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Cytoplasmic signalling domains:
the next generation
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Since the late 1980s, when Src-homology SH2 and SH3 domains were
identified, the repertoire of non-catalytic signalling domains has increased
to number over 30. As it is expected that further regulatory domains shall
be found, unravelling the complex network of their interactions remains an

on-going challenge.

THE EARLY YEARS of protein crystal-
lography revealed that the fundamental
unit of structure is the domain, which is
a region of a polypeptide chain that is
folded into a spatially distinct structural
unit!, Later, during the explosion in pro-
tein sequence determination that oc-
curred from the late 1970s onwards,
sequence-similar domains were found
frequently as units within several other-
wise unrelated proteins. Such domains
are termed modules and may be consid-
ered as the ‘raw materials’ used in the
gradual acquisition of function by multi-
domain and multifunctional proteins
during their evolution (see Ref. 2 and
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references therein). Modules that are
similar in topology and in sequence are
likely to have diverged from a single com-
mon ancestor and an ‘exon shuffling’
mechanism for this propagation was pro-
posed by Gilbert in 1978 (Ref. 3). The
early 1980s provided strong evidence for
this proposition following the identifi-
cation of numerous extracellular pro-
teins containing arrays of modules. More
than 60 extracellular modules have been
named and classified®. Most of these
three-dimensional folds are known?.

By the end of the 1980s, powerful se-
quencing and analytical tools led to the
identification in protein kinases of the first
cytoplasmic regulatory domains. Later,
it became clear that these Src-homology
2 and 3 (SH2, SH3) domains, and the sub-
sequently identified pleckstrin-homology
(PH) domain, are present in dozens of di-
verse proteins, and signalling via these do-
mains became a major focus of research
(reviewed in Refs 5, 6). This first genci
ation of signalling domains was joined,
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in the first half of the 1990s, by a second
that included WW, C1, C2, PDZ, PTB/P,
DEATH and WD40 domains each of whose
three-dimensional structures and ligand-
binding characteristics have recently
been determined (sce Table in Poster for
details and for additional references).
Since 1995, over 20 new domains in sig-
nalling proteins have been identified by
sequence analysis. This third generation
includes the Ras-association (RA) domain,
a probable ubiquitin-binding domain
(UBA) and SAM, a domain that appears to
form homotypic and heterotypic dimers.
The ligands of the remaining domains and
the tertiary structures of all third gener-
ation domains remain to be determined.

A definition of cytoplasmic signalling domains

Here, we discuss the more than 30 sig-
nalling domains that are known, and we
summarise their structural and func-
tional features. Because it is impossible
to distinguish cytoplasmic signalling mod-
ules from those that primarily function
in transport, protein sorting or cell-cycle
regulation, we will discuss only those do-
mains that occur in at least two proteins
with different domair organisations, of
which one also contains a domain with a
kinase, phosphatase, cyclase, ubiquitin
ligase or phospholipase enzymatic activ-
ity, or with a GTPase-activation or gua-
nine nucleotide exchange activity. These
acuvities are known to mediate trans-
Cuction of an extracellular signal towards
the nucleus in order to initiate a cellular
response to the signal; an example of a
signal transduction network is shown in
the Poster that accompanies this article.

We are aware that our set of signal-
ling domains is incomplete, because it
lacks, for example, Ig domains and ARM,
ankyrin, spectrin and tetratricopeptide
repeats, that occur in several molecules
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known to regulate signal transduction
pathways. It does, however, include FHA,
LiM, PDZ, RanBD, SAM, UBA and WD40
domains, all of which have been found
in both cytoplasmic and nuclear proteins,
and C2 and PDZ domains that have been
found in both cytoplasmic and secreted
proteins (in perforin and interleukin 16,
respectively). A few of these domains,
such as SH3 (in yeast PAS20), PDZ (in
densin-180), SPRY (in ryanodine recep-
tors), SAM (eph-like tyrosine kinases)
and 1Q (in sodium channels), are found
within cytoplasmic portions of trans-
membrane proteins.

