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Abstract

The question of parallel («/3)s-barrel fold evolution remains unclear, owing mainly to the lack of sequence ho-
mology throughout the amino acid sequences of («/8)s-barrel enzymes. The “classical” approaches used in the
search for homologies among {«/B)g-barrels (e.g., production of structurally based alignments) have yielded align-
ments perfect from the structural point of view, but the approaches have been unable to reveal the homologies.
These are proposed to be “hidden” in («/B)g-barrel enzymes. The term “hidden homology” means that the align-
ment of sequence stretches proposed to be homologous need not be structurally fully satisfactory. This is due to
the very long evolutionary history of all («/8)g-barrels. This work identifies so-called hidden homology around
the strand (2 that is flanked by loops containing invariant glycines and prolines in 17 different («./8)s-barrel en-
zymes, i.e., roughly in half of all currently known (o/8)g-barrel proteins. The search was based on the idea that
a conserved sequence region of an (a/B)s-barrel enzyme should be more or less conserved also in the equivalent
part of the structure of the other enzymes with this folding motif, given their mutual evolutionary relatedness.
For this purpose, the sequence region around the well-conserved second §-strand of «-amylase flanked by the in-
variant glycine and proline (56 _GFTAIWITP, Aspergillus oryzae a-amylase numbering), was used as the
sequence-structural template. The proposal that the second -strand of («/B)g-barrel fold is important from the
evolutionary point of view is strongly supported by the increasing trend of the observed 82-strand structural sim-
ilarity for the pairs of («/B3)s-barrel enzymes: a-amylase and the a-subunit of tryptophan synthase, «-amylase and
mandelate racemase, and a-amylase and cyclodextrin glycosyltransferase. This trend is also in agreement with the
existing evolutionary division of the entire family of (a/8)s-barrel proteins.
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(a/B)g-Barrel structural motif formed by the inner barrel com-
posed from eight parallel 5-strands surrounded by eight -helices
is one of the most frequently occurring folding motifs in pro-
teins (Brandén, 1991; Orengo et al., 1994). The family of pro-
teins containing this fold comprises more than 30 different
enzyme specificities that belong to all commissions of enzyme
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nomenclature except ligases (for a recent review, see Reardon
& Farber, 1995).

This structural motif was first found in the structure of
chicken muscle triosephosphate isomerase ( Banner et al., 1975).
Since then, the question of evolution of this fold has remained
in the center of general attention. Unfortunately, the answer is
not wholly clear yet. In fact, three different forms of evolution
of (a/f)g-barrels are possible: (1) divergent evolution; (2) con-
vergent evolution; and (3) exon shuffling (Farber, 1993). Com-
binations of these possibilities should also be taken into account
(Doolittle, 1994). Nevertheless, the strongest argument exists for
divergence of many members of the family, i.e., conserving the
location of the active sites of all currently known («/f3)g-barrel
enzymes at the C-termini of 3-strands forming the inner 8-barrel
(Farber & Petsko, 1990; Brindén, 1991; Farber, 1993; Orengo
et al., 1994; Reardon & Farber, 1995). On the other hand, the
apparent lack of sequence homologies throughout the family ar-
gues against a divergent way of evolution. This fact, together
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Strand B2 flanked by Gly and Pro in (a/(3)s-barrels

with the structural principles determining the packing of the sheet
structure into a stable (a/B)g-barrel, offer the opportunity of
the convergence of all («/B)s-barrel proteins (Lesk et al., 1989).
However, it has been indicated recently (Raine et al., 1994) that
simple genetic alterations may be responsible for switching the
nature of chain packing observed in («/83)g-barrels.

