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Catalysis and specificity in enzymatic glycoside hydrolysis: a 2°B
conformation for the glycosyl-enzyme intermediate revealed by
the structure of the Bacillus agaradhaerens family 11 xylanase
Elisabetta Sabini!, Gerlind Sulzenbacher! 2, Miroslava Dauter?,

Zbigniew Dauter', Per Lina Jergensen®, Martin Schiilein3, Claude Dupont?,

Gideon J Davies! and Keith S Wilson?

Background: The enzymatic hydrolysis of glycosides involves the formation and
subsequent breakdown of a covalent glycosyl-enzyme intermediate via
oxocarbenium-ion-like transition states. The covalent intermediate may be trapped
on-enzyme using 2-fluoro-substituted glycosides, which provide details of the
intermediate conformation and noncovalent interactions between enzyme and
oligosaccharide. Xylanases are important in industrial applications — in the pulp
and paper industry, pretreating wood with xylanases decreases the amount of
chlorine-containing chemicals used. Xylanases are structurally similar to cellulases
but differ in their specificity for xylose-based, versus glucose-based, substrates.

Results: The structure of the family 11 xylanase, Xyl11, from Bacillus
agaradhaerens has been solved using X-ray crystallography in both native and
xylobiosyl-enzyme intermediate forms at 1.78 A and 2.0 A resolution,
respectively. The covalent glycosyl-enzyme intermediate has been trapped using
a 2-fluoro-2-deoxy substrate with a good leaving group. Unlike covalent
intermediate structures for glycoside hydrolases from other families, the covalent
glycosyl-enzyme intermediate in family 11 adopts an unusual 258 conformation.

Conclusions: The 258 conformation found for the o-linked xylobiosyl-enzyme
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intermediate of Xyl11, unlike the 4C, chair conformation observed for other
systems, is consistent with the stereochemical constraints required of the
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oxocarbenium-ion-like transition state. Comparison of the Xyl11 covalent
glycosyl-enzyme intermediate with the equivalent structure for the related family
12 endoglucanase, CelB, from Streptomyces lividans reveals the likely
determinants for substrate specificity in this clan of glycoside hydrolases.

Introduction

Endoxylanases (EC 3.2.1.8) are found in five of the 71 gly-
coside hydrolase families (5, 10, 11, 43 and 54) [1,2]. They
all perform hydrolysis using acid-base catalysis with cleav-
age of the B-1,4 bonds giving rise to either inversion or
retention of anomeric configuration (reviewed in [3]). In
1953, Koshland [4] proposed the basic mechanistic
schemes: inverting enzymes function using a single dis-
placement reaction in which nucleophilic attack by water
from below the sugar ring occurs simultaneously with
leaving-group departure, whereas retaining enzymes
operate using a double-displacement mechanism in which
a covalent glycosyl-enzyme intermediate is formed and
subsequently hydrolysed via oxocarbenium-ion-like transi-
tion states. Demonstration of the covalent glycosyl-
enzyme intermediate in the reaction mechanism has come
from the elegant use of 2-deoxy-2-fluoroglycosides [5]
whose covalent intermediate becomes trapped on-enzyme,
causing it to accumulate. Three-dimensional structures for

the covalent glycosyl-enzyme intermediates of retaining
B-glycoside hydrolases have been solved for enzymes from
families 1, 5, 10 and 12 [6-11]. With the exception of
enzymes from glycoside hydrolase family 11, all have
revealed o-linked intermediates with an undistorted pyra-
nose ring in the 4C, chair conformation.

The cell wall of terrestrial plants is a composite material in
which cellulose, hemicellulose and lignin are in tight asso-
ciation. Xylans are amongst the most abundant hemicellu-
loses and constitute more than 30% of the dry weight of
plants. In terrestrial plants, xylans are based on a $-1,4-
linked-D-xylosyl backbone, whereas marine algae synthe-
sise xylans that are based on a B-1,3-linked backbone
(reviewed in [12]). The enzymatic hydrolysis of hemicellu-
lose is of major importance in the pulp and paper industry:
xylanase pretreatment in the bleaching process is effective
in reducing the amount of environmentally toxic chlorine
and chlorine-containing chemicals used. For application in
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the bleaching process, an ideal xylanase should be highly
thermostable and active at alkaline pH. Considerable effort
has been expended into the study of structure—function
relationships of these enzymes, which should aid their
application in these processes.

