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The eightfold (Ba) barrel structure, first observed in triose-phosphate iso-
merase, occurs ubiquitously in nature. It is nearly always an enzyme and
most often involved in molecular or energy metabolism within the cell. In
this review we bring together data on the sequence, structure and function
of the proteins known to adopt this fold. We highlight the sequence and
functional diversity in the 21 homologous superfamilies, which include 76
different sequence families. In many structures, the barrels are “mixed and
matched” with other domains generating additional variety. Global and
local structure-based alignments are used to explore the distribution of the
associated functional residues on this common structural scaffold. Many of
the substrates/co-factors include a phosphate moiety, which is usually but
not always bound towards the C-terminal end of the sequence. Some, but
not all, of these structures, exhibit a structurally conserved “phosphate bind-
ing motif”. In contrast metal-ligating residues and catalytic residues are
distributed along the sequence. However, we also found striking structural
superposition of some of these residues. Lastly we consider the possible
evolutionary relationships between these proteins, whose sequences are so
diverse that even the most powerful approaches find few relationships, yet
whose active sites all cluster at one end of the barrel. This extreme example
of the “one fold-many functions” paradigm illustrates the difficulty of
assigning function through a structural genomics approach for some folds.
© 2002 Elsevier Science Ltd. All rights reserved
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Introduction

homologous (CATH) family, there are nearly 900
TIM barrel structures. Most TIM barrels function

TIM barrel proteins, which have eight B/«
motifs folded into a barrel structure, have been
widely analysed considering structure, function,
folding, and evolution.'”® In a recent version of
the CATH classification,® where structures are
grouped by class, architecture, topology and

as enzymes, including five of the six primary
classes of enzymes, as defined by the enzyme
commission (EC).*”

There has been speculation as to whether the
TIM barrel structures seen today result from
convergent evolution to a stable fold or divergent
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Table 1. List of proteins and PDB codes

Family
number

Family name
(abbreviation)

Number of
sequence
families

Name of proteins (PDB codes® and chain
of representative proteins for analysis;
EC numbers)

No. of TIM barrels

Non-
reduntant®

All

folds®

Entries?

—_

10

11

12

Alanine racemase (ALR)
Dihydropteroate (DHP)
synthetase (DHPS)

FMN dependent
fluorescent proteins
(Luciferase-like proteins)
(LUCL)

Seven-stranded glycosidases
(cellulases) (7CEL)

Phoshoenolpyruvate (PEP)
binding enzymes (PEPE)

Aldolase class I family (ALD1)

Glycosidases (GLYC)
7-1 a-Amylase (AAMY)

7-2 Endoglucanase (EG)

7-3 Chitinase (CHTN)

7-4 Chitobiase (CHOB)
Triose phosphate
isomerase (TIM) (TIM)
NADP-dependent
oxidoreductase (NADO)

tRNA-guanine (tRNA-G)
transglycosylase (TRGT)
Rubisco (RUB)

Enolase superfamily
(ENOL)

30
(10)

(14)

©)

@
1

Alanine racemase (1bd0A; EC 5.1.1.1)
DHP synthetase (1ad4B; EC 2.5.1.15)

Flavoprotein 390 (1fvpA)
Luciferase chain B (1lucB; EC 1.14.14.3)

Luciferase chain A (1lucA; EC 1.14.14.3)
Endocellulase (1tml; EC 3.2.1.4)

Cellobiohydrolase II
(1cb2A; EC 3.2.1.91)
Pyruvate kinase (1pkm; EC 2.7.1.40)

Pyruvate phosphate dikinase
(1dik04; EC 2.7.9.1)
N-Acetylneuraminate lyase

(Inall; EC 4.1.3.3)
Dihydrodipicolinate synthase
(1dhpA; EC 4.2.1.52)
Fructose-1,6-bisphosphate aldolase
(1fbaA; EC 4.1.2.13)

Transaldolase B (lonrA; EC 2.2.1.2)

a-Amylase (lava, 2aaa, 1ppi, 1bli, 1bag;
EC 3.2.1.1), oligo-1,6-glucosidase

(Tuok; EC 3.2.1.10),

1,4-a-D-Glucan maltotetrahydrolase
(lamg; EC 3.2.1.60), isoamylase

(1bf2; EC 3.2.1.68),

a-Amylase II (1bvzA; EC 3.2.1.135),
Cyclodextrin glycosyltransferase

(lcgt; EC 2.4.1.19)

B-Amylase (1byb, 1b9z; EC 3.2.1.2), cel-
lulase (1ceo, leceA; EC 3.2.1.4),
Endoglucanase (ledg, legzA; EC
3.2.1.4), Xylanase (1xyzA; EC 3.2.1.8),
B-Glycosidase (1gowA; EC 3.2.1.23),
B-Galactosidase (1bglA; EC 3.2.1.23),
B-Glucuronidase (1bhgA; EC 3.2.1.31), B-
Mannanase (1bqcA; EC 3.2.1.78),
6-Phospho-B-D-galactosidase

(1pbgA; EC 3.2.1.85), B-1,4-glycanase
(2xyl; EC 3.2.1.91),

1,3-B-Glucanase (1ghsA; EC 3.2.1.39),
1,3-1,4-B-Glucanase

(laq0A; EC 3.2.1.73),

B-Glucosidase (1cbg; EC 3.2.1.21),
myrosinase (2myr; EC 3.2.3.1)
Chitinase A (1ctn; EC 3.2.1.14),
hevamine (2hvm; EC 3.2.1.14 + 3.2.1.17),
Endo-B-N-acetylglucosaminidase

(2ebn, 1ledt; EC 3.2.1.96), narbonin (1nar)
Chitobiase (1gba; EC 3.2.1.52)

TIM (1tpfA; EC 5.3.1.1)

Aldose reductase (lads; EC 1.1.1.21), [3-
a-hydroxysteroid dehydrogenase
(1lwiA; EC 1.1.1.50) and

Aldehyde reductase (2alr; EC 1.1.1.2)]
K + channel (1qrqA)

tRNA-guanine transglycosylase

(1wkf; EC 2.4.2.29)

Ribulose 1,5-bisphosphate carboxylase/
oxygenase (1rblA; EC 4.1.1.39)

Enolase (loneA; EC 4.2.1.11)

Mandelate racemase (1mdl; EC 5.1.2.2)

2
2

4

53

11

6
7

11

12

45

35

226

91

25

67

36

12

13

160

39

20

23

26

(continued)
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Table 1 Continued

Number of
sequence
families

Family
number

Family name
(abbreviation)

Name of proteins (PDB codes® and chain
of representative proteins for analysis;
EC numbers)
Non- All
reduntant® folds®

No. of TIM barrels

Entries?

13 FMN-dependent 12
oxidoreductase and phosphate
(PP) binding enzymes (FMOP)

14 Metal-dependent hydrolases 4
(MHYD)

15 Divalent-metal-dependent 3
enzymes (xylose isomerase-like
proteins) (XYLL)

16 Aldolase class II (ALD2) 1

17 Phosphatidylinositol (PI) 3
phospholipase C (PIPLC)

18 Quinolinic acid 1
phosphoribosyl(QAPR)
transferase (QAPRT)
Total 76

Muconate lactonizing enzyme

(ImucA; EC 5.5.1.1),

(Chloromuconate cycloisomerase
(IchrA; EC 5.5.1.7))

D-gucarate dehydratase

(1bqg; EC 4.2.1.40)

Flavocytochrome b2 (1fcbA; EC 1.1.2.3),
glycolate oxidase (1gox; EC 1.1.3.15)

17 71

Trimethylamine dehydrogenase (2tmdA;
EC 1.5.99.7)

Old yellow enzyme (loya; EC 1.6.99.1)
Dihydroorotate dehydrogenase (1dorA;
EC1.3.3.1)

Inosine monophosphate

dehydrogenase (1ak5; EC 1.1.1.205)
Thiamin phosphate synthase

(2tpsA; EC 2.5.1.3)

Ribulose-phosphate 3-epimerase (1rpxA;
EC5.1.3.1)

Tryptophan synthase

(lubsA; EC 4.2.1.20)
Indole-3-glycerol-phosphate synthase
(1pii N-terminal domain; EC 4.1.1.48)
Indole-3-glycerolphosphate synthase
(1a53; EC 4.1.1.48)
N-(5'phosphoribosyl)anthranilate
isomerase (1pii C-terminal domain;

EC 5.3.1.24)

Phosphoribosyl anthranilate isomerase
(Insj; EC 5.3.1.24)

Adenosine deaminase 5 47
(ladmA; EC 3.5.4.4)

Urease (2kauC; EC 3.5.1.5)
Phosphotriesterase (1pscA; EC 3.1.8.1)
Phosphotriesterase (1bf6A)

D-Xylose isomerase (1xib; EC 5.3.1.5) 11 141

Xylose isomerase (1a0dA, EC 5.3.1.5)

Endonuclease IV (1qtwA; EC 3.1.21.2)
Fructose-bisphosphate aldolase II 3 5
(1b57A; EC 4.1.2.13)

Phosphatidylinositol-specific 3 32
phospholipase C (1gym; EC 3.1.4.10)

Phospholipase C 3-1

(1qasA; EC 3.1.4.11)

Phosphatidylinositol-specific

phospholipase C (2plc; EC 3.1.4.10)

Quinolinic acid phosphoribosyl- 2 26
transferase (1qpoA; EC 2.4.2.19)

147 889

51

38

64

22

503

The additional proteins, whose functions are different from the representative in the same sequence family, are in parentheses.

2 The references are shown in each PDB file.
 The number of non-redundant TIM barrel sequences.
¢ The number of all TIM barrel folds in PDB entries.

4 The number of PDB entries including TIM barrel folds.

evolution from a common ancestor. Notwithstand-
ing the diversity of their catalytic reactions, the
active site is always found at the C-terminal end
of the barrel sheets,® suggesting divergence from
an ancestral TIM barrel. These enzymes often have
additional domains that precede, interrupt, or

follow the barrel, which indicates domain-shuffling
events during protein evolution. Ten years ago,
Farber & Petsko classified 17 TIM barrel structures
into four families on the basis of their different
geometries, and suggested divergence from a
common ancestor." Branden also analysed 19 TIM
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Figure 1 (legend opposite)

barrel structures, considering their domain organi-
zation, the metal and phosphate binding sites as
well as catalytic centres.” It was suggested that
the presence of the common phosphate-binding
site, formed by loop-7, loop-8 and a small helix
(helix-8'), is the strongest evidence obtained for
the divergent evolutionary history of TIM
barrels.”® More recently, using 30 TIM barrel struc-
tures and their sequence families, the evolution of
TIM barrels was discussed by Reardon & Farber.’
Although it was still not clear, they concluded that
divergent evolution from a common ancestor

explained more of the available data than did con-
vergent evolution. More recently Copley & Bork
re-analysed a subset of the TIM barrels, including
nine of the 21 families considered herein (i.e. those
which bind phosphate)."” They suggest that five of
these families (two classes of aldolase; dihydrop-
teroate synthetase; pyruvate kinase and enolase)
are distantly related to the enzymes with a com-
mon phosphate-binding motif.