Limited sequence similarities can only be found between sev-
eral pairs or groups of («/f3)s-barrel enzymes that constitute so-
called subfamilies (Farber & Petsko, 1990), e.g., a-amylase
(AAMY), oligo-1,6-glucosidase (OGLU), and cyclodextrin gly-
cosyltransferase (CGT) (MacGregor & Svensson, 1989; Kizaki
et al., 1993); mandelate racemase (MR), muconate lactonizing
enzyme, and chloromuconate cycloisomerase (Neidhart et al.,
1990; Hoier et al., 1994); glycolate oxidase, flavocytochrome
b,, trimethylamine dehydrogenase (TADH), and old yellow en-
zyme (OYE) (Lindqvist et al., 1991; Fox & Karplus, 1994; Scrut-
ton, 1994); aldose reductase and aldehyde reductase (El-Kabbani
et al., 1994); and N-acetylneuraminate lyase and dihydrodipico-
linate synthase (Izard et al., 1994; Mirwaldt et al., 1995). Re-
cently, a large group of (a/B)s-barrel enzymes covering several
families of glycosyl hydrolases (for the classification of glyco-
hydrolases, see Henrissat, 1991; Henrissat & Bairoch, 1993) that
contain their catalytic glutamates on strands 34 and 37, has been
revealed (Henrissat et al., 1995; Jenkins et al., 1995). However,
no clear sequence evidence has been offered up to now that
would suggest homology among the substantial part of the seem-
ingly unrelated (a/B)g-barrels except for the finding of two se-
quence regions spanning the phosphate binding site in eight
(a/B)g-barrels (Wilmanns et al., 1991; Bork et al., 1995). It is
worth mentioning, however, that motif searches with the key
sites of the common phosphate binding site match a region in
the vitamin B12 binding site of adenosylcobalamin-dependent
mutase that belongs to another protein fold (Rossman fold).
Therefore, this sequence motif is rather weak at discriminating
the (a/B)g-barrel fold. Interestingly, the conserved residues of
both sites occur in the same secondary structural elements (A.
Bateman, pers. comm.).

Perhaps the («/8)s-barrel enzymes have diverged so far that
no detectable sequence homologies appear among them (Lesk &
Boswell, 1992). It seems easier to predict an («/f)g-barrel cor-
rectly from the sequence (Crawford et al., 1987; Jespersen et al.,
1993; Wilmanns & Eisenberg, 1993; Niermann & Kirschner,
1995) than to trace the homologies among the (a/fB)g-barrels
of known structure. A few years ago, an idea was presented
(Janeek, 1993) that a conserved sequence region of one («/f3)s-
barrel enzyme should be more or less conserved in the structures
of the other (a/f)g-barrels due to their evolutionary relatedness.
This proposal has been supported recently by the observation
of functionally essential, invariant glutamates located near the
C-terminus of strand 85 in various («/8)s-barrel enzymes (Jan-
etek & Balaz, 1995), the 85-strand being well-known as a con-
served sequence region in AAMY:s and related starch-hydrolases
adopting the («/B)g-barrel fold (for this purpose, see Jespersen
et al., 1993; Janecek, 1994a).

Here, a report on another sequence-structural feature is
presented that may join a substantial group of enzymes from
the (a/B)g-barrel family. The strand 82 of AAMY (56_GFTAI
WITP, Aspergillus oryzae AAMY numbering, 32-strand under-
lined) flanked in loops by glycine and proline residues (Matsuura
et al., 1984) and found to be well conserved in AAMY (Janedek,
1994b) was identified to have its sequence-structural equivalents
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in more than 15 other («/B)s-barrel enzymes. These findings
are in agreement with the recent proposal (Janetek, 1995) that
sequence homologies in (a/B)s-barrels exist as so-called hidden
homologies in which the homologous amino acid residues from
the primordial barrel(s) might have adopted different roles in
function and/or different positions in structure.

