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Abstract The substrate specificity of Thermoascus aurantiacus
xylanase 10A (TAX) has been investigated both biochemically
and structurally. High resolution crystallographic analyses at
291 K and 100 K of TAX complexes with xylobiose show that the
ligand is in its KK anomeric conformation and provide a rationale
for specificity on p-nitrophenyl glycosides at the 331 and 332
subsites. Trp 275, which is disordered in uncomplexed structures,
is stabilised by its interaction with xylobiose. Two structural
subsets in family 10 are identified, which differ by the presence or
absence of a short helical stretch in the eighth LLKK-loop of the
TIM barrel, the loop bearing Trp 275. This structural difference
is discussed in the context of Trp 275 mobility and xylanase
function. ß 2001 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Xylanases hydrolyse internal L-1,4 bonds in the main chain
of xylan, a major polysaccharide constituent of the plant cell
wall. Their biotechnological applications range from chlorine-
free paper bleaching to use as food and animal feed additives.
The thermophilic fungus Thermoascus aurantiacus produces a
major xylanase, xylanase 10A (TAX), previously referred to
as xylanase I [1]. The three-dimensional structure of TAX has
been determined by us to 1.14 Aî resolution [2,3] and inde-
pendently to 1.8 Aî resolution [4].

TAX belongs to family 10 in the classi¢cation of glycoside
hydrolases [5], for which structures of several other members
are also available [6^12]. Family 10 in turn belongs to the 4/7
superfamily of TIM barrels (also known as clan GH-A)

[13,14] which includes glycoside hydrolases with similar archi-
tecture and conserved mechanism, but diverse speci¢cities.
Family 10 enzymes retain the con¢guration at the anomeric
carbon via a double displacement mechanism involving two
glutamates, one functioning as acid/base and one functioning
as nucleophile [15]. Three conserved tryptophans form an ar-
omatic cage around subsite 31 (Trp 87, Trp 267 and Trp 275
in the TAX numbering), and have been shown to be impor-
tant for enzyme function by mutation studies [16^18]. Trp 275
in particular has been implicated in substrate speci¢city
[19,20] and is a signature residue in family 10, as none of
the other 4/7 superfamily enzymes have an equivalent aro-
matic residue. In this study we further investigate the struc-
ture^function relationship of substrate speci¢city in family 10,
taking TAX as a starting point.

2. Materials and methods

2.1. Xylanase puri¢cation and assay
TAX was puri¢ed as previously described [21]. Activity towards

polysaccharides was measured by the dinitrosalicylic acid assay [22]
in 50 mM sodium citrate bu¡er pH 5.3 at 50³C. p-Nitrophenyl (pNP)
glycoside hydrolysis was assayed in microtitre plates by measuring the
change in absorbance at 410 nm after addition of excess Na2CO3.

2.2. Crystallographic methods
TAX crystals were prepared as previously described [2] and were

isomorphous to crystal form II (space group P21, a = 46.22 Aî ,
b = 59.24 Aî , c = 51.31 Aî , L= 109.8³). The TAX structure in complex
with xylobiose collected at room temperature (XBRT) data were col-
lected to 1.8 Aî resolution at room temperature from a crystal soaked
for 45 min in 0.5 M xylobiose, 25% polyethylene glycol 6000. The
TAX structure in complex with xylobiose collected at cryogenic tem-
perature (XBCRYO) data were collected at 100 K to 1.7 Aî resolution
from a crystal soaked for a few minutes in a mother liquor solution
containing 25% glycerol and 0.5 M xylobiose and then £ash cooled.
The TAX structure in complex with glycerol collected at cryogenic
temperature (GLC) data were collected at 100 K to 1.87 Aî resolution
from a crystal £ash cooled in 0.125 M Na-citrate bu¡er pH 5.6, 12.5%
glycerol and 0.15 M maltoheptaose.