Intriguingly the tertiary structures of two
enzymes involved in histidine biosynthesis, HisA
and HisF, have recently been reported and their
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Figure 1. The overview of TIM barrels. (a) The size and the number of barrel strands of TIM barrel domains. The
range of the size in residues is indicated by a line, and the average size is shown by a black circular dot (left axis),
whilst the number of strands is indicated with a triangular dot (right axis). The domain definition is on the basis of
the CATH classification.***° (b) The domain composition of TIM barrels. Single domains are indicated by a black bar,
whilst multi-domains are classified and indicated in the following ways. Those domains with inserted domains in
the middle of the TIM barrel domain are coloured in blue or cyan, whilst those without such insertions are in red or
magenta. Those with additional domains at both the N and C termini of TIM barrels are indicated with plain coloured
sectors. Those with domains at the N termini, but not at the C termini of TIM barrel domains are indicated with
vertically striped sectors, whilst those with domains at the C termini, but not at the N termini are with horizontally
striped ones. Those with only the inserted domains are indicated with blue check sectors. (c) Topologies of TIM barrel
families. The percentage of single domain structures in each family is indicated with open bars, whilst that of complete
barrels is indicated with black bars. (d) The number of active site residues at the eight Ba motifs. Magenta, yellow, and
green bars indicate metal-ligating residues, catalytic residues, and phosphate-binding residues, respectively. The active
site residues, which could be aligned using multiple structure alignment, are indicated with asterisks ( * ).
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sequence and structure data suggest that they have
evolved by twofold gene duplication of a half-bar-
rel ancestor, followed by gene fusion.>" Each half-
barrel of these enzymes contains a phosphate-bind-
ing motif that is required by the nature of their
biphosphate substrate. This motif is found in the
C-terminal halves of a number of other TIM barrel
enzymes, but not in the N-terminal halves. This
could indicate that a half-barrel phosphate-binding
precursor might be a common ancestor of all TIM
barrels, and that some proteins have diverged so
far that all phosphate-binding features have been
lost and no similar features can be detected.’

In our previous work,"” the TIM barrel glyco-
sidase superfamily, which is the biggest family in
the TIM barrel fold, was analysed and could be
clustered systematically, by combining various
methods such as PSI-BLAST, structure-comparison
methods, and functional analyses. This combined
method can be applied to fold-level clustering as
well as to superfamily level clustering. In this
review, the structure, function and evolution of
the TIM barrel enzymes is analysed comprehen-
sively and systematically, using the combined
method. With almost 900 such structures in the
Protein Data Bank (PDB), we revisit their relation-
ships using the more sophisticated sequence and
structure analysis tools now available.

Results

Family size and geometry of TIM
barrel enzymes

In CATH version 1.7, there are 889 TIM barrel
folds in 503 PDB entries, which are split into 18
homologous families (H-level). Each family (e.g.
alanine racemase) is given an abbreviation (ALR)
and a family number (F1), which will be used
throughout the paper (see Table 1). These include
76 sequence families (S-level in CATH) covering
147 non-identical sequences. Seven of the 18
homologous families consist of only one sequence
family (see Table 1). The biggest CATH homo-
logous family is the eight-stranded glycosidase
family (GLYC; F7) with 30 sequence families and
22 EC numbers, most of which are 3.2.1.—. In
CATH these were clustered together, since they
had the same fold and a very similar function.
However, in our previous paper,'” evidence for
clustering all these proteins together was limited,
so that the GLYC proteins (F7) were divided into
four homologous families, a-amylase (AAMY),
endoglucanase (EG), chitinase (CHIN), and chito-
biase (CHOB). Here these are defined as sub-
groups, F7-1, F7-2, F7-3, and F7-4, respectively.
Dividing this large group of proteins into four
families gives 21 homologous families to be
considered. The second largest family is the
FMN-dependent oxidoreductase and phosphate
binding enzymes (FMOP; F13), which covers 12
sequence families

Most of the 21 families comprise only eight-
stranded barrels (see Figure 1(a)). However, there
are two seven-stranded TIM barrel families:
cellulase (7CEL; F4) and quinolinic acid phospho-
ribosyltransferase (QAPRT; F18). Another family
contains one member with a seven-stranded barrel
(flavoprotein 390 in FMN-dependent fluorescent
proteins (LUCL; F3)) (see Figure 1(a)) and one
family PIPLC (F17) has one member with a nine-
stranded barrel.

The domain composition was also analysed
(Figure 1(b) and (c)). Out of the 147 non-identical
TIM barrels, 96 proteins comprise a single domain
in the PDB, whilst the remainder are multi-
domain, with up to six component domains
(Figure 1(b)). In 12 of the 51 multi-domain proteins,
one or more domains are inserted within the TIM
barrel (Figure 1(b)), e.g. pyruvate kinase (PEPE;
F5) and a-amylase (AAMY; F7-1) (see Figure 3).
Cross checking against SWISS-PROT" and Pfam,"
we find in addition that 7CEL (F4) has an
additional domain, not present in the crystal
structure.”® The size of the TIM Dbarrel
domains, excluding domain insertions, varies
from 150 to 500 residues with an average 298 (see
Figure 1(a)).

In six families (ALR (F1), 7CEL (F4), PEP-
binding enzymes (PEPE; F5), RUB (F11), enolase
superfamily (ENOL; F12), and QAPRT (F18)), all
the members have more than one domain, whilst
in the remaining families at least some relatives
have single domain structures (see Figure 1(c)).
The completeness of the barrel was also analysed
using our previous method of identifying complete
TIM barrel structures.* Most families include
members with distorted barrels (Figure 1(c)). In
some families (7CEL (F4), ENOL (F12), metal-
dependent hydrolase (MHYD; F14), and QAPRT
(F18)), all proteins have distorted barrel structures,
where hydrogen bonds are lost between at least a
pair of adjacent barrel strands.

Thus the TIM barrel structures are themselves
geometrically diverse and are used in many dif-
ferent combinations with other domains to create
functional proteins.

Functions of TIM barrels

Chemical reactions (EC classes) performed by
TIM barrels

The distinct functions of all members of each
family in the PDB are given in Table 2 and Figure
3. In the 21 homologous families in CATH, there
are 61 different EC numbers, which cover primary
EC classes 1-5 (Table 2 and Figure 2(a)). Of these,
three EC classes (EC 3.2.1.4, 3.2.1.91, 4.1.2.13)
occur in two different families (i.e. the same
reaction is catalysed by sequentially unrelated pro-
teins), giving a total of 64 EC numbers, as shown in
Table 2. In five families (7CEL (F4), PEPE (F5),
NADO (F9), MHYD (F14) and PIPLC (F17)), all
members belong to the same primary EC class
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Table 2. Overview of TIM barrel families

Family name No. of EC EC numbers® and Phosphate moiety Phosphate®
(abbreviation) numbers types of proteins Cofactors of ligands binding site
1. Alanine racemase 1 5.1.1.1 PLP covalently PLP PP—L7,1L8
(ALR) bound
2. DHP synthetase 1 2.5.1.15 Substrate B-PP — B8, L&
(DHPS)
3. FMN fluorescent 1 1.14.14.3, Flavoprotein 390 FMA or (FMNH) FMN PP — 14,15
proteins (LUCL)
4. Seven-stranded 2 3.2.14,32.191
cellulase (7CEL)
5. PEP-binding 2 2.7.140,2.79.1 Mg** or Mn** Substrates 3-PP — B2,
enzyme (PEPE) (& K*) L2, L3¢
6. Aldolase class I 4 4.1.2.13,4.1.3.3,4.2.1.52, Substrate for PP-1— L7, L8
(ALD1) 22.1.2 (trans)aldolase
7. Glycosidases (GLYC) 22 2.4.1.19,3.23.1,3.2.1.X, Substrate for L8
X=1,2,4,8,10, 14, 6-Phospho-B-
14 + 17, 21, 23, 31 galactosidase
39, 52,60, 68, 73,78, 85,91, (EC 3.2.1.85)
96, 135)
Narbonin, concanavalin B
8. TIM (TIM) 1 53.1.1 Substrate 4
9. NADP-oxidoreductase 3 1.1.1.2,1.1.1.21, 1.1.1.50, NADP NADP diPP — L7,
(NADO) K* channel PP — L8&°
10. tRNA-G transglyco- 1 2.4.2.29 Substrate Not
sylase (TRGT) determined
11. Rubisco (RUB) 1 41.1.39 Mg*+ Substrate I
12. Enolase superfamily 5 5.1.2.2,5.5.1.1,5.5.1.7, Mg** or Mn** Substrate for PP—L1,L7
(ENOL) 42.1.11,4.2.1.40 enolase
13. FMN-oxidoreductase 11 1.1.2.3,1.1.3.15, 1.3.3.1, FMN (and heme FMN 7
and 1.5.99.7,1.6.99.1, or 4Fe-4S) or substrates
PP-binding enzymes 1.1.1.205, 2.5.1.3, 4.1.1.48, NADP, PLP,
(FMOP) 4.2.1.20, or no cofactor
51.3.1,5.3.1.24
14. Metal-hydrolase 3 3.1.8.1,35.15,3.54.4 Zn** or Zn** x 2 Substrate for PP — L3, B5*
(MHYD) Phospho-
triesterase
or Ni*" x 2
15. Divalent-metal- 2 3.1.21.2,5.3.1.5 Mg** X 2 or
enzymes (XYLL) Zn** x3
16. Aldolase class I 1 4.1.2.13 Zn*t x2 Substrate PP — L7, L8
(ALD2)
17. PI phospholipase C 2 3.1.4.10, 3.1.4.11 Ca** Substrate Not
(PIPLC) determined
18. QAPR transferase 1 2.42.19 Mg** x 2 Substrate
(QAPRT)
Total 64

# EC numbers that exist in two different families are underlined.
b “Standard phosphate binding (SPB) motif”: the common phosphate-binding site, ranging from 8-7, loop-7, a-7, -8 to a following
small helix, helix-8. »* indicates the existence of such a motif. Loops, B-strands, a-helices of barrels are indicated as L, B, and «a,
respectively. L1 indicates the binding site on the loop-1 between B-1 and «-1 of barrel structure.
¢ There is not a small helix, helix-8, between barrel strand 8 (88) and helix8 (a8) with only one residue inbetween, as well as phos-
phate binding to the same position as in footnote b.
4 There is a small helix, in pyruvate kinase, between 38 and «8 with only one residue inbetween, although triphosphate of ATP

binds to different site.

