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Eukaryotic Signalling Domain Homologues in Archaea
and Bacteria. Ancient Ancestry and Horizontal
Gene Transfer
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Introduction sequence similarity to each other or are similar in
fold, with common functions and active or binding
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senting each of the three divisions of cellular life thought to have evolved from a common ancestor.
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set of their genes and portions of genes encoding ~ €ither due to speciation, in which case they are
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Doolittle, 1995; Henikoff et al., 1997; Tatusov et al.,
1997).

The issue of orthology is, however, less than
straightforward due to the existence of multi-
domain proteins and the prominence of domain
rearrangements in evolution. Numerous multi-
domain proteins are present in all organisms but
complex domain architectures are particularly
common among certain classes of eukaryotic-
specific proteins. Primarily, these are proteins
involved in different forms of signal transduction,
such as membrane receptors, protein kinases and
phosphatases, adapter proteins, phospholipases,
and chromatin-associated proteins. Domain accre-
tion, that is step-by-step addition of new domains
to pre-existing cores, seems to have played a major
role in the evolution of these functional classes of
proteins. Domain architectures of large, complex
regulatory proteins are quite variable among
phylogenetically distant eukaryotes. In particular,
there are relatively few yeast orthologues of multi-
domain proteins from multicellular eukaryotes
such as the nematode Caenorhabditis elegans (e.g.
see Mushegian et al., 1998; Chervitz et al., 1998).
Few, if any, archaeal and bacterial orthologues
with identical collinear domain arrangements are
detectable for eukaryotic multidomain proteins.

Eukaryotic signalling domains are often dis-
cussed in the literature as if their progenitors and
their functions arose early in eukaryotic evolution.
However, prokaryotic homologues have been
identified for many enzymes involved in eukary-
otic signal transduction, such as phospholipase C,
phospholipase D, protein kinase, diacylglycerol
kinase, protein phosphatases and 3-5' cyclic
nucleotide phosphodiesterases (Heinz et al., 1995;
Ponting & Kerr, 1996; Koonin, 1996; Smith & King,
1995; Kennelly & Potts, 1996; Leonard et al., 1998;
Schultz et al., 1998; Bork et al., 1996a; Aravind &
Koonin, 1998). Similarly, typical extracellular pro-
teolytic enzymes of eukaryotes, such as trypsin-like
serine proteases and matrix metalloproteases, have
readily detectable homologues among prokaryotic
enzymes (Delbaere et al., 1975; McKerrow, 1987).

Prokaryotic homologues have been detected also
for some non-enzymatic domains that are essential
to eukaryotic signal transduction and are typically
involved in mediating protein-protein interactions.
These domains, however, are typically much less
conserved, at least at the sequence level, than
enzymes, and the discovery of bacterial and archae-
al counterparts of eukaryotic domains required
careful application of sensitive sequence analysis
methods (e.g. see Gibson et al., 1993; Hofmann &
Bucher, 1995; Koonin et al., 1996; Ponting, 1997a,b;
Bateman, 1997, Bork et a4l., 1997a; Ponting &
Aravind, 1997; Aravind & Ponting, 1997).

Recent improvements in computational methods
of sequence analysis (e.g. see Altschul et al., 1997;
Altschul & Koonin, 1998) and the rapid increase in
available sequence information now allow the
reliable identification of even subtly conserved
domains in completed archaeal, bacterial and

eukaryotic genomes. This provides insights into
the origins and evolution of these domains from
the analysis of their phyletic distributions. Further-
more, these advances have provided considerable
evidence that gene-transfer between species, and
indeed between divisions, has been a major force
for change during prokaryotic evolution (Koonin
et al., 1997; Aravind et al., 1998; Woese, 1998;
Doolittle, 1998). Horizontal gene transfer from bac-
teria to eukaryotes, particularly in the context of
organellar endosymbiosis but probably also under
other circumstances, also is a major evolutionary
phenomenon  (Doolittle, 1998). By contrast, -
instances of apparent horizontal transfer in the
opposite direction, from eukaryotes to bacteria,
have been reported only anecdotally (Bork, 1993; .
Aravind ef al., 1999a; Baumgartner et al., 1998;
Little et al., 1994).

Here we investigate the phyletic distribution of
domains commonly found in eukaryotic signalling
proteins (Bork et al., 1997b). Our intention was to
use the latest tools of sequence analysis to search
for prokaryotic homologues of these domains, to
infer whether these homologues are related to their
eukaryotic counterparts by vertical descent or by
horizontal transfer, and to provide insight into the
preservation, or otherwise, of function among
diverse homologues.

Results and Discussion

Occurrences of 213 domain families in 18 com-
plete genomes were investigated using the PSI-
BLAST and HMMER2 sequence analysis
methods. The hits were evaluated in terms of

their statistical significance as indicated in
Methods. Additionally, all alignments were
examined for the conservation of signature

motifs that are typical of specific domains, in
order to eliminate possible false positives. These
families represent domains that participate in
eukaryotic intracellular and extracellular signal
transduction pathways. Approximately one-quar-
ter of these domains (55 in total) were found to
be represented both in eukaryotic proteins and
in prokaryotic proteins. Table 1 contains the
numbers of proteins found in complete genomes
that contain “eukaryotic” signalling domains;
only those domains that are found at least once
in complete prokaryotic genomes are included.
A dramatic difference in the phyletic distri-
butions of the enzymatic and non-enzymatic sig-
nalling domains was immediately apparent, most
of the former were readily detectable in all three
divisions of life, whereas the majority of the
latter are eukaryote-specific (Figure 1). A
Table representing the GenBank identifier codes
(GIs) of proteins from the complete genomes
that contain these domains is available from:
ftp:/ /ncbinlm.nih.gov/pub/koonin/SIGNALLING.
Alignments of domain families, in general, may
be acquired from the SMART Web site
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Table 1. Distributions of enzymatic and non-enzymatic domains in completely sequenced genomes

A. Enzymes
. Eubacteria Archaea Eukaryota

Species: Aa Bs Bb Ct Ec Hi Hp Mt Mg Mp Sy Tp Af Mj Mth Ph Ce Sc
Acid P-ase 1 3 - - - .
Adenoviral-type Cys- ’ ! ’ 2 ! ! ’ ot ! ¢ 7

protease - - - 2 - - - - - - - - - - -
AP-ATPase - - 1 - % - - 6 - - - . - - 1 Z %
galcmeurin-like P-ase 6 12 1 3 10 5 1 5 2 12 8 10 10 66 23

aspase - - - - - - - - - - - - - - 4 1
cAMP/cGMP cyclases - - - - - - - 16 - -3 1 - - - - 36 1
Collagenase-like

metalloprotease 1 - - - - - - - - - - - -
DAG kinase - 3 - - 1 - - 2 - - i - % } - % Afg 2
DAG _kmase—like 1 2 1 - 1 1 1 1 1 1 2 1 1 1 1 1 1 2
IPPc-like -1 1 - 3 1 1 2 - - 1 2 1 - 2 - 3 11
Guanylate kinase 3 3 - 1 2 1 1 1 1 1 1 - - 1 - 1 10 1
Lysozyme 3 6 1 - 8 3 2 5 - - 1 2 - - - - - -
Papain-like Cys protease - - - - - - - - - - - 1 1 - - 1 30 1
Phospholipase C - - - - - - - - - - - - - - - - 6 1
Phospholipase D 1 3 - 7 6 1 4 1 - -2 - 1 - - - 6 4
PP2A P-ase - 1 - - 3 1 - - - - 1 - 1 - - - 49 13
PP2C P-ase 2 3 - 2 - - 1 1 1 1 3 1 - - - - 10 9
52P-like metalloprotease 2 4 1 1 1 1 2 3 - - 4 1 4 3 3 2 1 -
Ser/Thr/Tyr kinase 2 4 - 3 3 1 1 13 1 1 12 - 4 4 4 4 435 116
Ser/Thr/Tyr and Tyr P-ase - - - - 1 - - 1 - - - - - 2 - 1 112 14
Small GTPase 3 - - - - - - 1 - - - - 1 1 3 - 62 28
Transglutaminase 2 1 - - 1 - 5 - - 4 - 4 1 5 3 1 2
Trypsin-like Ser protease 1 5 1 1 2 1 6 - - 3 - - 1 - 25 1
B. Non-enzymatic domains
Ankyrin - - - - 3 - - - - - 1 2 - - - - 86 19
BRCT 1 1 1 1 1 2 1 1 1 - - - - 26 10
Bulb-type lectin - - - - - 1 - - - - - -
Cadherin - - - - - - - - - 1 - - - - - 17 -
CBS 7 15 5 9 5 3 12 1 1 8 5 11 15 18 13 10
cNMP-binding 2 2 1 3 3 - 10 - - 13 4 - - - 17 2
Discoidin-like - - - - - - - - - - - - - - - - 3 -
EF-hands - - - - - - - - - - 1 - - - - - 6 18
Fasicilin-like - - - - - - - 2 - - 2 - - - - - 1 1
FHA - - -1 - - -7 - -1 - - - - - 12 14
Fibronectin IIT 1 3 1 - - - - - - 2 2 - - 55 2
Integrin o domain - - - - - - - - - 3 - - - - 2 1
Kelch - - - - 1 1 - - - - - - - - - - 15 6
LRR - - - - 1 - - - - - - 1 - - - - 69 12
LysM 1 17 4 8§ 2 1 2 - - 2 7 - - - - 5 _
NIB - - - - - - - - - 4 - - - - - 3 -
Pad1-like (MPN) 1 - - - - - - 1 - - 1 - 1 - 1 2 7 4
PDZ 4 9 3 4 5 - - 9 1 1 2 1 64 2
PKD - - - - - - - - - - 1 2 1 4 1 - -
PR-1-like -2 1 - - - - s i - - - 3 3
PTX - - 1 - - - - - - - 2 - - - 1 -
Sel-1-like - - - - 3 1 9 - - - - - .- -2 4
SET - - - 1 - - - - - - - - - - - - 3 2
Src homology 3 - 6 - 1 1 1 1 - - - 3 - - - - - 58 24
SWIB - - - 2 - - - - - - - - - - - - 3 2
TIR : - 1 - - - - - - - - 1 - - - - - 1 -
TPR 5 16 20 9 13 4 5 1 - - 24 2 3 9 8 6 4 29
VWA 1 5 5 - 4 - 1 4 - - 4 3 2 3 2 1 65 3
WD40 - - - - - - - - - - 6 - - - - - 127 110
YWTD - -1 - - - .4 - -2 1 - - - - 15 -
Zf AN1 T T S M- SV
Number of genes 1522 4099 1215 893 4289 1709 1565 3918 467 677 3169 1031 2407 1869 1770 2064 19,099 6526

