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This paper presents and discusses evidence
suggesting how the diversity of domain folds in
existence today might have evolved from peptide
ancestors. We apply a structure similarity detec-
tion method to detect instances where localized
regions of different protein folds contain highly
similar sequences and structures. Results of
performing an all-on-all comparison of known
structures are described and compared with
other recently published findings. The numerous
instances of local sequence and structure similar-
ities within different protein folds, together with
evidence from proteins containing sequence and
structure repeats, argues in favor of the evolution
of modern single polypeptide domains from an-
cient short peptide ancestors (antecedent domain
segments (ADSs)). In this model, ancient protein
structures were formed by self-assembling aggre-
gates of short polypeptides. Subsequently, and
perhaps concomitantly with the evolution of
higher fidelity DNA replication and repair sys-
tems, single polypeptide domains arose from the
fusion of ADSs genes. Thus modern protein do-
mains may have a polyphyletic origin. o 2001
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INTRODUCTION

[Empedocles, ca. 440 BC] had a theory (somewhat fantas-
tic, it must be admitted) of evolution and the survival of
the fittest. Originally, “countless tribes of mortal crea-
tures were scattered abroad endowed with all manner of
forms, a wonder to behold.” There were heads without
necks, arms without shoulders, eyes without foreheads,
solitary limbs seeking for union. These things joined to-
gether as each might chance; there were shambling crea-
tures with countless hands, creatures with faces and
breasts looking in different directions, creatures with the
bodies of oxen and the faces of men, and others with the
faces of oxen and the bodies of men. There were hermaph-
rodites combining the natures of men and women, but
sterile. In the end, only certain forms survived. (Bertrand
Russell, A History of Western Philosophy)

Proteins and their associated functions have
evolved as a consequence of inherited alterations to
genes. Thus, the huge spectrum of proteins observ-
able today has its roots in genetic events operating
on a set of ancestral genes, similar to the near end-
less complexity of language resulting from the oper-
ation of a set of grammatical rules on a limited
vocabulary (e.g., Searls, 1997).

A major genetic event in the evolution of the pro-
tein world is duplication, whereby the whole or a
part of a genome is duplicated by diverse means
(Ohno, 1970). Intragenomic duplication is thought to
have occurred on numerous occasions throughout
evolution. These duplications have left their mark
on the human genome as large-scale inter- and
intrachromosomal similarities and as smaller scale
DNA repeats (International Human Genome Se-
quencing Consortium, 2001). A related genetic event
is lateral transfer, in which organisms (particularly
prokaryotes) acquire parts of the genomes of other
organisms (e.g., Ruepp et al., 2000; Nelson et al.,

1047-8477/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



192 LUPAS, PONTING, AND RUSSELL

1999; Ponting et al., 1999), frequently resulting in
“imperfect duplications” of parts of the host genome.
(Lateral transfer between organisms of the same
species is called conjugation and represents the ma-
jor sexual event in bacteria). A third genetic event in
this class is the acquisition of genes by infection with
viruses, plasmids, or other mobile genetic elements.

The gene complement of an organism, whether
resulting from inheritance, duplication, lateral
transfer, or infection, is constantly subjected to the
most frequent of genetic events shaping protein evo-
lution: point mutations and insertions and deletions
(indels). These accumulate through random drift
and natural selection (the “genetic clock”), leading to
a gradual divergence of initially identical gene cop-
ies (called homologs, because they originated from
the same ancestor). Where such divergence occurs
between genes in different organisms (orthologs) it
generally reflects the result of random drift, the two
genes being under selective pressure to maintain the
ancestral line. Where such divergence occurs be-
tween duplicated genes in the same organism, how-
ever, it generally reflects the adaptation of individ-
ual copies to separate (but frequently related)
functions, resulting in the formation of paralogs.
Such paralogy can occasionally lead to protein fam-
ilies with hundreds of members in the same organ-
ism, as seen, for example, in human G-protein-cou-
pled receptors (Horn et al., 2001). The diversity of
paralogous families is further enhanced by recombi-
nation, resulting in chimeric forms with novel prop-
erties.

Gene fusion, often after a gene duplication event,
also plays a major role in generating protein vari-
ants, as does the duplication of a gene portion en-
coding a single domain by unequal recombination
(International Human Genome Sequencing Consor-
tium, 2001). In extreme cases, these two types of
genetic events result in the formation of gigantic
proteins with hundreds of related domains, such as
in the muscle proteins titin and nebulin. In terms of
complexity, these two types of events are likely to
have generated most functional innovation. Thus,
although humans contain only about twice as many
genes as fruit flies, the complexity of human pro-
teins in terms of domain composition is substan-
tially larger, helping to explain the difference in
complexity between the two organisms.

