growth of the amount of sequenced
DNA and consequently of the identified gene products,
the sequence-based classification of all proteins becomes
a major issue. One of the most successful approaches is to
define signatures of protein families that unambiguously
retrieve all the members of the respective family from the
complete sequence database and allow the classification
of new proteins into these families. The signatures can
be derived as simple consensus patterns, or more complex
descriptors, such as profiles or blocks (for clarification of
these and other terms related to similarity searches sec
[1°]). Searches with conserved motifs aim at the reduction
of the higher noise level from the more variable regions
of the alignment. An alternative strategy is to maximize
the overall signal of a family as implemented in profile
searches that include cach position of a multiple sequence
alignment [1°,2]. Both the motif and the profile approaches

have been successfully applied to protein identification
and classification. Database searches with short motifs
are more amenable to statistical analysis and usually
much faster than profile searches. Therefore, motifs are
frequently used as signatures for protein families in
protein/domain databases such as PROSITE, BLOCKS,
PRINTS, SBASE [3°4-6] and PFAM (E Sonnhammer,

personal communication).

What is a protein sequence motif?

The term motif applied to sequence analysis is rather
vague and only implies the conservation of short regions
within larger sequences. Thus, there are different mean-
ings and interpretations attached to it.

Firstly, there are short functional motifs that only consist
of a very small number of specific residues and that
have mostly evolved independently from the surrounding
structural context (e.g. muyristilation sites, glycosylation
sites, Src homology [SH]2-binding sites).

Secondly, there are short structural motifs that reflect
certain topological constraints at the sequence level (c.g.
N and C caps of d helices), but that are often not specific
enough to be routinely used in structural predictions and
in sequence analysis.

Thirdly, there are functional motifs that do nort rely on
invariant residues but are somewhat more constrained at
the sequence level, such as transmembrane regions, signal
sequences, and cell sorting or other recognition signals.

Finally, the majority of the motifs discussed in the
literature are unique, detectable sequence fcatures chat
distinguish a specific set of protein sequences from the
rest of the protein universe. Such motifs reflect functional
and structural constraints and mmplv a common descent
(homology) for the given group of proteins or domains. A
few of these motifs have been identified cxperimentally
but, mostly, it is the sequence analysis that has led o the
delincation of such motifs.

The first three motif types are mostly independent from
the concept of homology and are not further discussed
here.

Conserved motifs can already be defined on the basis of
alignments of orthologs, that is, proteins with identical
functions in different species. Such motfs are useful for
the prediction of key functional residuces, especially when
orthologous sequences from a phvlogenetically diverse
sct of organisms are available. 'The examples discussed
below, however, describe conserved regions in divergent
sequences with different overall functions, that is, they



include a number of paralogous proteins [7]. In some cases,
these sequences are so divergent that one can no longer
be confident that the motif conservation reflects common
ancestry; rather, it may be the result of convergent
evolution towards similar binding properties [8].

In addition to motifs that unite very divergent protein
superfamilies, each family frequently contains unique
motifs (e.g. for a particular substrate-binding site) that
distinguish it from all the other families. This kind of mouf
will attract more interest when all the motifs defining large
protein superfamilies are identified.

The term ‘motif’” is not used by all authors describing
relationships between protein sequences. Key terms
such as ‘family’, ‘subfamily’, and ‘superfamily’ also have
different meanings in the literature, and at present, we
cannot give them robust definitions. How do we include
knowledge on domains into the family concept, that is,
independent folding units within larger proteins? Where
does a sequence family end, and where does the next
one begin? When should we cluster some well-defined
families together to form a superfamily that still contains
common, albeit more degenerate, motifs? The last point
becomes more and more problematic with the wealth
of data on three-dimensional (3D) structures of proteins,
the comparison of which may suggest a common ancestry
between proteins or domains that is not always mirrored
at the sequence level (for review see [9]).

What is a ‘new’ protein sequence motif?
Strictly speaking, a new motf is derived when several
proteins are grouped together for the first time by
similarity searches, and it is shown that they share at
least one conserved motif (signature) that is stringent
enough to retrieve all or most of the family members
from the complete protein sequence database. On the
other hand, the motif should not be defined too rigidly,
so as to allow the detection of new members of a protein
family distantly related to the original ones. To a large
extent, the definition of a ‘new’ motif is a matter of
semantics, because many important motifs that have been
described recently are significant variations on previously
identified ones. The two most common sequence motifs
in proteins are the nucleotide-binding P-loops and the
nucleic acid-binding zinc fingers; both of these motifs exist
in numerous variants, and the identification of another one
is sometimes an important discovery.