Data were collected using CuKK radiation from a rotating anode
generator (XBRT and GLC) or using synchrotron radiation at Elettra
(XBCRYO) and processed with Denzo/Scalepack [23]. All data sets
had more than 50% re£ections with I/cs 2 in the outer resolution
shell. The structures were re¢ned with XPLOR 3.851 [24] (XBRT) or
CNS 0.9 [25] (XBCRYO and GLC) and rebuilt using O [26]. Selected
statistics are shown in Table 1. Further crystallographic details can be
found in the PDB depositions (codes 1GOQ for XBRT, 1GOR for
XBCRYO and 1GOO for GLC). Revised versions of the original
structure determinations have PDB codes 1K6A, 1GOK, 1GOM.
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3. Results

3.1. Substrate speci¢city of TAX
TAX kinetic parameters were determined for di¡erent poly-

saccharides: KM = 3.3 mg/ml and kcat = 350 s31 for birchwood
xylan (Sigma); KM = 3.1 mg/ml and kcat = 319 s31 for birch-
wood xylan (Roth); KM = 2.6 mg/ml and kcat = 273 s31 for
glucuronoxylan; KM = 3.3 mg/ml and kcat = 350 s31 for oat
spelt xylan (soluble fraction). No activity was detected for
Avicel and carboxymethylcellulose (CMC). Barley glucan
could be hydrolysed to some extent, but the activity was not
linearly dependent on enzyme concentration, so that kinetic
parameters could not be determined. TAX was also tested for
activity on several pNP derivatives of mono- and disaccha-
rides, as shown in Table 2.

3.2. TAX complexes with xylobiose
The protein portions of the native and complexed structures

of TAX are very similar. In both xylobiose complexes, XBRT
(long soak followed by room temperature data collection) and
XBCRYO (short soak followed by data collection at cryogen-
ic temperatures), xylobiose bound to subsites 32 and 31.
`Minus' subsites indicate the non-reducing end of a substrate
spanning the substrate binding groove, `plus' subsites the re-
ducing end, counting from the scissile bond [27]. In the XBRT
structure there is also evidence for extra xylose moieties occu-
pying subsite +1 (Fig. 1a,c) and two other sites far from the
active site (not shown), presumably as a consequence of the
longer soaking time.

All xylose moieties have been modelled into the electron
density in their 4C1 chair conformation. The xylose moiety
at subsite 31 is poorly de¢ned in the XBRT electron density
maps, whereas the Fourier di¡erence map for the XBCRYO
structure prior to incorporation of xylobiose in the model is of
excellent quality (Fig. 1b). This structure represents a substan-
tial improvement in resolution over the best non-covalent
family 10 complexes previously obtained with unmodi¢ed xy-
looligosaccharides [28]. The increased resolution shows that
the xylose moiety at subsite 31 is best modelled as its K
anomer, with the anomeric oxygen 2.39 Aî away from
the catalytic nucleophile. The L anomer would result in a
short contact with the acid base if the xylose ring were in
an equivalent position. This may be a mechanism by which
substrate distortion from the 4C1 conformation is initiated
during catalysis, and a reason why sugar moieties at subsite
31 tend to be disordered [29]. TAX apparently selects for the
anomeric form that most closely resembles the covalent inter-
mediate.

The enzyme^xylobiose interactions at subsites 32 and 31
in XBRT and XBCRYO (Fig. 1a) are similar to the ones
previously reported for covalent [19,20,30,31] and non-cova-
lent [28,32,33] enzyme^ligand complexes of family 10 en-

zymes. All protein residues involved in interactions at subsites
32 and 31 are conserved within family 10.

