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The recent growth in protein databases has revealed the functional diver-
sity of many protein superfamilies. We have assessed the functional vari-
ation of homologous enzyme superfamilies containing two or more
enzymes, as defined by the CATH protein structure classification, by
way of the Enzyme Commission (EC) scheme. Combining sequence and
structure information to identify relatives, the majority of superfamilies
display variation in enzyme function, with 25% of superfamilies in the
PDB having members of different enzyme types. We determined the
extent of functional similarity at different levels of sequence identity for
486,000 homologous pairs (enzyme/enzyme and enzyme/non-enzyme),
with structural and sequence relatives included. For single and multi-
domain proteins, variation in EC number is rare above 40% sequence
identity, and above 30 %, the first three digits may be predicted with an
accuracy of at least 90 %. For more distantly related proteins sharing less
than 30 % sequence identity, functional variation is significant, and below
this threshold, structural data are essential for understanding the molecu-
lar basis of observed functional differences. To explore the mechanisms
for generating functional diversity during evolution, we have studied in
detail 31 diverse structural enzyme superfamilies for which structural
data are available. A large number of variations and peculiarities are
observed, at the atomic level through to gross structural rearrangements.
Almost all superfamilies exhibit functional diversity generated by local
sequence variation and domain shuffling. Commonly, substrate speci-
ficity is diverse across a superfamily, whilst the reaction chemistry is
maintained. In many superfamilies, the position of catalytic residues may
vary despite playing equivalent functional roles in related proteins.
The implications of functional diversity within supefamilies for the
structural genomics projects are discussed. More detailed information on
these superfamilies is available at http://www.biochem.ucl.ac.uk/bsm/
FAM-EC/.
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Introduction Given that a small minority of known sequences is
experimentally characterised, gene annotation
Determining the biological role of all gene pro- relies heavily upon the accurate exploitation of

ducts is the principal objective of genome analysis. evolutionary relationships; functional information

is extrapolated following the identification of a

sequence relative, on the basis that family members

Abbreviations used: EC, Enzyme Commission; FAD, commonly exhibit some similarity in function. The

flavin adenine dinucleotide; FMN, flavin
mononucleotide; HPL, human pancreatic lipase; LpxA,
UDP-N-acetylglucosamine acyltransferase; PaXAT,
chloramphenicol acetyltransferase; PLP, pyridoxal-
phosphate; TPP, thiamine pyrophosphate; PEP,

recent growth in sequence and structural data,
however, has revealed the remarkable functional
promiscuity of many protein families. It is appar-
-ent that one fold may code for muitiple functions,

phosphoenolpyruvate; TIM, triosephosphate isomerase. and conversely, one'function. may have more than
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dently several times during evolution.
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These complexities necessitate caution in annota-
tion transfer. The successive transfer of information
between homologues based on an incorrect func-
tional assignment would ultimately undermine the
value of genome databases. There are two ways to
help practically to improve genome analysis.
Firstly, one can assess quantitatively the reliability
of annotation transfer, and recent work has pro-
vided valuable insights into its accuracy by identi-
fying sequence identity thresholds above which
functional variation is rare (Wilson et al., 2000).
Secondly, an understanding of the underlying
mechanisms of evolving new functions through
sequence and structural changes is vital. This is
particularly relevant with the advent of structural
genomics initiatives which aim to provide a struc-
tural representative for all homologous protein
families. These will reveal previously undetected
evolutionary relationships hidden at the sequence
level, since protein structure is conserved even
after all trace of sequence similarity disappears.
Detailed comparisons of unknown gene products
with structural relatives will reveal regions of con-
servation and variation, and will guide exper-
iments by providing clues to binding, catalysis and
signalling. Whilst the native structure may hint at
little more than biochemical function, this func-
tional assignment provides a valuable first step
towards the experimental elucidation of cellular
and physiological roles.

Structural redundancy, the reuse of the same
fold in different contexts, has led to several esti-
mates of the number of protein folds in Nature,
and there are probably a few thousand at most

(Chothia, 1992; Orengo et al., 1994). Given the large

number of genes in the human genome, but a com-
paratively small number of folds, extensive combi-
nation, mixing and modulation of existing folds
has occurred during evolution to generate the mul-
titude of functions necessary to sustain life. With
the first working draft of the human genome com-
plete, and the sequencing of other multi-cellular
organisms underway, a grasp of these evolutionary
processes is required if we are to benefit from this
wealth of data.

Ultimately, we would like to provide answers to
the following questions. To what extent is func-
tional divergence correlated with sequence diver-
gence? What dictates the choice of ancestral
proteins for the evolution of new functions? Is a
broad functional repertoire limited to a few protein
superfamilies which adopt particularly adaptable
folds, or are all superfamilies susceptible to evol-
utionary changes which bring about functional
variation?

To understand the global relationships between
protein sequence, structure and function we are
reliant on robust classifications of protein families
and their functions. Several protein family data col-
lections exist (Orengo et al., 1997; Murzin et al.,
1995; Bateman et al., 2000) and these classify pro-
teins into evolutionary families many of which are
now well-populated. Of the functional classifi-

cations, the Enzyme Commission (EC) (Webb,
1992) is the best developed and most widely used.
Whilst it deals only with enzymes, given the over-
representation of these proteins in the Protein Data
Bank (PDB) (Bernstein ef al., 1977) with almost one
half of entries corresponding to enzymes (Hegyi &
Gerstein, 1999), this classification provides a useful
starting point for addressing the above questions.
Table 1 outlines the meanings of the different
levels in the EC hierarchy.

Several recent analyses which have employed
the EC scheme have provided novel insights into
the complex relationships between protein
sequence, structure and function (Martin et al.,
1998; Hegyi & Gerstein, 1999; Wilson et al., 2000;
Devos & Valencia, 2000). Martin et al. (1998) found
little correlation between primary EC number and
secondary structure class, o, B and a/p , consistent
with the dependence of enzyme activity upon a
few residues in the active-site. Hegyi & Gerstein
(1999) assessed the versatility of protein folds with
respect to enzyme function, and vice versa. They
found that just a few folds, notably in the o/
structural class, have a diverse range of functions,
and conversely, glycosyl hydrolysis is the most
ubiquitous activity, carried out by seven different
folds, covering all three fold classes.

In related work, Wilson et al. (2000) assessed
quantitatively the relationship between functional
similarity and sequence by considering pairs of
well-characterised structural domains from the
SCOP database. Using the EC scheme, and their
own augmented version of the FLY database (Ash-
burner & Drysdale, 1994) for the classification of
non-enzymes, they identified a ~40% sequence
identity threshold above which precise function, as
defined by the first three levels in the functional
classification, is conserved. In their analysis, Devos
& Valencia (2000) investigated the relationship
between sequence identity and several functional
descriptions, including EC assignments, SWIS-
SPROT keywords (Bairoch & Apweiler, 2000) and
binding sites, using FSSP (Holm & Sander, 1996) as
a source of structural domains and pairwise align-
ments. Conservation of these functional descrip-
tions decreases in this order, and all of them are
less conserved than protein structure.

Zhang et al. (1999) found that for about 10% of
Escherichia coli proteins with significant sequence
identity to a PDB entry annotated with SITE
records, there is no conservation of funcltional resi
dues. This result is based on the lack of conserva-
tion of both catalytic and binding site residues as
assigned in PDB SITE records, which are not con-
sistently defined. In their analysis, Russell et al.
(1998) considered only structural data and dis-
cussed the use of identifying co-located substrate
binding sites in inferring functional properties.
Roughly 10 % of remote homologues have different
binding sites implying a complete change in func-
tion.

Here we assess the functional variation of hom-
ologous enzyme superfamilies in the PDB by way
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Table 1. Description of the different levels in the EC classification

First figure

Second figure

A. OXIDOREDUCTASES
Substrate is oxidised-regarded as the
hydrogen or electron donor

B. TRANSFERASES

Transfer of a group from one substrate to
another

C. HYDROLASES
Hydrolytic cleavage of bond

D. LYASES Type of bond

Cleavage of bonds by elimination
E. ISOMERASES

F. LIGASES

Enzyme catalysing the joining of two
molecules in concert with hydrolysis of
ATP

Describes substrate acted on by enzyme

Describes group transferred

Describes type of bond

Type of reorganisation

Describes type of bond formed

Third figure

.Typé of acceptor

Further information on the group
transferred

Nature of substrate

Further information on the group
eliminated

Type of substrate

Describes type of compound formed

An enzyme reaction is assigned a four-digit EC number, where the first digit denotes the class of reaction. Note that the meaning
of subsequent levels depends upon the primary number, e.g. the substrate acted upon by the enzyme is described at the second
level for oxidoreductases, whereas it is described at the third level for hydrolases. Different enzymes clustered together at the third
level are given a unique fourth number, and these enzymes may differ in substrate/product specificity or cofactor-dependency, for
example. Peptidases (EC 3.4.-.-) have a different classification scheme (Barrett, 1994). Note also that it is a classification of overall
enzyme reactions, and not enzymes, and takes no account of the details of the reaction chemistry involved (see caveats below).

of the EC scheme, and discuss how functional
changes are implemented by modulation of
sequence and structure with reference to 31 func-
tionally diverse superfamilies. We have analysed
these superfamilies in detail using sequence and
structural data, and relevant literature. With
specific examples, we discuss the conservation and
variation of catalytic residues, reaction mechanisms
and substrate specificity, as well as changes in
domain organisation and quaternary structure
which are important routes to functional diversifi-
cation.

Conservation of EC humbers of
homologous enzymes:correlation with
sequence identity

In our analysis we only compare functions of
proteins in the PDB within the same homologous
superfamily. Protein families are extracted from
the CATH classification scheme (Orengo et al.,
1997). Since we are dealing with structures in the
PDB, note that the results are biased by the struc-
tural database content.

In CATH, the unit of classification is the struc-
tural domain, but an EC number describes the role
of the protein complex as a whole and it is not
always possible to identify distinct subfunctions
for each constituent domain. That is, in some
enzymes, the active-site can be unambiguously
assigned to a specific domain, but in others, several
domains play a role in the catalytic activity. In pre-
vious analyses (Martin et al, 1998; Hegyi &
Gerstein, 1999; Wilson et al.,, 2000; Devos &
Valencia, 2000), this problem was overcome by

considering just single-domain proteins. However,
modular construction has been an important route
to new gene functions. A total of 37 % of polypep-
tide chains in the PDB are multi-domain, but these
constitute a larger fraction (62 %) of homologous
superfamilies in CATH. Of the single-domain pro-
teins, 19% leave 100 residues or more uncovered
upon alignment with their corresponding SWISS-
PROT database sequence, suggesting that just one
domain of several has been structurally determined
for many of these proteins. Therefore, it is essential
to consider both single and multi-domain proteins
for a complete understanding of functional evol-
ution. For our analysis of enzyme superfamilies,
the function of a protein is assigned to all constitu-
ent domains.

As shown in Figure 1, in almost one half of 167
homologous structural superfamilies containing
two or more enzymes, members show variation in
their EC classification. In a number of these
families, the EC number varies only in the fourth
digit, implying a change in substrate or product
specificity, or cofactor dependency, for example.
However, in as many as 22 superfamilies, the EC
number is not conserved to any level, and mem-
bers have different enzyme activities. A total of 13
of these superfamilies contain members which do
not function as enzymes at all.

With inclusion of the PSI-BLAST (Altschul et al.,
1997) sequence relatives of the structural members
of these superfamilies, the fraction of superfamilies
showing variation in enzyme function increases to
almost 70 %. A total of 43 families display absol-
utely no conservation in EC number, and the num-
ber of superfamilies containing both enzymes and
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Figure 1. Conservation of enzyme function as defined
by EC number (x-axis). Shown in grey is the conserva-
tion of EC number between CATHO95 representatives in
167 CATH homologous superfamilies containing two or
more enzymes. In black is the conservation of EC num-
ber between all PF95 representatives within these super-
families (i.e. sequence relatives included also). Enzymes
having multiple or incomplete EC numbers were
ignored.

non-enzymes increases to 59. Whilst individual
examples of changes in catalytic activity have been
observed previously, such as adenylate cyclase (EC
46.1.1) and DNA polymerase I (EC 2.7.7.7)
(Artymiuk et al., 1997), the number of superfamilies
in which it occurs is unexpected. Differences in
enzyme class often belie a similarity in reaction
chemistry and catalytic mechanism, as discussed in
more detail below.

These results are based on limited data; many
enzymes in the databases lack an EC assignment,
and in addition, a number of evolutionary relation-
ships are likely to have been undetected. As more
proteins are sequenced and characterised, and pre-
viously unknown evolutionary relationships are
identified, we might expect the majority of super-
families to exhibit considerable functional diver-
sity.

Sequence and function

Figure 2(a) and (b) reflects the conservation of
EC number at different levels of pairwise sequence
identity. Note that homologous (enzyme/enzyme
and enzyme/non-enzyme) pairs only are con-
sidered in these histograms. Wilson et al. (2000)
concluded that for single-domain proteins, enzyme
function, as defined by the first three EC numbers,
is almost completely conserved above a sequence
identity threshold of 40 %. Figure 2(a) is in agree-
ment with this, and indicates also that even vari-
ation in the fourth EC digit is rare. In this analysis,
sequence relatives are included also. Even at a rela-
tively low sequence identity of 30 %, enzyme func-
tion may be predicted as far as the third level in
the EC hierarchy with an accuracy of almost 95 %.
Below this threshold, the extent of conservation
falls rapidly.

Figure 2(b) includes all protein domains, belong-
ing to both single and multi-domain proteins. Sur-
prisingly, the effect of modular construction on
functional diversification is not that dramatic, and
is significant only below 40 %. Even within the 30-
40 % sequence identity region, almost 90 % of pairs
share a minimum of three EC digits. Below 30 %,
the pairing of enzymes with non-enzymes becomes
quite common. The notable reduction in the num-
ber of homologues having EC numbers conserved
as far as the second level with the inclusion of
multi-domain proteins may reflect the compara-
tively large number of oxidoreductases; these
enzymes are often multi-domain proteins, having a
catalytic domain fused to a cofactor-binding mod-
ule, notably the Rossmann fold (e.g. medium-chain
alcohol dehydrogenases). The second EC digit
describes the nature of the reducing substrate (for
hydrolases and isomerases it is described at the
third level) so a change in substrate specificity, or
even a difference in reaction direction introduces a
change in the classification at this level.

The sequence identities of 75% of homologous
pairs are 30 % or lower. Figure 2(d) shows that the
large percentage of these diverse pairs is not
restricted to a limited number of superfamilies that
show extensive sequence diversity. The majority of
superfamilies have homologous pairs in the 10-
40 % sequence identity range, and three quarters of
superfamilies have a mean sequence identity
between all members of less than 50 %. Thus, most
of the superfamilies have undergone considerable
“radiation” in sequence space.