The alkalophilic bacillus Bacillus agaradhaerens produces
many glycoside hydrolases that are of interest because of
their high catalytic activity at elevated pH. In this paper
we describe the structure of the B. agaradhaerens xylanase
from family 11 (hereafter Xyl11), at 1.78 A resolution.
The Xyll1 structure has the typical family 11 jelly-roll
motif (also found in family 12 [13] whose members prefer
glucose-derived substrates). Xyl11 performs catalysis with
net retention of anomeric configuration. The covalent
glycosyl-enzyme intermediate has been trapped using
2’ 4'-dinitrophenyl 2-deoxy-2-fluoroxylobioside, and the
structure determined at 2.0 A resolution. The covalent
xylobiosyl-enzyme intermediate adopts a %3B boat confor-
mation which, unlike the *C, chair conformation, fulfils
the stereochemical requirements for the oxocarbenium-
ion-like transition state of the retaining mechanism. Com-
parison of the Xyl11 complex structure with that from the
related family 12 cellulase CelB [11] reveals the likely
basis for substrate specificity in this clan of enzymes.

Results and discussion

Structure of native Xyl11

Single cube-shaped crystals of Xyl11 grow in 7-14 days
reaching a maximum size of 0.2 X 0.2 X 0.2 mm. Room tem-
perature data for a monoclinic crystal form were collected

Table 1

on beamline X-31 at the EMBL Hamburg outstation. The
space group is PZ with cell dimensions a=37.94,
b=79.7A, c—747AandB— 102.4°. Data extend to 2.00 A
and are 95.3% complete with an Rmr . of 6.2% (Table 1).
Data for the orthorhombic form of Xylll were collected
from single crystals at 120 K. "The space group is P2,2,2,
with cell dimensions a=71. 9 A, b=754A, c= 78 4A
Native data extended to 1.78 A with an overall Rierge Of
5.5% and are 99.1% complete (Table 1). In both crystal
forms there are two molecules of Xyl11 in the asymmetric
unit. All structures were refined with maximum likelihood
techniques using REFMAC [14].

The orthorhombic form of Xyl11 was refined to give a
final model structure with a crystallographic R value of
11.7% and a corresponding Ry, of 17.7%. The two mol-
ecules of Xyl11 in the asymmetric unit have a packing
density of 2.41 A3/Da and a solvent content of ~50% [15].
The final model consists of two molecules of 1664 protein
atoms (residues 1-207), 611 solvent water molecules and a
single xylose moiety unit in the -2 subsite of the enzyme.
Xylose was not added at any point in the preparation so
we must conclude that this ‘contaminant’ remains after
the fermentation process. All the nonglycine residues have
conformational angles in permitted regions of the
Ramachandran plot [16] with none of these in ‘generously
allowed’ regions as defined by PROCHECK [17]. Further
structure quality indicators are given in Table 1. The
amino-terminal glutamine restdue is present as the modi-
fied cyclic pyroglutamate ring. The B. agaradhaerens
family 11 xylanase, Xyl11, adopts the same overall fold

Data and refinement statistics for the B. agaradhaerens Xyl11.

Native (P2,) Native (P2,2,2,) 2-F-xylobiosyl intermediate

Data

Resolution range {(outer bin) 19.7-2.00 54.2-1.78 19.8-2.00

Rinerge (%) (outer bin) 6.2 (24.1) 5.5 (16.2) 6.8 (15.4)

I/o1 {outer shell) 13.4 (2.8) 27.4 (6.7) 225 (8.7)

Multiplicity (outer shell) 3.6 (3.3) 5.6 (3.2) 5.4 {5.6)

% Completeness (outer shell) 95.3 (78.7) 99.1 (98.3) 97.6 (82.5)
Refinement

R factor (%) 16.2 11.7 14.2

R free (%) 22.6 17.7 18.9

No. protein atoms* 1661 (x 2 mols) 1664 (x 2 mols) 1641 (x 2 mols)

No. ligand atoms - 10 (x 2 mols) 18 (x 2 mols)

No. solvent molecules 237 611 539

1-2 bond deviation (target; A) 0.016 (0.020) 0.013 0.010

1-3 angle distance (target; A) 0.039 (0.040) 0.031 0.029

Mean protein B-factor (A2) 25.6 16.5 16.4

Mean B mainchains A/B molecules (A2) 16/29 11/14 11/14

Mean B ligand (A2) N/A 26.8/26.5 9.3/10.8

Mean B solvent (A2) 39.4 31.4 32.0

*This apparent discrepancy reflects the different modelling of alternative conformations.
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Figure 1