These genetic events explain the likely origin of
paralogous and multidomain proteins from an an-
cestral “vocabulary” of protein domains but do not
address the more fundamental question of how the
domains themselves, the building blocks of all pro-
teins, arose. Protein domains are compact polypep-
tide structures, generally organized around a clearly
recognizable hydrophobic core and associated with a

specific function or activity. It is clear that they
adopt only a limited number of folds (e.g., Chothia,
1991; Orengo et al., 1994), yet it is unclear whether
each fold originated just once (and propagated via
divergent evolution) or on multiple occasions (con-
vergent evolution of structures). It is equally unclear
whether some seemingly different folds share a com-
mon ancestor or whether each arose separately in
evolution. Certainly it has been recognized that
some genetic events can lead to fundamental
changes in the structure of protein domains whose
genes are affected (e.g., Grishin, 2001b).

Foremost among these events is circular permu-
tation, which presumably occurs by gene duplica-
tion, fusion, and partial deletion (e.g., Ponting and
Russell, 1998) and which can lead to substantial
changes in the topology of a protein fold. Evidence
for past intragene duplications causing short repe-
titions within proteins and giving rise to new struc-
tural variants is also compelling (Andrade et al.,
2001; Kajava, 2001). Finally, illegitimate recombina-
tion, occurring between unrelated genes, also leads
to new folds where the recombined parts prove
structurally compatible. But one need not always
look to such major events: indels, recognized as a
major force in protein divergence, can lead to sub-
stantial and dramatic alterations of structure (e.g.,
Russell, 1994), such that some contemporary homo-
logues do indeed appear to possess different folds
(Grishin, 2001b).

This article discusses evidence that hints at the
evolutionary origins of domains by considering the
occurrence of structurally (and sometimes function-
ally) similar elements in seemingly different folds.
These findings are only now coming to light as avail-
able sequence and structure data increase and as
the sensitivity of protein sequence comparison
methods improve. Consequently, it is only now that
some very ancient genetic events are beginning to be
detected. The findings discussed here suggest that
domains in contemporary proteins may differ in two
key respects from their ancient structural counter-
parts. First, where the structures of modern do-
mains are single-chain, their ancient counterparts
may have been oligomeric, formed from a conglom-
erate of short polypeptides. Second, it is possible
that modern domains may be related not from a
single evolutionary gene lineage, but rather from
several. In other words, modern domains may not be
monophyletic.

ON THE DETECTION OF MOTIFS THAT ARE
SIMILAR IN SEQUENCE AND/OR STRUCTURE

The common ancestry (homology) of protein do-
mains is usually inferred from similarities in se-
quence and/or structure, but often remains conten-
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tious since arguments are derived from present-day
specimens, not from the fossil record. Advances in
our ability to sequence DNA pieces from fossil sam-
ples (e.g., Pabo, 1993; Golenberg et al., 1990) and to
revive dormant spores, sometimes hundreds of mil-
lions of years old (Vreeland et al., 2000), may help to
change this in the future, but it should be recognized
that many of the evolutionary events leading to the
protein domains observable today occurred prior to
the Last Common Ancestor and are thus well out-
side the reach of existing (or indeed imaginable)
paleontological methods. In the foreseeable future
the reconstruction of ancient events in protein evo-
lution will therefore continue to be dependent on the
analysis of similarities in sequence and structure.

Sequence-based methods for detecting potentially
homologous proteins currently center on the use of
the position-specific and iterative version of BLAST,
PSI-BLAST (Altschul et al., 1997). This algorithm
provides robust confidence estimates for the biolog-
ical relevance of protein sequence similarities. Use
of PSI-BLAST, often simultaneously with other da-
tabase search tools such as HMMER (hmmer.
wustl.edu), has generated many predictions of evo-
lutionary and structural similarities that later have
been borne out by experiment.

It is also possible to infer a common ancestor by
comparison of protein three-dimensional structures.
It is well known that proteins can adopt similar
structures in the absence of significant sequence
identity. However, structure similarity alone is not
necessarily sufficient to say confidently that two pro-
teins share a common ancestor, since it is still un-
clear whether convergence has produced similar
structures multiple times. Accordingly a number of
methods have been developed which assess whether
a structural similarity is likely to indicate a common
evolutionary origin. Methods have considered un-
usual structural features (e.g., Murzin, 1995), struc-
tural similarity (e.g., Matsuo and Bryant, 1999),
similarities in molecular function (particularly ac-
tive sites), the degree of sequence similarity seen
within a structure-based sequence alignment (Mur-
zin, 1993; Russell et al., 1997), or a combination of
features (Holm and Sander, 1997).

Other methods focus not on similarity across en-
tire domains, but on localized regions of sequence
and/or structure. These studies have investigated
both similar folds whose evolutionary relationships
remain ambiguous and also different folds that
might have evolved similar localized structures by
convergence. Swindells (1993, 1994) exploited the
fact that glycine frequently occupies normally for-
bidden parts of the Ramachandran ¢/¢ space to de-
velop a method that can search for loop conforma-
tions using the main-chain dihedral angles. This

lead to a functional classification of «f doubly
wound nucleotide binding topologies and a previ-
ously unnoted functional similarity between the fla-
vin mononucleotide and pyridoxal phosphate bind-
ing sites of flavodoxin and tryptophan synthetase
(despite no other similarity in sequence or struc-
ture).