This illustrates another problem: what shall we call a
variant motif and what constitutes a separate motif? For
the same protein family, the answers may depend on
the motif-search method. The example in Figure 1 raises
several other questions regarding the identification of new
motifs. If a motif is already known for a family, shall we
call a second one in the same family ‘novel’? If a motif has
been described for a very small subset of a family, does
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its generalization or modification justify the term ‘novel’?
Figure 1 shows a second motif in many of the GAL4-like
transcription factors that have been previously grouped
together because of their common DNA-binding domain
(for a recent review see [1°]); the ‘new’ motif might contain
the dimerization site.

The recent literature includes numerous examples of
new motifs, the identification of new, deviant versions of
already known motifs, and the generalization of known
motifs to group together protein families previously
considered to be unrelated. Many reports concentrate only
on adding a single new member to an existing family
as new, potentially important functional and structural
insights emerge for this particular sequence or the whole
family. Here we focus primarily on reports of new motifs
but also include a few examples of significant extensions,
generalizations, and functional re-interpretations of known
motifs.

Despite all the problems in defining a ‘novel’ motif, it
seems to be possible to develop a minimal set of criteria
to judge claims of motif discoveries {10*]; more rigorous
methods for their detection should simplify this task.

Methods for the identification of sequence
motifs

The methods used vary from identification ‘by eye’ to
automatic delineation from an initial standard database
search with one query protein using programs like Blastp
[11]. Several methodological aspects of motif and profile
analysis have recently been summarized [1°]. There are
two extreme descriptions of motifs: namely, strings and
matrices. String analysis is the simplest approach, under
which motifs are defined as amino acid residues separated
by fixed spacers. Such simple patterns may become
more complex in that multiple residues may match a
particular position and that variable spacers are allowed.
The PROSITE library is the most popular and, to our
knowledge, the best-annotated pattern collection that
recently also extended the motif description complexity
[3¢]. The amino acid (single letter code) pattern for
the P-loop, (AG)x4GK(ST) is a classical example of a
simple motif (string) description whereby (AG) means
amino acid A or G and x4 denotes the length of the
spacer. Patterns can be more flexible in that weights are
assigned to particular positions, and spacers of variable
length are allowed. Methods along these lines have
been reported recently [11-16]. Matrix analysis involves
a transformation of an (ungapped) alignment block into
a position-dependent weight matrix which is then used
to screen the database (for details, see [1°,17]). The
outcome of the search strongly depends on the method
used to construct the matrix. The methods that attempt to
extrapolate the amino acid frequencies in the given block
to approximate the distribution in the entire family have
a clear advantage over the averaging and weighting using
amino acid substitution tables [17].
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Figure 1
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The alignment of 35 putative GAL4 dimerization domains. GAL4-like transcription factors are extremely frequent in yeast {extrapolations from
the available yeast data predict a total of more than 100 [1°]), but have not been found outside the fungi [1*]. They are characterized by the
presence of an N-terminal DNA-binding domain. This figure documents the presence of a second conserved motif in many of the GAL4-like
proteins; a similarity in this region has already been noted in six closely related members of the GAL4 family [78]. The motif with its two
conserved hydrophobic patches may have a role in dimerization of the GAL4-like transcription factors. In the first column are the names of the
domains (SWISS-PROT codes); the second column shows positions of the domains in the sequences; and the final column gives database
accession numbers (for SWISS-PROT entries, SWISS-PROT numbers are given, otherwise EMBL/Genbank numbers are used). Conserved
residues are shown in an outlined larger typeface and conserved hydrophobic positior.. are shown in bold. Numbers in parentheses indicate
omitted residues, and dashes represent gaps (insertions/deletions). The following species abbreviations are given: NEUCR, Neurospora crassa;
ASPOR, Aspergillus oryzae; SCHPO, Schizosaccharomyces pombe; EMENI, Emiricella nidulans; KLULA, Kluyveromyces lactis; ASPNI,

Asparagillus nidulans; LENED, Lentinus edodes.

An improvement of the Gibbs method that allows both
identification and statistical evaluation of blocks (motifs)
in a large set of protein sequences, and subsequent matrix-
type database screening, has been recently published [18].

Despite the high sensitivity of motf searches, the
additional use of complementary methods such as profile
searches, but also standard database searches, i1s always
recommended, and iterations as well as alternations
of different methods are frequently required. In 1995,
some progress was reported in the automation of motf
identification and database searches [19,20], even though
this important direction has not yet led to robust searching
machines suitable for general use. The integration of
motif analysis in genome scale projects and the generation
of genome-specific motif collection i1s another line of
research [21°,22].

Motif discovery in different functional protein
classes

Proteins can be classified into several broad functional
categories. Often these functions are performed in differ-
ent compartments of the cell and it appears that motifs
are frequently restricted to proteins that share at least

one common subfunction (e.g. nucleotide binding). In
the following sections we review new motif discoveries
classified by the functional categories of the respective
proteins. In the course of our studies, we came to realize
that a considerable and alarming fraction of the reported
‘new’ motifs have already been published before. The
following collection of motif discoveries published in 1995
can at least be considered ‘double-checked’. On the other
hand, we certainly cannot guarantee that all new motifs
have been included.