¢ In aldolase, one of two phosphate groups in substrate binds to the same position as in footnote b.

f No small helix between B8 and a8, and phosphate binds to different site.

(Table 2), whilst others apparently perform
multiple different reactions. For example, the large
FMOP family (F13) covers primary EC numbers 1,
2, 4, and 5 (Table 2). This analysis only includes
proteins found in the PDB. As we have shown,"”
including sequence relatives will often more than
double the number of functions associated with a
given family.

For comparison to other enzymes, the distri-
bution of chemical functions performed by

TIM barrels was compared with all enzymes in
Escherichia coli. The PEDANT list of 689 E. coli
genes,”” with EC numbers and functions
assigned automatically, is shown in Figure 2(d).
Comparison with Figure 2(a) indicates a
dominance of hydrolases (especially glycosidases)
and a lack of ligases in the TIM barrel
enzymes. Apparently there are many more oxido-
reductases and transferases with different folds in
E. coli.
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Biological roles

The biological roles of TIM barrel enzymes in the
PDB are shown in Figure 2(c). Some proteins such
as luciferase and even some glycosidases are not
classified in GenProtEC and KEGG? databases,
and therefore their biological functions could not
be annotated. Figure 2(c) emphasizes that of the
64 enzyme reactions performed by TIM barrels
(EC numbers) 85% are involved in energy metabo-
lism, macromolecule metabolism, or small
molecule metabolism, as defined by Rison et al.*!
The only exceptions are the ion channel transport
protein (K* channel) (NADO; F9), a DNA-related
information pathway protein (endonuclease IV)
(XYLL; F15) and an RNA-related information
pathway protein (tRNA-guanine transglycosylase)
(TRGT; F10). As above these data refer only to
proteins of known structures. Expanding these
families with sequence relatives will considerably
expand the functional repertoire.

As for EC numbers, the distribution of biological
functions of TIM barrels were also compared to
that of E. coli genes deposited in PEDANT" (Figure
2(e)) using the scheme proposed by Rison et al.*!
The distribution for TIM barrel folds is very
different and highlights the importance of the TIM
barrel fold for all sorts of metabolism.

Active site: catalytic residues

Active site residues are shown in Figure 3. In
two families (ALR (F1) and RUB (F11)), the same
type of catalytic residue (carbamated lysine or
lysine N¢-carboxylic acid) is used despite perform-
ing different functions (racemase and carbon-
carbon lyase, respectively) and lying in a different
position (C termini of B-5 and B-2, respectively)
(see Figure 3). A carbamated lysine is also used by
MHYD (F14) to bind metals. A Schiff-base (a modi-
fied lysine) is also important for catalysis in two
families (ALR (F1) and ALD1 (F6)). There are five
families in which acidic residues or basic residues
are involved in catalysis as either acid or base
(7CEL (F4), TIM (F8), TRGT (F10), GLYC (F7), and
PIPLC (F17)), although they are not positionally
equivalent. Inspection of Figure 3 shows that,
although the catalytic sites are all located at the
C-terminal end of the barrel, the catalytic residues
derive from different locations along the sequence.

A summary of the location of the active site
residues is given in Figure 1(d).

Cofactors to assist catalysis

Twelve of the 18 families bind a cofactor such
as FMN, NADP, PLP or divalent metals (Table 2).
All the cofactors and substrates are bound to the
C termini of the B-strands in all the families (see
Figure 3). There are two families, which utilize
FMN or flavin (LUCL (F3) and FMOP (F13)), and
a family NADO (F9) that uses NADP for catalysing
oxido-reductions.

Eight families bind divalent metals (see Table 2
and Figure 3). QAPRT (F18) binds two metal ions
through the substrate and a water molecule.”” For
the remainder, the metal ions are bound directly
to acidic or basic residues. ENOL (F12) and
PEPE(F5) bind either a Mg*" or Mn?*, although
PEPE has only two acidic residues and ENOL has
three (see Figure 3). The XYLL family (F15)
includes two different functions, xylose isomerase
(EC 5.3.1.5) and endonuclease IV (EC 3.1.21.2), but
both enzymes bind at least two divalent metal
ions at the same site (see Figure 3). RUB (F11) uses
a Mg ion to assist catalysis and it is bound by a
carbamated lysine and two acidic residues (see
Figure 3).

The metal hydrolase family, MHYD (F14), cata-
lyses the hydrolytic cleavage of amide, or ester
bonds, and structures have been determined for
phosphotriesterase (EC 3.1.8.1), urease (EC 3.5.1.5)
and adenine deaminase (EC 3.5.4.4), which all
hydrolyse ester bonds. These enzymes and their
homologues were analysed by Holm & Sander in
detail.”® The members of this family employ a
variety of divalent metal ligands for catalysis.
Phosphotriesterase and urease contain two zinc
ions and two nickel ions, respectively, in the
binuclear metal centre where a carbamated lysine
acts as bridging ligand, and four histidine residues
are involved in binding the metals (Figure 3). In
contrast, adenine deaminase binds only a zinc ion
in the co-located metal site.

Other metal-binding families (PEPE (F5), ENOL
(F12) and XYLL (F15)) all bind divalent metal
ions (Mg>*, Mn**, or Zn*") using glutamic acid or
aspartic acid ligands in loop-5 and loop-6 (see
Figure 3). MHYD also has zinc-binding ligands at
the same place, but the residues are all histidine.
Also in ALD2 (F16), there are zinc-binding ligands

Figure 2. Functional wheels: the distribution of chemical and biological functions represented by sets of concentric
pie charts. (a), (b) and (d) The circles, from inner to outer, represent the second, third and fourth levels in the EC
hierarchy. White sector indicates non-enzyme proteins. (c) and (e) The circles, from inner to outer, represent the second,
and third levels in the hierarchy of biological functions defined by Rison et al..*' Each of these families may map to one
or more EC classes and each EC class may map to one or more biological functions in GenProtEC" and KEGG.* In
such cases, the family is represented more than once. (a) and (c) For the all TIM barrels; (b) for the TIM barrels with
phosphate-moiety as cofactors or substrates. (d) and (e) for the 689 E. coli genes provided by the PEDANT database.'®
The angle subtended by any segment is proportional to the number of TIM barrel sequence families ((a)-(c)) or

E. coli genes ((c) and (e)) it contains.
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in the same loop (discussed in detail below).
Although the metal-binding site is conserved
within each family, the types of metals and resi-
dues used for binding can vary (see Figure 3). For
example, the third residue used for metal-binding
in ENOL (F12) can be aspartic acid, glutamic acid
or asparagine (see Figure 3).

Despite this proliferation of metal binding, it is
striking that metal-liganding residues occur in all
of the eight (Ba) motifs, albeit always at the
C-terminal end of the barrel (Figures 1(d) and 3).
In total there are 33 ligating residues, mostly in
loops (19) or strands (12). The summary of metal-
binding residues is also given in Figure 1(d),
which shows that 58% occur in the C-terminal half
of the barrelf.

T A more detailed description on metal-binding sites
can be found at http:/ /www.biochem.ucl.ac.uk/bsm/
barrel /tim/metal

Common features of ligands: phosphate-moiety in
cofactors and substrates

In 12 families (F1-F3, F5, F8—F11, F13, F16-F18),
all members have a phosphate-moiety either in
their substrates or cofactors such as PLP, FMN
and NADP (Table 2). Moreover, another four
families have at least one member with a phos-
phate moiety in the ligand (ALD1 (F6), EG (F7-2),
ENOL (F12) and MHYD (F14)). In contrast to the
metal-binding sites, there is a strong clustering of
phosphate binding sites at the C-terminal end of
the sequence. Figure 3 highlights this clustering
by showing the location of the phosphate binding
sites along the (Ba)s barrel sequences marked in
green.

Considering first the 12 “obligate” phosphate-
binding families, four families (TIM (F8), RUB
(F11), FMOP (F13), and QAPRT (F18)) have a
common phosphate-binding site on the last two
loops of the barrel sheet, as first reported by
Wilmanns et al. (see Table 2).> Here, this common
phosphate binding site, ranging from -7, loop-7,
a-7, 3-8 to helix-§, is termed the “standard phos-
phate binding (SPB) motif”. These families will be
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Figure 3. Schematic TIM barrel structures with functional residues. The eight barrel strands and helices are indicated
with black arrows and yellow cylinders, respectively. The abbreviation of the family names or enzyme names is indi-
cated on the left-hand of each diagram, whilst EC numbers of the member enzymes are indicated on the right-hand.
The phosphate-binding sites are indicated in green. Acidic residues and basic residues involved in catalysis are indi-
cated in red and blue, respectively. The flexible loops are indicated with a cyan blue line. The positions of possible
domain insertions are indicated with doubled S-like shapes on loops. The permutations of ENOL (F12) and QAPRT
(F18) are also indicated by shifting the graph, and by inserting the dotted line between the secondary structures,
respectively. Due to this, the secondary structures following B-7 of ENOL (F12) are not indicated here. In the case of
LUCL (F3), the binding position was deduced from that of flavoprotein 390 using multiple-global structure alignment.

described in more detail below, and are indicated
in green in Figures 3-7. In addition, we found
that ALR (F1) has a similar motif which also
binds phosphate on loops-7 and 8 involving also
helix-8'. There are four more families (DHPS (F2),
ALD1 (F6), NADO (F9) and ALD2 (F16)), which
bind the phosphate-moiety on a similar position
(loop-7 and loop-8) but the motifs are different
and do not include the small helix-8'. A summary
of the location of the phosphate-binding sites is
given in Figure 1(d), which shows that phosphate
binding occurs most frequently at -7 and $-8.

In contrast, in four more families (LUCL (F3),
PEPE (F5), ENOL (F12), and MHYD (F14)), the
phosphate-moiety is bound to residues located on
different loops in the barrel (Figure 3).

One of the glycosidase enzymes, 6-phospho-§-
galactosidase (EC 3.2.1.85) in EG (F7-2), has a phos-
phate moiety in its substrate, but this is bound to
the long loop-8, following B-8.

Although TRGT (F10) has a phosphate moiety in
its substrate, its binding site is not known, as the
co-crystal structure with the substrate has not
been solved.