Russell (1998) performed an all-against-all com-
parison of known structures searching for common
protein 3D? side-chain patterns within different pro-
tein folds. The search identified several similarities
in structurally clustered side-chains that were not
expected by chance alone. Importantly, this study
did not use a requirement for these similarities to be
arranged in sequence order. The majority of the
examples that were found are likely to be the result
of convergent evolution since the amino acids con-
tained in the similar pattern occur in different or-
ders along the polypeptide chain. The most well
known example of this is the Ser/His/Asp catalytic
triad of trypsin-like and subtilisin-like serine pro-
teases (among others; e.g., Dodson and Wlodawer,
1998). What was unexpected was a handful of exam-
ples where different folds possessed regions of side-
chain structural similarity that also showed main-
chain similarity and occurred in a colinear fashion
in a short stretch of the polypeptide chain. These
cases were not at that time explicitly studied in
detail. A subsequent modification of the method was
used to search explicitly for serine protease inhibitor
canonical loops (Jackson and Russell, 2000), which
found several putative sites of protease inhibition or
cleavage.

Inspired by the study above, Copley et al. (2001)
applied a technique of Ca atom similarity searching
like that of Swindells (1993) and Jackson and Rus-
sell (2000) to search for Asp-box motifs among
known 3D structures. The method found ungapped
stretches with a significantly small rmsd to a probe
motif, where significance was assessed by a fit to an
extreme value distribution. With this strategy they
identified numerous additional Asp boxes from
many different folds.

For the purposes of this review, we have further
modified the above method (Russell 1998) and have
undertaken an all-against-all comparison of all pro-

3 Abbreviations used: 3D, three—dimensional; Ig, immuno-
globulin; ADSs, antecedent domain segments; NMR, nuclear
magnetic resonance; rmsd, root mean square deviation, PDB,
Protein Data Bank; ATP, adenosine triphosphate; SCOP, struc-
tural classification of proteins; NCBI, National Center for Bio-
technology Information; URL, universal resource locator. The
standard one- and three-letter abbreviations for the amino acids
and chemical element symbols for individual atoms are also used
throughout.
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teins of known structure. This search was designed
to detect new instances of proteins with different
folds that contain short stretches of amino acids
with both similar sequences and 3D structures.

A Method for the Detection of Sequence- and
Structure-Similar Motifs

Many of the details of the method have been de-
scribed elsewhere (Russell, 1998). Given a pair of
protein structures, the method first finds all possible
sets of identical amino acids common to both struc-
tures, which are within interacting distance, and
have similar interatomic distances. Residues are de-
fined as being within interacting distance if key
side-chain functional atoms (see Russell, 1998; for
glycine, the Ca atoms are used) are within 12 A.
Groups of residues equivalenced between two struc-
tures were defined to have similar interatomic dis-
tances if the differences between Ca—Ca, CB—Cp,
and functional-functional (where functional atoms
are defined as atoms on each side-chain that repre-
sent the approximate functional center; see Russell,
1998) distances were less then 7.5, 7.0, and 6.0 A,
respectively. Equivalenced groups of amino acids
were then filtered by calculating a weighted rmsd
and the associated statistical significance, P (see
below).

For the purposes of this study, the method was
modified in several ways. As previously, amino acids
unlikely to be directly involved in molecular function
were ignored. Here we defined this set of residues as
those with only carbon and hydrogen in their side
chains (Ala, Phe, Ile, Leu, Pro, and Val). Glycine was
included since we wished to consider main-chain
atoms that might be involved in function, and they
are frequently involved in such interactions. We also
made no requirement for residue conservation. The
aim was to consider as many motifs as possible and
not to exclude structures only because too few ho-
mologous sequences were available. Finally, we re-
quired that amino acids in any matched pattern
occurred in the same order along the protein se-
quences and that they occurred within a stretch of
20 amino acids. We define these pairs of matched
patterns as “motifs,” akin to those found, for exam-
ple, in PROSITE (Hofmann et al., 1999). However, it
is important to emphasize that these motifs are
based not only on similarities in sequence, as in
PROSITE, but also on similarities in structure
(main-chain and side-chain conformations). From a
sequence-only perspective, occurrence of some of the
motifs may not be expected to be meaningful. How-
ever, the additional constraint of structural similar-
ity adds statistical significance. For all motifs found,
we calculated a weighted rmsd as described previ-
ously (Russell, 1998). Here, the method was also

modified to include main-chain in addition to side-
chain atoms. The statistical significance (P value) of
any potential match was assessed as before by com-
parison to a set of randomly generated motifs. For
this study, these random motifs were required to
have the same sequence order and lie within a total
sequence separation of 20 residues.

We performed an all-against-all comparison of
representatives from the SCOP database (Murzin et
al., 1995). One representative was chosen from each
protein division within SCOP. There were 39553
initial potential motifs with three or more residues
having a probability P = 10~ ® (roughly the inverse of
the number of pairwise comparisons performed)
grouped into 750 by ignoring matches that were
entirely contained within other, or duplicate
matches from the same protein superfamilies. These
matches were viewed interactively and were consid-
ered potentially interesting either if nonprotein at-
oms were bound near to the region in one or both of
the structures or if the stretch was longer than six
residues. Many motifs involved only single a-helices
or B-turns, and there are possibly other potentially
interesting matches, simply where no information
on bound nonprotein atoms was available.