Background

Published amino acid sequences and three-dimensional struc-
tures of («/B)g-barrel enzymes were explored in the search for
a common sequence-structural feature. The search was based
on the previously reported idea that a conserved sequence re-
gion of an (a/B)s-barrel enzyme should be more or less con-
served also in the equivalent part of structure of the other
(a/B)g-barrel enzymes owing to their mutual evolutionary re-
latedness (Jane&ek, 1993). In this context, AAMY was taken as
the template (a/B)g-barrel enzyme because: (1) it is considered
to be the representative of a large enzyme group of starch hy-
drolases adopting the (a/B)g-barrel fold; (2) the evolutionary
relationships of these homologous enzymes are well recognized;
and (3) the sequences of AAMYs exhibit a very low degree of
similarity (about 10% in general), but strong conservation is seen
around its 3-strands (MacGregor & Svensson, 1989; Janetek &
Balaz, 1993; Jespersen et al., 1993; Janeéek, 1994a, 1994b; Da-
vies & Henrissat, 1995). The stretch around the strand 82 of
A. oryzae AAMY (belonging to the best conserved [3-strands)
that is flanked in loops by glycine and proline (Gly 56 and Pro 64,
respectively) was used as the template segment in the search for
similarities among the other («/8)g-barrel enzymes.

The strand 32 has been identified recently to be conserved not
only in AAMYSs, but also in the sequences of the other mem-
bers of the AAMY family, such as CGT, OGLU, pullulanase,
isoamylase, etc. (MacGregor & Svensson, 1989; Jespersen et al.,
1993; Janetek, 1994a; JanecCek et al., 1995). In all these enzymes,
this strand is flanked at the N and C terminus by glycine and
proline, respectively (Table 1), that are invariant in each enzyme
specificity. The length of the peptide from Gly to Pro is not,
however, constant in all cases, and this allows one to discrimi-
nate between the closely related specificities, such as AAMY and
CGT (Janetek, 1994a; Janelek et al., 1995).

Structural information concerning the («/f3)s-barrel enzymes
that contain their strand 82 flanked in loops by glycine and pro-
line was extracted from the literature and from the Protein Data
Bank (PDB) files (files containing the coordinates of C,-atoms
only were not used). The following enzymes were investigated:
TADH from methylotropic bacterium W3A1 (Barber et al.,
1992) (PDB entry, 2TMD); OYE from Saccharomyces cerevisiae
(Fox & Karplus, 1994); CGT from Bacillus circulans (Lawson
et al., 1994) (1ICDG); AAMY from A. oryzae (Matsuura et al.,
1984) (2TAA); endoglucanase (EGLA) from Clostridium ther-
mocellum (Dominguez et al., 1995); OGLU from B. cereus (Kizaki
et al., 1993); barley (1 — 3,1 - 4)-8-glucanase (BGLA) (Varghese
et al., 1994); cellobiohydrolase 11 (CBH) from Trichoderma
reesei (Rouvinen et al., 1990); urease (URE) from Klebsiella aer-
ogenes (Jabri et al., 1995); mouse adenosine deaminase (ADA)
(Wilson et al., 1991); ribulose-1,5-bisphosphate carboxylase/
oxygenase (RBCO) from Rhodospirillum rubrum (Schneider
et al., 1990) (5SRUB); indole-3-glycerolphosphate synthase
(IGPS) from Escherichia coli (Wilmanns et al., 1992) (1PII);
enolase (ENOL) from S. cerevisiae (Lebioda et al., 1989)
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Table 1. Sequence stretches around the strand B2 of (a/(3)g-barrel enzymes from the a-amylase family

EC Enzyme Sequence? Ac. no.l
3.2.1.1 a-Amylase 56_GFTAIWITP P10529
3.2.1.10 Oligo-1,6-glucosidase 44_GIDVIWLSP P21332
3.2.1.20 a-Glucosidase 60_GMDGVWLSP P13080
3.2.1.41 Pullulanase 458 _GVTHVELLP P07206
3.2.1.1/41 a-Amylase-pullulanase 435_GISVIYLNP P16950
3.2.1.54 Cyclomaltodextrinase 197_GVNALYFNP X62576
3.2.1.60 Maltotetraohydrolase 50_GFSAIWMPVP P22963
3.2.1.68 Isoamylase 277_GVTAVEFLP P10342
3.2.1.70 Dextran glucosidase 44_GVMAIWLSP M30944
3.2.1.93 Trehalose-6-phosphate hydrolase 46_GVDAIWLTP P28904
3.2.1.98 Maltohexaohydrolase 38_GITAVWIPP P19571
3.2.1.116 Maltotriohydrolase 35_GVSAIWIPQP D26510
3.2.1.133 Maltogenic amylase 65_GVTTIWLSP P19531
3.2.1.135 Neopullulanase 186_GVTALYFTP D13178
3.2.1.- Maltopentaohydrolase 31_GFAAVQISP D10769
2.4.1.18 Glycogen branching enzyme 314_GYSHIELLP P16954
2.4.1.19 Cyclodextrin glycosyltransferase 70_GVTAIWISQP X78145
2.4.1.25 Glycogen debranching enzyme 177_GYMNIHFTP L 10605