Within some of the phosphate-binding families,
there are variations between members. In ALD1
(F6), only class I aldolase and transaldolase bind a
phosphate moiety in their substrate, whilst only
enolase binds phosphate in the ENOL family
(F12). In the FMOP family (F13), although most
members are FMN-dependent, there are several
enzymes that do not use any cofactors, whose pri-
mary EC numbers are mostly 2, 4 and 5. Moreover,
although one protein in NADO (F9) is a voltage-
dependent K* channel, it nevertheless binds NAD
with the three phosphate groups at the same site
(PDB code 1qrq).** All the enzymes utilizing
FMN or NAD are oxidoreductases (primary EC
number 1). However, one of the NADP-dependent
oxidoreductase enzymes, inosine monophosphate
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dehydrogenase (IMPDH; EC 1.1.1.205; PDB code
1ak5, 1b3o, 1zfj), is not part of the family NADO
(F9). Instead it is grouped into FMOP (F13), as its
sequence hits several enzymes from FMOP (F13)
using PSI-BLAST, but no proteins from NADO
(F9). The phosphate moiety of its NADP is also
bound to the SPB motif in loops 7 and 8 (PDB
code 1b3o0, 1zfj).

As shown in Figure 2(a) and (b), which are sets
of concentric pie charts showing the distribution
of EC numbers, the proportion of primary EC
numbers, 1, 2, and 4 amongst the phosphate-bind-
ing barrels is larger than that of all the barrels.
Phosphate-binding TIM barrels are predominantly
involved in small molecule metabolism and energy
metabolism involving oxidoreduction, transferase
and lyase enzymes.

PSI-BLAST analyses

Sequence relationships between TIM barrels
derived using PSI-BLAST

Since the CATH classification contained families
assigned prior to the development of more
sensitive analysis tools (i.e. sequence profiles
(PSI-BLAST)*®  and  3D-structural  profiles
(CORA)*), the relationships between proteins
with TIM barrel structures in CATH were re-
analysed, using the sequence profile methods,
PSI-BLAST* and IMPALA.” All the sequence
families in the PDB, classified as TIM barrels in
CATH, were scanned against all the sequences of
PDB and GenBank (10 May 2002 release) using
PSI-BLAST.

Only four cross-hits between the 21 different
CATH families were directly detected using both
PSI-BLAST and IMPALA, which highlights the
sequence variability for this fold. In one of these,
several sequences from FMOP (F13) (e.g. thiamin
phosphate synthase) cross-hit the sequences from
QAPRT (F18) (E-value 3 X 10™% iteration number
3) and wvice wversa (indole-3-glycerol-phosphate
synthase (IGP synthase); E-value 2x107'%
iteration number 5), aligning the partial sequence
of FMOP (F13) covering -4—8-8 with four strands
(B-4-B-7) of QAPRT (F18) by using PSI-BLAST,
suggesting an evolutionary relationship between
FMOP (F13) and QAPRT (F18). Although QAPRT
(F18) is a seven-stranded TIM barrel, it also has
the SPB motif, ranging from B-6 to helix-7/, which
corresponds to B-7 to helix-8 of proteins in the
FMOP family (F13). The IMPALA analyses, which
are supposed to provide a better alignment than
PSI-BLAST, also showed significant E-values
(5X107%). In this case the alignment of FMOP
proteins (F13) as query, aligned six B-strands (-1,
B-3—B-7) of QAPRT (F18), with six strands (B-3—f3-
8) of proteins from FMOP (F13) (e.g. IMPDH,
D-ribulose-5-phosphate  3-epimerase). However,
this means B-2 of QAPRT (F18) could not be
aligned with any segments of FMOP (i.e. one of
the first three Ba motifs in QAPRT has clearly

been lost during evolution). In the reverse
IMPALA alignment of QAPRT (F18) against
FMOP (F13), as in the PSI-BLAST results, only the
last four or five strand regions of QAPRT could be
well-aligned with the corresponding regions of
FMOP (F13) (e.g. thiamin phosphate synthase, IGP
synthase), whilst the first two or three strands
could not be aligned at all with the corresponding
secondary structure elements of the FMOP pro-
teins. Thus, it is very difficult to determine which
of strands of the first three strand segments had
been lost, even using the IMPALA alignment. At
best, one of the three segments must have been
lost during the evolution. In the second direct hit
of PSI-BLAST, the partial sequence of ENOL (F12)
(e.g. muconate cycloisomerase), including strands,
B-1-B-7, cross-hit the partial sequence (B-4—B-8)
of trimethylamine dehydrogenase with E-value
5x107* and iteration number 13 (Figure 4(a)),
whilst the IMPALA analyses showed that three
proteins from FMOP (F13) (e.g. IMPDH, glycolate
oxidase, trimethylamine dehydrogenase) cross-hit
proteins from ENOL (F12) (e.g. chloromuconate
cycloisomerase, muconate lactonizing enzyme,
mandelate racemase) (E-value 8 X 1072°). The
best IMPALA alignment showed that six strands
(B-3—B-8) of FMOP (F13) were aligned perfectly
with six strands (B-1-B-6) of ENOL (F12), which
supported the circular permutation of the ENOL
family as suggested by Copley & Bork." In the
third direct hit, the IMPALA analyses showed
that dihydrodipicolinate synthase and N-acetyl-
neuraminate lyase (ALD1; F6) cross-hit flavocyto-
chrome b2 (FMOP; F13) with significant E-value
(4x10° and 6 X 1077, respectively; Figure 4(a)),
but in reverse flavocytochrome b2 did not hit the
two proteins, although PSI-BLAST did not detect
the relationships, either. Also in the IMPALA align-
ment, three N-terminal B-strands (B-2—B-4) of
N-acetylneuraminate lyase (ALD1; F6) were
aligned perfectly with three C-terminal B-strands
(B-6—B-8) of flavocytochrome b2 (FMOP; F13),
which suggested the possibility of permutation of
ALD1, and will be discussed further below. In the
fourth direct hit, the IMPALA analyses showed
pyruvate kinase (PEPE; F5) cross-hit thiamin phos-
phate synthase (FMOP; F13) with significant
E-value (8 x 107'?), although PSI-BLAST did not
detect the relationships either. The IMPALA align-
ment showed that five strands (B-4—8B-8) of both
the families (PEPE and FMOP) were aligned
together. Although Copley & Bork found a match
between flavocytochrome b2 in FMOP (F13) and
pyruvate kinase in PEPE (F5) (E-value 1x107?),"
this fell below our cut-off (E-value 5Xx107%),
which is rather conservative. The E-value returned
by the IMPALA analysis is much more significant
than that by Copley & Bork."

In addition, within the large glycosidase family
(GLYC; F7), endoglucanases from EG (F7-2) cross-
hit several enzymes from AAMY (F7-1) (Figure
4(a)).” The E-value (5 X 10”*) again reflects a clear
evolutionary relationship. The IMPALA analyses
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Figure 4. TIM wheels. The relationships between TIM barrel families. The family numbers with the SPB motif are
indicated in green. (a) Pairs of families, which could be directly cross-hit using PSI-BLAST* and IMPALA,* indicated
with blue arrows, pointing from seed sequence to hit sequence. The most significant E-values of the direct hits are also
indicated along the blue arrows. Iteration numbers of PSI-BLAST analyses are indicated in brackets. Pairs of families,
for which stepping-stone sequence was identified by the PSI-BLAST analysis, are connected in red, and attached with
the number of hit stepping-stone sequences along the line. The two aldolase families (ALD1 (F6) and ALD2 (F16)),
for which the stepping-stone sequence was reported by Galperin et al.*® is indicated with a broken cyan line.
(b) SSAP scores higher than 80.0 are indicated with a grey line and the SSAP scores along the line. (c) Functional
relationships between families. Those families with catalytic lysine at B-1 aligned by CORA are connected by thick
yellow lines. Those with catalytic residues at 3-5 aligned are connected by thin pink lines, whilst those with metal-
ligating residues at B-5 aligned are connected by thin broken pink lines. The families with the SPB motifs are connected
by thick green lines. The family with a similar structure to the SPB motif and phosphate bound to the same site (ALR;
F1) is connected to the SPB families with thin green lines. The families with phosphate bound to the same site as the
SPB motif (ALD1; F6 and ALD2; F16) are connected to the SPB families by light green broken lines, whilst those with
a similar structure to the SPB motif and phosphate not bound to the site (TRGT; F10 and ENOL; F12) are connected
to the SPB families by green dotted lines. (d) The superposition of (a), (b) and (c).

showed that AAMY (F7-1) cross-hit EG (F7-2)  merges (PEPE (F5), ALD1(F6), ENOL (F12), FMOP
(E-value 1x107%), and five strands (-2, B-3 and  (F13) and QAPRT (F18)) and the glycosidases
B-6—-B-8) of both the families were aligned (AAMY (F7-1) and EG (F7-2)) leaving 16 distinct
perfectly. Thus, the direct PSI-BLAST analysis  families.
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Table 3. A comparison matrix

1 [ 2 | 3] 4[5 6 (717273 74 8 | 9 | 10 ] 11 12| 13 | 14| 15 | 16 | 17 | 18
1 | 15| o 8 11 10 o o o 7 10 11 8 10 10 12 9 10| 5 7 7
2 | 754~ 8 8 12 10f 10 10 8 7 11| 12 12 8 -2 12| 10 10 6 8 -13
3 | 75.7] 746 8 8 71 o o o & o 7 6 7 7 10 o 8 7/ & 13
4 || 69.1] 9.4 66.0] o 8 8 9 9 8 10 7 8 7 9 9o 7 9 & & 10
5 | 74| 79.3[ 757 717 | 10 14| 12| 10 10f o] 12[ 14| 11| 11| 14| o 13 o 8 13
6 | 73.0] 77.6] 706 68.8) 80.1 10/ e 9 71 14 8 e 8 10 -14] 8 10| 8 7] 14