However, three domains are listed here due to their identification in incompletely sequenced prokaryotic genomes: homologues of
caspases (e.g. in S. coelicolor pk3 (gi 625077)), phospholipase C (e.g. B. cereus PLC (g 130297)) and discoidin-like (e.g. in C. septicum
sialidase (gi 266601)) domains. A putative enzymatic domain family that contains motifs similar to those in DAG kinases is listed as
DAG kinase-like. S2P-like metalloproteases are homologues of human S2P (Rawson et al., 1997). Species abbreviations: Aa, Aquifex
aeolicus; Bs, Bacillus subtilis; Bb, Borrelia burgdorferi; Ct, Chlamydia trachomatis; Ec, Escherichia coli; Hi,ﬁHaemophzlus rnﬂlt?nzae; Hp, Heli-
cobacter pylori; Mg, Mycoplasma genitalium; Mp, Mycoplasma pneumoniae; Mt, Mycobacterium tu}:erculosm; Sy, Syrfechocysqs PCC6803; Tp,
Treponema pallidum; Af, Archaeoglobus fulgidus; Mth, Methanobacterium thermomutotrophicum; Mj, Methanococcus jannaschii; Ph, Pyrococcus
horikoshii; Ce, Caenorhabditis elegans; and Se, Saccharomyces cerevisige. Other abbreviations: P-ase, phosphatase; IPPc, mom'tol poly-
phosphate phosphatase; DAGK, diacylglycerol kinase; PTX, pentraxin-like domain; other abbreviations are in the text and in abbre-
viations used. The number of genes in complete genomes is shown at the foot of the Table.
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Enzymatic Domains

Non-enzymatic Domains
EAB EA

E

Figure 1. Phyletic distribution of enzymatic and non-enzymatic eukaryotic signalling domains. Abbreviations: E,
number of domain families observed only in eukaryota; EA, number of domain families observed only in eukaryota
and archaea; EB, number of domain families observed only in eukaryota and bacteria; EAB, number of domain
families observed in all three divisions, eukaryota, archaea and bacteria.

(http:/ /coot.embl-heidelberg.de/SMART/) or else
directly from the authors. In addition, the
SMART Web site provides information relating
to the phyletic distributions, structures and func-
tions of the domains discussed here.

Phyletic distributions of enzyme families

Notably, 17 of the 28 analysed families of
enzymes that are involved in various forms of
eukaryotic signalling were identified in the gen-
omes from each of the three divisions of cellular
life, archaea, bacteria and eukarya (Figure 1). These
included homologues of protein and lipid phos-
phatases, protein and lipid kinases, zinc-dependent
proteases, cysteine and serine proteases, phospho-
lipases D, small GTPases, ATPases, and transgluta-
minases. As has been suggested for “eukaryotic-
type” protein kinases (Leonard et al., 1998), these
enzymes are likely to have an ancient provenance,
having originated in the progenitor of the three
divisions of life, although their subsequent history
appears to have included horizontal gene transfers
as well as lineage-specific family expansions (see
below).

The cellular functions performed by homologues
from within an enzyme family, however, are
usually diverse and, at least in some cases, appear
to differ in eukaryotes and prokaryotes. For
example, inositol polyphosphate phosphatases that
hydrolyse the second messenger inositol 1,4,5-tri-
sphosphate in eukaryotic signalling pathways are
homologues of prokaryotic neutral sphingomyeli-
nases, exodeoxyribonucleases III and DNases I
(Matsuo et al., 1996; L. A., unpublished results).
Similarly, an archaeal homologue of animal trans-
glutaminases has been characterized as a protease,
leading to the suggestion that many, if not all,
prokaryotic members of the large superfamily of
transglutaminase-like enzymes may be proteases
(Makarova et al., 1999a). Other enzymes, however,
most notably S/T protein kinases and PP2C, and
calcineurin-like phosphatases are likely to perform
signalling roles in both prokaryotes and eukaryotes
(Zhang et al., 1998; Leonard et al., 1998).

The eukaryotic cyclic nucleotide phosphodiester-
ases, a major class of signal-transducing enzymes,
represent a special case. While no classic cyclic
nucleotide phosphodiesterases are detectable in

archaea and bacteria, distantly related enzymes of
the HD superfamily of hydrolases have been ident-
ified (Aravind & Koonin, 1998). The combination
of some of these proteins with other signalling
modules (Aravind & Koonin, 1998) suggests that
they are likely to function as <NMP phospho-
diesterases.

The phyletic distribution of another group of
classical eukaryotic signalling enzymes, the small,
Ras-like GTPases, suggests an unusual case of hori-
zontal gene transfer from archaea to bacteria.
These enzymes are found in multiple copies in all
eukaryotes, whereas the majority of the archaea
have between one and three representatives of a
distinct subfamily. Bacterial Ras-like GTPases simi-
lar to archaeal homologues were detected only in
A. aeolicus, M. tuberculosis and in M. xanthus.
Experimental evidence from Myxococcus suggests
that the eukaryotic Ras-like GTPase SAR1 can
function in the place of its bacterial homologue
(Hartzell, 1997). At least in the case of Aquifex an
archaeal origin of these genes is particularly cred-
ible, given observations of apparently massive
gene flux from archaea to this hyperthermophilic
bacterium (Aravind et al., 1998).

Homologues of six families of eukaryotic
enzymes, namely lysozymes, adenoviral-type
cysteine proteases, caspases (Chen et al., 1998;
Aravind et al. 1999b), PP2C-type phosphatases,
phospholipases C and adenylate/guanylate
cyclases, were identified in bacteria but not among
currently known archaeal sequences. Bacterial
phospholipases C are detectable only in the Bacilla-
caea family whereas eukaryotic versions are wide-
spread in metazoa, plants and fungi. As suggested
elsewhere (Heinz et al., 1998), bacterial homologues
are likely to have arisen from horizontal gene
transfer from a eukaryotic source. A counter argu-
ment that phospholipases C homologues in bac-
teria lineages other than the Bacillacaea and in
archaea have been lost during evolution appears
to be less parsimonious, that is, would invoke a
greater number of distinct evolutionary events.

The evolutionary heritage of adenylate/guany-
late cyclases is less clear, since the bacterial ver-
sions are distributed among several diverse
lineages of bacteria. However, it is notable that
some of the 16 M. tuberculosis cyclases, such as
Rv1625c, demonstrate  significantly  greater
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sequence similarity to vertebrate cyclases than they
do with bacterial cyclases, and also group with
them in neighbour joining phylogenetic trees with
greater than 80% bootstrap support (data not
shown). This suggests that at least one “eukaryote
type’” cyclase entered the prokaryotes from a
eukaryotic source early in evolution. Other
M. tuberculosis cyclases are more similar to other
cyclases scattered among bacterial lineages than
they are to eukaryotic homologues (e.g. Rv1318c,
which is more similar to 22 bacterial cyclases
(2x 1078 < E < 1 x 1078) than it is to eukaryotic
ones (E =1 x107%). The latter molecules may
have originated in an earlier horizontal gene trans-
fer of a eukaryotic cyclase and then disseminated
in the prokaryotic world through a series of further
horizontal transfer events. This evolutionary scen-
ario is analogous to that proposed previously for
the PKN2-type protein kinases (Leonard et al.,
1998).

An important, recurrent feature of the evolution
of enzymes involved in signalling functions is the
lineage-specific addition of adapter domains to the
termini of core enzymatic domains. Well-known
examples of this include the addition of SH2, SH3,
PH, C1, C2 and FHA domains to protein kinases in
eukaryotes. A similar phenomenon is seen in bac-
teria: SH3 (see below), WD40, penicillin-binding,
cyclase and YWTD domains have been fused to
PKN2-type kinase domains.

Five families of enzymes were identified only in
eukaryotes. These were cytosolic phospholipases
A,, pancreatic-type phospholipases A,, ubiquitin-
conjugating enzymes E2, HECT E3 ubiquitin-
protein ligases and ubiquitin C-terminal hydro-
lases. The apparent absence in prokaryotes of the
enzymes involved in the ubiquitin pathway might
have been anticipated, since this major eukaryotic
regulatory system appears to have no counterpart
in either archaea or bacteria.

Phyletic distributions of non-enzymatic
signalling domains: domains specific
to eukaryotes

The majority (83%) of the non-enzymatic
domain families analysed were found only in
eukaryotes. The extreme sequence divergence of
some eukaryotic domain families, such as PH,
PTB/PI, Ca®*-binding C2, SAM, RA, PX and WW
domains among others, suggests that prokaryotic
homologues of these, if they exist, may not be
detectable by sequence similarity alone (at least
using current search methods and databases). On
the other hand, the fact that certain domain
families, such as, for example GAL4 homologues
in fungi (Bork & Gibson, 1996), are lineage-specific,
argues that some domains are indeed represented
only among eukaryotes. Those in this category are
likely to include guanine nucleotide exchange fac-
tors (GEFs) and GTPase activator proteins (GAPs)
for the small GTPases Ras and Rho, since GTPases
of these classes are not found in prokaryotes. Inter-

estingly, however, the Rickettsia prowazekii genome
is unique among sequenced prokaryotic genomes
in encoding a protein (gi 3860933) that is a homol-
ogue of mammalian Sec7-like GEFs that are
specific for ARFs (Wolf et al., 1999b). It is most
likely that the gene coding for this protein has
entered the rickettsial genome wia horizontal trans-
fer from the eukaryotic host. Its presence in an
organism lacking small GTPases of the ARF sub-
class is intriguing and suggests a regulation of host
GTPases as part of the pathogenic mechanism of
the bacterium.