Divergent stereo cartoon of the

B. agaradhaerens Xyl11 covalent xylobiosyl-
enzyme intermediate. This figure was drawn
using BOBSCRIPT [48].

Chemistry & Biology

and topology to the other family 11 xylanase structures
(for example [18-20]): a single domain polypeptide chain
containing two B sheets, A and B, composed of five and
eight [ strands, respectively (Figure 1). In some family 11
xylanases, such as the B. agaradhaerens Xyl11 described
here, the first f strand, A1, is absent. The two native struc-
tures of Xyll11, described here, are essentially the same
with an overall root mean square (rms) deviation of
0.337 A for mainchain atoms. The monoclinic form
exhibits significantly higher disorder for the ‘B’ molecule,
whose overall B value is 30 A2 compared to just 16 A2 for
molecule A, presumably due to disorder within the crystal
lattice. All further description refers to the orthorhombic
crystal form, which does not display this disorder and
which diffracts to higher resolution.

Structure of the covalent 2-F-xylobiosyl-enzyme intermediate
B. agaradhaerens Xyl11 catalyses random cleavage of the
B-1,4-glycosidic bond of the xylan backbone with net reten-
tion of anomeric configuration. The mechanism is widely
believed to be a double-displacement reaction, essentially
as proposed by Koshland [4]: a covalent glycosyl-enzyme
intermediate is formed, and subsequently hydrolysed, via
oxocarbenium-ion-like transition states. Such a mechanism
requires a minimum of two catalytic carboxylates. One, the
acid/base, functions initially as a Brgnsted acid, protonating
the glycosidic bond to assist leaving-group departure,
whilst the second functions as a nucleophile and forms a
covalent glycosyl-enzyme intermediate of inverted configu-
ration. The catalytic intermediate is then hydrolysed by a
water molecule, activated by deprotonation by the
acid/base, which now functions as a Brgnsted base. For
family 11 xylanases, the acid/base is known and the nucle-
ophile has been trapped using 2-fluoro (2-F)-substituted
sugars [21]. The catalytic mechanism is believed to feature

‘pK, cycling’ that regulates the pK, of the acid/base along
the reaction trajectory as has been demonstrated on the
Bacillus circulans enzyme using *C nuclear magnetic reso-
nance (NMR) spectroscopy [22].

For the B. agaradhaerens Xyl11, presented here, the two
catalytic carboxylates are Glu94 (nucleophile) and Glu184
(acid/base), respectively. In order to trap the covalent xylo-
biosyl-enzyme intermediate, crystals of Xyl11 were bathed
overnight in a solution containing 2’,4’-dinitrophenyl
2-deoxy-2-fluoro-f-xylobioside, which permits trapping
and accumulation of the covalent 2-F-xylobiosyl-enzyme
intermediate [21]. Data were collected from a single crystal
at 120 K, to 2.00 A resolution. They have an R erge Of 6.8%
and are 97.6% complete (Table 1). As a result of the
soaking, the cell dimensions are slightly perturbed from the
native values to a=71.91 b = 74.83 ¢ = 78.35 A. Observed
electron density for the 2-F-xylobiosyl-enzyme intermedi-
ate is shown in Figure 2. The two catalytic glutamate
residues are located on opposite sides of the active-site
cleft. The C1 atom of the —1 subsite sugar (nomenclature as
in [23]) is covalently linked to the OE2 atom of the nucle-
ophile, Glu94, via an o-ester bond, as expected. Surpris-
ingly, the -1 subsite sugar is found in a %5B conformation,
in marked contrast to all structures of retaining glycoside
hydrolase covalent intermediates from other families. The
implications of this observation are discussed below.

The 2-F-xylobiosyl-enzyme structure permits a descrip-
tion of the protein-ligand interactions in both the -2 and
-1 subsites (Figure 3). The -2 subsite sugar is in the
*C, chair conformation, bound via aromatic stacking
‘below’ the aromatic ring plane of Trp19, a residue con-
served throughout family 11 and family 12 xylanases.

