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Abstract X-ray crystallography and bioinformatics studies re-
veal a tendency for the right-handed B-helix domain architecture
to be associated with carbohydrate binding proteins. Here we
demonstrate the presence of catalytic B-helix domains in glyco-
side hydrolase (GH) families 49, 55 and 87 and provide evidence
for their sharing a common evolutionary ancestor with two
structurally characterized GH families, numbers 28 and 82.
This domain assignment helps assign catalytic residues to each
family. Further analysis of domain architecture reveals the as-
sociation of carbohydrate binding modules with catalytic GH
B-helices, as well as an unexpected pair of B-helix domains in
GH family 55.

© 2002 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction

The determination of the structure of Erwinia chrysanthemi
pectate lyase PelC in 1993 [1] revealed a new and unexpected
class of protein fold — the right-handed B-helix. Subsequent
structural determinations of other B-helical proteins have en-
abled key features of the fold to be identified [2,3]. Each rung
of the B-helix contains three B-strands connected by turns of
variable length. The rungs stack to produce three parallel
B-sheets, named B1-3. This repetitive nature leads to extensive
stacks of similar or identical residues, both internal, largely
hydrophobic stacks and external hydrophilic stacks [3], and
also enables the prediction of B-helical folds based on scan-
ning for the corresponding supersecondary structural motif
[4]. The main chain atoms of the B-sheets superimpose ex-
tremely well between different B-helical structures, even in
the absence of significant shared sequence similarity. In con-
trast, the loops that contain catalytic residues are very vari-
able in length and structure.

Although an increasing number of functions are now being
linked with the B-helical fold [5], this domain is particularly
associated with proteins that bind to carbohydrates [2]. This
association, resulting from successive crystallographic struc-
ture determinations, has been given new strength by a recent
bioinformatics investigation [6]. Among carbohydrate modify-
ing enzymes, a particular diversity is evident for glycoside
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hydrolases (GHs; EC 3.2.1.-). These have been classified
according to similarity in sequence (and structure, where
available) into 88 families in the CAZY database [7,8] now
accessible online [9]. Grouping in this way enables the deter-
mination of important characteristics of all members of a
family based on experimental evidence obtained for one. Typ-
ically interest focuses on the identity of the two acidic cata-
lytic residues, nearly universally involved in cleavage of the
glycoside bond [10], and whether the mechanism is of the
inverting or retaining type.

The simple sequence analysis employed for grouping GH
families can not be expected to detect more distant relation-
ships, in which structural and functional features may be
maintained during evolution while sequence similarity drops
to undetectable levels. Such cases of distant homology become
evident through structural determination or, increasingly,
through the use of modern fold recognition methods [11-
15]. Currently, GH families 28 and 82 are known to contain
B-helical folds [16,17]. Here, we demonstrate the presence of
catalytic B-helical domains in three further GH families, 49,
55 and 87, and provide evidence for a common evolutionary
origin for all five GH families. In contrast to known B-helical
GH structures, where the catalytic domain is generally found
alone [16] or in combination with small domains of unknown
function [17], GH families 55 and 87 contain multiple carbo-
hydrate binding modules.

2. Materials and methods

Members of GH families 49, 55 and 87 were located in the CAZY
database and retrieved from GenBank to give sets of nine, eight and
four sequences, respectively. Sequence alignments were produced with
T-Coffee [18], and manipulated and hand-edited with Jalview (http://
www.ebi.ac.uk/ ~ michele/jalview/). Jalview was also used to deter-
mine the four maximally diverse representatives of each family. Se-
quence motifs were sought using MEME [19] and secondary structure
predicted with PSI-PRED [20]. Searches were made in the PFAM
domain alignment database [21] (http://www.sanger.ac.uk/Pfam).
Fold recognition experiments made use of the Structure Prediction
META server [22] (http://bioinfo.pl/meta). Particular attention was
paid to the results of the two consensus fold recognition analyses,
Pcons?2 [23] and the ‘Shotgun on 3’ consensus prediction (D. Fischer,
unpublished) which produces a score based on the combined results of
three independent methods, FFAS [24], 3D-PSSM [25] and Inbgu [26].
Pcons2 and ‘Shotgun on 3’ are currently the methods best able to
distinguish between true and false positives (see http://bioinfo.pl/Live-
Bench/ [27]). Iterated sequence database searches were carried out
using PSI-BLAST [28] at the NCBI (http://www.ncbi.nlm.nih.gov/
BLAST/) employing either 0.01 or 0.001 as the E-value significance
threshold. When searches with a certain GH family member produced
members of another GH family among the significant results, a pos-
sible common evolutionary origin for the two families was suggested.
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The family representatives detailed in Table 1 were used as input for
the fold recognition and iterated database searches. GH family mem-
bers were also submitted for BETAWRAP analysis [4] (http://cuck-
00.lcs.mit.edu:8080/BetaWrap/betawrap.html) in order to provide in-
dependent evidence of the presence of B-helices, and to provide the
predictions of rung locations that helped in the alignment of GH
families 49, 55 and 87 to known structures. Model building was car-
ried out with MODELLER 6 [29], employing an iterative modelling
scheme in which model regions with unusual packing or solvent ex-
posure characteristics in a set of 20 models, highlighted by PROSA 11
analysis [30], were interpreted as resulting from possible local align-
ment errors. Target-template alignment changes were then made and
new sets of models produced and analyzed. Stereochemical analysis of
the final model was done with PROCHECK [31]. The final model was
deposited with the PDB under the code 1h3k. Structural superposi-
tions were carried out with LSQMAN [32] and the CE methods [33]
(http://cl.sdsc.edu/ce.html) and structural relationships of known
structures explored in the SCOP database [34] (http://scop.mrc-
Imb.cam.ac.uk/scop/index.html).