Other domains that were only detectable in
eukaryotes were those that contained several disul-
phide bridges and also lacked extensive secondary
structure, such as epidermal growth-factor-like
(EGF), kringle and TGFp-like cystine knot
domains. Disulphide bridges are thought to
increase stability and resistance to proteolysis in
these domains (Doolittle, 1995; Bork et al., 1996b).
Consequently such domains are only fully folded
outside of the reducing environment of the cytosol.
It has been argued that these domains evolved
only after the Earth’s atmosphere became oxidising
(Doolittle, 1995) lending credence to the notion
that disulphide bridge-dependent domains
emerged in the eukaryotic lineage following its
divergence from bacteria and archaea. It is notable
that prokaryotic homologues of immunoglobulin-
like, discoidin-like, von Willebrand factor A, lysin
motif (LysM) and PR-1 domains (see below), in
contrast to their eukaryotic counterparts, possess
no disulphide bridges. These domains, however,
contain extensive secondary structures and hydro-
gen bond networks, and consequently, disulphide
bridges are non-essential for their structure and
functions.

Phyletic distributions of non-enzymatic
signalling domains: domains present in all
three divisions

The phyletic distributions of non-enzymatic
eukaryotic signalling domains are in stark contrast
to those of signalling enzymes (Figure 1). Only
nine out of the 185 non-enzymatic domain families
considered were identified in genomes from each
of the three divisions of cellular life: ctNMP, CBS,
kelch, Padl, PDZ, PKD, PR-1, TPR and vWFA
domains (Table 1). Of these, the PDZ domain
family is perhaps the best-documented (Koonin
et al., 1996; Ponting, 1997a) and representatives
among prokaryotic proteins includes HirA-like
serine proteases and S2P-like metalloproteases.
Experimental evidence (reviewed by Ponting,
1997a) indicates that C-terminal polypeptide-
binding function of these domains may be com-
mon to all three divisions of life and, by inference,
might have been established already in their last
common ancestor. The participation of PDZ
domains in regulating signalling pathways, how-
ever, appears to be a metazoan invention, since
domain architectures of PDZ-containing proteins
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would suggest that these functions are absent in
S. cerevisine and among the available plant
sequences.

The cNMP-binding domain is widespread
among bacteria and eukaryotes while present only
in Archaeoglobus amidst the archaea. Consequently,
it appears most likely that the archaeal protein has
entered the Archaeoglobus genome via a horizontal
transfer event from bacteria.

CBS (cystathionine-p synthase) domains are a
unique case of a (predicted) signalling domain
(Bateman, 1997; Ponting, 1997b) that is present in
all currently available complete genome sequences.
TPR repeats (Sikorski et al., 1990) are nearly as
common, being apparently absent only in M. preu-
monige and M. genitalium. Currently the functions
of these two domain families in these diverse
organisms are unclear. Significant, and probably
independent, expansions of these domains are
observed in several species, e. g. CBS in the archae-
on M. jannaschii and TPR in the cyanobacterium
Synechocystis sp.; these are likely to have adaptive
importance, and elucidating the processes they are
involved in will be of great interest.

Another domain family whose functions are
unknown, even though a representative’s tertiary
structure has been determined (Ferndndez et al.,
1997), includes homologues of the anti-fungal plant
pathogenesis-related proteins of group 1 (PR-1:
Kitajima & Sato, 1999). Prokaryotic homologues of
this family had not been observed previously, but
were detected during this study in the archaeon
A. fulgidus, and two Dbacteria, B. subtilis and
B. burgdorferi (Table 1 and Figure 2(a)). As indi-
cated in Methods, the findings made using the PSI-
BLAST profile for the PR-1 domain were verified
by reciprocal BLAST searches. For example, a

search with B. subtilis YkwD (gi 2632218) as query
revealed significant similarities with a S. cerevisiae
PR-1 homologue, YKRO13w (gi 539306), with
E =4 x10™* Conservation of structurally clus-
tered charged groups in PR-1 homologues has led
to the suggestion that these are enzymes
(Szyperski et al., 1998). However, none of these
residues is absolutely conserved in either eukary-
otic or prokaryotic homologues, and only one of
these is conserved among all four bacterial homol-
ogues. More recent studies indicate that PR-1 hom-
ologues are serine protease inhibitors (Yamakawa
et al., 1998).

Similarly, a functionally uncharacterised eukary-
otic family of Padl-like domains (Hershey et al.,
1996; Aravind & Ponting, 1998) (also called MPN
domains (Hofmann & Bucher, 1998)) has
additional archaeal and bacterial representatives
(Table 1 and Figure 2(b)). These domains have
been found as subunits of eukaryotic 26 S protea-
some, translation initiation factor-3 and transcrip-
tional activation complexes. A His-(Ser/Thr)-His
tripeptide that is conserved in approximately 50 %
prokaryotic and 50 % eukaryotic Padl-like domains
might indicate that this subset of homologues pos-
sesses catalytic activity. All of these domains in
complete prokaryotic genomes occur as single
domain proteins. The only prokaryotic Padl-like
domain-containing protein with more than a single
domain is bacteriophage tail assembly protein K
(Sanger et al., 1982), which is involved in the
assembly of the initiator complex for tail polym-
erisation. This protein contains a C-terminal pepti-
dase family U-20 domain, common to several
prokaryotic cell lysins including p60 (Bubert ef al.,
1992). This suggests that the Padl-like domain
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Glip Hs

Y1lbC Bs

YkwD Bs

AF0003 Af

BB0689 Bb

1CFE Le

2-structure EE }II-IX-mHHHH}HiHHH HHHHHHHHHHHHHHEE
consensus .p.bephlp.hNpbR.bhs....b. .bpWs.sL.p.Ab.bUD. . v v a v e v e v nn h.-p.h......... hs..p.h..b.spbpph..
T19C%.5 Ce SPE] ENID KLF 3879974/28-185

AGS Di 2245508/26-195

AGS Vv 549194/40-203

Sc7 Scc --TTTYS8GA--————- 548902/55-197

SscrPl Mm 417753/36-182

Glip Hs 2507371/31-186

Y1bC Bs 2339999/224-443

YkwD Bs 2632218/134-255

AF0003 Af 2650663/33~164

BB0689 Bb = --BILASG-----~ i L 2688622/27-147

1CFE Le ~-YATNQCVGG-~KKCRHYTQ Wi Y ¥ 2624502/1-135

2~-structure HHH EE H‘HHHH EEEEEEEE EEEEEEE

consensus PSP cbs..sW.po..h.psh.pss...... hhhbh. .b..shsh..b..b

Figure 2. (Legend shown on page 737)
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(b)

PRS12 Hs KVVVHPLVLLSVVDHENRI (4)NQKRVVGVLLGSWQK~- - ~KVLDVSNSFAV (26 ) KKVNARERIVGWYHTG
YOR261c Sc¢ KVTIAPLVLLSALDHYERTQTKENKRCVGVILGDANS----STIRVINSFAL (26) KKINAKEKLIGWYHSG
PRS12 At TARIHPLVIFNVCDCEVRR-PDSAERVIGTLLGSILPDG---TVDIRNSYAV(23)LKVNSKETIVGWYSTG
eIF3-p47 Hs VVRLHPVILASIVDSYERR-NEGAARVIGTLLGTVDK----HSVEVTNCFSV(23)KKVSPNELILGWYATG
eIF3-pd40 Hs QVQIDGLVVLKIIKHYQEE-GQGTEVVQGVLLGLVVE----DRLEITNCFPF (23) RHVNIDHLHVGWYQST
C41D11.2 Ce HILLDSLVVMKIVRHVDSE (8)SGDACAGVLTGLVFLED--SRLEITNCFPT (32) RTMNIDYEIVCEFYQSH

JAB Hs YCKISALA%LKHVMHKRSG—--GNL!VHGLHLGKVDG---—ETMIIHDSFAL(25)KQVGHLENAIGWYHSK
¥YDL216c Sc  HVLISKLSCEKITHYAVRG--~-GNIEIMGILMGFTLK----DNIVVMDCFNL (36) DYKGAKLNVVGWFHEH
rPadl Hs QVYISSLALLKMLKHGRAG---VPMEVMGLMLGEFVDD---YTVRVIDVFAM (24) KQTGRPEMVVGHWYHSH

D2013.7 Ce YHNVVDTHHRRTSSSAKNT*—~GQE§CHG!L¥GYYEK~——-GS;QV?NCFAI(23)KKTSPNEQPVGWTLTT
c6.1A Hs AVHLESDAFLVCLNHALST---EKEEVMGLCIGELND (25)RIVHIBSVIIL(28) ELTGRPMRVVGWYHSH