The annotation of a new sequence usually
involves identification of the “best” sequence hit.
The distribution of the sequence identities of the
closest relatives of all protein domains is shown in
Figure 3. In contrast to Figure 2(a) and (b), here we
consider the best pairs only, not all pairs, and the
two distributions are very different. The largest
fraction of best pairs have sequence identities
above 90 %, whilst the largest fraction of all pairs
have sequence identities below 20%. This reflects
the existence of sequence clusters on different
branches of the evolutionary tree. Thus, the vast
majority of sequences have close relatives, but
most families also exhibit extreme sequence diver-
sity and include very distantly related members.
An important observation is that the sequence
identity of the closest relative of only 10% of
domains is under 40 %, the “critical” threshold of
functional variation.

Whilst the relatively high conservation in func-
tion even down to 30 % sequence identity is prom-
ising for genome annotation, it is important to note
that there are some well-known cases of differences
in function at very high levels of sequence identity,
notably the crystallins which have been recruited
from enzymes and function as structural proteins
in the eye lens (Wistow & Piatigorsky, 1987). Some
genes acquire a new function prior to duplication
(gene recruitment) (Piatigorsky & Wistow, 1991).
Incomplete characterisation of gene products, and



Evolution of Function in Protein Superfamilies 1117

100% | 40 100%
90% | 35 @ Enz / non-enz 90% H
80% gt Pp— il 80% i
70% = 70% z
60% e s 60% £
50% 20 & =mmmAB-- 50% o
40% 15 9 ABC.- 40% ‘s
9, A
ggof’ 10 é mm— Conserved gg:f é
o . .
10% 5 2  —O—Number of pairs 10% 3
0% 0 0%
O P DDA P PSP O PR P DRSPS
O TN AN WY AN Y q"'\ DARSECFRAIRIN AN q\,\
(@) sequence identity (%) (b) sequence identity (%)
100 — 100
3 80 - 2., 80
gk W & ° £E 60 . .
5§ 40 °» 5%
£ N £3 40
ol 3 S 3 ) A
2 20 o 2 - R 2 20 & A <
Ok A A A 0 A A A p .,
N oD PP PP X P S PP PP PSP
TN TN W AN q\!\ I \,\,‘b el b\b & g\'\
(©) sequerice identity (%) (d) sequence identity (%)

Figure 2. (a) and (b) Conservation of EC number versus sequence identity for homologous enzyme/enzyme and
enzyme/non-enzyme pairs. Non-enzyme/non-enzyme pairs are ignored. The analysis is limited to those superfami-
lies containing two or more enzymes. (a) Single-domain PF95 enzymes and non-enzymes only (contained within 127
homologous superfamilies); (b) single and multi-domain PF95 enzymes and non-enzymes (contained within 369 hom-
ologous superfamilies). Each level of functional similarity is represented as a fractional percentage of the total number
of unique homologous pairs (indicated by line graph) in a given range of sequence identities. Functional variations
occur largely below 40% sequence identity. (c) and (d) Sequence diversity of the homologous superfamilies. Circles
and triangles indicate the percentage of homologous superfamilies containing one or more pairs and having a mean
sequence identity, respectively, in a given sequence identity range. (c) Single-domain PF95 superfamilies (corresponds
to pairs in (a)); (d) single and multi-domain PF95 superfamilies (corresponds to pairs in (b)). These plots show that
the large number of homologous pairs sharing less than 40 % sequence identity is not contributed by a few highly
populated, divergent superfamilies, but instead most superfamilies exhibit extensive sequence diversity.

incomplete and incorrect database annotations,

the genome, but complicates the process of genome
may contribute to the observed infrequency of

annotation. Other routes to new functions include

crystallin-like changes in protein function, but to
what extent is unknown.

Mechanisms of Enzyme Evolution

Given the observed functional versatility of
many protein superfamilies, it is useful to consider
the possible routes to new functions, as outlined in
Figure 4. Conceptually, the simplest route to create
a new function is to make a new protein ab initio.
However, there are many alternative routes and, in
practice, new functions often evolve via a combi-
nation of mechanisms, notably through gene dupli-
cation and incremental mutations. An increasingly
large number of genes are identified as multi-func-
tional, where function is dependent upon biologi-
cal context (Jeffery, 1999). For example, variations
in expression, cellular localisation and substrate
concentration can lead to modulation in function
for these “moonlighting’ proteins. The use of one
gene for two or more functions clearly simplifies

oligomerisation, gene fusion, alternate splicing and
post-translational modifications.

Specific Examples of Structural and
Functional Variations

We have focused on 31 superfamilies which
show significant functional variation. In the follow-
ing sections, we provide an overview of how these
protein superfamilies evolved to perform different
functions, illustrated by specific examples taken
from these 31 superfamilies (due to space
limitations, a more detailed description on
each superfamily can be found at http://www.
biochem.ucl.ac.uk/bsm/FAM-EC/). A webpage
for each superfamily details structural members
and their respective domain organisations, EC
numbers and cofactors, with links to PDBsum
(Laskowski et al., 1997), SWISS-PROT and
ENZYME (Bairoch, 2000) databases. Sequence rela-
tives are listed also. Each webpage provides a
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Figure 3, Distribution of the sequence identities of the
closest relatives of all protein domains. The closest rela-
tive, in terms of sequence identity, was identified for all
non-identical PF95 representatives with the exception of
eight PDB domains which lack a homologue. Near-iden-
tical and identical domains identified in the non-redun-
dant dataset of GenBank from NCBI were included as
closest relatives but near-identical and identical PDB
domains were ignored (limited to CATH95 representa-
tives). The histogram illustrates the number of closest
relatives which fall within each level of sequence iden-
tity and the line graph is a cumulative percentage of clo-
sest relatives with increasing sequence identity. A
similar distribution is observed when single-domain
proteins only are considered. The sequence identity of
the “best” hit of only 10% of domains is less than 40 %,
the threshold below which [unctional variation is signifi-
cant. Note that only those matched sequence fragments
identified by PSI-BLAST using the CATH95 domains as
probes are included, and the plot provides no indication
of the number of “singletons” in the database, that is
the fraction of proteins which lack a detectable homol-
ogue.

short summary of the superfamily in terms of
structure, substrate specificities and reaction mech-
anisms, and further information, such as pairwise
sequence identities and SSAP (Taylor & Orengo,
1989) structural alignment scores, can be accessed
from each page. Table 2 lists the members of each
superfamily studied.

Tables 3 and 4 provide a summary of the struc-
tural and functional properties and variations
observed within each superfamily. In 19 superfa-
milies, all members share a minimum of one
domain in common. Tn 11 superfamilies, two struc-
tural domains are shared by all members. Note
that seven of the enzyme superfamilies adopl the
ubiquitous TIM barrel fold: ribulose-phosphate-
binding TIM barrels, aldolase superfamily, phos-
phoenolpyruvate-binding domains, enolase super-
family, FMN-dependent oxidoreductases, TIM
barrel glycosyl hydrolases and the metal-depen-
dent hydrolases. The evolutionary origin of TIM
barrel proteins has been a subject of controversy.
After submission of the manuscript, authors of a
large-scale sequence analysis of proteins adopting
this fold proposed a common ancestry between the
first five TIM barrel superfamilies listed, as well as
others (Copley & Bork, 2000). In the absence of

gene recruitment

& >
function depends upon

environmental factors

gene duplication
@ -
incremental
Q mutations

_>
O oligomerisation

post-—transiational

modification
Figure 4. Schematic diagram to illustrate the mechan-
isms by which new functions are created. In practice,
new functions often evolve via a combination of mech-
anisms.

gene fusion

overwhelming structural and functional evidence
of an evolutionary relationship, these superfamilies
were not clustered together in this study. However,
even within the individual superfamilies, there is
some considerable divergence of function.

Substrate specificity

Numerous enzyme superfamilies analysed here
display remarkable variations in substrate selectiv-

ity (see Table 4). Of 28 superfamilies involved in

substrate-binding, in only one is the substrate
absolutely conserved, and this corresponds to the
phosphoenolpyruvate-binding ~ enzymes  which
have the TIM barrel fold.

Enzymes in six superfamilies bind to a cotumnon
substrate type, such as DNA, sugars or phosphory-
lated proteins. However, in at least three of these
superfamilies, variations within these ligand types
may be extensive. For example, members of the
glycosyl hydrolase superfamily considered here act
on monosaccharides as well as larger carbohydrate
substrates including linear and branched-chain
polysaccharides, and the carbohydrates may be
linked to proteins and a variety of aryl and alkyl
groups. Accordingly, their active sites differ vastly
in shape and size. Endo-B-N-acetylglucosaminidase
even lacks the fifth and sixth o-helices of its TIM
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barrel to accommodate the protein moiety of its
substrate (Van Roey ef al., 1994).

Of the remaining 22 superfamilies, substrate
selectivity is the least varied for the ribulose-phos-
phate-binding TIM batrels, with the substrates,
and usually products, of their reactions having a
glycerol or ribulose-phosphate group. This conser-
vation of substrate-binding is not surprising, given
that three of five structural members catalyse
sequential steps in tryptophan biosynthesis, and
the product of one reaction is the substrate of the
next.

In as many as 20 superfamilies, substrate speci-
ficity is completely diverse, in that the substrates

hexapeptide repeat proteins
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bound vary in their size, chemical properties and/
or structural scaffolds (e.g. aromatic versus linear-
chain hydrocarbons) illustrating the plasticity of
protein structures with respect to ligand-binding
(see examples in Figure 5) If any substrate simi-
larity exists within these 20 enzyme superfamilies,
it is limited to a small chemical moiety such as a
carbonyl group or peptide bond, as identified in
ten superfamilies, and typically this is the centre of
chemical reactivity during catalysis.

Substrate diversity implies diverse binding sites,
achieved through structural variations and exploit-
ing the varying properties of the 20 amino acids.
The helix-hairpin-helix base-excision DNA repair

cytochrome P450s
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Figure 5. Substrates bound by enzymes belonging to three superfamilies which display diverse substrate specifici-
ties. Hexapeptide repeat proteins: (a) chloramphenicol acetyltransferase (EC 2.3.1.28); (b) tetrahydropicolinate N-succi-
nyltransferase (2.3.1.117); (c) UDP-N-acetylglucosamine acyltransferase (2.3.1.129); (d) carbonic anhydrase (4.2.1.1);
cytochrome P450s: (e) cytochrome P450-terp (1.14.--); (f) cytochrome P450-cam (1.14.15.1); (g) cytochrome P450-bm3
(1.14.14.1); (h) cytochrome P450-nor (nitric oxide reductase) (1.14.-.-); (i) cytochrome P450-eryF (1.14.-.-); FAD/
NAD(P)(H)-dependent disulphide oxidoreductase superfamily: (j) glutathione reductase (1.6.4.2); (k) trypanothione
reductase (1.6.4.8); () NADH peroxidase (1.11.1.1); (m) mercuric ion reductase (1.16.1.1); (n) thioredoxin reductase

(1.6.4.5).
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Table 2. The enzyme superfamilies and their members