Metabolic enzymes are probably the best-studied proteins.
They are typically fairly conserved in evolution, and well-
suited for mouf approaches because of their frequently
invariant active site residues. Many motifs from chis
category of proteins have already been described, and they
comprise a considerable fraction of those in PROSITE.
The majority of metabolic enzymes bind nucleotides, but
their binding sites vary greatly. Thus, it is no surprise that
four novel nucleonide-binding motifs or strong deviations
from previously known nucleotide-binding sites have been
discovered {23,24,25°,26°%); cach of the novel motifs is
a signature for a whole family of rather divergent vet
functionally similar enzymes.



Conserved regions in bacterial toxin ADP-ribosyltrans-
ferases were observed in the GPl-linked muscle ADP-
ribosyltransferase, a similarity that has been further
supported by site-directed mutagenesis [23].

A novel flavin adenine dinucleotide (FAD)-binding motif
has been found in 4 group of bacterial and eukaryotic
FAD-dependent oxidases; unexpectedly, the family also
included the product of the plant developmental gene
DIMINUTO [24]. Even though the new motf somewhat
resembled the P-loop, it was readily distinguishable
from known families of nucleotide-binding proteins by a
matrix-based method for mouf search.

In order to predict the topology of TagD, a bacterial
glycerol-3-phosphate cyuidyltransferase, motf searches
have identified a diverse group of proteins that share a
nucleotide monophosphate (NMP)-binding site but seem
to possess at least 10 distinct catalytic actuvities. An
even more remote similarity to class I aminoacyl-tRNA
synthetases (which bind adenylate) was then used to build
a rather precise 3D model of TagD [25°].

As already mentioned above, a new aspect of motif
analysis that is rapidly gaining momentum is the inclusion
of 3D information in the strategy of mouf delineation.
The structural superposition of DNA polymerase
with kanamycin nucleotidyltransferase uncovered not
only a common topology but also a similarity in the
nucleotide-binding mode [26°]. Motif and profile searches
based on the derived sequence alignment revealed an
ancient nucleotidyltransferase superfamily that contains
different enzymatic activity, including DNA-nucleotidy!
exotransferase, Poly(A) polymerase, and glutamine syn-
thase adenvlyltransferase [26°].

A surprising evolutionary and functional link between
a metabolic enzyme, glycogen phosphorylase, and a
DNA-modifying enzyme, T4 B-glucosyltransferase, has
been revealed by the superposition of their 3D structures
[27]. Although not a single functional residue is identical,
there are striking similarities in the spatial arrangement
and the chemical nature of the substrates. This similaricy
has been used to deduce yet another possible relative,
namely, T4 a-glucosyltransferase [27].

The translation machinery is generally conserved between
eukaryotes and prokaryotes although there are also
considerable differences, for example, in the architecture
of the ribosome. Yeast genome sequencing revealed
the conservation of three translation-associated proteins
between eukaryotes and bacteria: namely, peptidyl-tRNA
hydrolase, rbosome recycling factor, and a putative
translation activator [28].

Sequence analysis of the eukaryotic guanine nucleotide
exchange translation initiation factor e¢IF-2B subunits
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revealed three unexpected motifs, illustrating the different
types of motif discoveries on a single group of proteins
[29%]. A new mouf is located at the C termini of one of
the eIF-2B subunits, two other translation initiation factors
(elF-4g and elF-5), and an uncharacterized human pro-
tein; this motif was implicated in the interaction of each of
these proteins with elF-2. A putative nucleotide-binding
domain, which contains a significantly modified P-loop, has
been identified in the N-terminal portions of two elF-2B
subunits and a number of nucleotidyltransferases. This
domain is likely to be directly involved in the GTP/GDP
exchange catalyzed by elF-2B. Finally, a repetitive mouf
called the ‘isoleucine patch’ was detected downstream of
the nucleotide-binding domain; this motif is shared by two
elF-2B subunits and a number of nucleotidyltransferases
and acetyltransferases. The isoleucine patch may be
involved in acyl group binding by acetyltransferases but
its role in translation factors remains enigmatic.

Protein folding is tghtly associated with translation. In
spite of the intense research in this area and the apparently
limited number of proteins involved, two new motifs were
published in 1995 [30,31].

The first of these motifs defines a new family of
peptidylprolyl ecis—trans isomerases (PPIs) generalized from
the experimentally characterized Escherichia coli PpiC
protein, also called parvulin (see [30] and references
therein). The new family brings together several proteins,
for which a chaperone-like function had been observed
previously but no PPI activity had even been suspected;
an example is the NifM protein involved in nitrogen
fixation.