3. Results and discussion

Searches in the PFAM database [21] with members of GH
families 49, 55 and 87 showed the presence of carbohydrate
binding and other domains (see later) but gave no hint of a
catalytic domain. This, along with their separate family status
in the CAZY database [9], is an indication that simple se-
quence comparisons were unable to demonstrate evolutionary
or structural relationships between these proteins and other
better characterized enzymes. In such cases, fold recognition is
often useful in search for more distant relationships as they
combine sequence information with other derived character-
istics, thereby enhancing sensitivity. This improved sensitivity
comes with the price of the possibility of false positive results
but consensus fold recognition methods help minimize these
and detailed analysis usually enables remaining misleading
results to be discarded.

Fold recognition studies with representative members of
GH families 49, 55 and 87 (see Table 1) immediately revealed
the presence of B-helices in these enzymes (Table 1). In each
case, the scores (for the matching regions, stripped of extra-
neous sequence) are well in excess of the current best-scoring
false positive scores for the Pcons2 and ‘Shotgun on 3’ meth-
ods of 1.31 and 40.1, respectively [27]. Initial results, in agree-
ment with previous observation of an internal sequence repeat
[35], suggested the presence of two domains in GH family 55
members and these were subsequently analyzed separately
(Table 1). Individual fold recognition methods also strongly
favored B-helical folds. For GH 49, GH 55 N-terminal half,
GH 55 C-terminal half and GH 87 representatives, respec-
tively, 3D-PSSM scores were 0.164, 0.0019, 0.101 and
0.0029, FFAS scores were 7.5, 50.0, 65.7, 10.7 and inbgu
scores were 33.6, 79.7, 32.7 and 42.2. Two other GH families,
numbers 28 and 82, have previously been shown crystallo-
graphically to contain catalytic B-helical domains [16,17]. Tt
was therefore interesting to note, among the many signifi-
cantly scoring B-helical proteins, that GH families 49 and 87
produced much better scores for GH family 28 structures than
for GH family 82 structures. For GH family 55 there was a
slight preference for GH family 82 structures. Independent
confirmation of the presence of B-helices was obtained with
BETAWRAP which gave significant P values in the ranges
1.7xX1074-2.2x 1073, 3.8X1074-7.1xX1073 and 5.8Xx1073-
2.8 1073, respectively, for GH families 49, 55 and 87.