PDB
Superfamily Member EC number(s) code Pfam
Fumarase/aspartase Fumarate hydratase class II (fumarase) 4.2.1.2 1fuq PF00206
Aspartate ammonia-lyase (aspartase) 4.3.1.1 ljsw PF00206
Adenylosuccinate lyase 4.3.2.2 1c3c PF00206
Argininosuccinate lyase 4.3.2.1 laos PF00206
§ crystallin 1I/argininosuccinate lyase 4321 lauw PF00206
Turkey 8 crystallin® Non-enzyme
Histidine ammonia-iyase 4.3.1.3 1b8f PF00221
Helix-hairpin-helix base- Endonuclease III 4.2.99.18 2abk PF00730
. excision DNA repair enzymes DNA-3-methyladenine glycosylase 3.2.2.21 impg PF00730
A/G-specific adenine glycosylase 3.2.2.- Imun PF00730
8-Oxoguanine DNA glycosylase - lebm
Non-heme di-iron carboxylate Ribonucleotide reductase, B chain 1.17.4.1 1xik PF00268
proteins Methane monooxygenase hydroxylase component, ~ 1.14.13.25 1mty
o chain
Methane monooxygenase hydroxylase component, 1.14.13.25 (non- Imty
B chain catalytic protein
chain)
A9 stearoyl-acyl carrier protein desaturase 1.14.99.6 lafr PF00487
Rubrerythrin Non-enzyme 1b71
Bacterioferritin Non-enzyme 1bcf PF01334
Ferritin heavy chain Non-enzyme 2fha PF00210
Ferritin light chain Non-enzyme 1dat PF00210
DNA protection during starvation protein Non-enzyme 1dps PF02047
Cytochrome P450s Cytochrome P450-terp 1.14.-.- lcpt PF00067
Cytochrome P450-cam 1.14.15.1 1phb PF00067
Cytochrome P450-eryF 1.14.-- loxa PF00067
Cytochrome P450-bm3 1.14.14.1 1.6.2.4 [m] 1bu7 PF00067
Cytochrome P450-nor (nitric oxide reductase) 1.14.-.- 1rom PF00067
Ferredoxin-NADP reductase Nitrate reductase . 1.6.6.1 2¢nd PF00175
(FNR) modules NADH-cytochrome b5 reductase 1.6:2:2 Indh PF00175
Phthalate dioxygenase reductase R 2pia PF00175
Ferredoxin-NADP reductase 1.18.1.2 1fnb PF00175
NADPH-cytochrome P450 reductase 1.6.24 lamo PF00175
Flavohemoglobin - legx PF00175
NAD(P)H-flavin reductase 1.6.8.- 14fj PF00175
Cupredoxins Rusticyanin Non-enzyme lrcy PF00127
Stellacyanin Non-enzyme ljer PF00127
Amicyanin Non-enzyme laac PF00127
Azurin Non-enzyme Inwp PF00127
Pseudoazurin Non-enzyme lpaz PF00127
Plastocyanin Non-enzyme 1ple PF00127
Cucumber basic protein Non-enzyme 2cbp PF00127
Copper-containing nitrite reductase 1.7.99.3 1nif PF00394
Laccase (polyphenol oxidase) 1.10.3.2 1a65
L-ascorbate oxidase 1.103.3 laoz PF00394
Ceruplasmin (ferroxidase) 1.16.3.1 1kew PF00394
Cytochrome ¢ oxidase polypeptide 11 1.9.3.1 (principal 2cua
catalytic centre in a
separate protein
chain)
Ubiquinol oxidase polypeptide II 1.10.3.- (principal leyw
catalytic centre in a
separate protein
chain)
Discoidin-like domains® Galactose oxidase 1.1.3.9 1gof
Sialidase 3.2.1.18 leut
Coagulation factor V Non-enzyme ezt PF00754
Coagulation factor VIII Non-enzyme 1d7p PF00754
“Rieske”-like iron-sulphur Ubiquinol-cytochrome ¢ reductase, iron-sulphur 1.10.2.2 lrie PFO0355
domains® subunit
Cytochrome b, f complex, iron-sulphur subunit 1.1099.1 1rfs PF00355
Naphthalene 1,2-dioxygenase, o subunit 1.14.12.12 Indo PF00355
Hexapeptide repeat proteins Chloramphenicol acetyltransferase 2.3.1.28 Ixat PF00132
Tetrahydrodipicolinate N-succinyltransferase 2.3.1.117 3tdt I'r00132
UDP-N-acetylglucosamine acyltransferase 2.3.1.129 1lxa PF00132
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PDB
Superfamily Member EC number(s) code Pfam
y-Carbonic anhydrase 4.2.1.1 1gre PF00132
Ribulose-phosphate-binding Indole-3-glycerol phosphate synthase/ 4.1.1.48 53.1.24 [m] 1pii PF00218
TIM barrels N-(5'-phospho-ribosyl)anthranilate isomerase PF00697
Indole-3-glycerol phosphate synthase 4.1.1.48 ligs PFO0218
Orotidine 5'-monophosphate decarboxylase 4.1.1.23 1dv7
Tryptophan synthase, « chain 4.2.1.20 lubs PF00290
Ribulose-phosphate 3-epimerase 5:1:34 1rpx PF00834
Aldolase superfamily N-acetylneuraminate lyase 4.1.3.3 1nal PF00701
Dihydrdipicolinate synthase 4.2.1.52 1dhp PF00701
Fructose-bisphosphate aldolase class I 4.1.2.13 1fba PF00274
Transaldolase 2212 lonr PF00923
Type I dehydroquinate dehydratase 4.2.1.10 1qgfe PF01487
3-Aminolevulinic acid dehydratase 4.2.1.24 lawb PF00490
Fructose-bisphosphate aldolase class 1 41.2.13 1dos PF01116
Phe-sensitive 3-deoxy-D-arabino-heptulosonate- 41215 1qr7 PF00793
7-phosphate synthase
3-Deoxy-b-manno-octulosonate-8-phosphate 4.1.2.16 1d%e
synthase
TIM barrel glycosyl Narbonin Non-enzyme 1nar
hydrolases Concanavalin B Non-enzyme lenv PF00192
Hevamine (chitinase/lysozyme) 3.2.1.14 3.2.1.17 [s] 2hvm PF00192
Chitinase 321.14 ledq PF00704
Endo-B-N-acetylglucosaminidase 3.2.1.96 2ebn
Cyclodextrin glycosyltransferase 2.4.1.19 lpam PF00128
a-Amylase 3.2.1:1 1vjs PF00128
Oligo-1,6-glucosidase 3.2.1.10 luok PF00128
Glucan 1,4-a-maltotetrahydrolase 3.2.1.60 2amg PF00128
Isoamylase 3.2.1.68 1bf2 PF00128
a-Amylase II {(neopullulanase) 3.2.1.135 lbvz PF00128
B-Amylase 3212 1byb PF01373
Chitobiase 3.2.1.52 1gba PF00728
B-Glucosidase 3.2.1.21 lcbg PF00232
B-Glycosidase 3.21.23 1gow PF00232
6-Phospho-f-galactosidase 3.2.1.85 1pbg PF00232
Myrosinase 3231 2myr PF00232
Endo-1,4-B-glucanase 3214 1ceo PF00150
Exo-1,3-B-glucanase 3.2.1.58 ezl PF00150
Endo-1,4-B-xylanase 3218 Ixyz PF00331
Exoglucanase/endo-1,4-B-xylanase 3.2.1.83.2.1.91 [s] lexp PF00331
B-Galactosidase 3.2.1.23 1bgl PF00703
B-Glucuronidase 3.2.1.31 1bhg PF00703
Endo-1,3-p-glucanase 3.2.1.39 1ghs PF00332
Endo-1,3-1,4-B-glucanase 3.2.1.73 laq0 PF00332
B-Mannanase 32.1.78 1bgc
4-y-Glucanotransferase 2.4.1.25 lewy
Phosphoenol-pyruvate Pyruvate, phosphate dikinase 2.7.9.1 1dik PF00391
binding domains Pyruvate kinase 2.7.1.40 1a49 PF00224
Phosphoenolpyruvate carboxylase 4.1.1.31 1fiy PF00311
Enolase superfamily Enolase 4.2.1.11 lone PF00113
Mandelate racemase 5122 2mnr PF01188
Muconate cycloisomerase 1 55.1.1 Imuc PF01188
Chloromuconate cycloisomerase 5.5.1.7 1chr PF01188
D-Glucarate dehydratase 4.2.1.40 1bqg
FMN-dependent (S)-2-Hydroxy-acid oxidase (glycolate oxidase) 1.1.3.15 1gox PF01070
oxidoreductases L-Lactate dehydrogenase (flavocytochrome b,) 1.1.2.3 1fcb PF01070
Trimethylamine dehydrogenase 1.5.99.7 2tmd PF00724
NADPH dehydrogenase (old yellow enzyme) 1.6.99.1 loya PF00724
Dihydroorotate dehydrogenase 1.3.3.1 1dor PF01180
Metal-dependent hydrolases Adenosine deaminase 3544 ladm PF00962
Phosphotriesterase 3.1.8.1 1psc PF02126
Urease, o subunit 35.15 2kau PF00449
Type I PLP-dependent Aspartate aminotransferase 2.6.1.1 lars PF00155
aspartate aminotransferase Tyrosine aminotransferase 2.6.15 1bw0 PF00155
superfamily Aromatic-amino-acid aminotransferase 2.6.1.57 2ayl PF00155
1-Aminocyclopropane-1-carboxylate synthase 4.4.1.14 1b8g PF00155
Ornithine decarboxylase 41117 lord PF01276
Tryptophanase 4.1.99.1 lax4 PF01212
Tyrosine phenol-lyase 4.1.99.2 1tpl PF01212
Cystathione y-synthase 4.2.99.9 lesl PF01053
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Cystathione B-lyase 4418 lcll PF01053
Serine hydroxymethyltransferase 2121 1bj4 PF00464
8-Amino-7-oxononanoate synthase 2.3.1.47 1bs0 PF00222
Glutamate-1-semialdehyde 2,1-aminomutase 54.3.8 2gsa PF00202
2,2-Dialkylglycine decarboxylase 4.1.1.64 1d7u PF00202
Ornithine aminotransferase 26.1.13 20at PF00202
4-Aminobutyrate aminotransferase 2.6.1.19 1gtx PF00202
Adenosylmethionine-8-amino-7-oxononanoate 2.6.1.62 1dty PF00202
aminotransferase
Phosphoserine aminotransferase 2.6.1.52 1bt4 PF00266
3-Amino-5-hydroxybenzoic acid synthase 421 1b%h
ATP-dependent carboxylate- Acetyl-CoA carboxylase, biotin carboxylase 6.3.4.14 1bnc PF00289
amine/thiol ligases subunit
D-alanine-p-alanine ligase 6.32.4 liow PF01820
Glycinamide ribonucleotide synthetase 6.3.4.13 lgso PF01071
Phosphoribosylaminoimidazole carboxylase 41.1.21 1bér
Glutathione synthetase 6323 1gsh
Succinyl-CoA synthetase, B chain 6.2.1.5 2scu PF00549
Carbamoyl-phosphate synthase, large chain 6.3.5.5 1c30 PF00289
Synapsin la - lauv PF02078
Pyruvate, phosphate dikinase 2.7.9.1 idik PF01326
Thioredoxin superfamily Thioredoxin Non-enzyme 2trx PF00085
Glutaredoxin Non-enzyme 1lkte PF00462
Thiol-disulphide interchange protein DsbA - 1fvk PF01323
Protein disulphide isomerase 5.3.4.1 1mek PF00085
Glutathione S-transferase 2.5.1.18 1gse PF00043
Prostaglandin p-synthase 5.3.99.2 ipd2 PF00043
Glutathione peroxidase 1.11.1.9 1gpl PF00255
Thioredoxin peroxidase 2 5 1qq2 PF00578
Peroxidase Horf6 11117 1prx PF00578
Phosducin Non-enzyme 2trc PF02114
Calsequestrin Non-enzyme la8y PF01216
Phosphoglycerate mutase-like Phosphoglycerate mutase 54.2.1 1ghf PF00300
6-Phosphofructo-2-kinase/fructose-2,6- 2.7.1.105 3.1.3.46 1bif PFO0300
biphosphatase [m]
Prostatic acid phosphatase 31432 1rpa PF00328
3-Phytase 3.1.3.8 lihp PF00328
a/B-Hydrolases Carboxylesterase 3.1.1.1 lauo
Triacylglycerol lipase 3113 lcul PF00561
Acetylcholine esterase 3.1.1.7 2ack PF00135
Bile-salt-activated cholesterol esterase 3.1.1.3 3.1.1.13 [s}] 2bce PF00135
Para-nitrobenzyl esterase 3.1.1.- 1ge3 PF00135
Brefeldin A esterase . 1jkm
Prolyl oligopeptidase 3.4.21.26 1gfm PF00326
Serine carboxypeptidase I (cathepsin A) 3.4.16.5 livy PF00450
Serine carboxypeptidase II 3.4.16.6 1wht PF00450
Proline aminopeptidase 3.4.115 lazw PF00561
2-Hydroxy-6-oxo-6-phenylhexa-2,4-dienoate 3.7.1.8 ledx
hydrolase
Epoxide hydrolase 318:2:3 ler PF00561
Haloalkane dehalogenase 3.8.15 1bég PF00561
(5)-acetone-cyanohydrin lyase 4.1.2.39 1qj4 PF00561
Non-heme chloroperoxidase 1.11.1.10 1a8s PF00561
Myristoyl-ACP-specific thicesterase 23.1- 1tht
Dienelactone hydrolase 3.1.1.45 1din PF01738
Acetylxylan esterase 3116 Ths?
Cutinase (serine esterase) 3.1.1.- lcex PF01083
TPP-dependent enzymes Pyruvate oxidase 1:2:3:3 1pox PF00205
Pyruvate decarboxylase 4.1.1.1 1pvd PF00205
Benzoylformate decarboxylase 4.1.1.7 1bfd PF00205
Transketolase 22.1.1 Ttrk PF00456
Pyruvate-ferredoxin reductase 1.2.7.1 1b0p
2-Oxoisovalerate dehydrogenase, a subunit 1244 1qs0 PF00676
2-Oxoisovalerate dehydrogenase, f subunit 1244 1gs0
5-Nucleases DNA polymerase I 2.7.77 1bgx PF01367
Ribonuclease H 3.1.26.4 1tfr
5'-exonuclease 3.1.113 lexn PF01367
Flap endonuclease-1 - la76
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FAD/NAD(P)(H) dependent Glutathione reductase 1.64.2 3grs PF00070
disulphide oxidoreductase Low molecular weight thioredoxin reductase 1.64.5 ltde PF00070
superfamily Trypanothione reductase 1.6.4.8 1fec PF00070
Dihydrolipoamide dehydrogenase 1.8.1.4 3lad PF00070
Flavocytochrome c:sulphide dehydrogenase 1.8.2.- 1fcd
NADH peroxidase 1.11.1.1 Inpx PF00070
Mercuric ion reductase? 1.16.1.1
Adrenodoxin reductase 1.18.1.2 Icjc
Trimethylamine dehydrogenase 1.5.99.7 2tmol
Zn peptidases Carboxypeptidase A 3.4.17.1 2ctc PF00246
Carboxypeptidase B 3.4.17.2 insa PF00246
Carboxypeptidase A2 3.4.17.15 laye PF00246
Carboxypeptidase T 3.4.17.18 lobr PF00246
Bacterial leucyl aminopeptidase 3.4.11.10 lamp PF01546
Carboxypeptidase G2 3.4.17.11 lcg2 PE01546
Cytosol aminopeptidase 3.4.11.13.4.11.5 [s] 1lam PF00883
Aminopeptidase 34.11.- 1xjo
Transferrin receptor protein Non-enzyme lex8
DD-peptidase/p-lactamase D-alanyl-p-alanine carboxypeptidase/ 3.4.16.4 3pte
" superfamily transpeptidase
B-Lactamase 3.5.2.6 1dja PF00144
Penicillin-binding protein 1pmd PF00905
Phosphohistidine domains of Pyruvate, phosphate dikinase 2791 1dik PF00391
PEP-utilising enzymes Phosphoenolpyruvate-protein phosphotransferase 2.7.39 2ezb PF00391
Medium-chain alcohol Quinone oxidoreductase 1.6.5.5 1qor PF00107
dehydrogenases Alcohol dehydrogenase 1.1.1.1 1deh PF00107
Alcohol dehydrogenase class III 1.1.1.1 1.2.1.1 [s] 1teh PF00107
NADP-dependent alcohol dehydrogenase 1.1.1.2 1kev PF00107
Glucose dehydrogenase® 1.1.1.47
Protein tyrosine phosphatase Protein-tyrosine phosphatase 3.1.348 1bzh PF00102
superfamily Dual specificity protein phosphatase 3.1.3.16 3.1.3.48 [s] 1vhr PF00782
Crotonase-like 4-Chlorobenzoyl-CoA dehalogenase 3.8.1.6 Inzy
Enoyl-CoA hydratase 4.2.1.17 2dub PF00378
A3,5-A2,4-dienoyl-CoA isomerase 5.3.3.- 1dci PF00378
ATP-dependent Clp protease, proteolytic subunit 3.4.21.92 1tyf PF00574
Creatinase/methionine Creatinase 3.5.3.3 lchm PF00557
aminopeptidase superfamily Methionine aminopeptidase 3.4.11.18 Ixgs PF00557
Aminopeptidase P 3.4.11.9 1a29 PF00557

[m] denotes “multienzymes” (enzymes with two or more catalytic functions contributed by distinct domains and/or separate sub-
units) and [s] denotes “single enzymes’ (enzymes catalysing two or more reactions using the same catalytic site). Note that some
enzymes have different types, isozymes and classes, e.g. B-lactamase classes A and C both belong to the pp-peptidase/p-lactamase
superfamily, and prokaryotic type I and eukaryotic type Il methionine aminopeptidases are single-domain and two-domain proteins,
respectively. To restrict the length of the Table, with few exceptions only a single entry for each distinct function is given, with a
representative PDB entry. Where two or more homologous protein chains belonging to the same enzyme complex have different
functional roles, the individual chains are listed. Readers are referred to www.biochem.ucl.ac.uk/bsm/FAM-EC/for a more compre-
hensive list of superfamily members. Pfam accession numbers (Bateman et al., 2000) are provided for those PDB code with a SWISS-
PROT entry, and these illustrate the sequence variability of the superfamily.

* Those proteins of known structure which do not have a PDB entry.

® During analysis it became apparent that discoidin-like domains are not catalytic, but they have been included to illustrate some
of the complexities of functional annotation, and of the analysis of structure/function relationships.

¢ The Rieske-like domains essentially function as electron transfer agents; the catalytic site of naphthalene 1,2-dioxygenase, o subu-
nit is in a domain attached to the C terminus of the Rieske-like domain.

enzyme superfamily provides one of the best
examples of this exploitation, and illustrates the
extent to which the nature of active-sites can vary
between homologues. Members act on a
broad range of DNA lesions, including ultra violet
photoadducts, mismatches and oxidised and alkyl-
ated bases, but each enzyme is normally specific
for a particular type of lesion. Endonuclease III has
a polar active-site pocket filled with water mol-
ecules for the recognition of a wide range of
damaged pyrimidines, that of 3-methyladenine

DNA glycosylase II is rich in electron-donating
aromatic residues for binding electron-deficient
alkylated bases, and active-site residues in A/G-
specific ~adenine glycosylase hydrogen-bond
specifically to adenine (Mol et al., 1999).