The second motif represents a unique identifier for
the whole 10kDa co-chaperonin family [31]. This work
shows how sometimes the addition of a single highly
divergent new member, in this case the bacteriophage T4
chaperonin, allows the delineation of a motif that could
not be detected previously because of the high sequence
conservation in the chaperonin family.

Protein splicing is a recently discovered mechanism that
excises regions from an already translated polypeptide.
A mouf that is conserved in the proximal extein-intein
junction of such splice sites [32] was later generalized and
detected in the hedgehog family of vertebrate and insect
morphogens, thus revealing the widespread occurrence
and importance of the cleavage mechanism involved in
protein splicing [33]. On the basis of this finding, the
catalytic cysteine involved in the peptide bond cleavage
has been predicted [33]). In a complementary experiment,
it has been demonstrated that this cysteine residue is
indeed indispensable for hedgehog autoproteolysis [34].

Transcription factors and other proteins involved in gene
expression regulation are subject to numerous studies,
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and secondary functions such as roles in malignancy lead
to very different characterization levels of the proteins
involved.

A conserved motif that unifies two large, important
families of transcription factors, heat-shock factors and
ETS proteins, has been described recentdy [35°]. It is
notable that even though the 3D structure has been
determined for representative proteins from each of the
families, the common motif was found not by their
superposition but by a matrix method for mouf search.
This example shows that even with the increased use
of structural information, sophisticated sequence-based
methods for motif detection remain competitive.

An example of new, apparently important, functional
implications from the analysis of an old motif by more
sensitive profile and motif-search methods is the chromo
domain discovered as early as 1991 in negative transcrip-
tion regulators, which is involved in position-effect varie-
gation. Two independent recent studies showed that some
of the chromo domain proteins contain a second, divergent
copy of the domain dubbed the ‘chromo shadow’ domain
[36]. In addition, the chromo motif was discovered in
several new proteins, notably the retinoblastoma-binding
protein RBP-1 and the Drosophila protein MSL-3 involved
in X chromosome dosage compensation [37]. The latter
generalization suggests that the chromo domain is a
general purpose vehicle for delivering both negative and
positive transcription regulators to the sites of their action
on chromatin.

Several groups have been actively involved in the
systematic analysis of domains in large modular proteins.
In particular, this analysis has resulted in the identification
of the forkhead associated (FHA) domain in non-DNA
binding regions of transcription factors, such as forkhead,
and in other putative nuclear transcription-associated
proteins [38].

The cell cycle-dependent expression of proteins is a
first indication of their involvement in regulation and
manifestation of the different stages of the cell cycle.
The cloning and sequencing of the celi- and stage-specific
murine gene el revealed the conservation of a 200 amino
acid domain present in other cell cycle proteins such as
tre-2, BUB2 and cdc16. This domain has been called TBC
and has been proposed to be involved in protein—protein
interactions leading to cell-cycle regulation [39].

The cloning and sequencing of Ran/TC4-binding pro-
teins, as well as mutation and deletion analysis, resulted
in the characterization of a minimal binding domain
that is also present in several other eukaryotic proteins
[40]. Ran/TC4 is a nuclear GTPase implicated in the
initiation of DNA replication, entry into and exit from
mitosis, and nuclear RNA and protein transport. Thus, the

new Ran-binding domain may have important regulatory
functions in these processes.

A particularly instructive example of an extremely wide-
spread diverse motif is the histone fold, which has been
greatly expanded in recent studies [41%,42]. 'The histone
fold monf that was originally derived from the multiple
alignment of the four core histone classes was used
for extensive database screening by the MoST method
{41°]. As a result, the histone fold has been tentatively
identified in a varety of transcriptional regulators and
other DNA-binding proteins. Additional analysis was
needed to filter for false positives. A further generalization
of the histone fold has been achieved by the identification
of common topologies between histones, LexA, forkhead
and the replication terminator proteins (43], although this
observation is hard to complement by sequence similarity
analysis.

RNA- and DNA-binding domains can be found in a
variety of cytoplasmic and nuclear proteins that perform
very diverse overall functions. Numerous distinct binding
motifs exist but the majority can be grouped together
under the term ‘zinc finger’ (for a recent review sce [44]),
that is, metal coordination centers that contain at least
four cysteine or histidine residues that bind the mertal that
stabilizes the teruary structure and mediates binding to
DNA or RNA [44]. The different classes of zinc finger
may look similar in sequence but can have totally different
tertiary structures. On the other hand, divergent variants
of a family with a common tertiary structure are sometimes
grouped into a separate class. It is difficult to judge
reports on a new zinc finger type just by the scquence
similarities; at least five distinct variants were reported 1in
1995 ([45—47,48°]; see also below).