Motifs that were deemed of greatest interest after
inspection are shown in Table I, with associated
details. Note that some motifs were refined further
by combining multiple hits from different members
of the same protein superfamily; if multiple hits
were found, only the common residue matches are
shown. Multiple alignments of matched polypeptide
regions were performed using STAMP (Russell and
Barton, 1992), and all matches found were explored
to see if the short stretch arose from a portion of a
global structural similarity that was not described
in SCOP.

Results of Applying the Method

Seven examples of sequence- and structure-simi-
lar motifs were found in different domain folds (Ta-
ble I, Fig. 1). Most of these examples have been
previously discussed in the literature, but at least
one (the Fe-S binding site in trimethylamine dehy-
drogenase and 4Fe-4S ferredoxins) was, to our
knowledge, not previously described. The list is by
no means exhaustive. Owing to the limitations of the
search method, motifs involving, for example, hydro-
phobic residue conservation (e.g., the HhH motifs;
Doherty et al., 1996) were not detected.

Cytochromes c¢. A common motif occurs in the
large group of cytochromes c (Fig. 1A). Five different
folds within the SCOP database were found to con-
tain at least one CxxCH structure motif. This motif
binds covalently to a heme group, via the two cys-
teines, and coordinates the bound iron with the his-
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TABLE 1
Motifs Found During This Study
Pattern Function P value SCOP PDB Range(s)
) CxxCH Heme attachment 107710740 S 26 2cy3 4448
61-67
92-96
111-115
a3 1cor 12-16
a 23 2ccy 118-122
a 77 1prc 87-91
132-136
244-248
305-309
B2 lhez 21-25
(i) CxxxxxRS Ptase (types I/II) 1077-1014 af 32 1vhr 124-131
aB 31 1phr 12-19
(iii) GxxGxxKT P-loop 10771072 aB 71 layl 248-256
af 25 lukz 23-31
@iv) GxGxxG FAD/NAD binding 10 8-10 %° ap 4 1gal 26-31
aB 19 1xel 8-13
) CxxCG Zn finger 1076-107°° S 30 2nll A135-139
S 31 laaf 15-19
36-40
S 32 1zin 130-134
150-154
S 33 loce F81-88
S 38 1ptq 244248
261-265
(vi) CxxCxxC Fe-S binding 10 7 af 18 2tmd A345-351
a+ B33 1vjw 10-16
(vii) SxDGxxW Asp box 1077-107%° g1 1gba 845-852
B 45 leur 104-111
177-184
241-248
350-357

Note. Ranges of P values quoted are for all examples of the motif detected (i.e., there may be more than are shown). The Protein Data
Bank codes are as follows. 2cy3, Dsulfovibrio vulgaris cytochrome c¢3; lcor, Pseudomonas stutzeri cytochrome ¢551; 2ccy, Rhodospirillum
molishianum cytochrome c¢’; 1prc, Rhodopseudomonas viridus photosynthetic reaction center; lhcz, turnip cytochrome f; 1vhr, human
phosphatase VHR; 1phr, bovine tyrosine phosphatase; layl, Escherichia coli phosphoenolpyruvate carboxykinase; lukz, yeast uridylate
kinase; 1gal, Aspergillus niger glucose oxidase; 1xel, Escherichia coli UDP-galactose 4-epimerase; 2nll, human retinoic acid receptor (DNA
binding domain); 1aaf, HIV nucleocapsid protein; 1zin, Bacillus stearothermophilus adenylate kinase zinc finger domain; loce, bovine
cytochrome c oxidase; 1ptq, mouse protein kinase C delta Cys2 domain; 2tmd, methylotropic bacterium trimethylamine dehydrogenase;
1vjw, Thermotoga maritima ferredoxin; 1qba, Serratia marcescens chitobiase; leur, Micromonospora viridifaciens neuraminidase.

tidine (Mathews, 1985). Within cytochrome ¢’ (2ccy),
a single motif was found in the C-terminal helix of
the four-helical bundle structure. Cytochrome c551
(1cor) and the many homologous cytochromes in this
family contain one copy of the motif on the N-termi-
nal helix of this all-a structure. In cytochrome f
(1hcz), the motif lies in a C-terminal extension to an
immunoglobulin (Ig) type B-sandwich structure.
Within all of the cytochromes, the heme group func-
tions in various electron transfer reactions. Se-
quence searches with this motif identified no se-
quences that were not known to belong to existing
cytochrome c families.