There are direct hydrogen bonds from the O3 and O2
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Figure 2
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Observed electron density for the covalent
2-F-xylobiosyl-enzyme intermediate. The
electron-density map shown is a maximum-
likelihood-weighted 2F , —F_ synthesis at a
contour level of 0.4 electrons/A3. The
nucleophile, Glu94, the catalytic acid,
Glu184, Leu47 and a putative attacking water
molecule are shown. The -1 subsite xylose
ring adopts a 258 conformation.
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hydroxyl groups to Arg49 and from the O3 hydroxyl group
to Glul7. The O2 hydroxyl group also makes a hydrogen
bond to the Tyr85 hydroxyl group. The O4 atom interacts
only with solvent water. The —1 subsite sugar is in the 2°8
conformation with its anomeric carbon in a covalent
o-ester linkage to the nucleophile Glu94 (OE2). Glu94
also makes a hydrogen bond from OE1 to the amide group
of GIn143; interactions between the carbonyl oxygen of
the nucleophile and a sidechain amide are important fea-
tures of other unrelated glycoside hydrolases (for exam-
ples see [7,9,10]). The fluorine substituent at C-2 interacts
with the NE1 from Arg129 and is 2.8 A from the carbonyl
oxygen (OE1) of the nucleophile. By analogy with other
systems it seems likely that the OE1--O2 interaction plays
an important role in transition-state stabilisation [10,24].
The O3 hydroxyl group interacts both with the mainchain
carbonyl group of Prol33 and with the NH, group of
Argl29. The catalytic acid/base Glul84 sits sy» to the
pyranoside endocyclic O5-C1 bond (as defined by Vasella
and coworkers [25,26]) where it interacts with a solvent
water molecule poised for nucleophilic attack at the
anomeric centre. This water molecule lies 3.4 A from the
C1 of the sugar and the OE2-(Glu94)-Cl-water angle is
168°, consistent with an ‘in-line’ nucleophilic attack. Our
interpretation of the potential catalytic water is different
to that described for the B. circalans enzyme [27]. In the
case of the B. agaradhaerens enzyme we would predict that
the ‘catalytic’ water interacts with Asn45 and the OE2 of
the acid/base (Figure 3), and not with Tyr96 and OE1 of
the acid/base as reported for the B. circulans enzyme. The
two carboxylate oxygens of Glul84, OE2 and OE1, inter-
act additionally with Asn45 and T'yr96, respectively. Close
van der Waals’ contacts are observed with Leu47. These

might play a role both in maintaining the 2B conforma-
tion and in the specificity for xy/o-configured substrates.

The 2-F-xylobiosyl-enzyme intermediate structure is very
similar to the ‘native’ structure. The overall rms deviation
between the native and the complex structure is 0.24 A
for all Cow atoms. The only significant difference occurs in
the active site where Tyr186, which showed two distinct
conformations in the native structure, adopts just one of
these conformations in the complex. The second confor-
mation in the native structure occupies what would be
expected to be the position of the +1 subsite sugar in the
Michaelis complex; indeed the hydroxyl group adopts a
similar position to the putative attacking water observed
in the intermediate.

Implications of the 23B conformation for the catalytic
mechanism

Structures of the covalent glycosyl-enzyme intermediates
from other B-retaining glycoside hydrolase families deter-
mined, to date, have revealed a #C; chair conformation for
the —1 subsite sugar. This includes both xy/o- and gluco-con-
figured sugars [6-11]. In contrast, the —1 subsite sugar ring
family 11 xylanases adopt an unusual 5B conformation (a
similar conformation to the Xyl11 structure described here
has just been described for the equivalent covalent glyco-
syl-enzyme intermediate for the family 11 xylanase from
B. circulans [27]). The formation and breakdown of the gly-
cosyl-enzyme intermediate occurs via oxocarbenium-ion-
like transition states. There is an absolute stereochemical
requirement in such transition states for planarity of CS5,
05, C1 and C2 as a result of the double-bond character
across the 05-C1 bond [28]. The *C; conformation does
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Figure 3

Schematic representation of the interactions
of Xyl11 with its 2-F-xylobiosyl-enzyme
intermediate. Distances from the Tyr85
hydroxyl group are given and are as observed
recently on the equivalent complex of the

B. circulans enzyme [27].
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not satisfy this criterion and ring distortion is required to
fulfil the stereochemical obligations for glycosyl transfer.
By contrast, the 258 conformation found in the family 11
xylobiosyl-enzyme obeys these stereochemical require-
ments (Figure 4), which might assist the formation and
breakdown of this covalent intermediate.