The competition in the field of sequence analysis can be
demonstrated by the identification of a new purative zinc
finger like DNA binding domain involved in chromatin-
mediated transcription control, the PhDD finger [49]. As
many as three other reports dealt with the delincation of
this domain in 1995 [50-52] and, consequently, different
names have been introduced; a frequent and difficult
problem in the field of motif analysis.

The double stranded RNA binding domain from the
Drosophila staufen protein has been shown, by structural
comparison and subsequent sequence analysis, to be
homologous to the N-terminal domain of ribosomal protein
S5 [53], thus generalizing this type of RNA-binding
domain.

Cytoplasmic regulatory domains have received a lot of
attention 1n the last few years. However, the focus
was mainly on signaling cascades, and e¢ven here, the
SH2, SH3 and PH domain were dominating. Only very
recently, many more domains involved in signaling and



other regulatory cascades have been identfied, and,
consequently, a much more complex picture has emerged.

In 1995, considerable progress was made in the identi-
fication of proteins and particular domains involved in
apoptosis, the programmed cell death. The first of these,
the DEATH domain, was already identified in 1992 as
a region of similarity between the tumor necrosis factor
(TNF) receptor and Fas/Apol, which also binds TNF-like
proteins (for a review see [54°]). Numerous reports on
DEATH domains in 1995 revealed a distribution not
restricted to apoptosis (see, for example, [54°]). This is a
clear example of an important generalization of an existing
motif, because nearly 20 distinct cytoplasmic proteins are
now known to contain the DEATH domain.

Two unrelated motifs were discovered in 1995 that bind
to the DEATH domain in TNF receptor like proteins.
The first motifs were found in the mammalian c-IAP1
and 2 and the Drosophila DIAP1 and 2, which contain
a repeated domain (BIR, baculovirus [AP [inhibitor of
apoptosis protein] repeat) with similarity to virus-encoded
inhibitors of apoptosis [55,56].

Another group of proteins bind to the DEATH domain
of TNF receptor like proteins. One of them, CRAF1 [57]
or, alternatively, CAP1 [58], led to the characterization of
the minimal binding domain by mutation experiments.
This domain (which is unrelated to BIR) is homologous
to two other TNF-receptor binding proteins, TRAF1
and TRAF2 [57,58]. The comparison of the proteins
belonging to the TNF-receptor associated family resulted
in the delineation of three distinct motifs: firstly, a
modified RING finger in the N-terminal region; secondly,
an original cysteine-rich motif designated CART (C-rich
motif associated with RING and TRAF domains) in the
middle of the proteins; and thirdly, the C-terminal TRAF
domain that 1s directly associatcd with the cytoplasmic
domain of TNF-receptors [48°].

A new domain that is common to sexual differentiation
proteins such as byr2, STE11l, STE4 and STES50, and
other putative signaling proteins, has been named SAM,
for sterile alpha motf [59]. The four predicted helices of
the SAM domain may form a bundle analogous to manv
other recognition proteins.

A common cytoplasmic juxtamembrane domain has been
identified in several divergent type 1l cytokine receptors
such as the interferon (IFN)-y receptor, the interleukin
(IL.)-10 receptor and tissue factor [60]. This is analogous to
a similarly located, functionally important domain shared
by many type I cytokine receptors, even though the motifs
themselves are unrelated. Thus, the signaling mechanism
might be analogous in the two types of cytokine receptors.

The 1dentfication of the WW domain present in many
cytoplasmic regulatory proteins allowed the specific ex-
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pression of the domain and its characterization. The
subsequent identification and charactenzation of its lig-
ands revealed a peptide-binding capability for WW. The
3D structure solved for a WW domain bound to the
identified proline-rich peptide (H Oschkinat, personal
communication) revealed a novel fold and verified that
the WW domain has a role analogous to the proline-rich
peptide-binding SH3 (for a review see [61]). Coinci-
dentally, a domatn that binds phosphotyrosine (PI/PTB)
that is analogous to, but structurally different from, SH2,
has been found in several signaling proteins using motif
searches [62]. Thus, signaling via SHZ and SH3 seems to
be only a small component of a large network of interacting
proteins and domains.

In dystrophin, a well-characterized large protein, not only
the WW domain , but also a cysteine-rich domain called
ZZ has been discovered recently; ZZ has been proposed
to represent yet another Zn2+ coordination center [63].

Another domain that occurs in cytoskeletal proteins has
been named CH (calponin homology); it is present in
signaling proteins such as Vav which are involved in the
activation and inactivation of small G-proteins. Another
common feature of CH seems to be its actin-binding
capability; the domain 1s exclusively located at or near the
N termini in all proteins for which it has been described
so far [64].