4 The start of the segment in the amino acid sequence is given. The invariant glycine and proline residues are in bold.

b Accession numbers from SwissProt and GenBank Sequence Databases. All SwissProt database numbers start with P.

(7TENL); a-subunit of tryptophan synthase (TSA) from Salmo-
nella typhimurium (Hyde et al., 1988) (1WSY); MR from
Pseudomonas putida (Neidhart et al., 1991) (2MNR); xylose
isomerase (XYI) from Streptomyces olivochromogenes (Farber
et al., 1989) (3XIA); and N-(5'-phosphoribosyl)anthranilate
isomerase (PRAI) from E. coli (Wilmanns et al., 1992) (1PI1I).

For initial structural comparison of the 32-strand segments,
the program HYPERCHEM (Autodesk, Inc.) was used. To
compare the stretches structurally in details, the CCP4 software
(CCP4, 1994) was used. The 32-strands of AAMY and CGT,
AAMY and MR, and AAMY and TSA were superimposed
using least-squares minimization, the values of RMS and max-
imum deviations between corresponding C,, atoms being calcu-
lated using LSQAB program (CCP4, 1994). For plotting figures
of the overlapped protein segments, the program PLUTO
(CCP4, 1994) was used.

Results and discussion

Theoretical support for the proposed homology

The question of the evolution of (a/B)s-barrel enzymes is hazy
mainly due to the general lack of sequence homologies or, at
least, similarities. There is no casy way to trace the homologies
(similarities) as the structurally satisfactory alignments (see, e.g.,
Pickett et al., 1992; Sergeev & Lee, 1994). The necessity of a
slightly unusual and different approach in the search for se-
quence regions important from the evolutionary point of view
has been indicated recently (Janetek, 1995). It takes into account
the very long evolutionary history of the family of (a/8)s-
barrels. The result of this divergent process could be the adop-
tion of different structural positions and functional roles in the
structures of the present-day («/f3)s-barrel enzymes by the
amino acid residues that were homologous in a primordial bar-
rel. Therefore, the aligned homologies (similarities) need not be
fully structurally satisfactory. The description of the invariant

glutamates near the C-terminus of the fifth -strand that might
have adopted different functional roles in more than 10 various
(a/B)s-barrel enzymes has been manifested already (Janeéek &
Balaz, 1995). The aligned sequence stretches presented here (Ta-
ble 2) are proposed to represent the other evolutionarily con-
served segment of the (a/B)g-barrel ancestor’s polypeptide
chain preceded and followed by a glycine and a proline, respec-
tively, the prolines being considered as adopting different struc-
tural positions in the investigated («/B)g-barrel enzymes. Note
that a sequence stretch similar to the template 52-strand of
AAMY has appeared also in another region of an («a/3)s-barrel
protein. This interesting observation of the similarity between
the second 3-strand of AAMY and the strand 84 of glycolate
oxidase, flavocytochrome b,, and TSA has been discussed re-
cently (Janeéek, 1995). The fact that TSA contains both 3-strands
(32 and 34) flanked in loops by Gly and Pro (Hyde et al., 1988;
Janecek, 1995; cf. Table 2) should be taken into account.
The identification of the eventual homology comprising the
B32-strands is based on the simple idea (Janetek, 1993) that
highly conserved sequence regions of a particular («/8)g-barrel
enzyme should be more or less conserved in the sequences of the
other evolutionarily related enzymes. The second §3-strand of the
barrel of AAMY and related starch hydrolases (Table 1) be-
longs, indeed, to the best conserved regions of this subfamily
of («/B)g-barrel enzymes. It is, in fact, easily localized in the se-
quence due to characteristic length of the peptide stretch (7 or
8 residues) between the invariant glycines and prolines. There
are only a few cases of a glycine substitution by an alanine when
comparing more than 100 different sequences of these starch hy-
drolases and related enzymes (S. Janetek, unpubl. results).
For these reasons, the results summarized in Table 2 should be
of interest. Remarkably, more than 15 different («/8)g-barrel
enzymes have their strand 32 flanked in loops by a glycine and
a proline. And many other (a/f)s-barrels contain either a gly-
cine in the loop connecting the 82-strand to the preceding helix
a1 or a proline in the loop connecting the 32-strand to the fol-
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Table 2. Sequence stretches around the strand 32
of different (/B )g-barrel enzymes