Substrates are often bound to surface loops,
notably in enzymes with the TIM barrel or o/f
hydrolase folds; this facilitates rapid evolutionary
adaptation since the loops can vary whilst the
structural integrity of the protein fold is main-
tained (Perona & Craik, 1997). This makes the
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Table 3, Summary of variations at the domain and quaternary levels

Domain

Domain Domain recruitment/ Domain Subunit Motif
Superfamily enlargement duplication loss rearrangement assembly duplication
Fumarase/aspartase 83-195 2-3
Helix-hairpin-helix base-excision 51-113 2-3
DNA repair enzymes
Non-heme di-iron carboxylate 146-512 12 *2-24 ’
proteins
Cytochrome P450s 1-3+
Ferredoxin-NADP reductase 25 12
(FNR) modules
Cupredoxins 96-214 S 1-6 *22?
Discoidin-like domains * 39 * *12 *
Rieske’-like iron-sulphur 2 *6-22
domains
Hexapeptide repeat proteins 12 .
Ribulose-phosphate-binding TIM S 12 *1-6
barrels
Aldolase superfamily 2-8
TIM barrel glycosyl hydrolases * 15 % 1-4 -4
Phosphoenol-pyruvate binding 274-883 1-5 2-4
domains
Enolase superfamily 2-8
FMN-dependent oxidoreductases ' 1-3 14
Metal-dependent hydrolases 1-2 * 19
Type I PLP-dependent aspartate 2-4 2:12
aminotransferase superfamily
ATP-dependent carboxylate- 121-288, 69-155 S 3-8 * *14
amine/thiol ligases
Thioredoxin superfamily 75-184 S 1-4 *1-N
Phosphoglycerate mutase-like 222-431 12 2-4
o/B-hydrolases 197-547 1-2 *1-8 !
TPP-dependent enzymes 178 395 S 1-5 ¥ *2-4
5"-Nucleases 2-6
FAD/NATXP)(H) dependent S 2-5 *1-4
disulphide oxidoreductase
superfamily
Zn peptidases 1-4 1-6
DD-Peptidase/f-lactamase ¥ 15
superfamily
Phosphohistidine domains of 3-5
PEP-utilising enzymes
Medium-chain alcohol 2-4
dehydrogenases
Protein tyrosine phosphatase 144-297 S 1-14
superfamily
Crotonase-like 3-14
Creatinase/methionine 12 1-4 *

aminopeptidase superfamily

The Table indicates those superfamilies in which (i) the sizes of at least one domain common to all members vary by at least two-
fold, with the size range(s) in residues as shown; (i) at least one member contains two or more homologous domains along a single
polypeptide chain indicating a duplication event (S: duplicated domains have evolved specialised functional roles); (iii) domain orga-
nisation varies between members, with the range of the number of domains along a single polypeptide chain as shown; (iv) the rela-
tive location of two or more domains along the polypeptide chain differs (v) subunit assembly varies, with the range of the number
of subunits within a complex as shown, where N denotes a large number (an asterisk (*) indicates that one or more members are
hetero-oligomers, thus the variation results not only from a differing number of identical chains within the assentbly); note that data
regarding subunil assewbly were exlracled from the lileralure for species Lo which the PDDB codes lisled in Table 2 correspond; iden-
tifying the oligomerisation state for all species was beyond the scope of this analysis; (vi) sequence and/or structural data indicate
molif duplication. Tor some proteins the structural domain organisalion of the enlire chain is unknown, and information regarding
modular content, on the basis of sequence comparisons, is extracted from the literature and Pfam (Bateman et al., 2000), where avail-
able. Similarly, for some proteins subunit assembly is unknown, or it is not clear from the literature, and so the Table is incomplete
in part (see www.biochem.ucl.ac.uk/bsm/FAM-EC/for more details).

wide variability of the substrates, which are bound
to the core of cytochrome P450s all the more
remarkable; collectively they act on fatty acids,

have been under intense evolutionary pressure to
evolve, since many P450s play a crucial role in
detoxification.

steroids, prostaglandins and many different drugs.
The P450s show large differences in the orien-

tations of their a-helices to accommodate these

diverse substrates (Poulos, 1995). Presumably they

Only enzymes and their ligands are considered
here. Non-enzymes may bind substrates which
bear no resemblance to those of their catalyti-
cally active homologues, e.g. a single-domain



Evolution of Function in Protein Superfamilies

1125

protein involved in DNA protection during star-
vation displays significant sequence and structur-
al similarity to various non-heme di-iron
carboxylate enzymes (Grant et al., 1998), which
collectively bind fatty acids, methane and other
hydrocarbons.

Reaction chemistry

Here we make a distinction between reaction
chemistry and catalytic mechanism. Chemistry
refers to the overall strategy of changing substrate
into product, and the nature of the intermediates
involved, whereas catalytic mechanism describes
the roles played by specific residues in the active-
site.

Far more common than the conservation of sub-
strate binding is the conservation of reaction chem-
istry within the 31 enzyme superfamilies studied.
There are 27 superfamilies for which details of cat-
alysis are known, and in four, the reaction chem-
istry is conserved (see Table 4). For example,
catalysis by members of the protein tyrosine phos-
phatase superfamily involves nucleophilic attack
by a conserved cysteine on the substrate and the
thiol-phosphate intermediate formed is sub-
sequently hydrolysed. In a further 18 superfami-
lies, the chemistry is ““semi-conserved” (see below).

Common chemistry in context of diverse reactions

In these semi-conserved superfamilies, enzyme
members utilise a common chemical strategy in the
contexts of different overall transformations.
Observations of this nature have been observed in
other enzyme superfamilies (e.g. see Lee et al,
1998; Aravind et al, 1998; Schofield & Zhang,
1999). Typically, it is the initial catalytic step that is
conserved, whilst the reaction paths that follow
vary, sometimes extensively, as illustrated by the
examples given in Table 5. These superfamilies
illustrate not only the versatility of protein folds
with respect to function, but also the versatility of
the chemistry involved, in that a single chemical
step can be re-used in a number of contexts to pro-
vide completely different outcomes. The chemistry
employed by members of the PLP-dependent ami-
notransferase superfamily is particularly versatile;
the amino acid substrates may undergo covalency
changes at the o, B or y carbon atoms after for-
mation of the external aldimine intermediate
(Alexander et al., 1994), leading to a vast array of
reactions catalysed by these enzymes, as seen in
Figure 6.

In three superfamilies the similarity in reaction
chemistry between enzyme members is more lim-
ited and may be described as ““poorly conserved”.
The crotonase-like superfamily includes structural
and sequence members catalysing dehydratase,
dehalogenase, isomerase, decarboxylase, and pepti-
dase activities. Typical members act on a coenzyme
A thioester, so the identification of ClpP protease
as an evolutionary relative was unexpected

(Murzin, 1998). Stabilisation of an oxyanion inter-
mediate by a conserved oxyanion hole, in which
the intermediate is hydrogen-bonded to two back-
bone amide groups, is the only functional simi-
larity conserved across all members, and in
contrast to those “semi-conserved” superfamilies
listed in Table 5, the reaction paths to this inter-
mediate vary widely (Babbitt & Gerlt, 1997). They
include proton abstraction, peptide hydrolysis and
nucleophilic aromatic addition, and involve differ-
ent catalytic residues within the active-site. Similar
observations have been made in the vicinal oxygen
chelate superfamily (Babbitt & Gerlt, 1997); cataly-
sis involves metal-assisted stabilisation of develop-
ing negative charge on a vicinal oxygen, but
beyond this similarity, the nature of the intermedi-
ates and the chemistry involved are diverse. The
thioredoxin superfamily provides yet another
example. The common factor of the redox-active/
catalytic members is their sulphur redox chemistry,
which is employed to carry out transferase, peroxi-
dase and isomerase reactions; during catalysis,
they are likely to stabilise a cysteine thiolate (or
selenolate ion), but the cysteine is an intramolecu-
lar active-site residue for some members, but from
an external substrate, such as glutathione, in
others. Not one active-site residue is conserved

4.4.1 23.1

44 23

4.1 26

2.6.1

Figure 6. Diversity of enzyme functions catalysed by
members of the PLP-dependent type I aspartate amino-
transferase superfamily. Functions of both structural
and sequence members are included, and incomplete EC
numbers have been ignored. This representation com-
prises a set of concentric pie charts. Sectors are coloured
according to the enzyme class (pink, oxidoreductases;
green, transferases; yellow, hydrolases; orange, lyases;
blue, isomerases). The circles, from inner to outer, rep-
resent the second, third and fourth levels in the EC hier-
archy. The angle subtended by any segment reflects the
proportion of enzyme functions it contains. At least 47
enzyme functions are catalysed by this superfamily.
Some of the more populated sectors are labelled with
the EC levels they denote. i



Evolution of Function in Protein Superfamilies

1126

swoye
ajensqns uo ydepe dyydospnu [B19W JUSTRAID
SIX PaAISSUOD-TUISG 10§ ISJEM JO UOLBALDE PaSISSe-[eIa]A omj 10 3UQ ISIAAL] sase[oapAy yuspuadap-[eIa]A
. oN P3AIISUOD-TWIG AyAnpE 2521NPaIOPIX0 JWRPUIdap-NIAL NIAL asIdAICT $38e1ONPAIOPIXO JUApuUdap-NIAL
poe dipAxoqred dnos8 aje[dxogred
. g PP3AIISUOD-1UIAG 03} © u0j01d JO UOTOELISAE PIISISSE-TeIaUl [e13UI JUBRAI(] -Kjarowt ‘as13A1(y Apnuepradns asejouy
surewiop
- UMOWD[UN SWSTUEYDSW PI[Iedp [e19WL JUBRAI(] paAIasuny) Burpurq sreanifd-jousoydsoyq
uaBAxo S1pisod4[8 aissios sayeuoyord sajeIpAyogIed
% ON PAAIISUOD-TUISG arewreini3-sisA[eied poe [e1susn) - -=d£], sase[0IpAY [AS00A[S [atreq ALL
says Surpuiq
POAIISUOD -[e19W JUB[RAID dnoi8 [Luoqres
. ON -£j1004 Anstuayd [Auogre)) paatssuodun) -A3or0W BSI2AICY Apurepadns aseoply
ayeydsoyd asomqur sppiIeq
ON paAIISUOdUN) pattep - -Aystoun ‘refmuirg WL Surpuig-syeydsoyd-ssomqny
ays Supwig-elawt
: oN paAIasuodUN) paueA paAIasuOdU) 3SI2AI(] surajord yeada: spndadexayy
surewop
- V/N V/N v/N mydms-uort Y-, 2SNy,
sajerpAyoqred
= V/N V/N aoeyms-[a2-2dAL SUTRWIOP SI-WPIOdsiC
Ayanoe asepnpaopixo juspuadap
SIA PSAIISUOD-TUISG -n7) “I2JSUBI] UOIDID IP[NDIOWRDU] no asIaAI] surxopaidn)
sauea uopdap (HI(DHAVN Sa[npowt
SOA PAAIISUOY) pUE ulAR[} UsdMm13q Iafsues} SpLIPAH NI 10 avd V/N  (INd) osepnpai JqyvN-UIXopais,]
[erdund aures auy
SMO[[O} WISTURYDIUWI UORDRII S11 Inq
‘aseONpal APIX0 dLIU JOo uondadxd
sax POAISSUOD-TUISG ynm] sowads uaSAxo-uoIr pareandy S1e[onyI-awRYy IsIBAI(] SOGFd SWONP0ILD)
suajoxd
Sax PRAIISUCD-TWISG UOREPIXO UOII-IP pue uoneande 207 /%0 SWONE 3 OM], aszaAI(] 9JRIAXOGIED UOL-IP JUWSY-UON]
areyredse ISIDAIP ‘sarensqns sawdzud 1redaz YN
Sa POAIRSUOI-TWAS  PaAISsuO0d Surajoaur uoneande dydoapnN - VNa-=d4A1 UOISIX3-358q Xi[dY-UTdIrey-x1a]
uondensge uojoxd-g ‘dnoid
ae[dxoqied 3y 01 © spuoq O-D 10 N-D Jo dnoi8 ayejdxoqres
* ON P2AISSUOD-TWISG 38eaesp Surafoaur suondwss uowRUTWI-( - -fys10W ‘IRTTUNG asejredse /aserewmy
sanpisal jus[eamba sanprsal
Afreuonouny onAreyes redoutd Ansruayd ) Apyoads
jo Ayniqerrep JO UOLIRAISSUOD) JO UOQRAIISUOD) Ansuusys uondear ur AJLe[ruIg 10108J-0D) Aensqng Anureyradng

sanprsa1 dpATered pue Ansmuayp uonoeas ‘Ajpyads sjensqns JO UsyeLeA PUB UOHRAIISUOD) F d[qeL



1127

Evolution of Function in Protein Superfamilies

“(S[Te39p d10W 10§/ DF-NV.L/ WSq/ N DL PIwadoIq mmm 33S) 3pmS
y3noi e Auo sapraord uumiod sny3 pue ‘Apienb 03 ynogyrp sawnawos st Aqurejzadns e ssome sanpisal onArered edpuud ay) JO UOHRAISSUOD [RINIONNG "UOHOUTNY Ul SSHLIB[IUIS SAISUS)XS 3I0W
Jqupe Aew sawdzus pajeal A[asop aI0jA Afrurefradns ayy Jo SIqUUSW paye[al AQUeIsIp 1Sow A} 03 Iajal AJensn Ansmusyo uonoear pue Ajpywads 9jensqns JO UOHRAIISUOD JO INjeu 3],

ON

ON

SX

ON

SIX

* mm>

Sax

LN

* fwag

* mm>

Sax

SOA

PAAIISUOD-TUISG

PoAI3SUOD
-A1100g

PpaAIasuo))

PAAISSUOD-TWISG

PAAIISUOD-TUISG

paAIssuc))

paAIasuOD)

PaAISSUOI-TUISG

PRAIISUOD-TUISG

PRAIISUOD-TIUSG

PRAIISUOI-TUIRG

PIAIISUOD
-Apoog

PAAIISUOD-TUISG

POAISSUOD-TWSG

J)RIPaULIa UL
[eIpaena} eia sisA[0IpAy puog N-D

S1LIPIAULIAJUT UOIBAXO JO UONESI[IqeIS

pasAjoxpAy Apuanbasqns
ST PIYMm arerpauniaiun areydsoyd
-JOTY} SULIOJ SUTAISAD PaAIasuol)

uordNpax
3u039Y /apAyap[e 10 uoneuadoipAyap
[oyooe JUapURdap-(H)(d)AVN

3JPIPAULISILT SUTPUSTY
-oydsoyd Suraoaus sajsuenoydsoyg

3JETPAULIBIUT SWAZUS-{ADe Ue JO UOQeULIO]
01 Surpesj ‘{Auoqied jenSANS U0 JULIS
paasasuod e jo yoene drrydospnn

sisA[oIpAy
puogq apndad ‘[fuoqied ajensqns uo
I3jem pateAnde-uyZ Jo doene dnydoapnyN