Orther proteins associated with the cytoskeleton are motor
proteins that use ATP to perform directional locomotions
along the filament. In members of two such families,
namely, mvosins and kinesins, regulatory domains have
been discovered [65°]. Interestingly, both the regulatory
domains found in mvyosins (DIL) and those found in
kinesins (U104) have also been detected in proteins
without motor domains, namely, human Af6 and drosophila
cno [65°].

Another group of cytoplasmic proteins is involved in trans-
port processes. Surprisingly, the analysis of huntingtin, the
product of the gene responsible for Huntington’s discase,
revealed internal successive repeats (dubbed HEAT)
that have been found in diversc cytoplasmic proteins
involved in vesicle-associated transport [66]. The group
of proteins containing such repeating units, each about 40
residues long, seems to be much larger than anticipated,
because there is a considerable similarity between HEAT
and ARM repeats (E Hartmann, P Bork, unpublished
dara) originally found in the armadillo protein [67]. Only
the phasing of the two predicted @ helices appears to
be different, which may be due to the difficulties in
determining the domain boundaries in divergent repetitive
units.

Extracellular proteins have been known for a long time
to consist of modules, and many of them have been
extensively classified (see [68] and references therein).
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Although the mouf discovery seems to slow down in these
proteins, quite a few novel domains were reported in 1995.

One of these has been called SEA (first found in
a sperm protein, agrin and enterokinase; [69]). It is
contained in well-studied proteins such as the matrix
protein perlecan, the digestion initiator enterokinase and
the synaptic protein agrin. All the proteins containing
the SEA modules appear to be heavily O-glycosylated
[69]. The discovery was triggered by newly sequenced
genes that allowed the delineation of motifs and their
identification in well-studied proteins.

Collagens share many modules with other extracellular
proteins. The identification of three alternative transcripts
for the N-terminal ends of type XVIII collagen and
subsequent analysis revealed the presence of a novel
cysteine-rich domain that previously has been found only
in the extracellular parts of frizzled proteins, G-protein-
coupled membrane receptors that are needed for the
establishment of cell polarity in the epidermis [70]. This
so-called fz domain is characterized by 10 conserved
cysteines and might bind to similar ligands in both
collagen VIII and fnizzled proteins.

Natural Kkiller lysins, effector molecules identified in
cytotoxic lymphocytes, were unexpectedly found to struc-
turally and functionally resemble amoebapore, a polypep-
tide from Entamoeba histolytica that forms ion channels in
target cell membranes [71]. This similarity allowed the
author to propose a common functional mechanism and
shows the widespread use of the toxins.

The product of the gene that is mutated in polycystic
kidney disease (PKD) contains numerous extracellular
domains. PKD1 seems to contain at least 14 copics of
a novel domain, although it seems topologically similar
to immunoglobulins [72*]. This domain is found not
only in other human extracellular proteins but also in
several prokaryotic extracellular proteases and archaeal
multilayer proteins. So far, among the bactenal proteins,
only glycohydrolases have been shown to possess a
modular architecture.

The sequencing of a bacterial endo-1,4-B-D-xylanase
(XynA) revealed the presence of several non-catalytic
domains that were systematically tested for cellulose
binding. Two repeated C-terminal domains showed high
activity, and subsequent database searches identified this
new cellulose-binding domain in various other bacterial
extracellular glycohydrolases [73].

Systematic motif discovery as a part of
genome analysis

As discussed above, recent literature is replete with
modifications and generalizations of already known motifs,
but the discovery of really new moufs is relatively

infrequent. Evidently, at least three factors contribute to
this situation: the objective saturation of the number of
known motifs; a lack of systematic effort to discover new
motifs; and the inadequacy of the available methods for
the discovery of more subtle motifs. In order to evaluate
the relative contribution of each of these trends, it is of
interest to track down the discovery of new motifs in
systematic analyses of large protein ensembles. As a part
of one such study, 2328 E. co/i proteins (about 60% of all
gene products) were clustered by sequence similarity to
one another, and motifs conserved in each of these clusters
of paralogs were systematically explored [20]. Altogether,
166 motifs were delineated. The majority of these motifs
are already known, even though in most cases, additional
members of the respective protein families were detected;
10 motifs appeared to be new.

Another systematic study focused on the 1703 putative
proteins encoded in the complete genome of Hauemophilus
influenzae [74]. In the course of this analysis, 46 motifs
were discovered that have not been described previously,
yet are conserved, at least at the level of distantly related
bacteria. The overall number of conserved motifs present
i H. influenzae proteins is difficult to estimate. The
upper boundary is about 800, as this is the number
of distinct conserved regions shared with proteins from
phylogenetically distant organisms. This study clearly
indicates that most of the motifs are already known but the
number of new ones detected by the systematic analysis
of all protein sequences encoded in a genome is still
considerable.