74 | 718] 747 687 68.0] 75.1] 72.4 9 12 8] o 8 7| & 11 12 8 9o 8 7 12

72 | 735) 757 720 73.7| 79.6| 73.2] 74. | 12| 8 7| 12] 8 10 11| 14 8 11| 8 7 1

73 | 722| 72.7) 720 67.5] 76.1| 72.0! 74.3] 73.2] 8l 7 1| o o 12 12[ 7 10 8 7 10

74 | 73.0| 733] 69.8] 65.7 74.9| 745 728 736 737 7 10 4 6 8 9o 7 8 5 & 7
8 | 7a4| 757 750 70.7) 75.4] 78] 72.3| 68.0 68.2 66.2 8 1] 2] 1] A3 8 10 i 6] -14
9 | 725| 740/ 716| 67.4| 77.5| 72.1i 69.3| 767 78.7 767 727 6 7/ 10 13 8 10 5 9 15
10 | 73] 76.5] 689 658 79.6| 715{ 64.4| 709 688 64.7 73.0| 72.2 8 8 12 6 7| 8 4 10
11 | 744) 782 70.4] 68.1 79.6| 74.8] 71.4| 723 728 712 758 716 718 10 14 8 10 8 7] 15
12 || 75.3) 78.2| 772 72.7| 787 788 75.8| 739 756 71.9] 74.8) 780 75.7| 76.1] 13 o 12| 8 7/ 413
13 | 76.8 79.4| 80.0| 73.9| 822 80.1; 78.3| 78.8 80.3| 76.6} 79.2| 785 785 81.4| 787 1] 12| -12| 8| -8
14 | 717 73.41| 67.3] 66.9] 73.0| 71.2 67.1| 69.9 700 72.0{ 715 69.0 650 71.2] 721 756 10 8 7 9
15 | 71.6) 72.9| 70.0| 70.5| 76.4) 73.3] 71.4| 74.1 71.8) 68.1] 71.4 71.2) 69.6| 72.0| 77.1 77.6] 706 7l 8 12
16 | 74.1| 77.0| 686 64.7| 79.0| 74.2{ 67.5| 74.4 704 689] 757 705 69.9| 71.8) 782 79.7| 67.9] 9.4~ 7 13
17 | 672 70.8| 66.5 66.4| 72.8| 656 68.0| 682 66.2] 64.8] 664 68.4 663 69.4| 70.1 73.9| 64.6 656 68.1] 9
18 | 77.8| 76.5] 80.1) 735| 80.8| s0.3] 767 78.7| 76.7) 73.9] 80.0| 79.0 79.9 80.0| 77.8/ 83.1) 762 74.6| 79.0] 729~

1 Family pairs detected by PSI-BLAST are attached with asterisk (*) in the sequence identity column.
2 Correlation coefficient between maximum SSAP and sequence identities: 0.74.

Stepping-stone sequences between homologous
families: indirect PSI-BLAST analysis

PSI-BLAST was also used to find pairs of yet
more distantly related families that have a com-
mon intermediate sequence, dubbed as stepping-
stone sequences.” This revealed seven additional
pairs as illustrated in Figure 4(a), involving DHPS
(F2), TIM (F8), ENOL (F12), FMOP (F13), ALD2
(F16) and QAPRT (F18). Three of these families
contain the SPB motif (Figure 4(a)).

In addition, since an intermediate sequence
between ALD1 (F6) and ALD2 (F16) has recently
been found,® the ALD1 and ALD2 families are
also connected, as shown in Figure 4(a), although
our PSI-BLAST analysis did not detect the inter-
mediate. According to the recent analyses,® the
relationships between the intermediate and ALD1
(F6) is on the basis of its catalytic residues, whilst
the relationship with ALD2 (F16) was found by
sequence analysis (PSI-BLAST). Although these
two classes of aldolase have totally different reac-
tion mechanisms (Figure 3), their ancestral aldolase
might have been a Schiff-base-forming enzyme
that gave rise to several lines of descent, one of
which evolved into the metal-dependent class II
aldolase (ALD2 (F16)).%®

These data provide weaker evidence that it
may be possible to enlarge the FMOP family
further to include the DHPS (F2), TIM (F8) and
ALD2 (F16) homologous families, as well as

PEPE (F5), ALD1 (F6), ENOL (F12) and QAPRT
(F18).

Global structure comparisons

As all these proteins adopt the same fold, we
used global structure comparison scores (SSAP)*
to identify yet more distant relatives, generating a
matrix of SSAP scores and sequence identities
derived from the structural alignment. A compari-
son matrix (Table 3) shows the maximum struc-
ture-based sequence identities (right-upper
diagonal) and the maximum SSAP scores (lower-
left diagonal). FMOP (F13) and QAPRT (F18)
showed the highest scores in both indices, with a
sequence identity of 18%, and SSAP score of 83.1.
This correlates well with the PSI-BLAST results
and reinforces the clear evolutionary relationship
between FMOP (F13) and QAPRT (F18). In this
Table, the top 13 sequence identities (>13%) and
the best nine of SSAP scores (>80.0) are shown in
red. Pairs of homologous families with SSAP scores
>80.0 are connected, as shown in Figure 4(b). Table
3 shows that some, though not all, high SSAP
scores correlate with “high” sequence identities
(correlation coefficient 0.74 for all the pairs in
matrix). However, this is perhaps not surprising,
given the problems inherent to sequence identity
for very distant relatives. Pairs of families, which
are detected by stepping-stone PSI-BLAST, tend to
show a sequence identity greater than 11%, in line
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Figure 5. The clustering of the
_I RERERL TIM barrel homologous families on
F1.ALR the basis of the maximum SSAP
scores. (a) The PCA analysis. The
RASSEIER yellow markers indicate the glyco-
‘ | sidase subgroups or family (F4 and
F7). The green colour shows the
! F&.TM enzyme families with the SPB
F6.ALD1 | motif, whilst the blue one shows
. those with phosphate-moiety of
- F18. QAPRT the ligands in the same position as
| ML ‘_‘—i F13. FMOP | the SPB motif. Fill.ed markers i.n.di-
| . cate the metal-binding families,
F5.PEPE | whilst open markers indicate the
F11.RUB | remainder. The triangles shgw
| seven-stranded TIM barrel family.
F2.DHPS | The central cluster is encircled in
i ' green. The plot obtained from the
s maximum matrix of the SSAP
F16. ALD2 scores corresponds to 22.2% of the
total information content. Although
F9. NADO NADO (F9) and MHYD (F14)
F10. TRGT appeared overlapped on the plot,
they are in fact separated in the
F15. XYLL third dimension of the PCA plot
F14. MHYD (data.not shown). (b) The phylo-
genetic tree analysis with means
linkage method. Colours are the
same as for (a). The cluster that
FI% RIS includes all the families with the
68.0819 87.255 SPB motif is enclosed in a cyan box.
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Figure 6. The catalytic and metal-ligating residues aligned by global structural alignment. CORA alignments of (a)
B-1 and (b) B-5. The residues of a-helices, 3/10-helices, and B-strands are indicated with red, yellow, and blue boxes,
respectively. The following TIM barrel domains are indicated: 1lad4A (F2), 1pii (the C-terminal domain; PRA iso-
merase) (F13), 2tpsA (F13), 1qpoA (F18), 1pkyA (F5), 1rblA (F11), 1tpfA (F8), 1bdOA (F1), 1fbaA (F6), 2alr (F9), 1b57A
(F16), loneA (F12), 1lucA (F3), 1wkf (F10), 1pscA (F14), 1ximA (F15), 1b9zA (F7-2], 1ctn (F7-3), 2aaa (F7-1) and 1gba
(F7-4). The names of proteins, which have got the SPB motif, are indicated in green. Due to the shift of strands, the
sequence of lone (F12) is not aligned in (a). The residues, which bind phosphate moiety, are also indicated with
green characters, whilst the catalytic and metal-ligating residues are indicated in yellow and magenta, respectively.
The core residues of TIM barrels, which contribute to the packing inside the barrel, are indicated with blue asterisks
(). At the bottom of alignment, the monochromatic bar indicates the extent of conservation at each residue site. The

darker the portion of the bar, the more conserved the site.

with previous observations that distant homo-
logues often present sequence identities in this
range.” Considering that the threshold for merging
proteins into one homologous family in SSAP
scores is generally 80, the figures in the matrix are
significant. However, most of the close structural
similarities were not detected using sequence
analysis, notably FMOP (F13) with LUCL (F3),
CHTN (F7-3) and RUB (F11). Among these only
RUB has the SPB motif, whilst LUCL binds its
phosphates elsewhere.

To identify the most similar structures and
explore the extent of structural diversity, we
performed a principal component analysis (PCA)
of the SSAP scores and also clustered the data
using a cluster analysis program OC+ to generate
a phylogenetic tree (see Figure 5). The SSAP scores
and sequence identities were converted to indices,
which measure the distance between the families,
using the formulae described in Materials and
Methods. However, this approach was only illumi-
nating for the SSAP scores, since these very distant
relationships are hidden at the sequence level.

T Barton, G. J. 1993. OC, a cluster analysis program.
http:/ /barton.ebi.ac.uk/new /software.html

Inspection of the PCA plot in Figure 5(a) shows
that two families are distant outliers (7CEL (F4)
and PIPLC (F17)). Both these homologous families
also show very low maximum sequence identities
to all the other families. The first 7CEL (F4) is a
seven-stranded incomplete barrel, whilst the
second PIPLC (F17) is also distorted, as one of the
member structures (PDB code 1gym) has an extra
antiparallel strand inserted between B-5 and B-6,
and another has no helix at all between B-5 and
B-6. TRGT (F10) and the other glycosidases
(AAMY (F7-1); EG (F7-2); CHTIN ((F7-3); CHOB
(F7-4)) are also outliers.

The central cluster includes most of the SPB
families and most of the families that bind a phos-
phate moiety in a similar position (C termini of
B-7 and B-8), even though they do not have the
conserved structural motif (green and blue in
Figure 5(a)). TIM (F8), which also has the SPB
motif, is a surprising outlier.

The tree, generated from maximum SSAP scores
(Figure 5(b)), is mostly consistent with the PCA
plot. Families that include an SPB motif are
clustered together and they have been enclosed
in a cyan box. This group includes DHPS (F2),
PEPE (F5) and ALD1 (F6) (Figure 5(b)). As in
the PCA plot (Figure 5(a)), TIM (F8) is an outlier
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and is placed on a different branch of the tree from
the other three SPB families (RUB (F11), FMOP
(F13), QAPRT (F18)). In the centre FMOP (F13)
and QAPRT (F18) are tightly clustered as expected.

The histidine biosynthesis enzymes (HisA
and HisF)

Recently, Lang et al. have reported the tertiary
structures of two enzymes involved in histidine
biosynthesis, the products of genes HisA and
HisF, which evolved by twofold gene duplication
and gene fusion from a common half-barrel
ancestor.” Each half-barrel of these enzymes con-
tains a phosphate-binding motif that is imposed
by the nature of their biphosphate substrate.
These enzymes have been suggested as strong
candidates for the “closest living relative” to a
common ancestor of the TIM barrels.”