Two structural aspects could favour formation of the %°B
conformation. T'yr85 appears to make a geometrically sound
hydrogen bond to one of the correctly orientated sp? lone
pairs of the ring oxygen O5 (Figure 5). The ideal geometry
for this interaction occurs only with the ring in a boat con-
formation — the lone pair of O5 points away from Tyr85 if
the ring is modelled in a #C; chair conformation. Tyr85 also
‘interacts’ with the nucleophilic oxygen OEZ2 of the Glu%4
nucleophile (they are separated by 3.0 A; Figure 3). For
both of these interactions the tyrosine hydroxyl group must
function as a hydrogen-bond donor, which is not simultane-
ously possible. The close proximity of the hydroxyl group
of Tyr85 to the OE2 of the nucleophile might permit ‘shut-
tling’ of the hydrogen bond between O35 and OEZ2 during
catalysis. Indeed, hydrogen-bond donation to O5, as indi-
cated here, would presumably be detrimental at the oxocar-
benium-ion-like transition state where positive-charge
develops across the O5-C1 bond. It might be that, at this
point, the hydrogen bond is shifted to the OEZ atom of the
nucleophile to assist in cleavage of the C1-OEZ2 bond. The
proposal that the 25B conformation could exist for an oxo-
carbenium-ion-like transition state is not without prece-
dent. B-Deuterium secondary kinetic-isotope effects
measured on the unrelated yeast a-glucosidase system indi-
cated that the pyranoside-ring C2-H bond lay perpendicu-
lar to the C1-O bond in the transition state. This could be
rationalised only by a model in which a #°B conformation
was adopted in the bond-breaking transition state [29].

A boat conformation for the intermediate is unlikely to
result merely from the easier ring interconversion of xylose
compared to glucose. In the unrelated family 10 xylanases
both gluco- and xylo-configured intermediates adopt the 4C,
chair conformation [8-10]. The orientation of the distal -2
subsite sugar in family 10 xylanases is, however, markedly
different to that observed in the family 11 enzymes. It is
possible that stacking interactions and the environment of
the sugar in the -2 subsite contribute to the —1 subsite con-
formation. Optimal stacking interactions occur only if the
sugar in the —1 subsite is in the boat conformation. Further-
more, in Xyl11 Tyr85, described above, also interacts with
O2 of the -2 subsite, presumably accepting a hydrogen
bond from the sugar hydroxyl (Figures 4,5). This interaction
would be lost were the —1 sugar to adopt a *C; conformation.

Substrate specificity in glycoside hydrolase clan GH-C
Family 11 xylanases, such as the B. agaradhaerens Xyll1,
were predicted, on the basis of both conventional

Figure 4
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Schematic drawing of the 4C, (chair) and 288 (boat) conformations
for the pyranoside ring. The 288 conformation places C5, 05, C1 and
C2 in-plane, fulfiling the stereochemical requirements demanded of an
oxocarbenium ion, as can be seen from the ‘front-on’ view of the 258
(boat).
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Figure 5

‘Side-on' view of the covalent intermediate
indicating the function of Tyr85. The electron-
density map shown is a maximum-likelihood-
weighted 2F , ~F_ synthesis at a contour level
of 0.4 electrons/A3,

sequence comparisons [30] and hydrophobic cluster analy-
sis [31], to share a common three-dimensional fold and cat-
alytic machinery with the celluases from family 12. This,
in turn, led to their grouping as a clan of related glycoside
hydrolases named clan GH-C [1]. These predictions were
borne out by the three-dimensional structure determina-
tion of the cellulase CelB from Streptomyces lividans from
family 12 [13]). Although the two enzyme families display
low sequence identity (frequently below 20%), their three-
dimensional structures share striking similarity and the
active-site architecture is conserved to a high degree
(Figure 6). Recently, the structure of the covalent cel-
lotriosyl-enzyme intermediate for CelB has been deter-
mined at atomic resolution [11], which permitted
description of the protein-ligand interactions through the
-3 to -1 subsites, and revealed a *(; conformation for the
-1 subsite sugar in the glycosyl-enzyme intermediate.

Figure 6

Comparison of the equivalent covalent intermediate com-
plexes for the two families (Figure 7).allows us to examine
the molecular basis for substrate specificity.