As reviewed [2], the overall structural similarity between the
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determined B-helical structures argues for their sharing a com-
mon evolutionary origin, despite a general lack of sequence
similarity and detailed resemblance in core packing interac-
tions. Low sequence similarity between GH families 49, 55
and 87 and their structural matches was also evident here —
around 10% and 12% B-helical domain sequence identity, re-
spectively, between family 49 members or family 87 members
with Aspergillus niger polygalacturonase II (PDB code 1czf).
The corresponding comparison of GH family 55 member
N- or C-terminal halves with Alteromonas sp. 1-carrageenase
gives pairwise sequence identities of 11-15% and 10-18%.
As fold recognition can produce significant results for struc-
tural analogues as well as distant structural homologues, we
sought further evidence regarding evolutionary relationships
with sensitive sequence comparisons carried out using PSI-
BLAST. As shown in Fig. 1, the results are consistent with
all these families sharing a common evolutionary origin since
a clear network of connections can be achieved even at the
conservative E-value threshold of 0.001. Remarkably, a single
iteration at the more relaxed threshold of 0.01 is sufficient to
demonstrate a relationship between GH families 82 and 28
despite their sharing insignificant overall sequence similarity
(13% of 197 matched residues, for example, in a structural
alignment of lczf from family 28 with 1h80 of family 82)
and totally different catalytic sites [17]. These and other results
[6] counter the notion that PSI-BLAST is not well suited for
work with B-helical proteins [4]. None of the results in Fig. 1
were previously reported [6]. The relationships between the
previously identified B-helical ‘CASH’ domain [6], of around
150 residues, and the B-helical domains discussed here, typi-
cally with 300-350 residues, is unclear.

In the cases of GH families 49 and 87, the fold recognition
alignments (Fig. 2) with lczf and other GH family 28 struc-
tures immediately revealed the conservation of three aspartate
residues, numbers 180, 201 and 202 in Iczf. These residues in
Iczf have been experimentally shown by site-directed muta-
genesis to participate in catalysis [36]. This enables the iden-
tification of catalytic residues in GH families 49 and 87 (Table
1) and is evidence for the existence of a closer evolutionary
relationship between these families and family 28 than with

GH
family 55
A
5/2
2/2
GH | 75 GH 22,0 GH
family 49 family 28 2/1 family 82
4/4
18/12
A
GH
family 87

Fig. 1. Schematic representation of the GH family relationships re-
vealed by PSI-BLAST [28]. The presence of family B in the signifi-
cant results of searches made using family A is represented by an
arrow from family A to family B. Each arrow is associated with the
number of iterations required to demonstrate the relationship (x/y)
at E-value thresholds of 0.001 (x) or 0.01 (y).
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Table 1

CAZY [9] glycosidase families containing B-helical domains

Family  Activities Number of non-  Mechanism Representative® Pcons2®  Shotgun on 3¢ Catalytic

redundant residues?
sequences in
GenBank

28 Polygalacturonase (EC 3.2.1.15) 405 Inverting 129934; Aspergillus - - D180, D201,
Exo-polygalacturonase (EC 3.2.1.67) niger; polygalacturonase D202, H223
Exo-polygalacturonase (EC 3.2.1.82) II; PDB lczf [36]

Rhamnogalacturonase (EC not defined)
82 1-carrageenase (EC 3.2.1.-) 3 Inverting 10039456, Alteromonas - - E245, D247,
sp.; t-carrageenase; PDB E310
1h80 [17]

49 Dextranase (EC 3.2.1.11) Isopullulanase 9 Inverting 1352244 ; Penicillium 493 99.3 D389, D412,
(EC 3.2.1.57) Dextran-1,6 o-isomalto- minioluteum; dextranase lczf lczf D413
triosidase (EC 3.2.1.95) [48]

55 Exo-1,3-glucanase (EC 3.2.1.58) 8 Unknown 751495; Ampelomyces N-terminal half 3.96 100 Probably
Exo-1,3-glucanase (EC 3.2.1.39) quisqualis; 1h80 Irmg among D233,

exo-1,3-glucanase; C-terminal half 3.22 100 D599 D304,
Rotem et al. (direct 1h80 Irmg E657, D679
database submission)

87 Mycodextranase (EC 3.2.1.61) 4 Inverting 15128557; Streptomyces 2.77 100 D410, D429,

sp. mycodextranase 1hg8 1hg8 D430

[49]

Experimentally determined structures are available for families 28 and 82. Structural predictions are presented for families 49, 55 and 87.
2]n each case a GenBank ID is followed by species name, enzyme name, a PDB code in the cases of known structures, and reference.

bScore by the Pcons2 consensus fold recognition method [23].