Using PSI-BLAST, the sequence of HisA detected
the sequences of several enzymes from FMOP
(F13) such as IGP synthase (E-value 1x107'%
iteration number 4) and ribulose-phosphate
3-epimerase (E-value 8 X 107% iteration number 5).
Moreover, structure comparison of HisA (PDB
code 1qo2) with the other TIM barrels revealed
N-(5'-phosphoribosyl)  anthranilate  isomerase
(PRA isomerase) (PDB code 1pii) from FMOP
(F13) (SSAP score 80.3) as the most similar struc-
ture, and the proteins with the second and third
highest SSAP scores are from QAPRT (F18) (SSAP
scores 79.6 and 79.0, respectively). In contrast, the
sequence identities of HisA (PDB code 1qo2) with
the proteins analysed here were not significantly
high. Even the highest sequence identity was only
13% (with tryptophan synthase (PDB code 1ubsA;
F13) and DHPS (1ad4B; F2)). In the PCA plot
(Figure 5(a)), HisA is slightly outside the central
cluster, including three of the four SPB families,
and relatively close to FMOP (F13). In the SSAP-
based phylogenetic tree (Figure 5(b)), HisA lies
close to the families with an SPB motif (Figure
5(b)).

In addition, Lang et al. pointed out that HisA
and HisF are very similar to two enzymes, the
gene products of TrpC (IGP synthase; EC 4.1.1.48)
and TrpF (N-5-phosphoribosyl anthranilate
isomerase (PRA isomerase); EC 5.3.1.24), which
catalyse two successive reactions in tryptophan
biosynthesis.” This highlights the inter-pathway
similarity between TrpF and HisA, which both
catalyse isomerization reactions. These two
enzymes, from TrpC and TrpF, belong to the
FMOP (F13) family.

Multiple alignments of 3D structures of TIM
barrels, CORA analysis

Shifting strands. All the representative proteins,
except 7CEL (F4) and PIPLC (F17), whose struc-
tures are very distorted and very distant from the
other families (see above, Figure 5), were further
analysed by generating a multiple structure

alignment using the CORA technique.*® Extracts
from the global CORA alignment of regions -1,
B-5, and B-7 to helix-8, which corresponds to the
SPB motif, are shown in Figures 6(a), (b) and 7(a),
respectivelyf.

From a structural perspective, the third fa motif
in the seven-stranded QAPRT (F18) was found to
be missing (see Figure 3), although the IMPALA
alignment only showed that QAPRT lost one of
the first three B-strands. In addition, five strands,
B-1, B-3, B-4, B-5 and B-6 of enolase (ENOL; F12)
were aligned with B-3, B-5, -6, B-7 and B-8 of the
eight-stranded SPB families (TIM (F8), FMOP
(F13) and RUB (F11)). As detected by the IMPALA
alignment, this suggests that the ENOL family
(F12) might have resulted from a major deletion in
an ancestral protein. As B-2 of enolase is antiparal-
lel with the other B-strands, this strand was not
aligned with any other strands. This result is
consistent with the PSI-BLAST results by Copley
& Bork." In the literature there have been various
reports of circular permutations within the TIM
barrels.

Transaldolase B (EC 2.2.1.2) in ALD1 (F6) was
proposed to be a circular permutation of class I
aldolase (EC 4.1.2.13).>' The Schiff-base forming
lysine in transaldolase is shifted to B-4 from B-6 in
aldolase class I.*' Surprisingly neither the sequence
profile analyses (PSI-BLAST; IMPALA) nor the
CORA alignment identified this shift, presumably
because they both favour complete global align-
ments, rather than partial matches. However, a
different structure comparison method, Matras,*
could detect this permutation very clearly. In the
Matras alignment, the Schiff-base forming lysine
residues of both the proteins were aligned
perfectly, and the phosphate binding site (B-7 to
B-8 of class I aldolase and B-5 to B-6 of trans-
aldolase B) could be aligned and superimposedi,§.

Sergeev & Lee have also predicted various circu-
lar permutations in ENOL (F12), xylose isomerase
from XYLL (F15), taka-amylase from AAMY
(F7-1), fructose biphosphate aldolase from ALD1
(F6) on the basis of a local multiple-alignment of
B-barrels with TIM (F8), RUB (F11) and FMOP
(F13).* However, we have no evidence to support
this from global sequence and structure compari-
sons, except the two relationships (FMOP with
ALD1, and FMOP with ENOL). Only the results
from PSI-BLAST and IMPALA that three strands,
B-6, B-7, and B-8 of FMOP (F13) were aligned with
B-2, -3, and B-4 of ALD1 (F6) suggest a circular
permutation by four p-strands. The circular
permutation by four strands is such a symmetric
permutation that it is difficult from these results

T The complete alignment can be found at http://
www.biochem.ucl.ac.uk/bsm/barrel/tim/whole/

i Matras program: publicly available. http://bongo.
lab.nig.ac.jp/~takawaba/matras_pair.html

§ The 3D comparison of the local structures of the
phosphate-binding site can be found at http://www.
biochem.ucl.ac.uk/bsm /barrel/tim /phos/
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to be certain whether it has occurred or not. In
contrast, as described above, both the CORA and
IMPALA alignments support the circular permu-
tation of ENOL (F12) by two B-strands.

Given the similarity in function between the
unusual seven-stranded glycosidase (7CEL; F4)
and the eight-stranded glycosidase (GLYC; F7)
families (F7-1, 7-2, 7-3 and 7-4), we separately
used CORA to align the structures. Although the
catalytic aspartic acid on the C terminus of -3 of
7CEL (F4) was aligned with the catalytic glutamic
acid on the C terminus of B-4 of EG (F7-2), the
global alignment was poor. Thus, there is little
evidence from sequence or structural similarities
that they have a common ancestor.

Structural features revealed by the multiple
structure alignment

Previous structural analyses have suggested that
TIM barrels have 12 residues that contribute to the
core of the barrel in three layers.** They suggest
two types of packing depending on whether the
core residues of the central layer lie on the odd or
even-numbered strands. Using an automatic
method for identifying the layers and the core
residues involved,* we found that the core residues
of B-1 and B-5 aligned perfectly in CORA and are
shown with blue asterisks in Figure 6(a). In
contrast to the previous analyses,* our previous
results show that even within homologous
families, the number of layers can be different and
there is no substantive evidence for two different
types of packing.*

In addition, from the CORA alignment we find
that a common sequence motif (Gly-X-Asp) occurs
in some of the loops connecting a helix to a strand
(al-B2; a3-B4; a5-B6; a7-B8). In total, there are 16
examples of G-X-D motifs, 26 examples of X-X-D,
and 33 examples of G-X-X out of 80 even-
numbered strands (20 structures multiplied by
four even-numbered strands). This means that
20% of even-numbered strands have got the

preceding G-X-D loops, which is a large percentage
considering 400 pairwise types of amino acids are
possible. These are at the opposite end of the barrel
from all the catalytic residues and ligand-binding
sites. This may just reflect a preferred geometry
for short loops,®? but it is not observed before
the odd-numbered strands, so it may suggest
4-fold symmetry, whereby a barrel is constructed
by a 4-fold duplication of an ancestral (Ba), motif.
This feature is also observed in HisF.

Catalytic residues and metal-ligating residues
aligned by multiple-alignment

Using the structure-based sequence alignments
we have compared the location of catalytic and
metal-ligating residues. We find many catalytic
residues and metal-ligating residues which are
aligned, the most remarkable regions being in -1
and B-5 (Figure 6). At the C-terminal end of B-1,
catalytic lysine residues from four different
families (ALR (F1); TIM (F8); RUB (F11); QAPRT
(F18)) are all aligned, together with a catalytic
aspartic acid in ALD1 (F6) (Figure 6(a)). At the C
termini of B-5, catalytic residues from five families
(ALR (F1); ALD1 (F6); AAMY (F7-1); RUB (F11);
QAPRT (F18)) and metal-ligating residues from
four families (ENOL (F12); MHYD (F14); XYLL
(F15); ALD2 (F16)) are aligned together, although
the residues vary from acidic (Glu or Asp) to basic
(Lys or His) (Figure 6(b)). The phosphate-binding
lysine of PEPE (F5) is also aligned at the same site
(Figure 6(b)), which is very structurally conserved.
Among four of these metal-binding families, three
families (ENOL (F12); XYLL (F15); ALD2 (F16))
also have aligned metal-ligating residues in -7 as
well. These functional “matches” between families
are indicated with yellow and pink lines in Figure
4(c). (See the following section for discussion of
these data.)

In the previous paper by Janecek & Balaz,
invariant and functional glutamate residues at the
C-terminal end of B-5 from nine TIM barrel

Figure 7. The structural comparison of the SPB motif. (a) CORA alignment of the SPB motif and corresponding
regions on the other TIM barrels (B-7 and B-8, helix-8'). The residues of a-helices, 3/10-helices, and B-strands are indi-
cated as for Figure 6. The following domains are indicated: 1ad4A (F2), 1pii (the C-terminal domain; PRA isomerase)
(F13), 2tpsA (F13), 1pkyA (F5), 1qprA (F18), 1rblA (F11), ladoA (F6), 1tphl (F8), 1bdOA (F1), 1b57A (F16), loneA
(F12), and 1wkf (F10). The names of proteins are indicated as for Figure 6. The residues, whose main-chain atoms
bind phosphate moiety, are also indicated in green, whilst the residues, whose side-chain atoms bind phosphate
moiety, are indicated with white letters. The core residues are indicated with blue asterisks ( * ), whilst the preceding
residues of the core residues on the 3-8 are indicated with magenta asterisks. (b), (c) and (d) Superimposition of the
phosphate binding sites. (b) The SPB motifs from B-7 to helix-8' in 1pii (F13), 2tpsA (F13), 1qprA (F18), 1tphl (F8)
and 1rblA (F11). The structures were fitted on all main-chain atoms. The C* traces of the protein structures are shown
with their ligands that are indicated with stick model. The secondary structures of proteins, helices and strands, are
indicated in red and blue, respectively, whilst the remainder are in grey. Here, the phosphorus atoms of ligands are
emphasized with orange spheres. (c) C* traces of the corresponding structure of 1wkf (F10) and structure from B-5 to
helix-6' of ToneA (F12) are shown in green and yellow, respectively, together with the SPB motifs (1pii (F13), 2tpsA
(F13), and 1tphl (F8)) in grey. The ligands of 1tphl and loneA are also indicated with wire frame models, whilst the
phosphorus atoms are emphasized with orange spheres. The ligand of lone is indicated in yellow. (d) Structures
from B-7 to helix-8' of 1bd0OA (F1), 1ladoA (F6) and 1b57A (F16) are shown in yellow, green, and pink, respectively, as
in (c).
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families (PEPE (F5), ALD1 (F6), AAMY (F7-1), EG
(F7-2), TIM (F8), ENOL (F12), EMOP (F13), MHYD
(F14), XYLL (F15)) were reported.” However, their
results were slightly different from ours. Among the
nine families, only the glutamate of three families
(ALD1 (F6), AAMY (F7-1), XYLL (F15)) were multi-
ply-aligned using CORA. In contrast, additional
functional residues of ALR (F1), RUB (F11), ALD2
(F16) and QAPRT (F18) were multiply-aligned at
B-5 in our work, as detailed below.