Protein phosphatases. The catalytically essential
cysteine and arginine residues of both type I and II
phosphatases lie within the CxxxxxRS motif, which

is contained within a loop connecting a B-strand to
an oa-helix around the active site of the enzymes.
Despite apparently adopting different overall folds,
the type I and type II protein phosphatases both
contain this motif. Our inspection confirms a report
that type I and type II phosphatases, partitioned
into different folds in SCOP, are in fact related
through a circular permutation (Fauman et al,
1998; Grishin, 2001b). If the C-terminal residues
115-145 in the type II dual specificity phosphatases
VHR (1vhr) are placed sequentially at the N-termi-
nal end of the sequence (followed by residues 36—
114) a good global alignment with the type I low-
molecular-weight tyrosine phosphatase (1phr) can
be obtained via structure comparison. The similarity
involves four B-strands and three to four a-helices
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(depending on how lenient one is in assigning equiv-
alences following structure comparison), and several
additional conserved or semiconserved positions are
apparent. The similarity means that it is likely that
the type I and type II phosphatases share a common
ancestor. One possibility is that tandem duplication
of an ancestral phosphatase domain and subsequent
N- and C- terminal truncation lead to a permuted
variant by a mechanism that has been well de-
scribed elsewhere (Ponting and Russell, 1995; Rus-
sell and Ponting 1998).

P-loops. Another frequently occurring motif that
was found corresponds to the P-loops, which occur in
many doubly wound af structures, including Ras-
p21 type GTPases (e.g., Walker et al., 1982; Swind-
ells, 1993, 1994) and phosphoenolpyruvate carboxy
kinase (Fig. 1B), which adopts a different overall «f3
fold. This stretch of amino acids contains the motif
GxxxGKT and functions by binding the phosphate
backbone of a mononucleotide.

NAD/FAD binding motifs. There are also nu-
merous similarities between NAD/FAD binding mo-
tifs within doubly wound of proteins (Swindells,
1993). Many different folds within SCOP contain
common GxGxxG motifs that adopt a conformation
suited to bind the phosphate backbone of a dinucle-
otide. The majority of matches occur within doubly
wound «f3 proteins and are generally involved in the
binding of dinucleotides. Rossmann-like NAD(P)
binding folds, trimethylamine dehydrogenase, FAD/
NAD(P) binding domains, flavodoxin-like folds, iso-
citrate and isopropylate dehydrogenases, and phos-
phofructokinase are all examples of enzymes
containing this motif, and in all the loop is involved
in the interaction with a nucleotide phosphate back-
bone.

CxxCG zinc binding motifs. The CxxCG motif
was found in a number of zinc-containing domains
(Fig. 1C). Each of these domains is classified as a
small, cysteine-rich domain, and their motifs are
central to their core structures. Within rubredoxin-
like proteins (e.g., the Bst ADK Zn domain from B.

stearothermophilus; 1zin) two copies of this motif
coordinate a single zinc and form the rubredoxin-
like fold. Within the HIV-1 nucleocapsid protein
(laaf) there are two spatially separated copies of
this motif. Each of these motifs packs against an
HxxxxC motif, thus forming two similar distinct zinc
binding domains. A similar picture is seen in the
Cys2 (“C1”) domain of protein kinase C d (1ptq),
though here two CxxCG motifs coordinate a pair of
zincs in conjunction with other parts of the structure
that are quite different. Within the F subunit of
cytochrome C oxidase (locc) and the DNA binding
domain of retinoic acid receptor, a single CxxCG
motif coordinates a single zinc in conjunction with
various other parts of the polypeptide chain.

4Fe-4S binding sites in ferredoxins and trimethyl-
amine dehydrogenase. A striking Fe-S binding site
common to a region of trimethylamine dehydroge-
nase (2tmd) and 4Fe-4S ferredoxins (e.g., ferredoxin
A; 1vjw) is shown in Fig. 1D. The three cysteine
(CxxCxxC) motif occurs within these two otherwise
different protein structures and involves two turns
of an a-helix, in addition to a four-residue loop, that
surrounds a single iron—sulphur cluster, which is
also coordinated by another cysteine from a different
part of each structure (Cys 364 in 2tmd; Cys 51 in
1vjw). In the ferredoxin structure, the Fe-S cluster
lies in a cleft formed by a pair of a-helices and a
B-sheet; one of the helices is that involved in the
match. Within the structure of trimethylamine de-
hydrogenase, the matched region occurs within a
polypeptide segment linking the Ba (TIM)-barrel do-
main and the middle ADP binding domain. In both
proteins, the Fe-S cluster plays a role in electron
transfer. The similarity between the Fe-S binding
functions of these proteins has long been known
(Hill et al., 1977; Steenkamp and Singer, 1978), but
to our knowledge no comments as to the main-chain
structural similarity have been made.

Asp boxes. These sequence-similar and struc-
ture-similar motifs were found in the Ig-like domain
of chitobiase and in bacterial sialidases in a previous

FIG. 1. Molscript (Kraulis, 1991) figures showing examples of similarities described in the text. (A) Cytochrome ¢ heme attachment
site from turnip cytochrome f (1hez; left) and Pseudomonas stutzeri cytochrome ¢551 (1cor; right); (B) P-loop from Escherichia coli
phosphoenolpyruvate carboxykinase (layl, left) and yeast uridylate kinase (1ukz, right); (C) Zn finger CxxCG motif from human retinoic
acid receptor DNA binding domain (2nll, left) and Bacillus stearothermophilus adenylate kinase zinc finger domain (1zin, right); (D) Fe-S
binding motif from methylotropic bacterium trimethylamine dehydrogenase (2tmd) and Thermotoga maritima ferredoxin (1vjw). For all
examples, B-strands are shown as arrows, a-helices as ribbons, and all others regions as coils. Similar peptides are shown in yellow, with
equivalent side-chains in ball-and-stick format and nonprotein atoms in stick form or as spheres (metal atoms).