Family 11 xylanases are highly specific towards xylan. In
contrast, the preferred substrate for family 12 cellulases is
cellulose although they also retain significant activity on
xylan, Xylan is a B-1,4-linked polymer of D-xylose and
specificity presumably arises from discrimination against
the C6~06 primary substituent found on glucose. Further
selection could also utilise the linear nature of a cello-
oligosaccharide chain compared to the more helical struc-
ture of xylan [32]. In both families 11 and 12 the catalytic
acid/base is structurally equivalent and is in a position for
‘lateral’ syz-protonation of the glycosidic bond. In family
11, the acid/base catalytic residue is packed between
Leu47 and Tyr81 and hydrogen bonds to Asn45 and

Divergent stereo overlap of the family 11
xylanase Xyl11 (this work, black) and the
family 12 cellulase CelB (grey) [11,13]. The
glycosyl-enzyme intermediate structures are
shown.

Chemistry & Biology
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Figure 7

Close-up of the =3, =2 and —1 subsites for
the Xyl11 (yellow) and CelB {(cyan) covalent
intermediate complexes. The role of Leu47
and Pro133 in preventing the binding of
glucose-based substrates to the family 11
structure can be seen. The —3 subsite of the
family 12 enzyme possesses both tyrosine
and phenylalanine residues (shown) that have
no direct equivalent in family 11 although
Asn6 could provide hydrogen bonding to a —3
subsite sugar.

Pro133
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Tyr96. This results in a perpendicular orientation of the
carboxylate group with respect to the —1 subsite ring
plane. The acid/base in family 12, however, is stabilised
by just a single hydrogen bond (to Asn100), which leaves
the carboxy plane parallel to the pyranose ring plane. This
orientation allows Glu203 to interact both with the glyco-
sidic oxygen and with the C6 hydroxyl group of glucose-
derived substrates. In family 12, this C6 hydroxyl group
hydrogen bonds to the NE1 of Ttp24 which is involved in
the -2 subsite stacking interaction. A structurally equiva-
lent orientation of acid-C6-OH(-1)-"Trp(-2) is also seen
in the (syn-protonating) cellulases from family 7, such as
the Fusarium oxysporum endoglucanase Cel7B [33,34].

In family 11 xylanases there is an invariant hydrophobic
residue (leucine or valine) adjacent to the acid/base cat-
alytic residue. This prevents accommodation of a glucose
moiety in the —1 subsite on steric grounds alone. More-
over, this hydrophobic residue forces the invariant -2
subsite tryptophan (Trp24 in CelB2, Trp19 in Xyl11) into
a position where its NE1 can no longer interact with a Co
hydroxyl group in the —1 subsite. This appears to confirm
predictions made based on the family 12 structure alone
[11] that in family 11 the hydrophobic group neighbouring
the Brgnsted acid/base plays a multifunctional role. It
constrains the carboxylate of the acid/base to a vertical
position, preventing interaction with a C6 hydroxyl group
in the —1 subsite, and it favours binding of the more
hydrophobic xylose-based polymer and precludes binding
of cellulose substrates through a combination of steric hin-
drance and the depletion of hydrogen-bonding partners
for the C6 hydroxyl group. Similar considerations apply
with regard to substrate specificity in xylanase family 10.
The Cellulomonas fimi enzyme CEX 1is capable of
hydrolysing both cellulose and xylan but has a preference
for xylose-based substrates. A tryptophan residue ‘above’
the -1 subsite would appear to disfavour binding of

glucose-based substrates, but is sufficiently flexible to be
displaced upon binding of cellobiose at a relatively low
energetic cost. Cellobiose-based substrates are hydrolysed
about 50-100-fold slower than xylobiose-based ones [9].

For the additional subsites, substrate discrimination is less
clear. In the -2 subsite at the nonreducing end of the cleft,
the ‘thumb’ of family 11 xylanases might play a further
role in substrate specificity. This structural feature
exhibits a high degree of sequence conservation. Pro133 is
invariant, overlooks the cleft between subsites —1 and -2
and would seem to disfavour binding of a C5-hydroxy-
methyl substituent in the -2 subsite. The §. Avidans CelB
possesses a third nonreducing end binding site, desig-
nated -3, which possesses both Tyr66 and Phe8 which
stack either side of the pyranoside ring. No equivalent
interactions are possible in the family 11 xylanase,
although Asn6 in this position could perhaps make hydro-
gen-bonding interactions to a putative sugar in the -3
subsite. Speculation on the substrate preferences for the
aglycon sites (+1 to +3) is not possible based upon the
covalent glycosyl-enzyme intermediate complexes.