Ayampe
ssepnpaioprxo uapuedsp-(H)(I)AVN/avd

UMOW{UN SWSHIEYDW pafreldq

3)eIPaULIAIUL
apAyepre-ddl ® JO Uoneuwoy

pue a8eaes[d puoq D) 01 Surpes|
‘[Auoqres a1ensqns ay) uo YdeNe 10§
Jd L Sa1eAE ajeuren(d paAIasU0)

pein duAered poe-siy
-apydospnu e ur sydospnu auy Aq
spene orrydoapnu saodapun ajensqng

SperpawLdur durpysiyoydsoyd
JUI[EAOD SULIOJ JUIPLSIY PIAIISUO)

(91E[OUS[AS 10) 3je[OTy] SUIBISAD JO
uoyesyIqels ‘Ansnuayd xopai mydng

UOQPULIO] PUOQ S-D) I0 N-D) TeIpauLIaur
areydsoydifoe ue jo uoneuniog

31enSANS YIM JBTPIULID)UT
AuTWITPe JO UOTIBULIO] PUe dursA|
PRAIBSUOD 01 4 jo Surpurq jusfeao)

ays
[edWr XeapdNuIq
PaAIISUOdU()

ays Supuig-uz
PpoAIasuodU]

[e13W JURRAL(]

SWIOje [e3our
uz omj 10 auQ

avd

Swoje [ew
JUS[BAIP OM],

ddL

d1d

puoq N-D
-Aya10UI ‘3SI3AI(C]

dnoi8 [Auoqaed
-A1a10W1 ‘3SIBAI(]

surajoxd
parerAroydsoyd
-adAg,

3SIBAI(]

V/N

puoq apudad
-Kystow ‘as1aAI(]

puoq aspudad
-A1310W 3SIBAICY

3SIDAI(]

mwuﬁbmﬂn.—m
VNQa-d4y

dnoid Auoqued
-K1at0uI ‘3s19AI(]

ISIDAL

(s)dnoi8 sreydsoyd
-Ajot0ur ‘9s19A1(]

IsAI(Q

dnoi8 ayerdxoqred
‘y01daooe
- Ajetow ‘as1aAI(]

9SIAIP
‘spwe ounue-adA ]

Aqrureyzadns aseprdadounue
SUIUON[IaW /3SBUL2aI)

P[I[-9SLU0I0I)

Amurepzadns
aseyeydsoyd aursoif) ujoig

saseudBorpAyap
JOYOD[e UTeyD-WNIPIA
sawdzue Sursiun

~d4d jo surewop aurpnsmoydsoyd

Anureyradns
aseureper-g /asepndad-aa

sasepuded uyz

Apnureyzadns
asejonparopxo apidmsip
wapuadap (HNIAVN/AVE

SISBIPNN-,G

sawAzus juspuadsp-d ],

SISE[OIPAH-g /0
ay-eseinw AgexadAiBoydsoyg
Apureyradns uixopaizoryy,

sasedy| (o /aupue
-aje[Axoqred yuspuadap-J v

Ajrurejzadns aserajsuenounIe
ayeyredse yuspuadap-g1d [ 9dAL



Evolution of Function in Protein Superfamilies

1128

-aded snpy u1 pajuasaid sajqe] Areurums ayp ur sisA[eue 10y papnpdur asImIBLI0 Jou axe Ay Ing ‘satjruziiadns asayy q pesAfered suonoeal jo
ANSIBAIP SU SjexSN{[T 03 219 PIPNPUL dIB SIANE]AI dUSNbas 3saly ey} AON "2AMINIS UMOLUN JO SSWAZUS SAIEDIPUL (,) YSHIISE UY "SUOHBULIOJSURL [EJIUSYD SSIDAIP JO IXSJUOD 3y} Wt dass uony
-B3I UOurIod € asATeies Afruesiadns e UIYHM SISQUIDJ °, PAAISSUOD-IWIS,, SB PS]LISIP St ALSTUSYD UOHDEST 3Y) UDIYM Wl sarqurejzadns ULAdS JO UOLELIEA [EUOTDUTY 3y} SSLIBWIWMS J[qe], YT,

19ysurer; Aoy

spunodwoes >nuedio jo uoyeusdorer]
apmuAxorpAy jo uonsoduwoda(]
stsAjorpAy apudag

s1sA[oIpAY 1oyg

sisAjo1pAy apije

sisA[oapAy 12153 drjAxoqre])

UOIESUSpPUOD [OP[e 3SIDANY
zaysuen; dnoid [039)]
uoneAxoqredsq
UOnE[AX0qIEdap JAEPIXQ

(a8uePxa TeMDs[OWRAUT) UOHESLISWOS]
Juawade[day-4

uoreunurg-4A

uogeuruI|H-g

a8eaea]d [op[e-onay

UOTR[AXOqIRd3(]-0

uoneuTwesue ],

uonesuawidy
UONESLIBWOSIOPAD)
uonesIURIEY

BIUOUIWE JO UOLBUTUITH-(
I3]eMm JO UOQBUNUIH-g

(UONONPIIOPIXO IBNIIJOUIRINI) YO BSLIOWOS]
uoneuL1of apxodg

(AnAnd® 35EPIX0) UOHESLIBWIP SALEPXO
uorINPaI1 APIXO JLYIN

(&y1apoe aseuaBAxoouour) UoTR[AXOIPAH

jungns aeredss e 0] punog AeLSANS U} PIM
Izjsuen) uondapE a8ueI-3Uo| B Ul PIATOAUL S
ST} ‘[edIpel JUISOIAT JIS-2ANDE UR JO UOHERULIO]
poe A11e] © JO UOHRINIESAp SALEPIXO

aurpaw Jo UoneAXOIPAH

aserayssonyl dywads-JDV-[A0ISLAN
asepxo13do10y> JWIY-UON

3seA] uupAYourRAd-9u03DY(S)
ssepudad/ixoqred auuag
ased[cIpAy aprxodg

aseusBo[eyap sueNeoTeL]

asedr

3SeA] IpAyspiezusg
ase[ojasuel],
aseAx0qr209p et
3SEOIXO AeANIA ]

ISBINWOUTLUE-]Z SPAUS PRS- [-d]PWeIn|)
aseyjuds-A auonpeisdid

L@SeA[-A autuonaN

aseueydoydAa],

aserajsuenAyawixorpAy auliag
3SBIAXOQIEDRp UML)

sseldjsuenouwe jenedsy

asejerpAysp ajeredn|o-a
ISBISWIOSIOPAD 21EU0DNIA]
SSeWIdDEL JJR[APURIA]
Lasehr-eruounue djerredsef AN
ase[ouy

LISEUYIUAS Y-3UeXOquuoI ]
LISEUIUAS IPIXO JUS[TY
LISEUIUAS surumureqiag
3sL)INPaL SPIXO DN
WED-()GF IWONPOIAD)

3SLIONPAI IPTIOAINUORY
asernjesap umoxd raLued [Ade-jAorears (6)V
aseua3AX00UowW SUBISA

SIBLSANS ) YIM SJRIPIULISIL
JuR[RAOD © SuLIo] YdTym a[ydospnu
Su[eIed 3] SAILATIOR SUIPUSTY PAAIASUO))

JlerpauLIaIuT IpAYSp[E

-ddL ® jo uoneuLiof pue adeaea[d puoq -0
03 Surpesy ‘jAuoqIed syensqns ay} uo yoene
10} Jd1 Sareande ajeureing pasIdsuo)

3)eXSANS YIIM IJBIPIULIDNIL
SUILUIP[E JO UOHBULIOJ pue SuIsA|
paaIasuod 01 J1d Jo Surpurq ws[eAo)

poe dijAxoqied
03 © uojoid jJo uondeSqE PAISISSE-[EIRN

(9661 ‘1oD1eH) Adpund

JwWes 3y} SMO[O] WISTUBLDAWI UOTDeal

)1 INq ‘asEINPAI IPIX0 dLIU Jo uondaoxd
ynm) sapads uaBLxo-uor payeandy

UOQEPIXO UOI-[p pue Uoyeande ‘0% /%0

sase[oIpAL-¢ /®

sawAzua juspuadap-J L

Aprureyradns aserajsuenournue
arepedse yjuapuadap-J1d [ 2dAL

Anueyradus asejouyg

SOGhd AWORPOIAD

sur101d 1e[AX0gIEd UOII-IP SWSY-UON

Anamoy

Jwhzuy

days uonpea: uowwoD)

Amueyiadng

SUOTORAI SUIAZUD SSISAIP JO IXIJUOD i} UT ALSTUIDYD UOUIWOY) °§ d[qe],



Evolution of Function in Protein Superfamilies

1129

across all members, an observation that has been
made for other enzyme homologues (Murzin,
1998). ' -
Reactions catalysed by members of the aldolase
superfamily involve carbonyl chemistry. The
details of the reactions, the nature of the principal
reaction intermediates as well as the catalytic resi-
dues are variable, and so the chemistry of this
superfamily is described as poorly conserved. This
superfamily is discussed in more detail below.

Variation in chemistry

Within two superfamilies, the ribulose-phos-
phate-binding barrels and the hexapeptide repeat
proteins, the reaction chemistry is completely
unconserved in at least one pair of enzymes. In
this second group of proteins, there is absolutely
no correlation in catalytic function between two
subfamilies. The enzymes comprise a series of hex-
apeptide motifs which encodes a solenoid-like left-
handed B-helix domain, the number of “‘coils”
varying between five and ten. Typical members
are cofactor-independent acyltransferases (EC
2.3.1.5), and bind acyl-CoA or acylated-acyl protein
carrier as a donor substrate. However, this family
of enzymes includes also an archaeal carbonic
anhydrase (EC 4.2.1.1) which catalyses reversible
Zn-dependent hydration of carbon dioxide. Evi-
dence for a common ancestry is provided by the
specific sequence and structural features of this
superfamily; all function as trimers with each
active-site located at the interface of two subunits,
the crossovers between strands in the solenoid-like
structure are left-handed which is observed very
rarely, and each strand corresponds to a poorly
conserved hexapeptide motif. The disparate
functions may have evolved by an ancient gene
duplication event of an ancestral enzyme, or alter-
natively through the independent duplication and
fusion of a variable number of hexapeptide motifs.

No two enzymes of the ribulose-phosphate-bind-
ing TIM barrel superfamily shows any similarity in
reaction chemistry. Transformations catalysed are
diverse, but they involve similar substrates.
Accordingly, of all of the structural loops in the
binding-site region, those contributing residues
directly involved in catalysis are the least structu-
rally conserved (Wilmanns et al., 1992).

Catalytic machinery

Two alternative situations with regard to the
conservation or divergence of function and active-
site architectures are observed. The same active-
site framework may be used to catalyse a host of
diverse activities, and conversely, different cataly-
tic apparatus may exist in related proteins with
very similar functions.

Conservation of catalytic residues but diversity in
function

The o/p hydrolase superfamily is one of the
most structurally and functionally divergent of
superfamilies known but catalysis invariably
involves a catalytic triad comprising a nucleophile,
an acidic residue and a conserved histidine (Ollis
et al., 1992; Nardini & Dijkstra, 1999; Heikinheimo
et al., 1999). Each active site contains also an oxya-
nion hole formed usually by the backbone amides
of two amino acid residues, required for the stabil-
isation of the oxyanion intermediate formed in the
reaction. The catalytic triad typically comprises a
Ser, His and Asp, although variations are
observed, and these same three residues are used
by many functionally distinct enzymes acting on
diverse substrates, including various peptidases
(EC 3.4.-.-), lipases (EC 3.1.1.3), a thioesterase (EC
2.3.1.-) and haloperoxidases (EC 1.11.1.-) (see
Table 5).

In enzymes of the non-heme di-iron carboxylate
protein superfamily, the catalytic residues are
strictly conserved; they are characterised as having
a four-helix bundle core, comprising a duplicated
two-helix iron-binding motif (Nordlund ef al.,
1990). Catalysis involves oxygen activation and di-
iron oxidation, a chemical strategy employed to
carry out various enzyme reactions (see Table 5).
The specific geometric properties of each active-site
dictate the fate of the peroxo intermediates. In
some non-enzyme members of this superfamily
this di-iron site is lacking, whilst in others it is con-
served, such as the iron-storage protein ferritin.
This uses its ferroxidase activity to allow storage of
iron as an insoluble oxide in the central cavity of
its oligomeric structure (Banyard et al., 1978; Ford
et al., 1984).

Non-equivalence of catalytic residues despite
similarity in function

One might expect that any similarity in reaction
chemistry displayed by homologous enzymes is
mediated by common functional groups conserved
through evolution, and so at least some aspects of
the mechanisms of these enzymes would be identi-
cal (Hasson ef al., 1998a,b). Thus, a surprising find
is the number of superfamilies in which there is
poor positional conservation of residues which
play equivalent catalytic roles in related proteins.
Variability of this nature has been commented
upon elsewhere, with reference to the enolase
superfamily; the lysine residues which have equiv-
alent enolate-stabilisation roles in enolase and
mandelate racemase are on different strands
(Hasson et al., 1998b). In this analysis, catalytic resi-
due variation is observed in at least 12 superfami-
lies (see Table 4). In several cases, whilst the
functionally equivalent residues are located at non-
homologous positions in the structural scaffold, the
residues are identical. A number of cases involve
proteins with apparently identical biochemical
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functions, as defined by their EC numbers, but
note that such enzymes can differ in their substrate
preferences.

Both chloramphenicol acetyltransferase (PaXAT)
(EC 2.3.1.28) and UDP-N-acetylglucosamine acyl-
transferase (LpxA) (EC 2.3.1.129) of the hexapep-
tide repeat protein superfamily function as
acetyltransferases and contain an essential histidine
residue putatively involved in deprotonation of a
hydroxyl group in their respective substrates.
However, these residues are located at different
points within the protein fold; in LpxA, the histi-
dine is in a hexapeptide repeat in the core of the
domain (Wyckoff & Raetz, 1999), whereas in
PaXAT, it is located in a loop which projects out
from the solenoid structure (Beaman et al., 1998)
(see Figure 7).

Members of the fumarase/aspartase superfamily
contain three partially conserved sequence regions,
and these motifs, contributed by three separate
subunits, come together to form the active-site in
the homotetrameric enzyme complexes (Simpson
et al., 1994). Fumarase (EC 4.2.1.2) and aspartase
(EC 4.3.1.1) catalyse reversible B-elimination reac-
tions with the release of fumarate, and these reac-
tions differ only in the nature of the leaving group
(water versus ammonia). Despite their functional
similarity and a high sequence identity of 38%
(Woods et al., 1986), catalysis is mediated by differ-
ent residues in the two proteins. Some residues
essential for catalysis in fumarase are not con-
served and lack the necessary functionality in
aspartase (Jayasekera et al., 1997), and the precise
details of the aspartase mechanism are still
unknown.