ORF DA KIIVHGEVFQEFMRLAENN-TKRSIETCGILSGTLSN----DVFRITTIIIP (19) YQLENDLLTLGWINTH
COP9-S6 Hs SVALHPLVILNISDHWIRM (5)RPVQVIGALIGKQEG~---RNIEVMNSFEL (23)KQVFKELEFLGWYTTG
Prp8 Sc  EEQNVYVLPKNLLKKFIEIS-DVKIQVAAFIYGMSAK----DHPKVKEIKTV(22)LPDTEGLELLGWIHTQ

aglesl Aa MLKVKKEVLEKHIKQAERD———YPY‘TCGLLIGKSEG————GIRIAYEAFET(24)YAISKGMEIVGV¥HSH
5110864 Ssp QLSLSQVHQDQI!RHGERC—--YPEICCGL&LGKILI(4)HRHWQVVEVQPT(35)DCRQKGLS;iGIFHSH

gpl9 N15 ---MROKTIDAIMAHAAAE---YPRECCGVVAQKSRV--~-ERYFPCRNLSA (13) AAAEDWGTVVAIVHSHE
orf248 Cb ERKVDRILPPFIADHIKST---IPEMACGVLVYKDNN--~-HSYIPCKNIAD (13)ARTRNEGDIIHTVMFR
Rv1334 Mt VLVIRADLVNAMVAHARRD---HPDBACGVLAGPEGS------ DRPERHIFM (22) AMEDADEVEVVIYHSH
LtfpK Yp ----MQEIYLTAIRR--—---- YPNEACGFLVRTTGE--—-- KYRFMEARNV (15) IAAEDAGDVVAIWHSH
AF2198 Af -MKISRGLLKTILEAAKSA---HPDEFIALLSGSKDV------ MDELIFLPF (11) DMLPIGMKVEGTVHSH
MTH971  Mth RVVVDSEVMDEVLEIARRS---HPHEFAALLEGRQEG----- EVLHVTGLIF (14) LMLPPFTGAVGSVHSH
; PH0451 Ph RVKIRRELLEYLLELAKSF---YPREVAGFLRMKDGV------ FEEVLIVPK (12) TLMPHDESIKGTFHSH
PH1488 Ph MILVLPKNIIEEIITRSRE---SKIEICGFIFGTKNG----- ERFIGKEVEF (22) RAERKGLEVVTIFHSH
2-structure eEEeehhHHHHHHHHHERh eEEEEEEEE EEEEEEEEe eEEEEEe
consensus hol...hh. hhp.hop.o.o..... bshGhlhG.......... h..hp.b.h..... N .hluhbpoh
PRS12 Hs (5)NDIAINELMKRYCPNSVLVI---~IDVKPKD~~~-~ LGLPTEAYISVEE 1709803/8-143
YOR261lc Sc¢  (5)SDLKINELFRKYTQNNPLLL---IVDVKQQG-----VGLPTDAYVAIEQ 1420589/7-142
PRS12 At  (5)GSSLIHDFYAREVPNPIHLT~---VDTGFTN-~-—~ GEGTIKAFVSSNL 2088652/27-158
eIF3-p47 Hs (5)HSVLIHEYYSREAPNPIHLT---~VDTSLQN-----~ GRMSIKAYVSTLM 2055431/91-221

eIF3-p40 Hs (8)ALLDSQFSYQHAIEESVVLI----YDPIKTAQ----GSLSLKAYRLTPK 2351380/38-172
C41D11.2 Ce (8)DLVESMFDYQAMGPENVVLI~-~~YDPIKTRQ--~-GQLSLRAWRLSTA 2105492/51-202

JAB Hs (9)IDVSTQMLNQQFQEPFVKVV—-——IDPTRTISA-——GKVNQGAFRTYPK 1549383/54~191
YDL216c Sc (9)IDIQTQDLNQRFQDPYVQIV—-——VDPLKSLED~«~KILR$GAERTIES 2131364/85-232
Padl Hs (9)VDINTQQSFEALSERAVAVV-~--VDPIQSVK----GKVVIDAFRLINA 1923256/30-165

D2013.7 Ce {14)VRVITEASARRESPPIVVLT----IDTTFSGDM--SKRMPVRAYLRSKA 3875376/14-154
c6.1A Hs (9)VDVRTQAMYQMMDQGFVGLIFSCFIEDKNTKT————GRVLYTCFQSIQA 461033/19-186

: ORF pd  (9)VDVHTHCSYQYLLQEATAVV-~—~ISPMANP-—= ==~~~ NFGIFRLTDP 2582351/266-393

: COP9-S6 Hs (5)SDIHVHKQVCEILIESPLFLK-~-~LNPMTKH-~--~ TDLPVSVFESVID 2360945/10-143

! Prp8 Sc  (9) SEVATHSKLFADKKRDC~—-—~~~ IDISIFS~~--TPGSVSLSAYNLTDE 464441/2178-2310

i aqlé9l Aa (9) FDLORAFPDLSYIIFSVQKG---KVASYRS- -~~~ WELKGDKFEEEEV 2984019/1-134

i s110864 Ssp {9)FDRAIAWPEYIYLIASGENG--~RFNTSREW---~- YLNEAGNFMEVDS 1652702/3-153

! gpl9 N15 (9)LDRKAQCDATLLEWHIVSWP-~-—= EGDLRTIQPRGELPLLERPFVLGHF 3192702/1-124

: orf248 Cb (9)EDQAQCNENKAPYTIIISWP-—---~ ELKIEQFLPTVDLPLVGRPFIYGVY 2950334/10-136
Rv1334 Mt (9)TDVKLATEPDAHYVLVSTRD--PHRHELRSY~-—--- RIVDGAVTEEPV 1722986/10-140
LtfpkK Yp (9)ADRAGCEATEVPWLILAVR---KNVEGDAPFHFSEMNVITPDGEEMPYL 2996362/1-122
AF2198 Af (9)EDLSLFTRFGKYHIIVCYP------ YDENSWK---CYNRKGEEVELEVV 2648331/1-118

: MTH971 Mth (9)ADLHFFSKNGLFHLIIAHP-~--—-- YTMETVA-~--AYTRNGDPVDFEVYV 2622070/21-143

; PHO451 Ph (9)GDLMFFSKFGGIHIIAAFP-—~-~- YDEDSVK---AFDSEGREVELEVI 256854/2-121

: PH1488 Ph (9)KDIKGMENWRIPWLIVSLKG----- DMKAFI-~-—=~ LRSNNEVEEVKI 3257912/32-161
2-structure eeece eeEEEEEEEEe eeeeEEEEEE
consensus B sh........ SePevecacenne h..h.....

Figure 2. (Legend shown on page 737)

may mediate attachment of the lysin to the target ~ (Bycroft et al., 1999). In eukaryotes, PKD domains

cell wall.

PKD domains (The International Polycystic
Kidney Disease Consortium, 1995; Sandford et al.,
1997) are found in proteins from all four comple-
tely sequenced archaeal genomes, but were not
detected in complete bacterial genomes (Bycroft
et al., 1999). However, the presence of these
domains in proteases and cellulases from bacteria
whose genomes are currently incomplete has led to
suggestions that these domains may have resulted
from a past horizontal transfer from animals

are currently restricted to mammals and birds.
This suggests that while it has been disseminated
by horizontal transfers in prokaryotes its origin in
eukaryotes is unclear.

An unexpected finding was that homologues of
von Willebrand factor type A (VWFA) domains are
widespread among prokaryotes, being present in
all four archaeal and eight of the 11 bacterial gen-
omes studied (Table 1 and Figure 2(c)). Conse-
quently, it is proposed that the YWFA domain was
already present in the last common ancestor of the



736 Evolution of Signalling Domains

()

MTHAS1L Mth RALYIIVLDTESEM-RLERKIKFAKTVSWLLLRDSYEK---~RNRIALIAFRG--~YEANLVVEP--~-TSNLETVEEALEG (5) RTPLTPALRLAAE-
MTHS55 Mth ...... MVDI] SﬁSl —————— FSDREKARRVKGLIERFIED (4 ) RORISVVGFRG---RDARVIIPSTA-HASSFRDAVESIRV-GGTTEPMAQGIQRGLE-
MJ0077 Mj CGDFVVCLD! SiS‘ - ~RGNKETWAKAIAL,CLMDISLKR -~ - ~-NKRYISILFDD- -~ ~GVRDIKIY~EKKVSFDEILEFASVF (3) GTNFEKPLREALKF
MJ0811 Mj KGPIIILLDHEGEM- - YGDREIWGKAVALSITETAKRE-~~~NRDIYYTAFDD- -~ -GVRFEKKI -NPETITFDEIIEIASL (4) GTNFIMPLNRAMS I

Rv2850c Mt GNLVIFVVDAEGEMAARDRMAAVSGATLSLERDAYQR - - -~ ~RDKVAVITFRQ- - ~ HEATLLLSPTS -SAHIAGRRLARFST-GGKTPLAEGLLAARA -
Rv1481 Mt RAVVMLVID {6) PSRMVAAQEAAKQFADELT P~ -~~~ GINLGLIAYAG-~-TATVLVS PTT-~-NREATKNALDKLQFA~DRTATGEAIFTALQA
BB0173 Bb GADIVIVLDIFPEM-GAVEFSSKNRLEF SKELIRGF ISQR-~ENDNIGLVAFAK~-~DASIVVPITT - -DREFFNKKLDDIYIMDLGNGSALGLGISIA-
BBO1l72 Bb KT.\RISFIFDI (8) INRLESARNMISLILSNFE--~~~~ NAEYSLTIFKG- - ~KSKLVLPFSK-~DKNSLNKMLNY IEP-DLISSPGSFLGDAVFS
£219 Ec RCPCILLLDVEGEM-NGRP INELNAGLVTFRDELLADPL (3 ) RVELGIVIEG-~-~~- PVHVEQPF~TSAANFFPPILFAQ-~-~GDTPHMGAATTKALDM
yEbK Ec ASNLVFLID S:‘§4 - ISDERLPLIQSSLKLLVKELRE-~-~— QDNIAIVTYAG- --~DSRIALPS (4 ) HKAEINAAIDSLDA~-~~EGSTNGGAGLELAY
yehP Ec QWOLVLL VDO - == ~VDSVIHSAVMAACLWQLP -~~~ ~ GIRTHLVAFDT~~=~SVVDLTA- - - -DVADPVELLMKVQLG-GGTNIASAVEYGRQL
5110103 Ssp PLNLCLVLDHS --DGQPLETVKSAALGLIDRLEE-~-~~ DDRLSVIAFDH--~-RAKIVIEN (4 )NGAAIAKAIERLKA-EGGTAIDEGLKLGIQR