Despite the explosion of three-dimensional structures for
glycoside hydrolases in recent years (reviewed in [3]) sub-
strate specificity amongst the related enzymes in not well
understood. Although clan GH-C is a simple one that links
a single family of xylanases (11) with a family containing
cellulases (12), much larger clans exist that display an enor-
mous range of specificities grafted onto a common fold and
catalytic geometry [35]. The B. agaradhaerens Xyll11 struc-
ture, presented here, provides insights not only into sub-
strate specificity, but also into how similar active sites can
subtly change their geometry resulting in changed sugar-
ring conformations and hence catalytic strategies. The
enzyme appears to have evolved to proceed via a 2°B inter-
mediate. Not only does this conformation conform to the
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stereochemical constraints on the oxocarbenium-ion-like
transition state, but it may also hinder the binding of
glucose-based polymers .

Significance

Glycoside hydrolases are ubiquitous enzymes that utilise
general acid/base chemistry to facilitate cleavage of gly-
cosidic bonds. Xylanases are glycoside hydrolases that
act on xylan which have found numerous applications in
industrial processes and have great potential for replac-
ing currently polluting technologies. The results
described in this paper reveal the structure of the Bacil-
lus agaradhaerens xylanase from glycoside hydrolase
family 11 in both native and covalent-intermediate
forms. The covalent glycosyl-enzyme intermediate,
trapped using a 2-deoxy-2-fluoro B-D-xylobioside, dis-
plays an unusual 25B conformation for the pyranoside
ring at the catalytic centre. Such a ring conformation is
different to the *C; chair conformation seen for trapped
intermediates on other families of glycoside hydrolases.
This is important because such a conformation, unlike
the *C|, obeys the stereochemical requirements for the
oxocarbenium-ion transition state (C5, O1, C1 and C2
co-planar). This confirms that enzymatic glycoside
hydrolysis could utilise different transition-state and
intermediate structures, which opens up scope for the
selective design of transition-state mimics.

Family 11 xylanases, which act on xylose-derived poly-
saccharides, form a ‘clan’ of related structures
together with enzymes from family 12, which act on
glucose-based polymers. Comparison of the respective
intermediate complexes for enzymes from families 11
and 12 reveals the likely basis for substrate specificity in
this clan. An invariant hydrophobic residue (leucine or
valine) forms a strong van der Waals’ interaction with
the 25B-conformed pyranoside ring in the -1 subsite.
This residue may also hinder the binding of glucose-
based polymers for steric reasons, as well as preventing
hydrogen-bonding interactions that occur in the related
family 12 cellulase structures. Together, these results
provide valuable insight into catalysis and substrate
recognition in glycoside hydrolase clan GH-C.

Materials and methods

Cloning and expression of the B. agaradhaerans family 11
xylanase gene

Cells of B. agaradhaerens were harvested and genomic DNA isolated
using standard procedures [36]. Genomic DNA was partially digested
with restriction enzyme Sau3A, and size fractionated by electrophore-
sis on a 0.7% agarose gel. Fragments between 2 and 10 kb in size
were isolated using electrophoresis onto DEAE-cellulose paper. Iso-
lated DNA fragments were ligated to BamHi-digested pSJ1678
plasmid DNA [37] and the ligation mixture was used to transform
E. coli S)2. The resulting gene library was screened on LB agar plates
containing 0.5% AZCL-xylan (Megazyme) and 9 ugml~! chloram-
phenicol and incubated overnight at 37°C. A xylanase-positive colony,
containing the xy/71 gene in a 3.8 kb insert, was selected. The family

11 xylanase gene from B. agaradhaerens was cloned and expressed
in a Bacillus licheniformis secretion/expression system [38]. The
extracellular xylanase was purified using cation-exchange chromatog-
raphy using S-Sepharose, at 278 K in 20 mM sodium acetate buffer at
pH 5. The enzyme (pl 8.8) was eluted using a gradient of 101 0.5 M
NaCl. The xylanase pool was concentrated and desalted on a
Sephadex 75 column in 50 mM sodium acetate pH 6.0. The purified
enzyme has an extinction coefficient of 56590 M~'cm~! and a molecu-
lar weight (M,) of 22.5 kDa.