Glycosyl hydrolases (EC 3.2.1.-) have been ident-
ified as the most widespread group of enzymes
(Hegyi & Gerstein, 1999) and they have been classi-
fied into 70 families on the basis of amino acid
sequence similarities (Henrissat, 1991). Members of
several families adopt the ubiquitous TIM barrel
fold and they have been clustered together into the
same homologous superfamily in both CATH and
SCOP (Murzin et al., 1995). In the literature, how-

ever, a common ancestry for these proteins has
been doubted given the variable location of their
functional groups; all enzyme members use a cata-
lytic glutamate to donate a proton to the scissile
glycosidic oxygen atom, and in the crystal struc-
tures determined thus far, this residue is situated
at the C terminus of, or on the loops that follow,
B-strands four or five in the central B-barrel. The
Asp or Glu nucleophile required for the formation
of a glycosyl-enzyme intermediate in “‘retaining’’
glycosyl hydrolases is located on or after strands
four, six or seven. Given the observed positional
variability of catalytic residues in other enzyme
superfamilies, a shared ancestry cannot be ruled
out. The retaining enzyme hevamine lacks the
nucleophile present in its close relatives, not
because it is located elsewhere in the fold, but it is
missing altogether. Instead, catalysis by hevamine
proceeds viz a charged intermediate which is
stabilised by the N-acetyl group in the substrate
(Terwisscha van Scheltinga et al, 1996). This
phenomenon is. known as substrate-assisted cata-
lysis, and renders the ‘“‘missing’” amino acid
unimportant.

In most flavoenzymes involved in dehydrogena-
tion reactions, the N5 atom of the flavin is within
hydrogen bond distance from a hydrogen bond
donor, regardless of the enzyme folding topology
(Fraaije & Mattevi, 2000). Conservation of this
interaction reflects its importance in catalysis, and
the interaction exists in the FMN-dependent oxido-
reductases of the TIM barrel fold, with the excep-
tion of glycolate oxidase. In three members of this
superfamily, the donor is a backbone amide
located in a loop that follows strand one, but in
dihydroorotate dehydrogenase A from Lactococcus
lactis, the donor is a nitrogen atom in a lysme side-
chain located after strand two.

The “migration” of catalytic residues is likely to
have occurred in the o/p hydrolase superfamily
(see Figure 8). A subfamily of lipases and esterases
have Ser, His and Asp/Glu in their active sites,
with the Asp or Glu acid located in the “usual”
position following the seventh strand. In a more

Figure 7. MOLSCRIPT (Kraulis, 1991) diagrams of the homologous enzymes (a) chloramphenicol acetyltransferase
(PaXAT), and (b) UDP-N-acetylglucosamine acyltransferase (LpxA). The catalytic histidine residues putatively
involved in deprotonation of the substrate hydroxyl are shown in ball-and-stick and circled in blue.
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distant homologue, human pancreatic lipase
(HPL), the Ser and His are conserved, yet the Asp
is on a loop after strand six. The ancestral acidic
Asp residue on strand seven remains as an evol-
utionary relic, and points away from the catalytic
His, unable to make hydrogen-bonding contact
" (Schrag et al., 1992). Lipoprotein lipases also have
the acid on strand six, but have lost that on strand
seven, thus HPL, as well as other mammalian pan-
creatic lipases, represents an intermediate in the
movement of the acid from one strand to the other
(Schrag et al., 1992). Interestingly, a double-mutant
fungal lipase in which the acidic residue is shifted

His His
Ser asp (Asp) Ser asp
5 6 7 8 5 6 7 8

(c) (d)

Figure 8. Topology diagrams to illustrate migration of
the catalytic acid in members of the o/B hydrolase
superfamily (Schrag et al., 1992). Strands are represented
by arrows and helices by rectangles. Residues belonging
to the catalytic triad are indicated (Nuc represents the
catalytic nucleophile) but note the Asp in brackets corre-
sponds to an evolutionary relic not involved in catalysis.
(a) The canonical /B hydrolase fold (Ollis et al., 1992)
and strands 5-8 of (b) acetylcholinesterases, fungal
lipases and bovine salt-activated cholesterol esterase
(Heikinheimo et al.,, 1999); (c) the “evolutionary inter-
mediate” human pancreatic lipase, and (d) lipoprotein
lipases, by homology (Schrag et al., 1992).

from strand seven to six is catalytically active
(Schrag et al., 1994).

The tyrosine residue essential to the activity of a
large number of eukaryotic glutathione trans-
ferases is conserved in the Escherichia coli enzyme
yet it is not necessary for catalysis. Instead,
cysteine and histidine residues in the active-site are
more suitably poised to play the equivalent func-
tional role (Nishida ef al., 1998). The tyrosine is
lacking in the theta class of enzymes, and this
group has a third mechanism, utilising a serine
residue located at yet another structurally distinct
position in the active-site pocket.

As noted recently, variations of this nature exist
also in a family of homeodomain-like recombinases
not analysed in this study (Grishin, 2000). Proteins
of this family use a tyrosine nucleophile to form a
DNA-enzyme intermediate, but this residue is
located on a different secondary structural element
in each of four members, including three enzymes
with the same function, namely topoisomerases.

This variability is unexpected. It may reflect
evolutionary divergence and optimisation of the
catalytic efficiency of these enzymes. Similar reac-
tions which involve different substrates are likely
to vary in the precise details of their reaction chem-
istry, such as in their transition-state stabilisation
requirements. As new functional groups fortui-
tously evolve in the active-site they may take over
the roles of “old” residues if they are better suited
to the job. That homologous active sites can offer
these alternative positions is promising for protein
design.

Secondly, genetic rearrangements can account
for the apparent migration of catalytic residues, as
observed in the aldolase superfamily. Fructose-
bisphosphate aldolase class I and its mechanisti-
cally similar homologues, transaldolase,
N-acetylneuraminate lyase, dihydrodipicolinate
synthase, type I dehydroquinate dehydratase and
d-aminolevulinic acid dehydratase have an active-
site lysine which forms a Schiff base intermediate
with the substrate. Typically, this residue is located
on strand six of the TIM barrel fold. In transaldo-
lase, however, it is located on strand four and opti-
mal sequence and structural alignment with
aldolase class I requires a circular permutation of
the beta-strands in the barrel (Jia et al., 1996). The
strong similarity of these two enzymes in their sub-
strate specificities and reaction chemistry, com-
bined with the conservation of active-site residues,
supports the evolution of transaldolase from an
ancestral class I aldolase; such a relationship
would require movement of the first two beta-
strands to the C terminus after other members of
this superfamily diverged (Jia ef al., 1996). Circular
permutation events have been observed in other
folds (Russell & Ponting, 1998; Rojas et al., 1999).

Functional convergence following evolutionary
divergence. Alternatively, these enzyme functions
may have evolved independently, and nature has
arrived at two or more distinct solutions to the
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same catalytic conundrum within homologous
structures. Whilst the recurrence of the same
enzyme activity within different structural scaf-
folds, typified by subtilisin and chymotrypsin
(Wallace et al., 1996), is well-known (Galperin et al.,
1998), the independent evolution of similar func-
tions within the same homologous superfamily is
not so easy to identify. In two examples discussed
below, evidence points to independent evolution of
the same function within each of the two superfa-
milies. Lactate dehydrogenase from Trichomonas
vaginalis presents another example of this phenom-
enon (Wu et al., 1999).

The Zn peptidase superfamily comprises two
distinct subfamilies, the Zn carboxypeptidase
(ZnCP) and the Zn aminopeptidase (ZnAP)
families. Sequence homology between the two
groups is undetectable by PSI-BLAST, and only
with structural data can one infer an evolutionary
relationship (Makarova & Grishin, 1999). Enzymes
of both families have a co-located Zn binding-site
but they differ in other aspects; members of the
ZnAP family bind a second Zn atom in the active-
site, and whilst both ZnCP and ZnAP enzymes use
a glutamate residue as a catalytic base for the acti-
vation of water, in ZnCP it is in the C-terminal
region and in ZnAP it is in the middle of the poly-
peptide chain. Nevertheless, both families include
classical proteases, as well as desuccinylases and
deacylases which act on N-modified amino acid
residues. These functional specificities appear to
have evolved in parallel after the two families
diverged from an ancestral non-specific peptide
hydrolase (Makarova & Grishin, 1999).

An extreme case of active-site variation is
observed in the FAD/NAD(P)(H)-dependent disul-
phide oxidoreductase superfamily (see Figure 9).
All members contain a FAD-binding domain, and
a NAD(P)(H)-binding region. Typical members,
including glutathione reductase (EC 1.6.4.2) and
mammalian thioredoxin reductases (EC 1.6.4.5),
have a third, interface domain at the C terminus,
and have a catalytic redox-active disulphide
located in the FAD domain. In contrast, plant and
bacterial  low-molecular = mass  thioredoxin
reductases lack the interface domain, the disul-
phide is located in the NAD(P)(H)-binding module
(Kuriyan et al., 1991) and it is in a catalytically
incompetent position on the re face of the isoalloxa-
zine ring of FAD, so a large conformational change
musl take place prior lo catalysis. Thus, the same
function has probably evolved twice independently
within a superfamily of enzymes (Kuriyan et al.,
1991). The atypical low-molecular weight thiore-
doxin reductases may have evolved either through
independent fusion of the same two FAD and
NAD(P)(H)-binding modules, or by loss of the
interface domain of an ancestral protein (Petsko,
1991). Interestingly, flavocytochrome c:sulphide
dehydrogenase (EC 1.8.2.-) has yet another active-
site arrangement. Whilst the redox-active cysteine
residues are separated by just several amino acid
residues along the primary sequence in other

glutathione transferase and
high molecular weight
thioredoxin reductase

oo

O

low molecular weight
thioredoxin reductase

flavocytochrome c:
sulphide dehydrogenase

Figure 9. Schematic diagram to illustrate the domain
organisation and active site location of members of the
FAD/NAD(P)(H)-dependent disulphide oxidoreductase
superfamily. Each shape corresponds to a structural
domain, and domains of the same shape are homolo-
gous. The light grey square represents the FAD-binding
domain, the dark grey square represents the
NAD(P)(H)-binding domain and the circle represents
the interface domain. The NAD(P)(H)-binding domain
interrupts the first domain in all proteins, but this is not
indicated in the diagram for clarity. Each cysteine in the
catalytic disulphide is represented by C to illustrate its
domain location. High molecular mass thioredoxin
reductase has unknown structure, but sequence com-
parisons have shown that it has an active site location
and domain organisation identical to those of gluta-
thione transferase.

members, in this enzyme they are located on two
distinct domains and lie almost 200 residues apart
(Chen et al., 1994). Thus, three members of this
superfamily use the same sulphur redox chemistry
in one of three distinct active sites.

The origin of the active-site variation observed
in some superfamilies is unclear. Determination of
more sequences and structures in a superfamily
may allow the identification of evolutionary “‘step-
ping stones” between members, and these can give
clues to the origin of any positional variation of
active-site residues.

Structural equivalence of calalytic atoms. The pos-
ition of specific atoms involved in catalysis may be
conserved across a family, whilst the residues to
which they helong, lie at different points in the pro-
tein scaffold (Hasson et al., 1998b). This has pre-
viously been observed with the catalytic bases in
the enolase superfamily, members of which adopt
the TIM barrel fold (Hasson et al., 1998b), and in
the thioredoxin superfamily regarding the atom in
each member which interacts with the substrate
cysteine (Martin, 1995).

Flavocytochrome b, and dihydroorotate dehy-
drogenase present another case; superimposition of
their structures reveals just a 2 A separation
between the atoms which hydrogen bond with the
flavin N5 locus, although the residues which con-
tain them differ in both identity and position in the
protein fold.
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Loss/gain of metal sites

The loss or gain of catalytic metal-binding sites
is observed in eight superfamilies. There are two
situations. The absence of a catalytic metal-binding
site in a protein may coincide with a lack of
enzyme activity. Alternatively, metal content may
differ between catalytically active proteins, imply-
ing a variation in the catalytic mechanism, a
phenomenon identified in seven superfamilies.

For example, methionine aminopeptidase and
aminopeptidase P both have a binuclear metal
centre in their active sites, but this is absent in the
more distant relative, creatinase. Their high struc-
tural similarity, combined with their shared ability
to catalyse the hydrolytic cleavage of a C-N bond
(Murzin, 1993), albeit on very different substrates
and by different mechanistic strategies, and the
conserved interaction of an invariant histidine with
the nitrogen atom of the substrate scissile bond
(Lowther et al., 1999), provide evidence for a dis-
tant evolutionary relationship between these
enzymes. Similarly, quinone oxidoreductase lacks
both the catalytic and structural Zn sites of its
homologues, the functionally analagous dehydro-
genases (Thorn ef al., 1995).

The aldolase superfamily contains both class I
and class II fructose-bisphosphate aldolases (EC
4.1.2.13). Whilst the class I aldolase forms a Schiff
base intermediate with the substrate via an active-
site lysine residue, as discussed above, in the class
II reactions, a covalent enzyme-substrate adduct is
not formed and instead catalysis involves a diva-
lent metal cofactor, normally Zn. The nucleophile
adding to the acceptor substrate is a Schiff base
enamine for aldolase class I, but an enolate anion
for aldolase class II. The evolutionary origin of
these two classes was unclear until the recent
sequence analysis of an aldolase from E. coli. This
forms a Schiff base, yet shares higher sequence
similarity with the metal-dependent enzymes
(Galperin et al., 2000). Thus, two entirely different
mechanisms have evolved within the same super-
family to catalyse the same reaction. This super-
family exhibits further variability in metal content.
8-Aminolevulinic acid dehydratase forms a Schiff
base and requires Zn for activity, but its metal site
is in a position different from that of class II
aldolase (Erskine et al., 1999). The metal sites of
aldolase class II and the class II-like Phe-
sensitive
phate synthase (EC 4.1.2.15), on the other hand,
are co-located. 3-deoxy-D-manno-octulosonate-8-
phosphate synthase (EC 4.1.2.16) from E. coli cata-
lyses a reaction almost identical to that of 3-deoxy-
D-arabino-heptulosonate-7-phosphate synthase, but
its activity does not depend on a metal ion nor a
Schiff base-forming lysine.

The cupredoxins present the best case of vari-
ation in metal content (Rydén & Hunt, 1993;
Murphy et al., 1997). Four types of Cu sites exist in
this superfamily, where all sites are involved in
electron transfer, and the number of Cu ligands

3-deoxy-D-arabino-heptulosonate-7-phos-

varies from zero to eight with any one domain pro-
viding ligands for up to four Cu atoms. Interest-
ingly, the level of structural similarity does not
correlate with Cu content and thus electron trans-
fer function (Murphy et al., 1997), implying the
acquisition and loss of Cu sites through evolution.

Enzyme and non-enzyme functions:correlation
with catalytic residues

For the majority of non-enzyme homologues
belonging to the structural superfamilies studied in
this analysis, the lack of enzyme function is corre-
lated with a lack of the catalytic residues identified
in close relatives. However, apparently “missing”
functional groups do not always correlate with a
non-enzymatic function, as indicated in the pre-
vious two sections.