We present here two out of the many examples of
new motifs detected in the course of genome scale
sequence analysis. The first of these motfs (Fig. 2a)
was ornginally derived from a Blastp search outpur [11]
for the uncharacterized H. influenzae protein YrdC and
intially included only other uncharacterized sequences
from bacteria and yeast. The subsequent search with the
matrix-searching technique (MoST) method showed that
this motif is contained also in HypF proteins from various
bacteria that are involved in transcription regulation of the
hydrogenase operon. The motif shown in Figure 2a docs
not contain any invariant residues but includes a number
of positions occupied by similar (hydrophobic or charged)
residues. Thus 1t 1s unlikely that this is an active site
of an enzyme; rather, this motif may belong to a novel
DNA-binding or a protein—protein interaction domain.

The second motif (Fig. 2b) is highly conserved in a
number of bacterial and veast proteins, none of which
has been functionally characterized. Among them are
four proteins from both E. co/i and H. influenzae, and a
protein from Mycoplasma genitalium (having one of the
smallest genomes of living cells, with only 468 genes).
The motif contains an invariant histidine residue preceded
by a hydrophobic region (Fig. 2b). It may be speculated
that proteins containing this motif possess an enzymatic



activity that is essential for any cell but at present we have
no clue as to what this activity might be.

The two examples described represent ‘motifs in search
of function’ that are typically discovered in the course
of genome sequence analysis. Our study of the H.
influenzae genome revealed 25 such motifs [74]. Subsets
of both protein families discussed above have been
independently used by A Bairoch and KE Rudd (personal
communication) to derive PROSITE signatures (P501147
for the first family, and PS01137, PS01090, and PS01091

Protein sequence motifs Bork and Koonin 373

for the second family), demonstrating once again the
redundancy in motif discovery by different groups.

How many motifs are still to be discovered?

The previous paragraph already gave a first clue as to
the proportion of detectable sequence motifs in bacteria.
Eukaryotes, however, have numerous regulatory pathways
that contain proteins with no relatives in prokaryotes. For
example, as many as 40% of the mammalian proteins
might be (at least partally) extracellular [67]; most of

Figure 2
(a)
HYPF_ _ECOLI 213: GKIVAIKGIGGFHLACDARNSNAVATLRARKHR P30131
HYPF/SYNSP 213: GNIIAIKGLGGFHLCCDATDFEAVEKLRLREHR D64000
HUPY/AZOVI 196: GEIVALRGVGGFHLACDARNAGAVALLRRREKRR JN06438
HYPF_RHOCA 206: GEILAVKGLGGFHLACDATNADAVDLLRAREKRR Q02987
HYPF_AZOVI 196: GEILALRGVGGFHLACDARNAGAVAELRRRERR P40596
HYPF_ RHILV 209: GAIVALKGVGGFHLLCDARNDGAIGLLRLREAG P28156
YRDC_HAEIN 13: NQVVAYPTEAVFGLGCNPQSESAVKKLLDLEQR P44807
YWLC_BACSU 31: NEVVAFPTETVYGLGANAKNTDAVKKIYEARGR P39153
YRDC_ECOLI 6: ERVIAYPTEAVFGVGCDPDSETAVMRLLELKQR P45748
YCIO_ECOLI 39: GGVIVYPTDSGYALGCKIEDKNAMERICRIRQL P45847
YCIO_HAEIN 27: GGVIVYPTDSGYALGCMMGDKHAMDRIVAIRKL P45103
YRFE_MYCLE 29: GRLVVMPTDTVYGIGADAFDRAAVAALLSAKGR P45831
SUAS_YEAST 63: DETVAFPTETVYGLGGSALNDNSVLSIYRARNR P32579
(b) *
YG64_HAEIN 113: LERFILIAKKWDLPLNLEIVHNDVEIALELL P45305
YJJV_HAEIN 121: FESQLYLARQFNLPVNIRSRKTHDQIFTFLK P44500
YIGW_ECOLI 114: FVAQLRIAADLNMPVFMECRDAHERFMTLLE pP27859
YJJIJV_ECOLT 116: LDEQLKLAKRYDLPVILESRRTHDKLAMHLK P39408
YABD_BACSU 111: FRNQIALAKEVNLPIIIBNRDATEDVVTILK P37545
YO09_MYCGE 115: FEMQFEIAETNKLVHMLEIRDAHEKIYEILT P47255
YCFH_HAEIN 114: FGSQIDIANQLDKPVIIBTRSAGDDTIAMLR P44718
YTP3_YEAST 163: FRRFCRLARHTSKPISIEBDVKCHGKLNDICN P38430
YBF5_YEAST 208: LKISCLNDKLSSYPLFLEMRSACDDFVQILE P34220
SCN1_SCHPO 220: FEAQVRLAAEFQRAVSVEICVQTYALLYSSLA P41890