FIG. 2. Further examples of structural similarity in seemingly unrelated proteins. (A) Hypothetical evolution of the ATP binding
domains in bacterial histidine kinases and eukaryotic protein kinases from a nucleotide binding a3 element. (B) A comparison of the
structures of the C-terminal domain of the bacterial GTPase ERA (PDB: 1EGA) and of a KH domain (shown here is the sixth domain of
vigilin, PDB: 1VIH). Similarity is concentrated in two helices connected by an () loop, whose sequence is shown on the right. The

underlying B-sheet has a different connectivity in the two structures.
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study (Russell, 1998). This finding was corroborated
by this modified approach and by a recent in-depth
investigation of these “Asp-box” motifs in at least
eight distinct protein families (Copley et al., 2001).
These motifs are found in at least three different
folds: those of sialidases (a B-propeller) and chitobi-
ase, as discussed above, and that of microbial ribo-

nucleases (anti-parallel B-sheet with a single a-he-
lix).

Other Examples

Two other examples not found in this search will
be briefly described as they are informative to the
discussion. Both are based on structures that are
more recent than the database used in the search
described above and have been partially discussed in
the literature.

Bacterial histidine kinases and eukaryotic protein
kinases. A recent search for proteins distantly re-
lated to the histidine kinase fold revealed a surpris-
ing topological similarity to the small lobe of eukary-
otic protein kinases (Koretke et al., 2000). The two
folds bind nucleotides at equivalent sites and can be
interrelated by circular permutation (Fig. 2A). Al-
though they do not possess significant sequence sim-
ilarity by the criteria applied to the other examples
in this paper, their similarity was identified by a
sequence search method, not by structural compar-
isons (Koretke et al., 2000). Further inspection of the
histidine kinase fold shows that it may be viewed as
composed primarily of a duplicated o8B element,
which encompasses much of the nucleotide binding
site. Indeed, the two a8 elements can be superim-
posed with less than 2 A rmsd in the backbone
atoms. Thus, a hypothetical pathway may be con-
structed, which could account for the evolution of the
ATP binding domains in bacterial histidine kinases
and eukaryotic protein kinases from an ancestral
nucleotide binding «Bf peptide, using only estab-
lished types of genetic events (Fig. 2A).

In this context it may be interesting to note that
the structures of bacterial response regulators,
which act as phosphatases of histidine kinases, can
also be related by circular permutation to a large
superfamily (HAD), which encompasses P type
ATPases, phosphatases, epoxide hydrolases, and
L-2-haloacid dehalogenases (Ridder and Dijkstra,
1999).

ERA and KH domains. A comparison of the C-
terminal domain of the bacterial GTPase ERA with
the KH domain, found in a large number of RNA
binding proteins, revealed surprising similarities
(Chen et al., 1999), which appear correlated with the
RNA binding function of the two domain types. Sim-
ilarity is concentrated specifically in a long a-helix

disrupted by an () turn, which also shows a similar
pattern of glycine and lysine residues (Fig. 2B). In-
deed, the similarity was noted by sequence compar-
isons prior to determination of the structure (John-
stone et al., 1999) and prompted experiments that
demonstrated RNA binding activity in ERA. Al-
though the two domains also appear to be similar
overall, the topology of the underlying B-sheet is
different and cannot be interrelated by a single ge-
netic event, such as circular permutation (Grishin,
2001a).

DISCUSSION

The Evolution of Sequence- and Structure-Similar
Motifs in Different Folds

How did these sequence- and structure-similar
motifs arise within apparently nonhomologous pro-
tein folds? There are four possible evolutionary sce-
narios for the evolution of these motifs that we con-
sider here.

(1) First, the examples could all simply represent
the coincident evolution of sequence and structure
by convergence under functional constraints. That
nature could have alighted more than once upon
significantly similar sequences in similar structural
arrangements cannot be discounted. One problem
with this evolutionary route is that nature most
often appears to evolve similar functions in unre-
lated protein families. Examples of active-site con-
vergence that do not involve main-chain and se-
quence order conservation, such as the catalytic
triads from serine proteases, are far more common
than the sequence- and structure-similar motifs de-
scribed here (Russell, 1998), and many proteins
have similar functions with no molecular similari-
ties at all (e.g., metal and serine proteases). It is
very likely that different folds, once evolved, have
converged to similar functions by more conventional
evolutionary events, such as point mutations.