Crystallisation, data collection and processing

Two different crystallisation conditions were used for Xyl11 giving rise
to the monoclinic and orthorhombic crystal forms, respectively. Xyl11
protein, prepared as above, was washed and concentrated to
10 mg mi~! on Filtron 10 K membranes. Crystals of the monoclinic form
were grown using the hanging-drop method from 0.1 M citrate buffer
pH 5.06, 20% isopropanol with 20% PEG 4 K as precipitant. Crystals
of the orthorhombic form were also obtained by hanging-drop vapour
diffusion. Hanging drops (3 ul), consisting of 2 ul protein (10 mg mi~!
in 100 mM sodium acetate pH 6.0} + 1 pl reservoir solution {100 mM
MES pH 6.5, 30% ammonium sulphate), were equilibrated at room
temperature over 1 ml of reservoir solution for 7-14 days.

Preliminary data for Xyl11 were collected from a single crystal of the
monaclinic form at the EMBL Hamburg Qutstation beamline X-31. Data
collection was performed at room temperature from a single crystal
mounted in a glass capillary. Crystals of the orthorhombic form of Xyl11
were transferred, stepwise, to a cryoprotectant stablising solution con-
sisting of 30% ammonium sulphate, 100 mM MES pH 6.5 and 10, 20 or
30% (v/v) glycerol. Crystals were mounted in a rayon fibre loop and
flash-frozen in a boiling N, stream at 120 K. X-ray data were measured
using an RAXIS Il image-plate, with CuKo, radiation (A= 1.5418 A) from
a rotating-anode generator, with long-focusing mirror optics, operating
at 50kV and 100 mA. In order to obtain the 2-fluoroxylobiosyl-enzyme
intermediate, crystals were harvested into the stabilising solution, and
solid 2’,4’-dinitrophenyl 2-deoxy-2-fluoro-B-xylobioside added. The fow
solubility of this compound precludes conventional soaking strategies.
Following overnight reaction, a single crystal was prepared for data col-
lection at 120K as described above. All data were processed and
reduced with the HKL suite [39] and all subsequent computing used
the CCP4 suite [40] unless otherwise stated.

Structure solution and refinement

The structure from the monoclinic crystal form of Xylt1 was solved by
molecular replacement using the Bacillus pumilus family 11 xylanase
(G.S., Z.D., V. Lamzin, and K.S.W., unpublished observations and {41])
as a search model with the program AMoRe [42,43]. Two significant
solutions were identified and manual corrections to the model carried
out using QUANTA (Molecular Simulations Inc. San Diego, USA). A
small percentage (5%) of the reflections were set aside for cross-vali-
dation analysis [44] and the structure was refined using maximum-likefi-
hood methods (REFMAC [14]). A partially refined mode! from this
crystal form was used to solve the structure of the orthorhombic form
of Xyl11 by molecular replacement again with AMoRe. Data in the reso-
lution range 20 to 2.5 A were used together with an outer radius of Pat-
terson intergration of 18 A. The model was refined using all observed
data (20 to 1.78A). A two Gaussian bulk solvent correction was
applied according to Babinet's principle [14]. Tight noncrystallographic
symmetry restraints were imposed initially and then slowly released as
judged appropriate from the behaviour of the free R subset of reflec-
tions. Indeed, the model was finally refined without imposition of NCS
restraints. The behaviour of R, also indicated that both the contribu-
tion of scattering from ‘riding’ hydrogen atoms and an anisotropic
model for the atomic displacement parameters of the heavy atoms was
appropriate. The isotropic refinement converged with values for R and
Riee Of 14.8 and 18.5, respectively. Anisotropic refinement within
REFMAC, applying ‘similarity', ‘sphericity’ and ‘rigid-bond’ restraints
[45], resulted in drops of 3% for the working R value and 0.9% for
Rje- Water molecules were inserted automatically using ARP [46] and
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then checked manually prior to coordinate deposition. All water mol-
ecules display B values less than 60 A2.

The complex structure was refined essentially as described for the native
structure above, with the exception that anisotropic modelling of the
atomic displacement parameters was not deemed appropriate by the
behaviour of R;.,. A stereochemical dictionary for the ligand was pre-
pared from a model structure generated in QUANTA. The ligand was
refined without conformational torsion-angle restraints in order to prevent
bias towards a particular ring conformation.

Accession numbers

Coordinates and observed structure-factor amplitudes for the structures
described in this paper have been deposited with the PDB [47] with
codes 1QH7 and 1QHS6.
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