51r1338 Ssp QRDYTLIIDKEGEM (5)KFQKSRWELVQESTLALARKCD (3 ) ANGITVYTFSG--~~KFRRYDNV-~ -NASKVEQIFQENEP-VGGTNLTAVLODALNN
slr0645 Ssp NRDYTLMIDKESEM(5) PNGPTRWEIAQASTIALAKKCE (3 ) SDGITVYLFSG- -~ ~RFRRYDNV-~~TAEKVAYT YANNEP~-MGRTDLAGALKDGLDN
ag345 Az ELIFELLMDISS KEEKILNALRSLILVSEVLDKL~~~~- KMEFS IKVENE~ -~ -NVYTLKDF-SEDYKVAKARIMDLLN (4) STDLSKALTVGVES
TP0246 Tp QIEVSEVVDN IM-NKEKIASAREALAVSHMLSLKDEG (13 } TTIHSEVYYFG---SSFIKVKSF (4) 8SKDFNSAQLIKASVY (7) GTNDAEVLKHILAD
TPO750 Tp PVDIFLMID 1>§‘m QEPGKFSSLERWVRDEFVSSMT IQ~ -~ ~GDWITVYQFYE- - ~~KPEELITL {6 ) DRDKIISVVDSIVPNGRYTDIGRALDTVWET
TP0020 Tp SADITVLLDTECHI - - LEYRSVVSGSVLKDIATRFVRL~ -~ -GDSFHITSFSATPRHEISQVIRS - ~EFDLSQVVSRFM----ILHQLGLYSDFLTALDF
YwmD Bs DTNVLVLF DGEGEMVQKTGGERK IDIAKKSVKSFAELLPK - - DINIMLRVPGH~ - ~AGNNKLSGKA-L8CSTTETIYGLHPY (13 ) PTGWTPTAKALAD
Yojo Bs DAVFPLLVDCEAEM- - - FDKMDETKRG I VLEHEALKSV- - - - AVPHQIVGFWE- ~ - ~-DTNDATEK - - ~$QPNYFNTVIPFQSSLRODSGPAIMOLEPEE
YLR106c Sc QYQIMIALDDEIKEM (5) VKLAFDSLCI-VSK’.(‘L’I‘QLE ~~~~~~ AGGLSIVKFGE~~~-NIKEVHSF---DQOFSNESGARAFQWFGFQETKTDVKKLVAE
102K Mm LLDLVFLLDGESRL -~ SEAEFEVLEAFVVDMMERLR IS - -QKWVRVAVVEYHD- - - -GSHAY IGLKDRKRPSELRRIASQVK (5) VASTSEVLKYTLFQ
1JLM Hs DSDIAFLIDGECEL -~ IPHDFRRMEEFVSTVMEQLKKS - - - ~KTLFSLMQYSE- -~ EFRIKFTFKE~FQNNPNPRSLVKPIT (4 ) RTHTATGIRKVVRE

2-structure EEEEEEEE HHHHHHHEHHHHHHHEH EEEEEEEE EEEEE HHHHHHHHH HHHHHHHHHRE
consensus/80% t..hhbhlD.SsSM..........p.h...hh.. ... ... . ... h.lh.a.......... h...... Devenenn )« P ssh..slt.sht.

MTH451 Mth (10)--TAVVIS RCNVF - - - - INSNLEEDMNMLETELRN-LNLLFVNAEP - -~~~ EKRSLGILEDMASR-~———~=====—= FGSEIFYLDDI 2621518/426-589
MTHS555 Mth (11)VPFMVILSPEGMPNVG---TGRDPKREAVEAASRLREEEIPSTVINFERGSR~~~~GGRDLNMEIALASGGSY -~ YDLEDLRDPSGAVAKIME 2621631/1-176
MJ0077 Mj VSLEFLEKIKEEKQRRKIKIYSICINT-~~-~KPTVSLRQISDVSVTI-~ -~~~ YELTSKTAEKVFDMLI 2495783/223-382
MJ0811T Mj - (8)NADILLITINGYREV----=~=~ NDVFLKEFDKFKNEYN—,AKLISVFVETF- - =PTETLKAISDEVIKV=~-—=-= YDLADEEARKIYKSIS 2496127/271-439
Rv2850c Mt PDPLGRSRTAAAGLVAEGARAVVVDCET ~ - ——~ -~ SYVRLGLARQLARQLGAP---VVRLEQLHADYLVHAVR 2078009/449-626
Rvi481 Mt PGKETMPT - ~-NPDNEKGAYTAARTAKDQG-VPISTISFGT~ - - - ==~ PYGFVEINDQRQPVP = == = o m = VDDETMKKVAQLS 2829558/96~274
BBO173 Bb DEIXKDQVINLAQGLN~-VKIYSIGIGSSE~----EFSVEFKLRSGKFYQGSF~-~--~ KEVYDPSMLVEISN 3915348/99-273
BB0172 Bb GENNYYRFSKFVNNLK~LESFUVGIGGSN-~ ~~ PVLFNONLS IKDKNGN - - - LVKTGINEENLLLLASSLK 2688068/105-269
£219 Ec ~FAFFSIGVQGAD- -~~~ MKTLAQESVRQPL~—~—~~~==~ PLOGLOFRELFSWLS 1788388/19-193
yEbK Ec VTLSTFGVGNSN~~—-~ YNEAMMVR IADVGNGN--~-YSYIDTLSEAQKVLNSEM 2495629/214-390C
yehP Ec - SVIILVSPEFYEG- === =m =~ GSSSLLTHQVKKC-VQSGIKVLGLAA~-~LDSTATPCYDRDTAQA~ -~~~ LVUNVGAQIAAMTPGELAS 465583/214-370
8110103 Ssp - (9)-SHIFLLTINGENEHG DNDRCLEKLGTVASDYK-LTVHTLGFGDHW- - - -NQDVLEATIAASAQGS - ~ - - - LSYIENPSEALHTFRQLF 2496792/41-212
s1r1338 Ssp (12)GETILVITGEPNDRRS--VFEIIIQASKCLDADEE--LAISFMQIGNDPS-~~ATKFLOALDDQLMEVGA-~~~-~~~ KFDIVDTVTFDEM 1653237/4-185
slr0645 Ssp (13)GETFLIITIEGEPTDRKA- -VIRLILEASQKIDRDEE--LAISLIQVGRDKK - - ~ATAFFQALDDQLQAAGA - ~====== KFDIVDTVIMEDM 1001637/8-191
aqg345s Aa BT {K-LPIVAIGVGEAT =~~~ HMVKEYEDKTGLS~~-~~~~---~ VEDISKLPSAFSF 2983035/444-612
TP0246 Tp X TMIFGPQIGLM -~ == SPEETALFHDVWNS~--—=~—=~===~ TEELGLLLGERLE 3322523/376~553
TP0750 Tp W --DMAVHDRVAHTAREL - - -~ ~~~==~ YRSIAAAHSKRPT 3323054/28-206
TPO020 Tp ~=~REQVRVFYIKLPF~ =~ = = m PQDIQIRDLDDNLI 3322275/37-203
YwmD Bs (12) KNVVYLITRGEETCGGD--PAAEIEKLRASNVDTIVN-IIGFNEDVKG- -~~~ NEEMKQAAVAGGGEYIS~=~~~~~~. ANSADEFEQAWEKE 1648854/29-218

Yoio Bs (21)QKFLIVFSPEGEPAAFGY~EQNGIVDTSEAVIEARKRG-XEVINVFLSN - - -SETEESQMKTIQDMYGKFSIF-VPDVDQLPDVLYPLLKKLL 2634331/465-656

YLR106c Sc TIQKLVRRARENKIML-VFVIIDGITSNE-S ILDMSQVNYIPDQYGNPQQKI’I‘KYLDTFPFEFYVVVHDI S 2132688/4702-4890
10AK Mm MSRNFVRYVQGLKKRK-VIVIPVGIGPHA- - - -NLKQIRLIEKQAPENKAFVLSSVDELEQQRDEIVSYLC 3891646/6-189
1ILM Hs I DPLGYEDVIPEADREG-VIRYVIGVGDAFRSEKSRQELNTIASKPPRDHVE - -~~~ QUNNFEALKTIONQL 1942623/6-186
2-structure EEEEEEEE HHHHHHHHHH  EEEEEEEE HHHHHHHHHH HHHHHHHHHHHHHHHH
consensus/80%. . ..., .111boDG. .P. vttt Peoveannn b..l....hh. oo, D e e hht...

(d)

Lys phigle KESKHYTL--KTAVKLE-TGASTS-SNVITTLPAGTTVKTDOAIIQG- ——=——=~ GYRWVRQPRFN--—~-~ GHGYLAT-GPSSNTL 1926389/320-387
Lys phiadh EYGTFITG---GAINLE-WGATTQ-SSITAQLPAGVEVKYDAWSRDQ-——~~~~ AGRVWLRQPRAN- ~ -~ ~ GYGYLV-~GRVGNEA 793850/246-312
Lys TP21 KESGTFTL~-NTTINLi-TAPFSN-APLIATLSKGQOVSYDGYGIEL~~— =~~~ DGHVWIRQPRAN- -~~~ GTYGYMAT-GESANGK 1865707/185-254
Lysosta Ss SESASFTEN--TDLIT); 126496/400-468
Alys Sa EESARFTNG-NQPT. 113675/398-466
ORF Sa KKAGNY¥TVANVKG) 551669/63-132
LytH Sa SGNITIT----ENAE 2580435/43~105
plyT™  phTw SATFKCTAR--QGT 2764981/387-455
Yral Bs YTVSTSSG-~-AP 3915545/55-129
YraJd Bs FTVSTSSG-~~APY o / 3915546/32-106
Y£hK Bs/1 SDTYIXKA---GKLNVj-TEPNHE- GDILG‘I‘VSSEQKVKVDRFVN ——————————— ADWAQIHFEK ~— =~~~ GKKAYISTHFLMKTA 2633180/42-105
Y£hK Bs/2 ; GUVKGYIH-TKDLQMR 2633180/112-172
YwsB Bs/1 GKTGFVSTHYIVKAA 1894756/47-111
YwsB Bs/2 GTTGYMK-TKDLHMT 1894756/118-177
Yrwg Bs/1 GEKGWVV-SWLITKE 2635222/29-91
Yrvd Bs/2 SATGWVS-SEYVTSG 2635222/102-163