(i1) A second possibility is that sequence- and
structure-similar motifs, present in different folds,
have arisen by divergence. Vertical descent can lead
to dramatic changes in structural topology, such
that a global structural similarity is no longer ap-
parent, despite similarities within highly conserved
functional, such as active and binding, sites
(Grishin, 2001b). Divergent evolutionary mecha-
nisms, such as permutations, deletions, insertions,
and rearrangements, might account for the different
folds that contain a motif in common. Although this
divergent evolutionary path might have been taken
by proteins containing P-loops (example (iii)) or
NAD/FAD binding motifs found in Rossmann-like
doubly wound «f folds (example (iv)) there are no
obvious divergent evolutionary mechanisms that
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might account for many of the observed fold differ-
ences.

(ii1) A third evolutionary mechanism also involves
divergent evolution and is analogous to the manner
by which whole domains are thought to be shuffled
into different protein contexts. This process is
thought to be due to partial duplication of one gene
and subsequent recombination within a domain-free
region of a second gene. Rather than being dupli-
cated and recombined into a gene region that does
not encode a domain, these motifs might have been
incorporated into domain-encoding gene regions, re-
sulting in an insertion within the domain’s tertiary
structure. Thus, instead of being ancestral motifs
about which folds are constructed (as above), these
motifs are late additions that are grafted onto pre-
existing folds.

(iv) Although of the three evolutionary scenarios
considered, this last is the most parsimonious (it
involves the least number of evolutionary steps) it
fails in one respect. This is that far from occurring
on the periphery of their domain folds, these motifs
can be deeply embedded and integral to their folds
(Figs. 1 and 2) so they appear unlikely to have been
grafted onto their folds by insertion. Thus we arrive
at a fourth explanation for the evolution of se-
quence- and structure-similar motifs: that they rep-
resent the only remaining evidence of a predomain
world, when protein structures consisted of con-
glomerations of short polypeptide chains [henceforth
described as “antecedent domain segments” (ADSs)].
In this scenario the single-chain domains so preva-
lent now arose from the fusion of more ancient genes
that encoded ADSs. The sequence- and structure-
similar motifs are homologues that could have been
found in many of these ancient domain conglomer-
ates by dint of their significant contributions to mo-
lecular function. Their dispersal to domains of dif-
ferent folds arose from the supersedence of
oligomeric domains by single-chain domains that
came to be constructed from fusions of short genes
(e.g., see Ponting and Russell, 2000). This explana-
tion is similar to that given above (scenario ii) except
that there is no requirement for those regions of
domains that lie outside of their common motifs to
be homologous.

Figure 3 shows an example of how two modern
proteins, thioredoxin and disulfide bond forming
protein (DsbA), might have formed from ADSs. Two
minigene segments (red and blue in the figure) cor-
respond to the ancient progenitors of a fused het-
erodimer that would be the common ancestor of both
proteins. The possibility that such segments might
have existed separately is supported by the observa-
tion that the two corresponding parts of thioredoxin
reconsitute to form a folded and active protein

(Slaby and Holmgren, 1975). Eventually the two
separate ADSs are fused, and then are embellished
in different ways to form thioredoxin (an N-terminal
extension of a B-strand and an a-helix in white) and
DsbA (a different N-terminal extension in yellow
and the insertion of the green all-helical domain
between the two ADSs).

Evidence for the Existence of ADSs from Repeats

The fourth scenario for the origins of these motifs
is concordant with our expectation that significantly
sequence-similar structures are homologous, having
evolved divergently from a common ancestor. It also
parallels, in many respects, a proposed description
of the evolution of protein repeats (Ponting and Rus-
sell, 2000; Andrade et al., 2001) described below.

Many single domain structures show a degree of
internal symmetry. In many instances, these repet-
itive structures are associated with obvious se-
quence similarities. Folds such as horseshoe struc-
tures (e.g., ribonuclease inhibitor), single-stranded
B-helices, those comprising ankyrin or HEAT re-
peats, and several others (see Andrade et al., 2000,
2001; Marcotte et al., 1999; Kajava, 2001) have
clearly arisen by duplication of a single ancestral
repeat, since the similarity between the repeats is
detectable by standard sequence comparison tech-
niques.

As discussed in Ponting and Russell (2000) and
elsewhere in this volume (Andrade et al., 2001), the
evolution of repeat-containing domains is problem-
atic since, if all repeats are homologous, they are all
related by vertical descent to a single ancestral gene
product that would be most unlikely to fold or per-
form a viable function, when in isolation. This is
resolvable if the ancestral gene product formed ho-
momultimers since these could associate to form
structures equivalent to those of modern repeat as-
semblies.