EC? Enzyme® Sequence® Length
1.5.99.7 TADH 53_GWAALNTEYCSINP 14
1.6.99.1 OYE 65_GTMIITEGAFISP 13
2.4.1.19 CGT 70_GVTAIWISQP 10
3.2.1.1 AAMY 56 _GFTAIWITP 9
3.2.14 EGLA 41 _GFDHVRLPFDYP 12
3.2.1.10 OGLU 44 _GIDVIWLSP 9
3.2.1.73 BGLA 26 _GIKSMRLYAP 10
3.2.1.91 CBHY 160_GNYAGQFVVYDLP 13
3.5.1.5 URE 150_GVTTMVGGGTGP 12
3544 ADA*® 94_GVVYVEVRYSP 11
4.1.1.39 RBCO 186 _GGDFIKNDEP 10
4.1.1.48 IGPSf 92_GASAISVLTEP 11
4.2.1.11 ENOLS 162_GALALQEFMIAP 12
4.2.1.20 TSA 44_GADALELGVP 10
5.1.2.2 MR 159_GFRAVKTKIGTP 12
5.3.1.5 XYI 46 _GAHGVTFHDDDLIP 14
5.3.1.16 PRAI 275 _GAIYGGLIFVATSP 14

2 Enzymes are ordered according to their EC numbers.

b Full names of the enzymes and their sources can be found in the
Abbreviations and Background sections, respectively.

¢ The start of the segment in the amino acid sequence is given. The
invariant glycine and proline residues are in bold. Residues forming the
strand 82 are underlined.

4 A barrel equivalent to the fold of CBH Il is present in the structure
of endocellulase E2 (EC 3.2.1.4) from Thermomonospora fusca (Spezio
et al., 1993) with the sequence around the strand 32 65_GKIPILVV
YNAP.

¢ The exact position of the second 3-strand in the ADA sequence was
not available either in the literature (Wilson et al., 1991) or from the
PDB file (entry 1ADA).

" The 82-strand region of E. coli IGPS is not flanked by Gly and Pro
(Wilmanns et al., 1992). Here the equivalent stretch of S. cerevisiae IGPS
is shown, the structure of which has not been solved yet.

& The strand 32 of ENOL is oriented in an antiparallel fashion to the
rest of the barrel strands (Lebioda et al., 1989).

lowing helix a2 (Table 3). There are only several (a/83)s-barrel
enzymes that do not have the sequence either starting with Gly
or terminating with Pro at (or around) their second §-strand.
These are flavocytochrome b, (Xia & Mathews, 1990), lucifer-
ase (e.g., Fisher et al., 1995), xylanase (e.g., Harris et al., 1994),
chitinase (e.g., Perrakis et al., 1994), endo-8- N-acetylglucosa-
minidase (Van Roey et al., 1994), and fructose-1,6-bisphosphate
aldolase (e.g., Sygusch et al., 1987).