Youd Bs/3 GV~~~ SSLNVig-ASASHD-AAT L TKLDRGTRLTIVLNEKN - - = === — =~ === AHIEVN =~ - ===~ GLKGWVASHYLLTSS 2635222/181-243
Yrvd Bs/4 2635222/258-320
LytD Bs s V 729969/630-700
Amia Ssp R VIGQDG = = = = e RLDY =~ === GGWIK-ADETRTL 1652701/323-290
slrll?78 Ssp LNV~ TEPDRE- SDSLAT INYNDEVVVLATQG= ==« ~ = === —— RLSG~—~~——~ GTEGWVRSGNLEKLP 1653914/90-153
8110776 Ssp I 1730583/437-505
P60 Ls 266726/78-142

BcnS cp/l PPNAVVRG-~ wm-;.y 1
BenS Cp/2 ATGEVINVQ--SFLNV)i-EGAGLY-TNS] GQLRQGNKVNIVAKNG
HypE Cp ATTYNVS- -~ -DF LNV ERGrTmsmmnnmsIm:Dwvns
cT017 Ct/1l PFTGEIKG——-NRVRL‘ ‘
CT017  Ct/2 VNV

114874/22-84
114874/573~-636
1075968/23-87
3328406/36-97
3328406/98-159

HP1250 Hp 2314420/129-192
BB0170 Bb 2688070/615~-678
YgiM Ec 1723885/23-89
YgiM Hi 1176108/23-87
40K Sm 280247/219-285
1GBR Mm EMK 999906/2-65
1SRL Gg 576283/2~-64
consensus/80%

Poly-P contacts

2-gtructure EEE EEEEE EEEEEE EEEEEE HHH

Figure 2. (Legend shown on page 737)
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(e)

F22D6.2 Ce IeKKRVGL- - TGF 3876242/130-170
F26F3 .4 Ce @ EFRRKLSAAQQTMHel 630616/276~-318
PVPR3 Pv VGL-~TGFR] 169363/78~118
ALQ21635 At GI--MGFK] 2827559/117-157
Anla X1 (@EVIeGKKTGLA-TSF 214866/633-674
Anl-like PbCv1l TGL--LG 2447096/12-52
PEM~-6 Cs SERKRLGL--TGFY[e] 4107017/143-183
YNL155w Sc MROLDFLi~—~-PFHES e 1730791/18-58
AFl1454 Af {SGKREYL—--PYQlel 2649115/224-264
AF1187 Af [GGKKVDL---PFR{ 2649403/4-44
AF1011 Af [ODVEGEEVTI - - -PFKe FOAE): R ; 2649584/66-106
consensus/80% C.hC.++hsl...sFpCp.CGphFCspHRbsppHsCsh.bc. ..

2-structure (PHD) eeee e

hhh

Figure 2. Multiple sequence alignments of previously undetected prokaryotic homologues of eukaryotic signalling
domams: (a) PR-1-domains; (b) PADI-domains; (c) vVWFA-domains; (d) SH3-domains; and (e) ANl-like Zn-finger
domains. Amino acid residues are coloured according to a 80 % consensus (calculated using http://www.bork.embl-
heidelberg.de/Alignment/consensus.html; N. Brown & J. Lai, unpublished results): + indicates positively charged
residues (H, K and R, coloured in green), —indicates negatively charged residues (D and E, coloured in green), a indi-
cates aromatic residues (F, H, W and Y, highlighted in yellow), b indicates big residues (E, F, I, K, L, M, Q, R, W and
Y, indicated in grey or yellow), ¢ indicates charged residues (D, E, H, X and R, coloured in green), h indicates hydro-
phobic residues (A, C, F, H, I, L, M, V, W and Y, highlighted in yellow), 1 indicates aliphatic residues (I, L and V,
highlighted in yellow), o indicates alcohol residues (S and T, coloured in pink), p indicates polar residues (D, E, H, K,
N, Q, R, S and T, coloured in dark blue), s indicates small residues (4, C, S, T, D, N, V, G and P, coloured in light
blue), u indicates tiny residues (A, G and S, coloured in light blue). Residues that are predicted to form disulphide
bridges (a), that co-ordinate Mn?* in vVWFA domains (c) and that are predicted to bind Zn** () are shown as white-
on-black. Experimental (Fernandez et al., 1997; Celikel et al., 1998; Wittekind et al., 1994) or predicted (Rost & Sander,
1993) secondary structures are indicated below the alignments, and GenBank identifiers and residue numbers are
shown following each alignment. Abbreviations: species: Aa, Aquifex acolicus; Af, Archaeoglobus fulgidus; At, Arabidop-
sis thaliana; Bb, Borrelia burgdorferi; Bs, Bacillus subtilis; Cb, Coxiella burnetii; Ce, Caenorhabditis elegans; Cp, Clostridium
perfringens; Cs, Ciona savignyi; Ct, Chlamydia trachomatis; Dd, Dictyostelium discoideum; Di, Dirofilaria immitis; Bc, Escher-
ichia coli; Gg, Gallus gallus; Hi, Haemophilus influenzae; Hp, Helicobacter pylori; Hs, Homo sapiens; Le, Lycopersicon esculen-
tum (tomato); Ls, Listeria welshimeri; Mj, Methanococcus jannaschii; Mm, Mus musculus; Mt, Mycobacterium tuberculosis;
Mth, Methanobacterium thermoautotrophicum; N15, bacteriophage N15; PbCV1, Paramecium bursaria chlorella virus 1;
Ph, Pyrococcus horikoshii; phTw, Staphylococcus phage Twort; Pv, Phaseolus vulgaris; Sa, Staphylococcus aureus; Sc, Sac-
charomyces cerevisiae; Scc, Schizophyllum commune; Sm, Streptococcus mutans; Sp, Schizosaccharomyces pombe; Ss, Staphylo-
coccus simulans; Ssp, Synechocystis sp.; Tp, Treponema pallidum; Vv, Vespula vidua; X1, Xenopus laevis; and, Yp, Yersinia
pestis. Other abbreviations: AG5, venom allergen antigen Ves vi 5; Alys, autolysin; eIF3, eukaryotic initiation factor 3;
Glip, Glioma pathogenesis-related protein; JAB, Jun activation domain binding protein; LtfpK, lambda tail fiber pro-
tein K; Lys, lysin; Lysosta, lysostaphin; LytH, N-acetylmuramoyl-L-alanine amidase; Prp8, Pre-mRNA splicing factor;
PRS12, 26 S proteasome regulatory subunit S12.

three divisions of cellular life. Archaeal and bac-
terial VWFA homologs were detected using the
PSI-BLAST profile and investigated in additional
detail. For example, a search with the C-terminal
region (residues 371-676) of Synechocystis PCC6803
ChlD (gi 3913253) as query revealed significant
similarity with the vYWFA domain of porcine inter-
a-trypsin inhibitor heavy chain (gi 3024051), with
E =1 x 10~3. The majority of prokaryotic vVWFA
domains show conservation of aspartic acid and
serine residues known from structures of eukary-
otic vVWFA domains to interact with divalent cat-
jons (e.g. Aspl56, Ser158, Serl60 and Asp258 of
human CD11b; Figure 2(c)). This suggests that
these domains also bind divalent cations.

von Willebrand factor is an adhesive multi-
domain glycoprotein, present in mammals, that
mediates platelet adhesion to the injured vascular
subendothelium vig the first and third of its four
VWEFA domains (reviewed by Sadler, 1989). vWFA

domains have also been recognized in a variety of
other metazoan proteins, including collagens and
integrin o-subunits, and much has been made of
metal ion-dependent adhesion sites (MIDAS) pre-
sent in a subset of VWFA domains that mediate
ligand-binding events (Baldwin ef al., 1998). ,
The functions of the majority of prokaryotic
vWFA homologues remain unknown. However,
the data on two functionally characterized bacterial
vWFA domain homologues suggest that the metal
ion and/or protein-binding functions of prokaryo-
tic VWFA domains may be similar to those of their
eukaryotic homologues. Specifically, the terY pro-
tein of IncHI2 plasmid R478 assists in protecting
E. coli from the toxic effects of heavy metals
(Whelan et al., 1997) and hence might bind metal
ions. The YWFA domain-containing D subunit of
the enzyme magnesium-protoporphyrin IX chela-
tase inferacts with the enzyme’s I subunit in a
Mg?+-dependent manner (Jensen ef al., 1998). How-
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ever, the diverse cellular functions of eukaryotic
vWFA domains, including membrane trafficking
regulation (Creutz et al, 1998), intracellular pro-
teolysis and transcription regulation (it is present
in the S5a and p44 subunits of the 26 S proteasome
and TFIIH complexes, respectively; Aravind &
Ponting, 1998), suggest that the functions of the
vWFA domains in prokaryotes are likely also to be
variable. This notion is supported by contrasting
domain architectures and cellular localisations of
prokaryotic VWFA domain-containing proteins.
For example, E. coli b2073 and Synechocystis sp.
slr0645 and slr1338, and M. thermoautotrophicum
MTHS555 contain only vVWFA domains; B. subtilis
ywmC and ywmD, E. coli yfbK and T. pallidum
TP0750 are predicted to be secreted vWFA
domains; M. tuberculosis Rv1481, and B. burgdorferi
BB0172 and BB0173 are predicted to contain three
transmembrane regions and a VWFA domain; and,
Chll/Bchl magnesium chelatase subunits contain a
AAA ATPase domain (Neuwald et al., 1999) and a
vWFA domain.

Phyletic distributions of non-enzymatic
signalling domains: domains specific to
eukaryota and bacteria, but not archaea

Detection of past horizontal gene transfer events
relies on the examination of the phyletic distri-
bution of a given family of orthologous genes
(domains) and/or on observation of significant
differences between the topology of the phyloge-
netic tree for the family and that of the organismal
tree. Whenever a given domain is common and
present in a variety of different contexts in one div-
ision (in the context of the present work, that of
the eukaryotes) but shows a sporadic distribution
without a significant diversity in another division
(e.g. bacteria), a case for horizontal transfer may
exist. Counter-arguments might be advanced that
such cases arise primarily from multiple gene
deletions in diverse organisms. As the volume of
sequence data from diverse organisms increases, it
is becoming increasingly possible to construct most
parsimonious evolutionary scenarios for individual
gene (domain) families that account for the contri-
butions of both horizontal gene transfer and line-
age-specific gene loss (Koonin et al., 1997; Aravind
et al., 1998, 1999a; Wolf et al., 1999b; Doolittle &
Logsdon, 1998, Doolittle, 1998, Woese, 1998;
Lawrence & Ochman, 1998).