In neither the XBRT nor XBCRYO models is there evi-
dence of a 180³ rotation of the xylosyl moiety at the 32
subsite as reported for the complex of Penicillium simplicissi-
mum xylanase with xylobiose [28], but not for its complexes
with xylotriose, xylotetraose or xylopentaose (Fig. 1b). The
xylose ring at subsite 31 is shifted further away from the
catalytic nucleophile in the TAX complexes compared to the
covalent complexes [19,20,30,31] and also to the non-covalent
complexes with xylobiose-derived inhibitors [33], which lack
the anomeric hydroxyl group. His 209 interacts with the
anomeric oxygen at subsite 31 in its K conformation. At
subsite +1, O1 of xylose is interacting with a water molecule
absent in the uncomplexed structures, while O2 and O3 are
hydrogen-bonded to the side chain of Lys 120 of a symmetry-
related molecule. O4 is in close contact to the catalytic acid
base, Glu 131. The xylose ring is sandwiched between the
conserved residues Tyr 174 and Trp 275, so that Tyr 174
ful¢ls a similar role to Phe 181 in Pseudomonas £uorescens
xylanase 10A complexed with xylopentaose [32], where the
xylosyl unit at subsite +1 displays a similar binding mode
(Fig. 1c). In the P. simplicissimum xylanase complexes [28],
binding in the plus side of the substrate binding groove is
not in an equivalent position (Fig. 1c).

3.3. Glycerol mimics xylobiose at subsite 31
A glycerol molecule originating from the cryoprotectant

was localised at subsite 31 in the active site of the cryocooled

Table 1
Selected statistics for the structures of TAX in complex with xylobiose and glycerol

XBRT XBCRYO GLC

Completeness (%) 86 95 99.7
Rsym (%) 17.0 6.3 6.4
Rsym (%) (in outer resolution shell) 33.8 (1.83^1.80 Aî ) 34.3 (1.76^1.70 Aî ) 31.5 (1.90^1.87 Aî )
Redundancy 6.4 2.8 3.2
Final R-factor (%) 16.7 17.4 17.5
Final R-free (%) 21.2 20.0 20.7

Table 2
TAX speci¢c activity on pNP-glycosides (2.5 mM)

Substrate Activity (U/mg)

Pentose monosaccharide derivatives
pNP-LL-D-xylopyranoside 60.6
pNP-K-D-xylopyranoside ^
pNP-K-L-arabinofuranoside 121.7
pNP-KK-L-arabinopyranoside 161.9
pNP-L-L-arabinopyranoside ^
Hexose monosaccharide derivatives
pNP-LL-D-glucopyranoside 12.7
pNP-K-D-glucopyranoside ^
pNP-LL-D-glucuronoside ^
pNP-LL-D-galactopyranoside 15.7
pNP-K-D-galactopyranoside ^
pNP-LL-D-mannopyranoside ^
pNP-K-D-mannopyranoside ^
Disaccharide derivatives
pNP-LL-D-cellobioside 1296.1
pNP-LL-D-lactoside 280.5
pNP-LL-D-maltoside ^
pNP-K-D-maltoside ^

A dash indicates that activity could not be detected. Derivatives
with equatorial anomeric oxygen (assuming a 4C1 conformation) are
in bold.
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structure GLC. This is not unusual for carbohydrate-active
enzymes, as glycerol can partly mimic substrate structure
(for examples also in [34,35]). The O3 of glycerol is within
hydrogen bonding distance of Asn 130 ND2, His 83 NE2 and
Glu 237 OE2, while the O2 is within hydrogen-bonding dis-
tance of His 83 NE2 and Lys 50 NZ. Thus in this case the O2
of glycerol mimics the O3 of xylose at subsite 31, while glyc-
erol O3 mimics xylose O2.

In the related P. simplicissimum xylanase [11] seven glycerol
molecules originating from the cryoprotectant were included
in the ¢nal model, but none in a position corresponding to the
one found in TAX. This observation is surprising given the
high conservation between TAX and P. simplicissimum xylan-
ase at their active sites, and might also be related to the di¡er-
ent experimental conditions. Thus structurally very similar
xylanases can display di¡erent ligand binding modes locally,
as already shown by the di¡erences in xylooligosaccharide
binding.