Specificity vs. functional redundaney

Whereas it is widely accepted that
most extracellular modules can perform
different functions in different settings
and make use of different surface regions
for their interactions, cytoplasmic do-
mains are still often believed to mediate
similar functions using similar ligand-
binding modes. For example, SH2, SH3
and PH domains bind phosphotyrosine-
containing and specific proline-containing
motifs, and phosphoinositides, respec-
tively, and target specificities are pro-
vided by subtle variations within their
single binding sites. Recent data sug-
gest, however, that representatives of a
signalling domain family may mediate
different functions: for example, PH do-
mains bind phosphoinositides, protein
kinase Cs and G, subunits’; C1 domains
bind diacylglycerol and Ras®™ (Ref. 8);
and C2 domains bind calcium, phospho-
lipids and intracellular proteins’. It is
also apparent that domains
from different domain families
may possess similar molecular
functions: for example, SH3 and
WW domains compete to bind
a specific proline-rich motif in
formins!. It should be noted
that although intermolecular
protein-protein  interactions
are the norm in signalling, the
intramolecular interactions of
SH2 and SH3 domains with ex-
tensions to the tyrosine kinase
Src may provide a paradigm
of kinase autoinhibition and
other mechanisms'!.

Structural features

Signalling regulatory mod-
ules vary in secondary struc-
ture, fold and in size. Domain
sizes vary from 30-300 resi-
dues. The smallest, OPR, is
likely to compensate for its
lack of a hydrophobic core by

folding around Ca’ ion(s), in a similar
manner to Cl and LIM domains, which
fold around Zn®". The largest signalling
domains may yet be found to be enzymes
or else to be constructed from several
modules. in addition, larger domains may
be composed of degenerate copies of a
motif that in isolation is structurally un-
stable yet, as multiple repeats, represents
a stable and functional unit. For example,
seven-bladed B-propellers such as those
that occur in G,_proteins® contain seven
repeated ‘WD40 motifs’ that form a giob-
ular domain. FF-hands and tetratrico-
peptide repeats alsc appear to require
at least two or four copies, respectively,
in order to form stable structures.
Leucine-rich repeats (LRRs) that occur
in numerous proteins including cyclases
(see Poster) are successive o/ units
that assemble as a horseshoe-like super-
structure formed either by two or more
proteins, each with low copy numbers
of LRRs or by a large number of tandem
repeats within a single protein',

The majority of cytoplasmic signalling
modules occur as single units or else as
tandem arrays. Examples of tandem re-
peats include two PTB domains in FE65,
three PH domains in myosin X, four WW
domains in the ubiquitin ligase Nedd-4,
five LIMs in human pinch and even nine
PDZ domains in a Caenorhabditis elegans
open-reading frame (C52al1.4). Each tan-
dem repeat is likely to have arisen from
an internal gene duplication event via
recombination. By contrast, duplicated
regions of genes that encode single
or multiple domains may be inserted

clsewhere in the genome, thereby gen-
erating either pairs of closely-related
paralogues or else modular proteins with
correlated domain arrangements.

Although many closely-related para-
logues exist in eukaryotic genomes, thcre
are only a few clear examples where the
arrangement of contiguous domains in
more distantly-related homologues ap-
pears to be preserved: for example, all
known Dbl-homologous domains are fol-
lowed by PH domains. By contrast, al-
though 66 eukaryotic proteins contain-
ing PDZ domains are known, including
severai with C2, LIM, PH, PTB, PX. SAM
and SH3 domains, no PDZ domain has
yet been identified in proteins contain-
ing either SH2 or C1 domains.

One surprising observation is that sev-
eral of these domains are not uniformly
positioned within polypeptide chains. Our
analyses suggest that for most signalling
domains, there is liitle preference for do-
mains to appear in the amino-terminal,
middle or carboxy-terminal thirds of pro-
teins. However, over 60% of C1, CH, FHA
or HR1 domains are present in the amino-
terminal third and over 80% of protein
tyrosine phosphatase or DEATH domains
appear in the carboxy-terminal third. In
addition, whereas there is little preference
for a favoured position of Ser/Thr kinase
domains within the polypeptide chain,
the majority (87%) of tyrosine kinase do-
mains are found in the carboxy-terminal
third of polypeptides.

The propagation of a domain type need
not occur via an insertion within the inter-
domain linker because entire domains
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are known to be inserted into intra-
domain surface loops!. PH domains sup-
port an SH2-SH2-SH3 tridomain unit, a
C1 domain and a PDZ domain, as inser-
tions in PLCy, in the Ser/Thr protein ki-
nase ROCK and in syntrophins, respec-
tively. A PH domain itself is inserted into
a band 4.1-homologous domain in Mig2.
Many more such examples are likely
to remain undetected given that their

identification by sequence analytical
methods is fraught with difficulties.