The length of the segment between the glycine and the pro-
line varies from 7 to 12 residues. The fact that the regions are
not structurally fully satisfactory could be explained by the long
evolutionary history of the barrels during which the primordial
sequence homologies were destroyed by the number of inser-
tions, deletions, and substitutions resulting in adoption of dif-
ferent structural positions by the previously equivalent proline
residues. In these terms, the absence of a sequential homology
throughout the stretches presented in Table 2 should not be sur-
prising. Nevertheless, there are only hydrophobic amino acid
residues in the fifth position of all these enzymes except for CBH
and PRAI (both have glycines), this hydrophobic place being
preceded by alanines in TADH, CGT, AAMY, CBH, IGPS,
ENOL, TSA, and MR. It is possible to align the stretches listed
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in Table 2 manually in order to start with glycines and to end
with prolines, but the presented segments are too short for do-
ing it with justification.

Structural support for the proposed homology

If the structural similarity between the 32-strands exists, it can-
not comprise all the enzymes listed in Table 2. This is due to the
fact that the enzymes belong to different families of all («/3)s-
barrels (see the division of this enzyme family given by Farber
& Petsko, 1990). Importantly, in agreement with this division,
a clear trend can be seen in the structural comparison of the 52-
strands, i.e., the similarity is higher for the enzymes that are
more closely related and is lower for the enzymes that are more
distantly related (Figs. 1, 2, 3). This is supported namely by the
statistical data (Table 4) that clearly reflect the facts that: (1)
AAMY is in one close subfamily with CGT (Fig. 1; RMSD
0.695 A); (2) AAMY is in one broader family with MR (Fig. 2;
RMSD 1.150 A); and (3) AAMY is in different family than TSA
(Fig. 3; RMSD 1.484 A).

As far as the 32-strand segments of the other enzymes from
Table 2 are concerned, mostly they do not fit each other in such
away as AAMY, CGT, MR, and TSA do. It should be pointed
out, however, this was not expected at all because the structur-
ally based approaches (e.g., Pickett et al., 1992; Sergeev & Lee,
1994), producing the sequence alignments that are satisfactory
from the structural point of view, also did not detect the homol-
ogies. The fact that there is an analogical situation with the 35-
strand segments comprising the invariant and functionally es-
sential glutamate residues in a similar set of («/8)s-barrels
(Janetek & Balaz, 1995) also supports the idea that the sequence
homologies important from the ancient point of view exhibit in
the present-day («/3)s-barrel enzymes some destruction of the
secondary structure equivalence that was probably present in the
primordial barrel(s). And finally, this is consistent with the pro-
posal that there could be a family of enzymes whose members
have diverged so much that no detectable sequence homologies
are left (Lesk & Boswell, 1992).

Conclusion

It is postulated that the sequence similarities or, perhaps, ho-
mologies among different («/3)g-barrel enzymes that would be
structurally fully satisfactory cannot be expected. This is sup-
ported by the fact that the structurally based approaches (Pickett
et al., 1992; Sergeev & Lee, 1994) offer satisfactory alignments,
but they do not necessarily bring the homologies. It seems pos-
sible, however, that sequence homologies do occur in (a/f)s-
barrel enzymes (Table 2), but, due to their very long evolutionary
history and distantly related functions, the homologous amino
acid residues from the primordial barrel structure adopted dif-
ferent functional roles (Janetek & Balaz, 1995) and/or different
positions in the structure (the prolines in Figs. 1, 2, 3). The ho-
mologies are therefore hidden in (a./f3)g-barrel enzymes.

The 52-strand segment presented here could constitute a hid-
den homology in («/B)g-barrels because: (1) it was revealed by
using the conserved sequence region of one of them (AAMY)
as structural template; (2) it is characterized by two invariant
amino acid residues (Gly and Pro); (3) its length varies from 9
to 14 residues (e.g., insertions and deletions); (4) the similarity
between these segments is higher for more closely related
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Table 3. Sequence stretches around the strand 32 of different (a/Bbj)g-barrel enzymes with

conserved either Gly or Pro amino acid residue

1.1.1.2
1.1.1.21
1.1.1.50
1.1.3.15
2.7.1.40
3.1.8.1
3.2.1.2
3.2.1.39
3.2.1.85
4.1.2.21
4.1.33
4.2.1.52