¢Score by the ‘Shotgun on 3’ consensus fold recognition method (D. Fischer, unpublished).

dCatalytic residues, known or confidently predicted in the cases of experimentally determined structures, inferred from the results presented here in the remaining families.
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Fig. 3. MOLSCRIPT [47] diagram of the final model of family 87 representative Streptomyces sp. mycodextranase with secondary structure as
defined by STRIDE [45]. a: View of the substrate binding cleft with catalytic acidic residues and highly conserved aromatic residues, possibly
involved in carbohydrate binding [41], drawn as ball and stick. The bound galacturonate molecules recently observed in complex with GH fam-
ily 28 Stereum purpureum endopolygalacturonase [40] are superimposed and drawn as thinner dark sticks. b: The reverse of the model showing

the asparagine and arginine residues, suitably positioned for stacking interactions.

family 82. This is consistent with the PSI-BLAST results (Fig.
1) and the predominance of family 28 in the threading results
obtained with families 49 and 87. Other residues, shown to be
involved in substrate binding to A. niger polygalacturonase II
[36], are not conserved in GH families 49 and 87, presumably
reflecting the different substrates of these three families. The
family 49 member Penicillium minioluteum dextranase has
been the subject of a previous fold recognition and modelling
study [37]. This reported a proposed structural relationship
with sialidase and galactose oxidase [37] which is strongly
disfavored by our results.

In the case of GH family 87, the alignment with GH family
28 member A. niger polygalacturonase II (PDB code 1czf) was
of sufficient quality to permit model building of the catalytic
B-helical domain, with the exception of a single 11 residue
insertion. Modelling of B-helical proteins is particularly chal-
lenging since large alignment errors can readily result from
missing B-strands [38]. Nevertheless, the alignment of catalytic
site residues provided a confident alignment region in the
center of the initial fold recognition-derived alignment.

From this, with the aid of BETAWRAP analysis, the align-
ment was carefully checked in both directions. During the
rounds of iterative model building several buried charged res-
idues were observed and alignment modifications made in
order to reposition them. The objective model quality, mea-
sured by PROSA 1I [30] improved significantly during the
process. The final model of Streptomyces sp. mycodextranase
(Fig. 3) has a PROSA 1II score of —5.23, corresponding to a
pG value of 0.8, well in excess of the 0.5 cutoff indicative of
correct fold and largely correct alignment [39]. The overall
stereochemical G-factor [31] of —0.36 is indicative of good
stereochemistry and the model has 79% of residues in most
favored regions of the Ramachandran plot with just a single
disallowed residue. Several interesting features of the final
model are shown in Fig. 3. In the trough, containing the
catalytic site and along which the polysaccharide substrate
lies [40], several aromatic residues, frequently involved in pro-
tein—carbohydrate interaction [41], are present (Fig. 3a). On
the opposite side of the molecule (Fig. 3b), asparagine and
arginine residues are suitable positioned for stacking interac-

«—

Fig. 2. B-Helical domain alignment of four maximally diverse members of GH families 87 (center) and 49 (lower), each labeled with GenBank
ID and abbreviated species name, with A. niger polygalacturonase II (PDB code lczf) and Fusarium moniliforme endopolygalacturonase (PDB
code 1hg8) representing family 28. Representative sequences (Table 1) are numbered and their predicted secondary structures shown. The actual
secondary structure of lczf, as determined with STRIDE [45], and its numbering are shown above the alignment. Identities within the three
groups are in bold and catalytic and substrate binding residues in GH family 28 [36] shown as large bold italic. The figure was made using AL-
SCRIPT [46].
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Fig. 4. Schematic representation of domain architectures for selected members of GH families 49, 55 and 87.

tions [3,17]. These residues — arginines 384, 408, 430 and as-
paragines 404, 426, 455 — are highly conserved (Fig. 2) within
GH family 87 but are not shared with the template structure
so that their appearance is suggestive of an accurate model.
Electrostatic potential analysis (not shown) reveals a positive
potential associated with the substrate binding cleft of the
polygalacturonase template, contrasting with a more neutral
substrate binding cleft in the mycodextranase. This difference
is in agreement with the former enzyme acting on a negatively
charged substrate and the latter an electrostatically neutral
substrate.

The presence of two complete B-helical domains in the GH
family 55 members (Table 1) seems to be unprecedented in the
published literature. The alternative hypothesis that a single,
long B-helix is present can be ruled out for several reasons.
First, the amphiphilic o-helix that nearly always caps the
N-terminal end of the B-helical fold is clearly predicted in both
halves of GH family 55. Furthermore, alignment of N-terminal
halves with C-terminal halves and MEME motif analysis
(not shown) both identify two regions of significant sequence
identity, at the N-terminal end of the fold, between the two
halves of family 55 members. The alignment with t-carragee-
nase obtained from fold recognition shows that the first re-
gion corresponds to a calcium binding loop [17]. A DxxxDD
motif (starting at positions 75 and 425 in the N- and C-ter-
minal halves, respectively, of Ampelomyces quisqualis exo-1,3-
glucanase) is well conserved in GH family 55 here with the
exception of three members in which the entire loop is deleted.
The second highly conserved region in the alignment of both
halves comprises the first complete rung of the B-helix and
contains two entirely conserved residues (Glyll3 with
Tyrl1l5 and Gly452 with Tyr454, in the N- and C-terminal
halves, respectively, of A. quisqualis exo-1,3-glucanase) which
contact residues of the same calcium binding loop. Although
these sequence similarities provide good evidence for an origin
of family 55 in a gene duplication, as previously suggested

[35], it is striking that in the remainder of the sequences no
similarity between N- and C-terminal halves is evident, per-
haps further evidence of the rapid evolution associated with
the B-helical fold [2].