Evolution

Organisms as diverse as bacteria,
yeast, plants and mammals require sig-
nal transduction processes to respond
to constantly-changing environments.
Although all of these organisms appear
to contain both Ser/Thr kinases and His
kinases, bacterial signal transduction is
mediated primarily by two-component
His kinase sensor and response regu-
lator systems, whereas eukaryotic signal-
ling appears to be dominated by phos-
phorylation on serine or threonine.

Phosphotyrosine-mediated signalling
via ‘true’ protein tyrosine kinases (those
most similar in sequence to Src, for ex-
ample) appears to be a relatively late de-
velopment in eukaryotic evolution, as the
Saccharomyces cerevisiae genonie appears
to lack both ‘true’ tyrosine kinases! and
cytopiasmic phosphotyrosine-binding do-
mains, such as SH2 or PTB/PI domains
(only asingle, divergent S. cerevisiae SH2
domain has been identified in the nuclear
protein SPT6); current data suggest that
plants also lack ‘true’ tyrosine kinase, SH2
and PTB/Pl domains. However, the S. cere-
visiae genome does contain several so-
called ‘dedicated protein tyrosine kinases'
that are highly similar in sequence to Ser/
Thr kinases, yet possess high specificities
for tyrosine-containing polypeptides's, [n
addition, three protein tyrosine phospha-
tase homologues can be found in yeast.

Bacteria appear to possess many
homologues of eukaryotic signalling en-
zymes. Kinases and phosphatases spe-
cific for Ser/Thr and/or Tyr, cyclases, and
phospholipases C and D homologues
have all been found in bacteria. How-
ever, of the regulatory signalling domains
discussed here, only PDZ, FHA, LRR and
cyclic nuclectide monophosphate bind-
ing domains have been identified in bac-
teria (see Poster for details and abbrevi-
ations). It is possible either that the
remaining signalling domains are absent
in bacteria, or else that sequence simi-
larities between eukaryotic and bac-
terial domain homologues are currently
undetectable. That the latter might be
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the case is supported by an intriguing
finding' that Escherichia coli BirA con-
tains two domains that show consider-
able structural similarity to an SH2-SH3
tandem domain pair. Thus, many eu-
karyotic signalling domains may have
evolved from ancient progenitors.

Archaeal genomes are known to con-
tain homologues of eukaryotic Ser/Thr
phosphatases!’ and bacterial His ki-
nases!s, However, an analysis of the
Methanococcus jannaschii genome reveals
that, except for two protein kinase homo-
logues, this organism contains no obvi-
ous homologues of the signalling do-
mains discussed here. Viral genomes have
been shown to contain homologues of
eukaryotic SH2, SH3, PH, kinase and
phospholipase D domains.

Compared with the information cur-
rently available for bacierial genomes, eu-
karyotic genomic data remain largely in-
complete, and even in the only eukaryotic
genome completed, signalling domain-
containing proteins currently represent
only 5% of all S. cerevisiae proteins. How-
ever, current information is sufficient to
show that, in contrast to extracellular
proteins, intron borders and phases are
not well-defined in intracellular modular
proteins. This, together with the frequent
occurrence of signalling domains in lower
eukaryotes, such as yeast (see Poster)
that possess only very few introns, leads
to the conclusion that there is little evi-
dence that ‘exon shuffling’ processes'™
participated in the spread of intracellular
signalling domains. It is also clear that the
relatively ancient cytoplasmic signalling
proteins, as exemplified in yeast, are less
modular than the more modern extracel-
lular ‘communication’ and receptor pro-
teins of multicellular organisms, and pos-
sess a greater proportion of sequence
that does not fold to compact domains.

Conclusions

Although sequence databases are cur-
rently expanding exponentially, novel
domain families are being identified only
at an approximately linear rate.Improve-
ments in sequence analytical techniques
have allowed identification of domain
families that are considerably more
divergent than in the past, vet the linear
rate of discovery is likely to continue
until the point at which fully-automated
domain detection procedures are devel-
oped. Those domain families that are
currently known already present a con-
siderable challenge, and determinations
of their structures and functions are
likely to be forthcoming in the near fu-
ture. The combination of bioinformatics,
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structure determination, and molecular
and cellular biology, will continue to re-
veal the complex nature of the regulatory
functions of signalling domains, the inter-
action of signalling proteins in multi-
molecular complexes and the networks
of interacting pathways that transduce
extracellular signals to the nucleus.
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