Pro
3.2.1.21
3.2.1.23
5.3.1.1
5.5.1.1
5.5.1.7

Enzyme

Aldehyde reductase

Aldose reductase
3a-Hydroxysteroid dehydrogenase®
Glycolate oxidase

Pyruvate kinase

Phosphotriesterase

B-Amylase

(1—3)-8-Glucanase
6-Phospho-g3-galactosidase
2-Keto-3-deoxy-6-phosphogluconate aldolase
N-Acetylneuraminate lyase
Dihydrodipicolinate synthase

B-Glucosidase

B-Galactosidase
Triosephosphate isomerase
Muconate cycloisomerase
Chloromuconate cycloisomerase

% Residues forming the 82-strand are underlined.

® The exact position of the second g-strand was not available.

olyss Gly70

Sequence®

S. Janecek

Reference

40_GYRHIDCAAIY
38_GYRHIDCAH
45_GFRHFDSAY

100_GTIMTLSS

67_GMNVARLNFSH
65_GVRTIVDVS
46_GVDGVMVDVWWG
26_GINGMRIYF
67_GVNGIRISIAWS
51_GIRTLEVTLRSQ
38_GIDGLYVGG
35_GTSAIVSVG

84_DMNLDAYRFSISWP

384_FNAVRCSHYP

35_NVEVVICPP

162_RHRVFKLKIGANP
159_HNRFKVKLGFRSP

El-Kabbani et al. (1994)
Harrison et al. (1994)
Hoog et al. (1994)
Lindqvist (1989)
Muirhead et al. (1986)
Benning et al. (1994)
Mikami et al. (1993)
Varghese et al. {1994)
Wiesmann et al. (1995)
Mavridis et al. (1982)
Izard et al. (1994)
Mirwaldt et al. (1995)

Barrett et al. (1995)
Jacobson et al. (1994)
Lolis et al. (1990)
Helin et al. (1995)
Hoier et al. (1994)

Fig. 1. Overlay of 82-strands of closely related («/3)g-barrel enzymes. The 82-strand of cyclodextrip glycosyltransferase from
B. circulans strain 251 (thin lines) is overlapped on the 82-strand of a-amylase from A. oryzae (thick lines).
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Table 4. Statistical values from the superpositions
of B2-strands

RMSD Maximum deviation
Enzyme pair (A) (A)
AAMY & CGT 0.695 1.368
AAMY & MR 1.150 2.061
AAMY & TSA 1.484 2.850

(a/B)g-barrel enzymes and is lower for more distantly related
ones (Figs. 1, 2, 3; Table 4); and (5) it could be traced, in part,
also in the other (a/B3)s-barrel enzymes (Table 3) in which ei-
ther the glycine or the proline preceding and succeeding the §2-
strand, respectively, is conserved. It is worth mentioning that
the visual inspection of many amino acid sequences of several
(a/B)g-barrel enzymes (e.g., pyruvate kinase [Muirhead et al.,
19861, (1 — 3)-B-glucanase [Varghese et al., 1994], triosephos-
phate isomerase [Lolis et al., 1990]) indicates that the glycine or
proline that are in the center of attention of this study are re-
placed by alanine or serine. Note that the Gly(Pro) — Ala and
Gly(Pro) — Ser mutations are controlled by substitutions of only
one base.

It seems that the segment G-X7 to 12-P, comprising the sec-
ond B-strand of the (a/B)g-barrel fold, is a better marker than
the catalytic residues that are, in general, localized at different
B-strands (see, e.g., Farber & Petsko, 1990; Brandén, 1991). This
is consistent with the postulate of divergent evolution that the
three-dimensional structure of a protein evolves most slowly,
that protein sequence evolves more quickly, and that the chem-
ical mechanism of an enzyme evolves most rapidly. This has
been demonstrated recently on the eventual evolution of sugar
isomerases (Banerjee et al., 1995). It might be concluded that
the regions of hidden homology in (a/B)s-barrel proteins
should evolve more slowly than the rest of the amino acid se-
quence (G. Farber, pers. comm.).
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