In the case of GH family 55, the catalytic residues puta-
tively identified in the family 82 1-carrageenase structure are
not present in either B-helical domain. Alternative alignments
with family 28 also show a lack of conservation of catalytic
site residues. These results suggest the presence of a third kind
of glycoside hydrolase catalytic site associated with the B-he-
lical fold. Catalytic proton donating and accepting residues
presumably lie among the set of conserved aspartates and
glutamates [10], of which nine are present in GH family 55,
four in the N-terminal domain and five in the C-terminal
domain. Overall domain conservation does not help to iden-
tify a single catalytic domain with pairwise sequence identities
between GH family 55 members in the N- and C-terminal
halves of 39 and 40%, respectively. Also, the quality of the
alignment of GH family 55 with t-carrageenase does not per-
mit the identification of catalytic residues from predicted
structural proximity. However, the trend towards location of
catalytic site in the second half of the B-helical fold [16,17]
helps to narrow down the possible catalytic residues to those
shown in Table 1. GH family 55 represents a particularly
interesting case for structural determination since three possi-
ble scenarios may be imagined, each of which would involve
novelties. Both B-helical domains might contribute to the cat-
alytic site, as has not yet been observed. Alternatively, each
domain might carry its own, structurally different, catalytic
site. We can also imagine the novel recruitment of one of
the B-helical domains as a carbohydrate binding module to
enhance the catalytic efficiency of the other domain.

Searches in the PFAM database [21] reveal that, with only
five exceptions, each containing a single fibronectin domain
[42], the 245 B-helical folds in GH family 28 are not coupled
to other domains producing proteins around 400-500 residues
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in length. However, as Fig. 4 shows, the B-helical catalytic
domains considered here are coupled to other identifiable do-
mains. The Streptococcus lividans GH family 87 member is
annotated by PFAM as containing one F5/8 domain (acces-
sion PF00754), as found in blood coagulation factors, from
residue 178 onwards, followed by two fibronectin domains
(PF00060). Fold recognition experiments (not shown) gave
similar, strongly, significant scores to F5/8 domains and to
the structurally similar galactose binding like (GBL) domains,
as seen, for example, at the N-terminus of galactose oxidase.
A carbohydrate binding role makes excellent functional sense
so this domain was reassigned as a carbohydrate binding
module. Other fold recognition studies with the S. lividans
GH family 87 member conclusively demonstrated the presence
of a second GBL domain at the N-terminus and a third such
domain following the fibronectin domains, which is in turn
followed by a predicted all-B region giving borderline signifi-
cant matches to several structures. The domain organization
for the S. lividans GH family 87 member is suggestive of a
duplication event involving a GBL domain in conjunction
with two fibronectin domains so that this all-B region was
tentatively annotated as containing two fibronectin domains
(Fig. 4). One GH family 55 member from Trichoderma har-
zianum, GenBank ID 11359357 [43], contains two WSC do-
mains (PF01822), putatively assigned a role in carbohydrate
recognition, at its C-terminal end. These are of unknown
structure, but fold recognition suggests a defensin-like struc-
ture (not shown). Interestingly, at the Fold level of the SCOP
database [34], defensins are grouped, as knottins, with a vari-
ety of lectins and cellulose binding domains, supporting a
carbohydrate binding function.

In summary, we have demonstrated that GH families 49
and 87 share an evolutionary origin with GH family 28, there-
by enabling the identification of their catalytic residues. GH
family 55 unexpectedly contains two B-helical domains, deriv-
ing from a gene duplication event, that probably also share a
common evolutionary origin with other GH families, but
which contain a third class of B-helix-associated GH catalytic
site. Fold recognition experiments also assigned and reas-
signed probable carbohydrate binding modules in GH families
55 and 87 thus demonstrating a modular GH architecture,
long apparent for other GH families [44], but not hitherto
obvious for B-helical GHs.
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