The observed phyletic distribution of signalling
domains (Table 1) strongly suggests horizontal
transfer of genes from eukaryotic genome donors
to bacterial genome acceptors as the most likely
evolutionary route for a number of domains.
Together with the aforementioned arguments for
this phenomenon for members of the phospho-
lipase C, cyclase and Sec7 domain families, the
following were detected and are proposed here to
be results of horizontal gene transfers: leucine-rich
repeat proteins in E. coli (b1471) and in T. pallidum
(TpLRR), a SET domain (Suvar3-9, enhancer-of-

zeste, trithorax (Tschiersch et al., 1994)) protein in
C. trachomatis (CT737), two SWIB domain (SWI
complex, BAF60b domains (Wang et al., 1996)) pro-
teins in C. trachomatis (topA and CT460), and toll-
interleukin-1-resistance (TIR) domain (Whitham
et al., 1994) proteins in B. subtilis (yddK), Synecho-
cystis sp. (slr0658), Rhizobium sp. NGR234 (Y4LF)
and Streptomyces coelicor (SC6A9.25, SC6A9.38 and
SC7H1.23).

We also observed that tandem repeats present in
bacterial NHL (NCL-1, HT2A, LIN-41) domains
(Slack & Ruvkun, 1998) are homologues of the
YWTD repeat family of proposed B-propeller
domains that are widespread in eukaryotic extra-
cellular proteins (Springer, 1998). Among bacteria,
these repeats are restricted to human pathogens
(Slack & Ruvkun, 1998), which suggests that they
have been acquired via horizontal gene transfer
from their eukaryotic host. It is particularly striking
that none of these domain families that have
apparently been transferred from eukaryotes to
bacteria was detected in known archaeal
sequences.

The lineage of Synechocystis PCC6803 appears to
be particularly acquisitive of eukaryotic-type
domains, since this cyanobacterial genome (Kaneko
et al, 1996) was found to contain considerably
more proteins containing such domains than any
other prokaryote. The present analysis added sev-
eral new domains to the list of likely horizontal
transfers from eukaryotes in Synechocystis. The
domain repertoire of this organism include a TIR
domain (as above), EF-hands (talB), cadherin
repeats (slr2046), ankyrin repeats (slr1109), fasci-
clin-like domains (s111483 and sll1735), a bulb-type
lectin domain (slr1028), integrin o and P4-subunit
domains (slr1403, slr0408 and sIrl028; May &
Ponting, 1999) and WD40 repeat-containing B-pro-
pellers (sll0163, slr0143, slli491, slr1410, slr0439
and slr1409; Dagnall & Saier, 1997; Bedu & Joset,
1997; Zhang et al., 1998). ). Sequence similarities of
these domains to eukaryotic homologues are con-
siderable, indicating that these are relatively recent
acquisitions to this cyanobacterium’s lineage. The
predominance of eukaryotic signalling domains in
its proteome suggests an intimate symbiotic associ-
ation with a eukaryotic host some time in the evol-
utionary history of this cyanobacterium.

The proposition that horizontal gene transfer,
distinct from the influx of mitochondrial and chloro-
plast genes into the nuclear genome, has occurred
between the bacterial and eukaryotic lineages is
not new. Of the non-enzymatic domains or repeats
considered here bacterial ankyrin repeats (Bork,
1993), discoidin-like domains (Baumgartner et al,,
1998), and fibronectin type 3 domains (Little et al.,
1994) had been proposed as having arisen from
horizontal transfer events from eukaryotic
genomes. Conversely, eukaryotic AP-ATPases
have been proposed as having been transferred
from bacteria but not from the organelles (Aravind
et al., 1999b). Although previously proposed as
having arisen from vertical transfer only (Bateman
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et al., 1996), at least some of the bacterial immuno-
globulin (IG)-like domains are also likely to have
arisen from horizontal gene transfer from eukarya,
since they are considerably more similar to eukary-
otic IG domains than they are to any other prokar-
yotic sequence. For example, two rounds of PSI-
BLAST (Altschul et al., 1997) with the two IG
domains of Cellulomonas fimi cellulase C (amino
acid residues 918-1101) as query, retrieved 499
eukaryotic IG homologues and no other bacterial
homologues with an E-value threshold of 0.001.
No IG domains were identified in complete
prokaryotic genomes.

It is evident from this study that considerable
numbers of bacterial genes have been acquired
from eukaryotic sources via horizontal gene trans-
fer. Given that the examples discussed here are
only those supported by clean-cut sequence-based
evidence, it is likely that many more such instances
have occurred that are less evident from sequence
information.

Non-enzymatic signalling domains specific to
eukaryota and bacteria, but not archaea: the
case of bacterial lysis proteins and

SH3 domains

Src homology 3 (SH3) domains are widespread
among metazoan intracellular signalling proteins
and typically bind proline-rich polypeptides
(Mayer & Eck, 1995). The search protocol using
PSI-BLAST-constructed profiles for eukaryotic SH3
domains (see Methods) detected several bacterial
proteins containing homologues of these domains
(Figures 2(d) and 3). A reverse PSI-BLAST search
of the non-redundant sequence database with
B. subtilis YfhK (gi 2804541) as query revealed sig-
nificant similarities with eukaryotic SH3 domains
using an E-value inclusion threshold of 0.01.
Although this threshold was greater than that
applied elsewhere for this project, a HMMER2
search with a HMM calculated from a multiple
alignment of bacterial SH3 domain sequences also
detected significant similarity to a eukaryotic SH3
domain of known structure (mouse Grb2, N-term-
inal domain; Wittekind et al., 1994), among others,
with significance (E = 8.3 x 107°%). After submission
of the manuscript, SH3 domains were predicted
independently in a subset of prokaryotic proteins
presented here (Whisstock & Lesk, 1999).

A subset of bacterial proteins that contain the
newly detected SH3 domains also contains cell
lytic enzymatic domains, such as a lysozyme
homologous domain in B. subtilis LytD (Figure 3).
Consequently these are predicted to be cell lysins
that function during pathogen-host interaction or
at completion of cell division. One of such SH3
domain-containing lysins is Staphylococcus simulans
lysostaphin that cleaves peptidoglycans of target
S. aureus cells. A 92 residue C-terminal portion of
S. simulans lysostaphin that entirely encompasses
its predicted SH3 domain is known to mediate the
binding of lysostaphin to the S. aureus cell wall

Bacillus subtilis
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Figure 3. The domain architectures of representative
bacterial proteins that contain previously undetected
prokaryotic homologues of eukaryotic SH3 domains.

(Baba & Schneewind, 1996). Consequently it is pre-
dicted that other bacterial SH3 domains possess
similar functions. Whether the binding ligand for
these domains is similar to the proline-rich ligands
of eukaryotic SH3s deserves further experimental
investigation. The presence of a well-conserved
arginine residue (highlighted in Figure 2(e)) in bac-
terial SH3 domains, that is less well conserved
among eukaryotic SH3s, argues for a function of
bacterial homologues that differs from their
eukaryotic counterparts. The known sequences of
neither archaea nor plants possess detectable SH3
domain homologues. This distribution suggests an
early horizontal gene transfer between eukaryota
and bacteria, although the direction of transfer is
unclear.

Synechocystis PCC6803 protein sll0776  (gi
1006577) contains a C-terminal SH3 domain pre-
ceded by a Pkn2-type (Leonard et al., 1998) protein
kinase (Figure 3). Since bacterial Pkn2-type kinases
seem to have arisen from horizontal gene transfer
from eukaryota to bacteria (Leonard et al., 1998),
this protein appears to contain two distinct
domains that have each undergone horizontal gene
transfer between bacterial and eukaryotic div-
isions. However, since there are no known
examples of eukaryotic proteins with Pkn2-type
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kinase domains followed by C-terminal SH3
domains, it is unlikely that these horizontal trans-
fer events were concurrent.

Several of the bacterial SH3 domain-containing
proteins also contain a repeat motif noted to be
present in bacterial lysins (Birkeland, 1994); these
are denoted LysM in Table 1 and Figure 3.
HMMER?2 searches of current databases with a
multiple alignment of LysM repeats demonstrated
significant similarities to repeats in C. elegans and
Kluyveromyces lactis chitinases. The K. lactis protein
is known to contain subunits of a killer toxin that
inhibits growth of sensitive yeast cells (Stark &
Boyd, 1986). In common with many other extra-
cellular eukaryotic homologues of intracellular pro-
karyotic domains (see above), the yeast and worm
repeats contain conserved cysteine residues, indica-
tive of disulphide bridges where their bacterial
counterparts contain none.

Phyletic distributions of non-enzymatic
signalling domains: domains specific to
eukaryota and archaea, but not bacteria

Since eukaryotic to bacterial horizontal gene
transfer has apparently been so widespread, it was
unexpected that only a single possible example of
horizontal transfer from eukarya to archaea was
detected in this study (Figure 1). This example
relates to a putative zinc-chelating domain, distinct
from other Zn fingers, contained in the ubiquitin-
like fusion protein AN1 (Linnen et al., 1993) in meta-
zoa, plants and fungi. We found that this domain is
also present in three proteins (AF1011, AF1187 and

C. trachomatis

R. prowazekii

AF1454) of the archaeon A. fulgidus but not in any
other prokaryote (Figure 2(e)). The reasons for the
lack of such cases may relate to the fact that all cur-
rently available complete archaeal genomes are
from extreme thermophiles that have limited con-
tact with eukaryotes in the environs where they
thrive. A recent comprehensive analysis of the evol-
utionary patterns for these archaeal species revealed
very few instances of apparent horizontal transfer
from eukaryotes (Makarova et al., 1999b). Sequen-
cing of genomes from mesophylic archaea, particu-
larly symbiotic ones, such as Cenarchaeum
symbiosum, is eagerly awaited. Analysis of these
genomes is expected to resolve whether the current
near absence of detectable cases of horizontal trans-
fer from eukaryotes to archaea is due to the extreme
lifestyle of the currently studied archaea, or
whether there are fundamental reasons precluding
such evolutionary events.