3.4. Complex formation with xylobiose stabilises Trp 275
Three residues at the active site, Trp 275 and the adjacent

Arg 276 and Glu 46 (Fig. 2), adopt alternative conformations

of approximately equal populations (A and B) in crystal form
II (1.14 Aî resolution, PDB code 1GOK, 1K6A). As shown in
Fig. 2, Trp 275A and Arg 276B are mutually exclusive. Water
203 (conserved in the GLC structure, Fig. 1a) is expelled if
Trp 275 is in its B conformation. In addition to alternate
conformations Trp 275 also has an average B factor (25.2
Aî 2) much higher than the average for the protein (12.6 Aî 2)

Fig. 1. Xylobiose and glycerol binding in TAX. TAX residues are shown for the XBCRYO structure in red, magenta (tryptophan residues
forming the aromatic cage at subsite 31) or orange (catalytic glutamates). Xylobiose and water 75 in the XBCRYO structure is shown in blue.
The sugar moieties occupying subsites 32, 31 and +1 in XBRT and water 319 are shown in cyan. Glycerol and water 203 from the GLC
structure are shown in green. Potential hydrogen bonds with TAX (distances shorter than 3.2 Aî ) are coloured according to the same scheme as
for the ligands. The substrate binding groove is oriented so that subsite 32 is at the top and subsite +1 is at the bottom. In panel b a Sigmaa
Fobs3Fcalc map calculated prior to incorporation of xylobiose in the model (blue) is shown for XBCRYO contoured at 2c around 1.5 Aî from
xylobiose. In white the conformation of xylobiose bound to the P. simplicissimum xylanase (PDB code 1B3W), is shown for comparison. In
panel c a simulated annealing 2Fobs3Fcalc omit map is shown for the xylose at subsite +1 in the XBRT model (cyan) contoured at 0.7c. The
complexes of P. simplicissimum xylanase with xylotetraose (PDB code 1B3Y) and xylopentaose (PDB code 1B3Z) are shown in white, and the
complex of P. £uorescens xylanase 10A with xylopentaose (PDB code 1E5N) is shown in purple for comparison.

Fig. 2. Alternative conformations for Glu 46, Trp 275 and Arg 276
in the form II crystal.
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and poor electron density, with a real space correlation coef-
¢cient calculated in CNS against a Sigmaa 2Fobs3Fcalc map
(RSCC) of 0.815, while the average RSCC per residue is
0.933 þ 0.029.

In the other uncomplexed structure available for TAX, ob-
tained from crystal form I, the B conformation of Trp 275 is
not obvious in the electron density maps perhaps due to the
more limited resolution (1.92 Aî ), though there could be dou-
ble conformations of Glu 46 and perhaps also of Arg 276. The
A conformation of Trp 275 has a high average temperature
factor, 30.1 Aî 2 compared to the average 9.6 Aî 2, and poor
density also in this structure, with an RSCC of 0.861 com-
pared to an average RSCC per residue of 0.935 þ 0.020. In
contrast the electron density for Trp 275 is improved in the
complexes with xylobiose. In the XBRT structure Trp 275 has
an RSCC of 0.884, compared to an average RSCC per residue
of 0.930 þ 0.026, while in the XBCRYO structure it has an
RSCC of 0.948, compared to an average RSCC per residue of
0.953 þ 0.020. No B conformations can be detected for Trp
275, Arg 276 or Glu 46. Furthermore in the xylobiose com-
plexes the B factors for Trp 275 (25.0 and 23.1 Aî 2 for XBRT
and XBCRYO, respectively) become closer to the average for
the protein (17.3 and 18.0 Aî 2 for XBRT and XBCRYO, re-
spectively).

Reduced disorder for the residues equivalent to Trp 275 on
complex formation with xylooligosaccharides has previously

been observed for P. simplicissimum xylanase 10A [28] and P.
£uorescens xylanase 10A [32]. In the case of TAX we have an
even more striking example as the B conformation disappears
in the complex. TAX, P. £uorescens xylanase 10A and P.
simplicissimum xylanase 10A are structurally similar in the
eighth LK-loop region, where Trp 275 or its equivalent are
situated (Fig. 3). The Streptomyces lividans and Streptomyces
olivaceoviridis family 10 xylanases share this loop structure,
while xylanase/exocellulase Cex from Clostridium ¢mi (CEX)
and Clostridium thermocellum xylanase 10Z have an extra
four-residue K-helical stretch immediately following the Trp
(Fig. 3). Thus family 10 can be structurally divided into two
subsets in which this helical stretch is either absent (subset 1)
or present (subset 2).