Conversely, the presence of functional residues
preserved in enzyme homologues does not necess-
arily imply that a protein is catalytically active,
and then only structural details of a non-enzyme
can provide clues to its inactivity. Narbonin pro-
vides a good example. As far as is known, this pro-
tein is catalytically inactive despite the presence of
a glutamate, essential to the activity of its close
chitinase homologues. A salt-bridge as well as
other structural variations which render the active-
site cleft inaccessible to chitin are in part respon-
sible for the lack of catalytic activity (Terwisscha
van Scheltinga et al., 1995).

Changes at the domain and quaternary levels

Domain enlargement

Whilst most protein folds vary in size between
homologues to a certain extent, the sizes of 12
domains (belonging to 11 superfamilies) vary by at
least twofold. Size variations may involve the
addition/loss of subdomains, variability in loop
length, and/or changes to the structural core, such
as beta-sheet extension.

An extreme example is provided by the phos-
phoenolpyruvate-binding domains which have a
TIM barrel structure ranging from 274 to 883 resi-
dues in size. Phosphoenolpyruvate carboxylase is
the unusual member in this superfamily, having a
total of 40 alpha-helices, including the eight which
pack round the beta-barrel. Most of the additional
helices, introduced at different points throughout
the primary sequence, are situated at the C-term-
inal end of the barrel, and in this cluster of helices
lies the binding site for aspartate, an allosteric
inhibitor (Kai et al., 1999). Extensive domain embel-
lishment has provided the enzyme with a regulat-
ory site, and probably also an interface for
stabilising its tetrameric structure.

Sizes vary by 3.5-fold in the non-heme di-iron
carboxylate protein superfamily. Members have an
alpha bundle structure, but in non-enzymes this
comprises four helices, and in enzymes, at least
eight. Of the a/p hydrolases, cutinase (EC 3.1.1.-)
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is the smallest enzyme (197 residues), with five
strands in the main beta-sheet (Longhi et al., 1997),
in contrast to bovine bile-salt activated cholesterol
esterase (EC 3.1.1.3 3.1.1.13) (547 residues) which
has 11 strands, and loop structures up to 79 resi-
dues in length (Chen et al., 1998). A structurally
conserved core and catalytic triad confirms a com-
mon ancestry for these enzymes.

Phosphoglycerate mutase and its homologues
have an alpha-helical subdomain formed by two
loops of their six-stranded three-layer ofo sand-
wich structures. Loop lengths in 3-phytase are
more than double those in fructose-2,6-biphospha-
tase, so that the subdomains differ vastly in size
and architecture, and this confers different sub-
strate specificities on these enzymes.

Other examples of size variation include the
smaller alpha domain of the helix-hairpin-helix
base-excision DNA repair enzymes, with two pro-
teins having an extra [4Fe-4S] cluster-binding loop
(Thayer et al., 1995; Guan et al., 1998), and the beta-
sheet extension of the C-terminal ATP-grasp
domain of biotin carboxylase to mediate dimer
contacts (Waldrop et al., 1994).

Nature has probably embellished more simple
ancestral folds in the evolution of protein complex-
ity and functional specialisation, through amino
acid and intron insertions. However, the reverse
scenario does occur. For example, the loss of two o
-helices in endo-B-N-acetylglucosaminidase of the
TIM barrel glycosyl hydrolases (see above), and
the interface domain of the more typical homodi-
meric members of the FAD/NAD(P)(H)-dependent
disulphide oxidoreductase superfamily has prob-
ably been truncated in the evolution of flavocyto-
chrome c:sulphide dehydrogenase to accommodate
the cytochrome ¢ subunit (Van Driessche et al.,
1996).

Domain recruitment

In 27 of the 31 superfamilies, the domain organ-
isation varies between members. Additional mod-
ules fused to the catalytic domain of an enzyme
may play a role in regulation, oligomerisation,
cofactor dependency, subcellular targeting or, com-
monly, substrate specificity.

An accessory domain may modulate the sub-
strate selectivity of a protein by providing a
specific binding site, or, by playing a purely struc-
tural role, may shape the active site for the recog-
nition of a substrate of a different shape or size.
For example, prokaryotic methionine aminopepti-
dase is a monomeric single-domain protein which
cleaves large polypeptides. In contrast, creatinase
is a two-domain protein and exists as a homodi-
mer; the additional domain of the second subunit
caps the active site allowing the binding of the
small molecule creatine (Hoeffken et al., 1988) (see

‘Figure 10).

In the family of glycosyl hydrolases adopting the
TIM barrel fold, both methods of modifying sub-
strate specificity are observed, and interestingly,
the number of additional domains does not necess-
arily correlate with the nature of the carbohydrate
substrate (see Tigure 11). Indo-1,4-p -glucanase C
and cyclodextrin glycosyltransferase have cleft-like
active sites, and bind the polysaccharides cellulose
and starch, respectively. The former is a single
domain protein, whilst the latter comprises four
domains, the C-terminal domain providing a
starch-binding site. In contrast, B-glucosidase and
the five-domain protein p-galactosidase have
pocket-like active sites, and consequently bind
monosaccharides and disaccharides, respectively.
The extra domains of B -galactosidase (including
two fibronectin Ill-like domains) do not play the
typical functional roles they exhibit in other con-

Figure 10. MOLSCRIPT diagrams of (a) prokaryotic methionine aminopeptidase and (b) the creatinase homodimer;
the additional subunit is coloured green, and its extra N-terminal domain shapes the active site for the recognition of
its smaller substrate, creatine (Hoeffken et al., 1988); the inhibitor carbamoyl sarcosine is shown in ball-and-stick.
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ENZYME DOMAIN ORGANISATION SUBSTRATE ACTIVE-SITE

Figure 11. Domain organisation,
egﬁj"cjd’n';‘s‘é’ga‘ ceflulose cleft substrate preferences and active-
_ site shapes of four members of the
cyclodextrin starch s TIM barrel glycosyl hydrolase
glycosyltransferase superfamily. Each shape corre-
efbgimesklise @ e et ~ sponds to a structural domain, and
domains of the same shape are
homologous. The catalytic domains

beta-galactosidase v . @ . A disaccharide pocket are shaded.

texts, but appear to play a purely structural role,
providing loops which give the active site its pock-
et-like shape for the binding of small sugar mol-
ecules (Juers et al., 1999). Cyanogenic B-glucosidase
achieves its selectivity for monosaccharides
through the specific structural properties of its
single, catalytic domain.

Gene fusion does not necessarily modify the bio-
chemical function of a protein and domain combi-
nation can just reflect organisation of the genome.
In three families, modular variation results only
from the fusion of a second enzyme onto the same
polypeptide chain of one member. For example, in
cytochrome P450BM-3 the redox partner, NADPH-
cytochrome P450 reductase, is fused to the P450
heme domain (Narhi & Fulco, 1987). Other
members of the superfamily exist as single-domain
proteins and the reductase module is located on a
separate subunit.

In two of the four superfamilies which show no
variation in domain organisation, members are
multi-domain, implying that gene fusion has prob-
ably played a role in the evolution of these pro-
teins. Indeed, in 11 superfamilies, members share a
minimum of two domains in common and the
individual domains of these superfamilies may
be found in isolation or in combination with
other modules as more protein structures are
determined. For example, one of the two domains
in the ATP-dependent carboxylate-amine/
thiol ligase superfamily has recently been
observed in phosphoribosylaminoimidazolesucci-
nocarboxamide (SAICAR) synthase (Levdikov et al.,
1998).

In the vast majority of the 27 superfamilies
which exhibit variations in modular construction,
domain recruitment, in combination with point
mutations which affect ligand-binding or catalysis,
account for the observed functional diversity. With
reference to Figure 1, having considered both
single and multi-domain proteins in this data anal-
ysis, however, there may be some apparently func-
tionally diverse superfamilies in which domain
members have similar, if not identical, biochemical
roles, and the observed functional variation is
attributed to differences in modular and/or sub-
unit assembly. Such superfamilies illustrate the use
of the same functional domain in quite diverse con-

texts, and highlight the importance of considering
modular construction in gene annotation.

One example is provided by the “Rieske”-like
iron-sulphur domains which bind a [2Fe-25] cluster
via four conserved ligands, and these domains
mediate electron-transfer between donor and
acceptor molecules. These domains have been
identified in the oligomeric cytochrome bc com-
plexes which play a central role in the electron
transfer chains of mitochondria, chloroplasts and
bacteria, within the oxygenase subunits of a large
family of multi-component aromatic ring-hydroxy-
lating dioxygenases, as well as in other oxido-
reductases such as nitrate reductase. The iron-
sulphur domains of these proteins are embedded
in enzyme complexes which differ vastly in
domain organisation and subunit assembly,
accounting for the functional diversity of this
superfamily.

Domain duplication with functional specialisation

In 11 superfamilies, domain duplication has
occurred, such that the same module is repeated
two or more times along the same polypeptide
chain. In seven, functional specialisation has fol-
lowed the duplication event, and distinct roles
may be ascribed to each duplicated module (see
Table 3).

One of the best examples is provided by the fer-
roxidase ceruplasmin. This enzyme has six
domains all of which adopt the cupredoxin fold.
The second, fourth and sixth domains bind a type I
Cu, a trinuclear Cu site is located at the interface
between domains one and six, and domains three
and five lack Cu altogether.

Domain rearrangement

In four superfamilies, the relative location of two
or more domains along the polypeptide chain var-
ies between members.

The thiamin pyrophosphate (TPP)-dependent
enzymes use the cofactor to catalyse cleavage of
carbon-carbon bonds adjacent to carbonyl groups.
All enzyme complexes of this superfamily share
two domains in common, which together bind
TPP, and these two domains are homologous to
each other (see Figure 12). They have evolved
specific functions, one binding the pyrimidine ring
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of TPP (pyr), and the other binding the dipho-
sphate (pp). However, their order in the primary
sequence varies (Muller et 4l.,, 1993), and in one
member, 2-oxoisovalerate dehydrogenase, they are
located on separate subunits (AEvarsson et al.,
1999). Even when these domains occur on the
same chain, the TPP-binding unit within an
enzyme complex comprises two subunits, with the
TPP sandwiched between the pyr and pp domains
of separate chains (Muller et al., 1993). Pyruvate
ferrodoxin reductase is an exception; TPP is bound
by two domains on the same subunit (Chabriere
et al., 1999). Despite these variations, the TPP-bind-
ing unit is highly conserved (Muller et al., 1993), so
independent fusion of the pyr and pp domains
onto the same chain may have occurred after the
unit evolved.

Eukaryotic and prokaryotic glutathione synthe-
tases (GS) of the ATP-dependent carboxylate-
amine/thiol ligase superfamily present another
example of domain rearrangement. They share
three domains in common, two of which together
form the ATP-grasp fold (Murzin, 1996) which
defines this superfamily. In human GS, a structural
outlier of this superfamily, the large C-terminal
domain of the ATP-grasp fold is split in two with
one half attached to the N terminus owing to a cir-
cular permutation cvent (Polckhina et al., 1999);
thus two segments of sequence located at its N and
C termini form a structural domain which is equiv-

(a) (b)

Figure 12. Domain organisation and TPP-binding
units of TPP-dependent enzymes. Each shape corre-
sponds to a structural domain, and domains of the same
shape are homologous. The light and dark grey squares
represent the TPP-binding domains involved in interact-
ing with the pyrimidine ring and diphosphate moiety,
respectively, and highlight the domain rearrangement
observed within this superfamily. Dotted lines represent
domain-domain interfaces involved in TPP-binding. (a)
Pyruvate oxidase, pyruvate decarboxylase and benzoyl-
formate decarboxylase; TPP-binding unit is a homodi-
mer; (b) ftransketolase; TPP-binding unit is a
homodimer; (c) pyruvate ferredoxin reductase; TPP-
binding unit is a monomer; (d) 2-oxoisovalerate dehy-
drogenase; TPP-binding unit is a heterodimer of alpha
and beta-chains.

alent to the third contiguous domain of prokaryotic
GS. An evolutionary relationship between the two
types of GS had gone undetected until the struc-
ture of human GS was determined.

Subunit assembly

In at least 23 superfamilies, subunit assembly
varies between members. For 12 of these, variation
results only from a differing number of identical
chains in the protein complex {see Table 3).
Usually, a change in the oligomerisation state of
this nature appears to confer no functional differ-
ence, unless an additional subunit contributes resi-
dues to the active site and modifies it in some way.
An example of this type of modification is pro-
vided by methionine aminopeptidase and creati-
nase discussed above.

In 11 superfamilies, one or more members func-
tions in combination with different subunits, that
is, as a hetero-oligomer. Additional subunits may
be important for substrate-binding or electron
transfer, for example, or they may even play a
direct role in catalysis. The non-homologous pro-
teins tryptophan synthase alpha-chain and the
large subunit of carbamoyl phosphate synthase are
responsible for catalysing just one step in their
respective reactions, with their partnering subunits
necessary for complete catalysis. Tunnels to con-
nect the distal active sites in the protein complexes
allow the diffusion of intermediates and prevent
their contact with solvent (Hyde et al, 1988;
Thoden et al., 1997).

The “moonlighting” thioredoxin-like protein dis-
ulphide isomerase presents an example where its
function depends upon its oligomerisation state; it
is the beta subunit of prolyl-4-hydroxylase and is
also one subunit of the triglyceride transfer protein
complex (Pihlajaniemi et al., 1987; Wetterau et 4l.,
1990). This protein belongs to one of several super-
families which are particularly variable in terms of
domain content and subunit assembly. Protein dis-
ulphide isomerase comprises four thioredoxin-like
modules, only two of which are catalytic; the hom-
ologue thioredoxin functions as a single-domain
monomer; the two-domain non-enzyme phosducin
forms a complex with the beta and gamma com-
ponents of the GTP-binding protein transducin;
and high-capacity Ca®" binding by calsequestrin,
which comprises three thioredoxin-like motifs
(Wang et al., 1998), requires aggregation into a
polymeric state.

Discussion
Caveats

Our work depends upon both the reliability of
annotation in SWISS-PROT, and the accuracy of
crystal structure and mutagenesis studies from
which catalytic residues and reaction mechanisms
are inferred. In addition, the data presented are
based upon proteins for which structures have
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been determined, and their sequence relatives from
GenBank identified by PSI-BLAST. Both databases
inherently contain biases which affect analyses of
this nature, the PDB towards smaller proteins and
those which are easy to crystallise, and GenBank
towards microbial sequences. Structural genomics
initiatives and the sequencing of more genomes
will minimise these biases in the future.