Concluding remarks: evolutionary
interpretation of the phyletic distribution of
eukaryotic-type signalling domains

In terms of their phyletic distribution and likely
evolutionary routes, eukaryotic signalling domains
can be classified into three groups: (i) those of uni-
versal provenance; (ii) those found only in two of
the divisions of life, typically eukaryotes and bac-
teria; and (ii) those detectable only in eukaryotes
(Table 1 and Figure 1). Figure 4 summarises, in a
schematic form, our current ideas of the history of
these domains. Among the universally distributed
domains, some, in particular the PDZ, CBS, vVWFA,

A. fulgidus

|
i

Figure 4. Schematic representation of proposed evolutionary histories of selected signalling domains. Blue arrows
indicate proposed horizontal gene transfer events, and the red arrow represents gene acquisition from mitochondrial
endosymbiosis. Domains represented within the green oval are suggested to have been present in the last common
ancestor of archaea, eukaryota and bacteria. The directions of proposed horizontal transfers of lysozyme, LysM, LRR
and cyclase domains between eukaryotes and bacteria are not apparent from our analyses.
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Padl-like and PR-1 domains and the TPR motifs,
are likely to have emerged in the common ancestor
of all life forms. Notably, although conservation of
domain architectures of signalling proteins across
divisions is not typical, some distinct arrangements
containing these universal domains, such as the
combination of PDZ domains with the S2P pro-
tease domain, are represented in all three divisions.

The domains that are present in only two of the
divisions, typically eukaryotes and bacteria, are
likely to have evolved by lateral dissemination
(Figure 4) unless there has been a very early gene
loss in the third division (archaea). Comparisons of
the phyletic distributions of the given domain in
eukaryotes and in bacteria enables one to deter-
mine which of these two evolutionary scenarios is
the more likely for each particular case. In a num-
ber of cases, such as, for example, those of the bulb
lectin, integrin domains, SET, SWIB, Sec-7, WD40
and YWTD repeat-containing domains, the pre-
sence of the signalling domain in bacteria appears
to be a result of a direct horizontal transfer from a
eukaryote. This conclusion is supported by the
finding that these domains are found in a single
bacterial group, being otherwise uniquely eukary-
otic. Furthermore, the bacteria, in which these
domains have been detected, such as Chlamydiae,
Rickettsiae and Synechocystis, are in an intimate con-
tact with the host eukaryote as a part of their para-
sitic life cycle or as the result of symbiosis, thereby
providing ample opportunity for horizontal gene
transfer to occur. Other domains, such as the classi-
cal signalling enzymes, PKN2-type kinases and
adenylyl cyclases, may be cases of ancient horizon-
tal transfer from the eukaryotes which have under-
gone further dispersal by means of inter-
prokaryotic transfers. Interestingly, FHA domains
that bind phosphorylated proteins occur only in
those genomes which also encode eukaryote-type
PKN-2 kinases. This suggests that these two
domains have been disseminated in a co-ordinated
manner by horizontal transfer during bacterial
evolution.

The most puzzling group of signalling
domains are those that occur only in two of the
divisions of life, namely bacteria and eukaryotes,
and are ubiquitous or at least very common in
each division. These include the SH3, TIR and
BRCT domain families. The most parsimonious
explanation in these cases may be a single
ancient horizontal transfer between the two div-
isions. In particular, it seems possible that these
domains originally have evolved in bacteria,
have been transferred to eukaryotes as a result
of the mitochondrial endosymbiosis and sub-
sequently have wundergone major expansions
during the evolution of the eukaryotes. How-
ever, the alternative model of an origin in the
last common ancestor, with a loss at the base of
the archaeal lineage, cannot be ruled out for
these domains. One interesting feature of the dis-
tribution of “eukaryotic signalling domains” in
bacteria is their preponderance in organisms

with a multi-stage developmental cycle, such
as the mycobacteria, the cyanobacteria and
chlamydia, as against those with simple develop-
mental cycles such as E.coli. This suggests
that just as with eukaryotes these proteins
have been recruited to participate in complex
signalling events that are characteristic of
development.

Analysis of “eukaryotic” signalling domains in
prokaryotes is of major interest for understand-
ing their evolution and their role in different
aspects of bacterial physiology, including patho-
genicity. It appears that the currently available
20 or so complete prokaryotic genomes contain
sufficient information to define the principal con-
served protein families involved in essential cel-
lular functions. The situation with signalling
domains is quite different in that further increase
in the diversity of the collection of sequenced
genomes is expected to significantly extend our
understanding of their functions and fates in
evolution.

Methods

Databases

Twelve complete bacterial genomes (namely, those of
Agquifex aeolicus, Bacillus subtilis, Borrelia burgdorferi, Chla-
mydia trachomatis, Escherichia coli, Haemophilus influenzae,
Helicobacter pylori, Mycoplasma genitalium, Mycoplasma
preumonine, Mycobacterium  tuberculosis, Synechocystis
PCC6803 and Treponema pallidum), four complete archae-
al genomes (Archacoglobus fulgidus, Methanobacterium
thermoautotrophicum, Methanococcus jannaschii and Pyro-
coccus horikoshii) and two complete eukaryotic genomes
(Caenorhabditis elegans and Saccharomyces cerevisiae) were
investigated.

Sequence data for all genomes were acquired
from  the GenBank  database  vig Entrez
(http:/ /www.ncbinlm.nih.gov/Entrez/Genome /org.html).
A total of 205 previously prepared multiple alignments
of intracellular and extracellular signalling domains
were acquired from the SMART tool and database
(http:/ /coot.embl-heidelberg.de/SMART/: Schultz et al.,
1998; Ponting et al., 1999). Information concerning acro-
nyms, phyletic distributions, known structures and links
to literature information is available from the SMART
Web site. Other multiple alignments, namely those of
papain and adenoviral-type cysteine proteases, transglu-
taminase, kelch, TIR, NIB, MATH, SET, AP-ATPase,
BRCT, Padl, LysM, fasciclin-like, SWIB, Sell-like and
metalloprotease domains, were prepared de novo (C.P.P,,
L.A., ]S, P.B. & E.V.K, unpublished results), or were
brought up-to-date from previously published align-
ments. Multiple alignments were “seeded” to remove
one of each pair of sequences that were greater than
either 67 % or approximately 80 % identical (for details
see Schultz et al. (1998)). Searches against all existing
sequence data employed the non-redundant database
available from the National Center for Biotechnology
Information (ftp:/ /ncbinlm.nih.gov /blast/db).
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Sequence analysis

Sequences were considered homologues if one or both
of the following two methods provided evidence for sig-
nificant similarities in sequence. The position-specific
iterative BLAST (PSI-BLAST) method (Altschul et al.,
1997) was used primarily, whereas the Hidden Markov
mode] (HMM) database searching algorithm of
HMMER?2 (http:/ /hmmer.wustl.edu/) was of particular
use in identifying homologues containing multiple
repeats. All sequences in SMART alignments were
extracted and used as queries in PSI-BLAST searches.
Typically, a maximum of eight iterations and an E-value
inclusion threshold of 0.001 were used, and no sequence
filters (such as those for regions of biased composition
(Wootton & Federhen, 1996) or coiled-coil domains
(Lupas et al., 1991)) were applied. These parameters are
similar to those used elsewhere that were found to
achieve optimal low rates of false positive predictions
(Park et al., 1998). The resulting PSI-BLAST output was
inspected for the inclusion of false positive sequences
and for the detection of true positive sequences from
prokaryotic organisms. Such assessments were assisted
by the use of the taxonomy analysis procedures of
SEALS (Walker & Koonin, 1997). Prediction of true posi-
tive versus false positive sequences made use of recipro-
cal PSI-BLAST and HMMER?2 searches, and visual
inspection for the conservation of signature motifs,
characteristic of individual domains.

The identities and numbers of proteins containing
domains or repeats from a particular homologous family
were acquired using PSI-BLAST and HMMER?2 database
searches. PSI-BLAST searches of complete genome
sequences employed profiles, derived from verified mul-
tiple alignments of sequences identified from the non-
redundant sequence database with E-values <0.001
within eight iterations. These profiles were saved and
used to search the protein sets from complete genomes
(Wolf et al., 1999a). HMMER?2 searches of complete gen-
omes used a HMM derived from verified multiple align-
ments and calculated using default parameters.
Sequences identified with E-values <103 (PSI-BLAST) or
E-values <10~2 (HMMER?2) were considered to represent
true  homologues.  Sequences  identified  with
103 < E<10™" (PSI-BLAST) or 1072 < E <10 (HMMER?2)
were further investigated using reciprocal PSI-BLAST
searches. Of these, only sequences that were predicted
with significance (PSI-BLAST E < 107%) were deemed to
be homologues. Detection of short repeats, such as tetra-
tricopeptide repeats (TPRs) or leucine-rich repeats
(LRRs), was straight-forward using HMMER?, since this
method employs a heuristic procedure that estimates a
single E-value from one or more alignments within the
same sequence (S.R. Eddy, unpublished; http://hmmer.
wustl.edu/). Homologues were predicted from sequence
analysis only, without recourse to analyses of structural
data.

The necessity of using E-value thresholds in this study
to reduce the numbers of false positives has the conse-
quence that the numbers of proteins containing a par-
ticular domain or repeat represented in complete
genomes are likely to be underestimates. Indeed,
sequence-based methods are expected to identify only
the minority of true homologues (Park et al., 1998).
Additionally, individual domain families may be ident-
ified as divergent representatives of a larger set of
families (e.g. see Beckmann et al., 1998). It is anticipated
that improved analytical methods (Huynen et al., 1998;
Wolf et al., 1999a,b) and the results of structural geno-

mics projects (Rost, 1998) will continue to identify diver-
gent homologues with the consequence that the number
of distinct domain families will diminish (Aravind et al.,
1996b; Bork et al., 1997Db).
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