The evolutionary scenario for the evolution of re-
peat assemblies suggests an age when domains were
constructed from multiple identical chains. These
multimeric domains would then be replaced gradu-
ally by single polypeptide chains encoding multiple
repeats, since these are highly likely to be more
efficiently folded and more thermodynamically sta-
ble. Folds such as those of immunoglobulins or ferre-
doxins, which contain a duplicated structure, may
also have evolved by similar gene duplication events
(for a nearly prescient view on this issue see
McLachlan, 1972). Indeed, even domains not hith-
erto considered to contain internal duplications may
be seen to contain cores that may have evolved from
the duplication of a simpler supersecondary struc-
ture element (Fig. 2A). If so, the simpler multimeric
precursors of these proteins are not observable to-
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FIG. 3. Schematic showing the hypothetical evolutionary scenario that might have led to the evolution of thioredoxin and DsbA from
a series of different antecedent domain segments (ADSs). a-Helices are represented by circles and B-strands by triangles. The different
colored segments represent “minigenes” encoding the corresponding ADSs. Details are given in the text.

day. It may be argued from the structure of proteins
found in Bacteria, Archaea, and eukaryotes that the
age of these multimeric assemblies, if they existed,
must have predated the Last Common Ancestor and
therefore lie more than 3 billion years in our past.
If some ancient domains were composed of homo-
multimers, it is plausible that others may have been
composed of heteromultimers. Again, since modern
domains are not known to contain several chains,
oligomeric domain ancestors must have been subse-
quently replaced by single-chain versions. That the
conglomeration of multiple polypeptides can form a
stable structure is amply shown by studies of the
eukaryotic Cdc42/Rac interactive binding (CRIB)
motif (Rudolph et al., 1998), the G-protein y-subunit
(Sondek et al., 1996), and a staphylococcal motif
(Penkett et al., 2000) that each lacks discernible

tertiary structure in isolation, yet forms a stable
structure upon binding another domain structure (a
small GTPase, G-protein B-subunit, and fibronectin,
respectively). Indeed, the proteolytic dissection of
proteins such as Trp repressor or cytochrome c
yields small fragments capable of undergoing spon-
taneous noncovalent association to form subdo-
mains with native-like secondary and/or tertiary
structural features (Wu et al., 1994). These results
suggest that protein domains contain autonomously
folding supersecondary structure elements, which
can reassemble into compact structures even when
their polypeptide connections are severed.

A “mix-and-join” mechanism of the type suggested
above probably occurred at several stages during
evolution. Indeed, the observation that several mul-
tidomain proteins in certain organisms exist as sep-



EVOLUTION OF PROTEIN FOLDS 201

arate chains in others (Enright et al., 1999; Marcotte
et al., 1999) suggests that the mechanism has been
used more recently in evolutionary history. It is
difficult to ascertain estimates as to the number and
nature of ancient ADSs, since evidence for them
beyond a simple similarity in structure (i.e., function
or structural constraints in the examples above) is
rare. As more sequence and structure information
becomes available, we anticipate that more exam-
ples will be uncovered providing a better picture as
to whether a theory of such an ancient peptide world
is tenable.

Some additional support for the theory comes,
intriguingly, from recent improvements in protein
tertiary structure prediction. Baker and co-workers
(Bystroff et al., 2000; Simons et al., 1999; Bystroff
and Baker, 1998) have achieved outstanding predic-
tion success by methods that predict local regions of
protein secondary and supersecondary structure.
The methods make use of a library (I sites) that
contains local regions of structure similarity com-
mon to different protein folds. It is tempting to sug-
gest that some of these I sites may correspond to the
ADSs discussed above. Thus prediction success
could come about by identifying regions of genuine
ancient homology between otherwise different
three-dimensional structures.

The possibility of an early peptide world agrees
with our preconceptions about the nature of early
protein-based organisms. The sophisticated mecha-
nisms of DNA replication that exist in nature today
likely evolved from simpler systems that would have
had higher error rates during DNA replication. The
result would have been more mutations to protein
sequences, making long protein sequences unfavor-
able, since they are more likely to contain mutations
affecting folding. Errors in DNA replication also
would have facilitated intragenome duplication re-
sulting in multiple short polypeptide chain homo-
logues.

The hypothesis also lends some support to the
idea that short peptides played a role in the origin of
life. According to the chemo-autotrophic theory, py-
rite formation supplied the energy source for the
nonbiological generation of peptides (Keller et al.,
1994). Experiments using such mineral surfaces are
able to generate only short peptides of 10 amino
acids or fewer (Ferris et al., 1996). If the ADS hy-
pothesis is correct then such short peptides may
have had rudimentary functions and combinations
of them could ultimately have lead to the first auto-
catalytic reproduction cycle.

CONCLUSIONS

The examples discussed here suggest the possibil-
ity of the evolution of complex protein folds from

short peptides (antecedent domain segments, ADSs)
via a series of gene duplication and fusion events.
Many current folds may have arisen from multiple
duplications of common peptide ancestors and, over
time, lost most or all signals traditionally used to
infer a common ancestor. Many others may have
evolved from the fusion of multiple ADSs or from the
illegitimate recombination of domains containing
structurally compatible ADSs, thus being polyphyl-
etic in origin.

The possibility that such polypeptides could func-
tion in isolation is easily testable by protein synthe-
sis. Modified variants of either peptide repeats or
short putative functional peptides common to differ-
ent folds that can fold and function in isolation sup-
port the idea of a peptide world. Thus techniques
traditionally associated with studying the physics
and chemistry of protein structure and folding may
begin to provide insights into the nature of early
protein evolution.
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