(1) Instead of glutamate, the phosphate-binding
lysine of PEPE (F5) and metal-ligating histi-
dine of MHYD (F14) were multiply-aligned
in our work.

(2) The functional glutamate residues of EG
(F7-2) and FMOP (F13) are not conserved
within their families. In the case of B-amy-
lase of EG (F7-2), which was used as the
representative for our CORA alignment, a
glutamate residue is not present in in B-5.
(Janecek & Balaz mentioned the glutamate
of B-galactosidase.””) The corresponding
glutamate residues of IGP synthase, used
by Janecek & Balaz” at B-5 of FMOP (F5)
were aligned using CORA, but they are not
functional

(3) The glutamate residues of TIM (F8) were not
aligned at all using CORA alignment.
Instead, it was aligned with the second glu-
tamate of ALD2 (F16).

(4) As Janecek & Balaz did not consider the
permutation of ENOL (F12), they aligned
the metal-ligating glutamic acid at B-5 with
other aligned glutamate residues.”” By
detecting the permutation by CORA, how-
ever, the metal-ligating aspartate at -3
could be aligned with the other functional
residues (see Figure 6(b)).

Structural analysis of phosphate binding motifs

The phosphate binding sites of the TIM barrels
were analysed by superposing the 3D structures
of the SPB motifs, found in four families (TIM
(F8), RUB (F11), FMOP (F13), QAPRT (F18)), on
the basis of the global CORA alignment. In
addition the structures of the phosphate-binding
families in the core cluster of the PCA plot (ALR
(F1), DHPS (F2), PEPE (F5), and ENOL (F12)) were
analysed further (Figure 7(a)), together with the
phosphate-binding families (ALD1 (F6), and
ALD2 (F16)), and TRGT (F10), whose phosphate
binding site is unknown.

The SPB motifs in B-7, B-8 and helix-8' of the
four families superposed well (RMSD 1.2-2.2 A)
(Figure 7(b)). The phosphate moieties of the
ligands fit between the C termini of B-7 and -8,
and the N terminus of helix-8 (Figure 7(b)). The
residues on the C termini of B-7 and B-8 interact
with the phosphate moiety through their main-
chain atoms and sometimes also through the side-

chain oxygen atoms of a serine residue. Therefore,
the type of amino acid is not well conserved,
although glycine is widely used (Figure 7(a)).

The region ranging from B-5 and B-6 to helix-6'
of enolase (lone; ENOL; F12) could also be fitted
well onto the SPB motif (RMSD 1.8-2.7 A) (Figure
7(c)), which supports the alignment shift described
above. However, the position of the phosphate
moiety on the substrate of enolase (ENOL; F12) is
different from that of the phosphate in the classic
SPB motif (B-5 and B-6 and helix-6') (Figures 3
and 7(c)).

The structure of B-7, -8 and helix-8 of TRGT
(1wkf; F10) superposed well onto the SPB motif
(RMSD 1.7-2.0 A) (Figure 7(c)). Although the
phosphate-binding site for TRGT (F10) is not
known, the binding site can be predicted from the
positions of equivalent phosphate binding residues
in the multiple-alignment. This will require
experimental validation.

The corresponding motifs (B-7, B-8 and helix-8')
of two classes of aldolases, ALD1 (F6) and ALD2
(F16), and ALR (F1) were also superimposed onto
the SPB motifs (Figure 7(d)). Although a-7 of ALR
(1bd0; F1) is shortened, the motif was relatively
well-fitted (RMSD 2.5-3.0 A). Of the two aldolases,
ALD2 (1b57; F16) fitted reasonably to the phos-
phate-binding motifs (RMSD 2.4-3.0 A), although
some local structures on loops were distorted. In
contrast, ALD1 (lado; F6) showed larger RMSD
values (3.0-3.3 A). However, all the three struc-
tures bind a phosphate moiety at the same position
as the SPB motif, using the main-chain atoms (see
Figure 7(a) and (d)). (However, considering that
ALD1 (F6) might have resulted from the permu-
tation by four B-strands, the original phosphate-
binding site might have been at -3 and p-4,
which can support the SPB motif at the N-terminal
half-barrel of HisA/HisF.) In addition, TIM and
ALD2 have the same substrate, phosphoglyco-
hydroxamate (PGH), and three flexible loops on
the same position, loop-5, loop-6 and loop-7,
which are rearranged on PGH binding (see
Figure 3).** Furthermore, in support of this
putative relationship, the two aldolase enzymes
are positioned adjacent to TIM in the fructose
metabolic pathway.

Although pyruvate kinase (1pyk; PEPE (F5))
does not bind phosphate at the same position, the
corresponding motif of pyruvate kinase from
PEPE (E5) fitted well onto the SPB motif (RMSD
1.9-2.7 A) (data not shown). In contrast, although
DHPS (1ad4B; F2) binds phosphate in the same
region, the structures are disrupted (RMSD
2.3-2.6 A). However, in DHPS, binding occurs
through the side-chain atoms, which could lead to
the slightly different site for phosphate binding
(Figure 7(a))t.

T The structure of the corresponding regions of PEPE
(F5) and DHPS (F2) can be found at http://www.
biochem.ucl.ac.uk/bsm /barrel/tim/phos/
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Amongst the phosphate-binding families,
NADO (F9), which binds three phosphate groups
between B-7 and -8, was excluded from this anal-
ysis, as it does not give a good alignment in this
region, and there is a long insertion. Visual inspec-
tion shows that NADO (F9) has a very different
structure from the SPB motif, in order to accommo-
date three phosphate groups in the same placei.

These functional and structural relationships
between families on the basis of the SPB motif are
also indicated in green in Figure 4(c). ALR (F1) is
strongly connected to the SPB families in this
Figure, both in terms of phosphate-binding sites
and catalytic residues.

These data provide support for merging those
families, which bind phosphate at the same site,
especially those with the SPB motif. We can confi-
dently propose a cluster extending FMOP (F13)
and QAPRT (F18) to include RUB (F11), TIM (F8)
and ALR (F1). The stepping-stone PSI-BLAST hits
support the inclusion of TIM, but none of the rest.
The global structural comparisons support the
RUB linkage but none of the rest. The presence of
the functional lysine residues in -1 in RUB, TIM
and ALR provides additional support for merging
(see Figures 4(c) and 6(a)). However, the structural
details of the phosphate binding sites are difficult
to interpret in terms of their evolutionary relation-
ships. To summarise, if we cluster all the families,
which either bind phosphate at 3-7 and 3-8 and/
or have a structure in this region, which is similar
to the SPB motif, we can group the following.

(1) TIM (F8), RUB (F11), FMOP (F13), QAPRT
(F18): SPB motif.

(2) ENOL (B-5, B-6) (F12): SPB motif, though
the phosphate is slightly displaced.

(3) TRGT (F10): SPB motif, but no complex
structure determination.

(4) ALR (F1), ALD1 (F6) ALD2 (F16), DHPS
(F2): phosphate binding at B-7, B-8.

(5) PEPE (F5): structural similarity to SPB, but
no phosphate binding.

This clusters 11 of the 21 homologous families.
However, it is currently not possible to provide a
good statistical basis for this structural/functional
clustering, which could have arisen by convergent,
rather than divergent evolution.

The superposed catalytic and metal-binding resi-
dues in B-1 and B-5 weakly link many of the
families hitherto isolated (e.g. MHYD (F14), XYLL
(F15) and ALD2 (F16)). The class 1 aldolase family
(ALD1 (F6)) has many tantalising but inconclusive
similarities to other proteins. The PSI-BLAST hit to
FMOP (F13) is strong, but shifted along the struc-
ture, superposing the second half of ALD1 (F6)
onto the first half of the FMOP family. In contrast,

1 An example of the phosphate-binding site of NADO
(F9) can be found at http://www.biochem.ucl.ac.uk/
bsm/barrel/tim/phos/

the global structure alignment is not shifted, yet
the functional residues overlap (see Figures 4(c),
6(a) and (b)).

In several families (DHPS (F2), LUCL (F3), PEPE
(F5), NADO (F9), PIPLC (F17) and the glycosidases
(F4 and F7)), the functional residues provide no
evidence for ancestral linkage (see Figure 4(c)).

Discussion

This paper highlights the structural and func-
tional diversity of the proteins that adopt a TIM
barrel fold. All these proteins are enzymes, or are
clearly related to an enzyme, and all the enzymes
are involved in molecular or energy metabolism,
which are considered to be amongst the oldest
biological functions. As such they are ubiquitous
in all the kingdoms of life, and are amongst the
most frequent folds observed in all genomes. The
889 TIM barrel structures in CATH 1.7 represent
147 non-identical sequences, which were clustered
into 76 sequence (>35% sequence identity)
families and 21 homologous superfamilies. Here
we have considered detailed sequence, structure
and functional comparisons to look for evidence
for further evolutionary relationships.

The results are summarised in Figure 4(d), which
attempts to provide a simple representation of all
the linkages found. The more closely related pairs
of families are, the more lines connect them in the
Figure. The problem in interpreting these data is
the lack of good statistical measures to evaluate
the significance of the global structural compari-
sons, the local 3D motif comparisons and the
superposition of catalytic functional residues.
Global structure comparison scores do not corre-
late particularly well with the sequence-based
linkages shown in Figure 4(a), nor with the local
motif and residue site superpositions in Figure
4(c). More sophisticated methods which focus on
conserved structural segments, as identified in
CORA, may provide a more powerful approach
for tracking the evolution of structure.

This work builds on and extends previous
analysesf. The reports by Wilmanns et al. and
Brdnden are consistent with our results,>* as these
are on the basis of the common phosphate-binding
motif (SPB motif in this work). However, the
analysis by Reardon & Farber,” which divided the
TIM barrels into six different groups on the basis
of barrel shape, domain composition or insertions
and chemical mechanisms, are not consistent with
our results. For example, the families with the SPB
motif were divided into two different categories in
their results. Furthermore, ALD1 (F6) was a sepa-
rate family from others in their work, although it
is connected to many other families herein (Figure
4(d)). Other than for ENOL (F12) and QAPRT

T A summary can be found at http:/ /www.biochem.
ucl.ac.uk/bsm/barrel/tim/evol/
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(F18) and transaldolase, we did not find any
evidence for “circular permutations” or shifts,
contrary to previous suggestions.”