The EC classification system has some well-
known limitatations. Firstly, the reaction direction
is chosen arbitrarily, such that phosphoenolpyru-
vate carboxylase (EC 4.1.1.31), for example, is
classified as a lyase yet it catalyses irreversible car-
bon-carbon bond formation. Secondly, EC numbers
describe the overall reaction catalysed, and provide
no details of the chemistry involved, thus two
enzymes which share a common chemistry, and
even mechanistic strategy may have completely
different EC classifications. For example, pyruvate
oxidase and pyruvate decarboxylase both catalyse
TPP-dependent decarboxylation of pyruvate, but
in the former, it is oxidative, so the two enzymes
belong to different primary EC classes, their EC
numbers being 1.2.3.3 and 4.1.1.1, respectively. In

addition, the overall transformation of substrate -

into product may involve a number of individual
reaction steps. Dehydroquinate synthase is cor-
rectly classified as a phosphorus-oxygen lyase (EC
4.6.1.3), but it is actively involved in the catalysis
of five reaction steps, alcohol oxidation, phosphate
beta-elimination, carbonyl reduction, ring-opening
and intramolecular aldol condensation, all in one
active-site (Carpenter et al., 1998).

The functional variation observed in many, if
not all, of the 31 superfamilies studied may be
underestimated. In the future, new sequences and
structures may considerably expand their func-
tional repertoire. We may find that any similarity
in function, such as reaction chemistry or sub-
strate-binding, reported here is limited to a sub-
group of related proteins, and a more subtle
functional property or structural feature may
instead define the superfamily as a whole.
Addition of ‘Clp protease to the crotonase-like
superfamily ilustrates this point. Formerly a super-
family in which all members catalysed one of a
variety of reactions at the acyl group of a CoA
thioester substrate, it is now apparent that simi-
larity in function is limited to the ability to stabilise
the negative charge on an oxygen atom in an oxya-
nion intermediate.

Overview of functional diversification

With reference to 31 homologous structural
superfamilies, we have sought to gather the data
and thereby understand how specialised functions
have evolved, through changes at the atomic level
to gross structural rearrangements. We have pre-
sented the structural and functional attributes
which are conserved within a superfamily and
those that differ, and what bearing, if any, these
similarities and changes have on protein function.

This work has implications for interpreting the
plethora of data generated in the genome sequen-
cing and planned structural genomics projects
from which we must unravel gene functions.

These 31 structural superfamilies, in combination
with other modules, support almost 200 protein
functions. With the inclusion of sequence data this
number more than doubles. Accommodating
diverse functions on a common scaffold has
involved many types of variations within one
superfamily. For example, the di-iron centre of the
non-heme di-iron carboxylate proteins has evolved
through motif duplication, and this superfamily
shows also loss of a catalytic site, extensive domain
enlargement, and considerable variations in
domain organisation and subunit assembly. With
these changes has emerged a superfamily involved
in DNA-synthesis, iron-storage, fatty acid biosyn-
thesis, methane fixation and the protection of DNA
from oxidative damage. Other superfamilies of this
nature inciude the cupredoxins, the thioredoxin-
like proteins, the TPP-dependent enzymes and the
ATP-dependent carboxylate-amine/thiol ligase
superfamily. The number of superfamilies with
changes in modular construction and subunit
assembly illustrates the importance of such
rearrangements in creating new functions, con-
firmed by the existence of numerous active sites at
domain and subunit interfaces.

On the other hand, some superfamilies appear to
have achieved their functional diversity through
incremental mutations in the active site alone. The
crotonase-like enzymes, and the TIM barrel enolase
and aldolase superfamilies catalyse diverse reac-
tions on a wide variety of substrates, nevertheless
domain organisation is constant, and changes in
oligomerisation state result only from a variable
number of identical chains in the enzyme com-
plexes.

Substrate specificity and reaction chemistry

Substrate specificity and catalytic activity define
the absolute biochemical function of an enzyme. .
During evolution, one property may vary whilst
the other is maintained, and the role they play
in enzyme recruitment has been a subject of
discussion.

Jensen (1976) proposed that enzyme recruitment
exploited the substrate ambiguity of ancestral pro-
teins. Broad substrate specificity provided the
ancestral cell with a “biochemical leakiness”
(Jensen, 1976), and thus biological diversity came
from a limited number of genes; enzymes with
improved substrate selectivity and catalytic effi-
ciency have evolved through gene duplication and
specialisation of active-site architectures. More
recently, these ideas have been extended by
O’Brien & Herschlag (1999). The results of our
analysis certainly highlight the evolution of mul-
tiple specialised functions within an enzyme super-
family in support of this hypothesis. Without
phylogenetic studies, however, it is impossible to
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say definitively whether enzyme substrate specifi-
cities have narrowed during the course of evol-
ution. Whilst this seems to be the more common
scenario as more complex, multi-cellular systems
have evolved, many enzymes do exhibit broad
substrate selectivities (Jensen, 1976), and this prop-
erty could also evolve through adaptation of a
specific ancestral active site for the recognition of
multiple substrates.

In more recent work (Petsko et al., 1993; Babbitt
& Gerlt, 1997; Gerlt & Babbitt, 1998), it has been
proposed that chemistry, as opposed to substrate
specificity, has dictated the choice of ancestral pro-
teins for the evolution of new enzyme activities.
Indeed, the majority of superfamilies studied here
display little conservation of substrate specificity,
whereas conservation of reaction chemistry is
far more common. In this dataset, the ribulose-
phosphate-binding  barrels present the only
example in which substrate-binding is well con-
served yet the chemistry is varied, implying that
the former has dictated the course of evolution of
this superfamily. At the other end of the spectrum,
five superfamilies, such as the metal-dependent
hydrolases, utilise a common reaction chemistry
and catalytic framework to act on an array of sub-
strates which do not have even a small moiety in
common.

Whilst conservation of chemistry does appear to
be the dominant theme, there may be isolated
cases within a few superfamilies where substrate
specificity has been the important factor in the
evolution of particular members. For example, of
the four structural members of the crotonase-like
superfamily all but Clp protease binds a coenzyme
A thioester (Babbitt & Gerlt, 1997). Indeed, it can
be difficult to treat chemistry and substrate speci-
ficity as two distinct properties, and distinguish
which of the two drives evolution, since a common
chemistry often implies a common substrate moi-
ety, which may undergo change during the reac-
tion. For example, members of the enolase and
type I PLP-dependent aspartate aminotransferase
superfamilies bind a carboxylate and amino acid
group, respectively. Similarly, chemistry and the
nature of the cofactor are inherently linked; dupli-
* cation of cofactor-binding domains has been exten-
sive throughout evolution, exemplified by the
ubiquitous nucleotide-binding Rossmann fold.

There are several examples of pairs of homolo-
gous enzymes, including the tryptophan biosyn-
thesis enzymes of the ribulose-phosphate-binding
barrel superfamily, which catalyse adjacent steps
within a metabolic pathway, implying that sub-
strate specificity is the critical influence in enzyme
recruitment. However, a recent analysis of evol-
utionary relationships in small molecule metabolic
pathways in Escherichia coli showed that conserva-
tion of the main substrate-binding site is far more
rare than the conservation of chemistry in support
of the “chemistry first strategy”” (S. A. Teichmann
& S. C. G. R. Rison, personal communication).

Catalytic residues

Over one-third of superfamilies exhibit catalytic.
residue migration, despite the limited data. Indeed,
with the growth in the sequence databases, we
may find that this variability is no longer an excep-
tion, and that many active sites are “malleable”.
Alternatively, it may be limited to a few protein
folds which are particularly amenable to the topo-
logical shift of active-site residues, in that they can
offer a number of points in their scaffolds from
which catalytic groups can be recruited. A greater
degree of flexibility of an active site clearly facili-
tates functional diversification. This may account,
at least in part, for the functional versatility of the
TIM barrel.

Conclusions

Typically, functional analyses are done for a
single family in isolation, but together, they pro-
vide a better insight into protein evolution by
allowing the identification of preferred mechan-
isms of functional diversification. In this work,
data have been laboriously extracted from the lit-
erature and combined with our own analyses, to
provide an overview of the extent and the mechan-
isms by which proteins evolve new functions.
I'unctional variation occurs mostly in more dis-
tantly related proteins (<40%) and the structural
data have been essential for understanding the
molecular basis of observed functional differences.

It is important to note that we can only underes-
timate the functional variation observed. Usually,
in the “midnight zone” of sequence and structural
similarity, an evolutionary relationship between
proteins is inferred only if they share some simi-
larity in function, such as a conserved substrate-
binding site, active-site architecture or protein-pro-
tein interface. New genes and structures can pro-
vide “bridges” between superfamilies which
previously showed little evidence of homology,
and we are likely to observe even more extensive
and unexpected variations in function within many
superfamilies in the future.

With the onset of structural genomics projects,
the interpretation of protein function using struc-
tural data will become increasingly important. The
observations discussed here hint that functional
characterisation by structure determination will
not be straightforward. Certainly in a number of
superfamilies, the prediction of enzyme activity of
an uncharacterised protein on the basis of the pre-
sence or absence of catalytic residues identified in
its relatives may be difficult. We have seen that the
same catalytic framework may be used for a var-
iety of reactions, and ljttle can be inferred other
than some aspects of the reaction mechanism. On
the other hand, the absence of one or more cataly-
tic residues ‘does not necessarily imply a lack of
enzyme activity. Indeed, various attempts at struc-
ture-based functional assignment have been met
with mixed success (Ren et al., 1998; Yang et al.,
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1998; Colovos et al., 1998; Zarembinski et al., 1998;
Volz, 1999), nevertheless new structures almost
invariably provide valuable guidance for future
biochemical studies.

Several important questions remain. Given a
family of protein structures, to what extent can we
predict biochemical function and ligand-binding?
Is it possible to extract rules for the design of novel
functions and can we accurately annotate genome
sequence data? The data we have collected and
analysed in this work will provide the experimen-
tal basis to explore these questions.

Materials and Methods

To perform the analysis of enzyme structure and func-
tion, information was extracted from the CATH structur-
al classification scheme (Orengo et al., 1997), PDBsum
(Laskowski et al, 1997), SWISS-PROT (Bairoch &
Apweiler, 2000) and ENZYME (Bairoch, 2000) databases,
and the literature. Due to the scope of this analysis and
space restrictions, it has not been possible to reference
many of the articles which provide the data referred to
in this paper. References are accessible through SWISS-
PROT, PDB and the articles referred to in this paper.

Every protein chain in the PDB was matched to its
corresponding SWISS-PROT sequence entry, where poss-
ible, to extract EC numbers. This was necessary due to
limited annotation in the PDB. PDB to SWISS-PROT
links provided in a manually curated list at the European
Bioinformatics Institute were supplemented by way of
a two-way sequence scan using the FASTA sequence
comparison algorithm (Pearson & Lipman, 1988). EC
numbers were identified by way of the SWISS-PROT
accession code from the ENZYME and SWISS-PROT
databases.

CATH is a classification of protein structural domains.
Proteins are classified into homologous superfamilies by
a semi-automatic procedure. Those sharing high
sequence and/or structural similarity are merged auto-
matically into the same superfamily. For more distantly
related proteins in the twilight zone of sequence and
structural similarity, confirmation of an evolutionary
relationship sometimes requires manual intervention,
with reference to the literature, and PDBsum, SWISS-
PROT and ENZYME databases; those sharing some simi-
larity in function, a co-located functional site, or an unu-
sual structural feature are classified into the same
superfamily in CATH. For this analysis, we used non-
identical domains, filtered at 95% sequence identity,
from the CATH release dated 5 April 2000.

For the identification of sequence relatives, the amino
acid sequence of each structural domain was scanned
against a non-redundant subset of GenBank from the
NCBI using the profile-based PSI-BLAST program
(Altschul et al., 1997). Each PSI-BLAST scan was termi-
nated after 20 iterations, or on convergence. Matched
GenBank fragments having a final e-value of 0.0005 or
smaller and an overlap of 80 % with the query sequence
were added to the CATH homologous superfamily, with
consensus domain boundaries evaluated using in-house
software. Due to the inherent problem of identifying the
sequence relatives of discontiguous domains by this
method, only those homologous superfamilies in which
all domain members are contiguous were considered for
analysis. This corresponds to 732 out of a total number
of 903 superfamilies in CATH, and 2358 non-identical

CATHB95 representatives. With the inclusion of sequence
data, identical or near-identical domains were again fil-
tered out at 95% sequence identity, providing a set of
65,303 non-identical PF95 (Protein Family) representa-
tives. EC numbers were extracted from ENZYME and
SWISS-PROT for those GenBank entries contained within
SWISS-PROT, else they were extracted from GenBank
itself.

For the identification of non-enzymes in SWISS-PROT,
any entry matching one or more of the following criteria
was ignored (a) contains the word “hypothetical” in the
description (DE) or keyword (KW) lines (b) has “FUNC-
TION: NOT KNOWN" in the comment (CC) lines, (c)
has no keywords nor “FUNCTION" description in the
CC lines. Of the remaining entries, those which (a) do
not have an EC number assignment and (b) do not con-
tain a word ending in “ase’ (“disease” and “‘permease”’
excluded) in the DE or KW lines (with the exception of
proteins described as inhibitors) were identified as non-
enzymes.

In the identification of single-domain proteins, those
PF95 domains without a SWISS-PROT link were dis-
carded, and any marked as a fragment in SWISS-PROT
were discarded also. In the remaining domains, those
structural protein (classified as single-domain in CATH)
and sequence relatives which left 100 residues or fewer
uncovered upon alignment with their SWISS-PROT
sequence, were taken as single-domain. A total of 7299
out of 65,303 PF95 representatives were identified as
single domain.

To assess the correlation between functional similarity
(as defined by EC number) and sequence identity, hom-
ologous superfamilies containing two or more enzymes
were considered. Some enzymes have two or more EC
numbers assigned to them. These may be “multien-
zymes”, with the catalytic functions contributed by dis-
tinct domains and/or separate subunits, or, more rarely,
they may be “single enzymes”, catalysing different reac-
tions using the same catalytic site. For ease of compari-
son of EC numbers, enzymes having two or more EC
numbers assigned to them, or those with incomplete EC
numbers (e.g. EC 4.2.1.-) were ignored, corresponding to
16% of the 11,961 PF95 representatives having EC
assignments. A pairwise sequence alignment of each
unique PF95 enzyme/enzyme or enzyme/non-enzyme
pair within a superfamily was carried out using the
method of Needleman & Wunsch (1971) to evaluate
sequence identities. Non-enzyme/non-enzyme pairs
were ignored. There were 486,084 homologous pairs in
total contained in 369 superfamilies, and 81,312 single-
domain pairs contained in 127 superfamilies.

For the detailed superfamily analysis, 31 superfamilies
were considered. This involved extensive reading of the
literature to extract information regarding structural
details, active-site residues and the catalytic mechanism
for each member. Pairwise and multiple structural align-
ments were generated using SSAP (Taylor & Orengo,
1989) and CORA (Orengo, 1999), respectively, to deter-
mine structurally equivalent regions and to assess con-
servation of catalytic residues. Superimposition of
structures was done using in-house software. Recent
RCSB entries (deposited January 2000 or earlier) ident-
ified in the literature or by PSI-BLAST as members of
any one of these superfamilies, but not yet classified in
CATH, were added to the dataset for analysis. More
detailed structural and functional information on these
superfamilies may be found at www.biochem.ucl.ac.uk/
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bsm/FAM-EC/, including pairwise sequence identities
and SSAP structural alignment scores.
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