Examples of motifs detected in the course of systematic genome sequence analysis. In the first column are the names of the domains
(SWISS-PROT codes); the second column shows positions of the domains in the sequences; and the final column gives database accession
numbers (for SWISS-PROT entries, SWISS-PROT numbers are given, otherwise EMBL/Genbank numbers are used). Conserved residues

are shown in an outlined larger typeface and conserved hydrophobic positions are shown in bold. The species abbreviations are the same as
those used in Figure 1, along with the foilowing: ECOLI, Escherichia coli; SYNSP, Synechococcus sp; AZOVI, Azotobacter vinelandii; RHOCA,
Rhodobacter capsulata; RHIL, Rhizobium leguminosarum; HAEIN, Haemophilus influenzae; BACSU, Bacillus subtilis; MYCLE, Mycobacterium
leprae; MYCGE, Mycoplasma genitalium. (@) A putative binding motif in HypF transcription regulators and uncharacterized bacterial and yeast
proteins. (b) A highly conserved putative catalytic motif in uncharacterized bacterial and eukaryotic proteins. The alignment is the MoST program
output, to which the YBF5 sequence was added on the basis of additional Blastp searches. The putative catalytic histidine is indicated by an

asterisk.
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them contain conserved disulfide bridges detectable as
characteristic cysteine motifs.

To get a rough estimate of the speed and possible
saturation of motif identification, Figure 3 shows the
result of a literature search from 1992-1995, a summation
of the papers published in journal sections devoted to
sequence-similarity analysis and motif discovery, and the
growth of the PROSITE sequence pattern library [3°].
Although the numbers are only approximate, they suggest
that there is sull linear growth in the discovery of new
motifs. As we have excluded from our statistics numerous
motifs discovered in the course of genome analysis, this
tendency seems somewhat at variance to proposals of
saturation of the number of motifs to be discovered [75].
Several facts might account for the discrepancy: the speed
of sequencing is increasing further, which may prevent
gradual saturation but will subsequently result in a rather
abrupt end to motif discoveries; many motifs are specific to
a particular phylogenetic division (e.g. Metazoa), therefore,
as soon as the representation of this division in sequence
databases improves significantly there will be a boost to
mouf discovery; the methods for motif discovery have
improved, such that motifs have been found that could not
be detected previously. This includes the consideration
of similarities of 3D structures as an initial step in motif
definition (see, for example, [76]).

Thus, the discussion about the number of motifs is
comparable to the one on the number of protein folds
[77]: there is a limited number of widespread motifs/folds,
of which we already know the majority, but there is also
a ‘tall’ of numerous motifs/folds that will continue to
be identified, even after complete genome sequences for
several organisms become available.

Conclusions

Protein motif identification has become an essential part
of sequence analysis in general and genome research
in particular. A somewhat surprising tendency is that
new motifs are still being discovered at about the same
pace as a few years ago, but an increasing number of
reports now deal with the detection of an already known,
although frequently modified, motif in another group of
proteins. Another important trend 1s the unification of
two or more motifs leading to a single, more general
signature that allows protein families to be grouped into
superfamilies. The comparison of different 3D structures
and sequence-structure comparisons are becoming in-
creasingly important as the number of available structures
grows rapidly, and the methods for their analysis improve.
Nevertheless, methods for sequence-motif detection re-
main complementary to structure-based methods.

Figure 3
120
O Literature search
100+ |@E Analysis papers
B PROSITE

ki

1994 1995
& 1996 Current Opinion in Structural Biology

1993

Statistics on motif identification. In order to judge the number of
motifs {vertical axis) identified within the last few years, we performed
some independent estimates. A keyword literature search {white
bars), including subsequent manual filtering, was complemented by

a detailed inspection of journals in which motif discoveries without
experimental work are frequently described (e.g. Cell, Trends in
Biochemical Sciences, Protein Science, Nucleic Acids Research;
shaded bars). There was only a little overlap between the two.

The detailed compilation for this article revealed a total of 35 motif
discoveries for 1995 (the criteria for inclusion are given in the
introduction). Thus, the numbers given can only be considered as a
very rough estimate. The black bars indicate the motifs that are newly
entered into PROSITE. Note that in PROSITE, various motif types
are included (see introduction) that we have not considered here.
Nevertheless, all three independent measurements indicate more or
less linear growth, rather than a saturation, in the discovery of new
motifs.

The competition in the field and the increasing com-
plexity of exhaustive literature searches lead to numerous
cases of simultaneous motf discoveries by independent
groups and to problems in assigning unique names
to particular motifs/protein families. In addition, a not
insignificant fraction of the motif discoveries turn out to
be statistically unsound. The further digestion of all the
information, especially in the light of systematic genome
analysis, requires a concerted effort in the identification
of all existing motifs. Expert annotation as found in
the PROSITE database should be complemented with
automatic delineation and classification of motifs.
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