Copley & Bork have also reported on the evolu-
tion of some TIM barrel families linking nine out
of 21 homologous families (F2, F5, F6, F8,
F11-F13, F16 and F18, which are also grouped in
this work)."’ Their work is on the basis of analysis
of sequence and metabolic pathways, whilst our
study concentrates on the structural relationships
and active site residues aligned in the multiple
global alignment. They have focused on the phos-
phate-binding enzymes and the related enzymes
such as aldolases, pyruvate kinase, and enolase
superfamily (ALD1 (F6); ALD2 (F16); PEPE (F5);
ENOL (F12))." Although their results are
largely consistent with ours, there are some
differences.

Rather than compare individual proteins, we
have analysed homologous families, allowing the
identification of structural outliers, 7CEL (F4) and
PIPLC (F17), and the detection of some distantly
related TIM barrel structures, such as alanine
racemase (ALR; F1). They identified PEPE (F5) as
related to other phosphate-binding TIM barrels
using PSI-BLAST, but the E-value was low
(1 x107?). Although our more strict PSI-BLAST
analysis did not detect this, the IMPALA analysis
detected this relationship with a more significant
E-value (8 x 10~"?). Moreover, the global structural
comparisons reported here weakly support this
relationship. Copley & Bork suggested that ENOL
(F12) and PEPE (F5) might have arisen from a
common ancestral PEP and Mg ion-binding
enzyme, as both bind PEP and either Mg** or
Mn**,'* although PEPE has only two acidic resi-
dues and ENOL has three for metal binding (see
Figure 3). Taking into account the shift of ENOL
(F12), the metal-binding positions on the enolase
sequence are similar to those in PEPE (F5), but
neither our 3D multiplealignment nor PSI-BLAST
analyses aligned these residues. In addition the
binding of PEP is different in the two enzymes.
The relationship between PEPE (F5) and ENOL
(F12) remains tenuous. Indeed, we found that
ENOL (F12) has more similarities with other
metal-binding TIM barrel families (MHYD (F14),
XYLL (F15), and ALD2 (F16)) (see Figures 4(c) and
6(b)). Although both analyses detected the shifted
alignment of the enolase family (ENOL; F12),
CORA provided an accurate structural alignment,
which allowed the identification of a more con-
served phosphate binding motif in B-7 to helix-8/,
rather than the site in B-6 and B-7 which they
proposed.’’

Analysis of the catalytic and metal-binding resi-
dues herein has found many co-located functional
sites, which are common to many TIM barrels.

There are some families which do not appear to
be related to the others by any of the data. These
may be extremely distant relatives, or alternatively
they may represent examples of convergent evolu-
tion. Two of the outlying families, PIPLC (F17)

and 7CEL (F4), have nine and seven strands,
respectively, differing from the geometrically
favoured eight-stranded barrel, which is so ubiqui-
tous. In the case of seven-stranded cellulase (7CEL;
F4), although its function is similar to GLYC (F7),
there is no strong evidence to suggest it has arisen
from the same ancestor except the multiply aligned
catalytic residue.

At the most conservative, using sequence com-
parisons only, we can link PEPE 9F5), ALD1 (F6),
FMOP (F13), QAPRT (F18), ENOL (F12) and TIM
(F8) in one group and AAMY (F7-1) with EG
(F7-2) in another group (see Figure 4(a)). The first
grouping is supported by the similarity of the SPB
motif.

At the most extreme (where all links are con-
sidered to indicate an evolutionary relationship)
we can link all the families into one large cluster,
apart from 7CEL (F4), CHOB (F7-4), NADO (F9)
and PIPLC (F17). Among the 17 linked families,
ten families ALR (F1), DHPS (F2), PEPE (F5),
ALD1 (F6), TIM (F8), RUB (F11), ENOL (F12),
FMOP (F13), ALD2 (F16) and QAPRT (F18) seem
more closely related (Figures 4(d), 5(a) and (b)).
The co-location of active site residues and phos-
phate binding sites suggested that AAMY (F7-1),
TRGT (F10), MHYD (F14), and XYLL (F15) might
also be distant relatives to these ten families.
Although CHOB (F7-4) could not be connected to
this large cluster in Figure 4(d), our previous work
found that one of the catalytic residues at -4 of
this family was aligned with that of CHTN (F7-3)
in the global structural alignment.’” In addition
they have similar substrates, N-acetylated sugars.
Similarly, although the phosphate-binding struc-
ture of NADO (F10) is very distorted, the phos-
phate groups are bound to the same place, and it
has a catalytic residue at the same position as the
catalytic carbamated lysine at B-2 of RUB (F11) in
the global alignment. Considering these data,
these two families (CHOB, F7-4; NADO, F10)
might possibly be connected to the large cluster.
However, these functional links are fragile, since
we know from other protein families that similar
metal binding sites (e.g. zinc binding sites) and
functional catalytic sites (e.g. the catalytic triad)
can evolve independently. However, in the TIM
barrels the additional factor is that these sites are
co-located and of course the folds are all the same.

Therefore at this point in time, when our know-
ledge of sequence and structure and function is
still limited, there are hints of a common ancestry
for 17 of the 21 TIM barrel families, although these
links are much stronger for ten families than the
rest. As more data are collected, in particular more
“stepping-stone” sequences and structures, only
more linkages can be found.

Attempts to identify a common ancestral protein
are fraught with difficulties. The observation of the
recurrent loop sequence motifs (G-X-D) preceding
the even-numbered strands may suggest evolution
from a common (Ba), motif, with two duplications
to create the eightfold barrel.
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Similarly, although the data for gene duplication
in HisA and HisF are clear-cut, we did not find
evidence of duplication in the other TIM barrels,
nor that HisA/HisF are necessarily the closest
extant relative to a common ancestral protein.
Other than in HisA and HisF, the SPB motif
has been found only in the C-terminal half of
barrels.

In conclusion, this paper highlights the amazing
sequence and functional diversity of TIM barrels,
the most ubiquitous and undoubtedly one of the
most ancient folds. From a practical perspective,
predicting the biochemical function for a TIM-bar-
rel fold will be difficult, unless proteins of known
function and close sequence similarities (>30%
sequence identity) are available. This will be a
challenge for structure genomics.

Material and Methods

The TIM barrel structures in the Protein Data Bank
(PDB) were clustered into homologous superfamilies
and sequence families according to version 1.7 (22562
domains) of the CATH classification.* In CATH, multi-
domain proteins are subdivided into their constituent
domains using a consensus procedure.*’ Structures from
the PDB are grouped into homologous families and
sequence families, using two different sequence com-
parison methods; the modified version of the pair-
wise sequence comparison method by Needleman &
Wunsch,” and the profile-based method, PSI-BLAST.”
Structure comparisons are performed to detect more
distant homologues and analogues, using the SSAP
program.”” CATH has several levels of the classification
such as homologous superfamily (H) and sequence
family (S).° In CATH, a protein is clustered into a
homologous superfamily (H-level) if:

(1) the sequence identity of any member of the cluster
is equal to or larger than 35%, and 60% of the
larger structure is equivalent to the smaller one;

(2) the SSAP score is equal to or larger than 80.0,
sequence identity is larger than 20%, and 60% of
the larger structure is equivalent to the smaller
protein; or

(3) 60% of the larger structure is equivalent to the
smaller, the SSAP score is equal to or larger than
80.0, and the domains have related functions.

For new TIM barrel structures, it is often necessary to
check the classification manually.

Within each H-level, protein structures are subdivided
into sequence families, the S-level of CATH, on the basis
of sequence identities. Domains clustered in the same
sequence families have sequence identities larger than
35% to another member of the family, with at least 60%
of the larger domain equivalent to the smaller, indicating
highly similar structures and functions.

The representative proteins of each homologous
family are listed in Table 1. The completeness of TIM
barrels was analysed using the previously developed
method.* Chemical and biological functions of all the
sequence families were analysed on the basis of EC
classes of enzymes, as most TIM barrels are enzymes
and have been assigned an EC classification. Whilst the

chemical reaction of an enzyme can be inferred directly
from its EC class, its biological function must be anno-
tated separately using databases such as GenProtEC™
and Kyoto Encyclopedia of Genes and Genomes
(KEGG),” where each EC class of enzyme is assigned to
biological functions or metabolic pathways. Each protein
is annotated according to the scheme proposed by Rison
et al*' which integrates the biological functions or meta-
bolic pathways of several databases into the hierarchical
levels of the biological. As some proteins have more
than one function, all the functions are indicated in this
work. The distributions of chemical and biological func-
tions were displayed using a modified version of the
software used to generate “CATH wheels”.* To compare
with the functions of TIM barrels, 689 genes from E. coli
at the PEDANT database'® were also analysed according
to the scheme?. In the PEDANT database,'® EC numbers
and biological functions (FunCat in PEDANT) are
assigned by BLASTing the organisms’ protein sequences
against master-lists, and by assigning the function/EC
number of the top hits.

Principal component analyses (PCA) were carried out,
in order to analyse the relationships between the
families, using the SSAP scores and sequence identities
of non-identical proteins in the dataset taken from
version 1.7 of the CATH classification. SSAP scores and
sequence identities could be converted to indices
showing the distances between the families. As sequence
identities beyond homologous families are generally
lower than 20, the distances, D,.,, were obtained using
the following formula:

Dgeq = 20 — (% sequence identity) ey

In contrast, as the SSAP scores are between 0 and 100
with higher scores for larger similarity, the distances,
Dssar, were calculated using the following formula:

Dssap = (100 — SSAP_Score)/100 2)

The structural alignments of TIM barrels were per-
formed using CORA technique,® which generates
multiple-alignment of 3D structures of proteins. The
aligned structures were superimposed and viewed
using the 3D viewer from the SAS package.*> The Matras
program,” which adopts a different scoring system from
SSAP* by considering the Markov Transition Model of
Evolution, was also used, especially to obtain local
structure alignment and superimpositiont.

The PSI-BLAST program® was also used to detect
weak but biologically relevant sequence similarities by
following the procedure to assign genomic sequences to
the CATH database.*** Each non-identical TIM barrel
sequence was PSI-BLASTed against GenBank (10 May
2002 release). Stepping-stone sequences are then identi-
fied as those sequences matched by PSI-BLAST® in
common to two TIM barrel families. The maximum
number of iterations allowed is 20, and the E-value for
inclusion in the next pass is 0.0005. All sequence seg-
ments with E-values <0.0005 and of similar length to
the probe sequence (overlap >80%) were identified as
putative homologous domains. The IMPALA suite,*
which is a refined version of PSI-BLAST and supposed
to provide more optimal alignments than original
PSI-BLAST, was also applied to get alignments against
GenBank.

1 This program is publicly available at http://bongo.
lab.nig.ac.jp/~takawaba/Matras_pair.html
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Phylogenetic tree analysis of the families was per-
formed using OC, a cluster analysis program, which

analyses suggest distant evolutionary relationships.
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