In subset 2 the residue corresponding to Trp 275 in TAX
can make extra hydrophobic/aromatic interactions with resi-
dues on the helical stretch (CEX Val 285 and Phe 286, xylan-
ase 10Z Thr 807 and Phe 808, Fig. 3, bottom). B factor anal-
ysis shows that in subset 1 structures (PDB codes 2TAX,
1CLX, 1XYF, 1E0W and 1B31) the average ratio between
average B factors of the equivalent residue of Trp 275 and
the average B factors for the whole uncomplexed structures is
1.58, while for subset 2 (PDB codes 2EXO and 1XYZ) it is
1.19. This suggests that the residues corresponding to Trp 275
tend to be more disordered in uncomplexed subset 1 struc-
tures than in subset 2 structures.

Fig. 3. Comparison of loop 8 structure in family 10 xylanases as (top) CK trace and (bottom) full coordinates. In the top panel TAX is shown
in red, the other subset 1 xylanases in yellow and the subset 2 xylanases in cyan. In the bottom panel TAX (red) is used as representative of
subset 1, and CEX (blue) as a representative of subset 2.
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4. Discussion

4.1. Structural basis of speci¢city
TAX kinetic parameters towards xylans are typical for fam-

ily 10 xylanases [16,17,36]. TAX showed no activity on cellu-
losic substrates tested (CMC and Avicel), but had activity on
pNP glucose derivatives. It has been suggested that shape
recognition of the polysaccharide chain conformation [32,37]
plays a role in polysaccharidase speci¢city. For family 10 xy-
lanases this means the recognition of the three-fold helical
conformation of xylan, as opposed to the £at ribbon-like con-
formation of cellulose, by a substrate binding groove that
re£ects the helical nature of the substrate. This observation
might also explain TAX activity on barley glucan, in which
L-1,3 linkages are present in addition to L-1,4 linkages, result-
ing in a more twisted conformation than cellulose.

Activity measurements against pNP substrates showed that
only pNP-glycosides with equatorial pNP groups (see Table 2)
could be hydrolysed. Hydrolysis of both pNP-K-L-arabinofur-
anoside and pNP-K-L-arabinopyranoside with similar speci¢c
activities shows that both a furanose and a pyranose ring can
be accommodated at subsite 31. Both arabinoside derivatives
were hydrolysed better than pNP-L-D-xylopyranoside and
published kinetic parameters [38] show that the KM of TAX
is signi¢cantly lower for the arabinosides while the kcat is
higher for the xylopyranoside, suggesting that TAX has high-
er a¤nity for the arabinoside at subsite 31. The structures of
the two monosaccharides are the same except that K-L-arabi-
nopyranose has an axial hydroxyl at C4. Superimposing
K-L-arabinopyranose onto xylose in the XBCRYO structure,
it seems plausible that arabinose O4 could form an extra
hydrogen bond to Lys 50 and/or Gln 90, explaining the in-
creased a¤nity for TAX. The speci¢c activities for pNP-L-D-
galactose and pNP-L-D-glucose are similar, another example
that the axial O4 does not impair the ability of TAX to bind a
monomer at the 31 subsite.

pNP-glycosides of pentoses (xylose, arabinose) were hydro-
lysed better than pNP-glycosides of hexoses (glucose, galac-
tose), and from the XBCRYO structure it is clear that an
extra C6 interferes with Trp 275. The extra bulkiness at C6
in the pNP-L-D-glucuronide results in no activity towards this
compound. The role of Trp 275 in speci¢city has been inves-
tigated by others [19,20] showing that the residues corre-
sponding to TAX Trp 275 and Gln 90 in CEX and S. lividans
xylanase 10A are displaced or become disordered if 2-£uoro-
cellobioside is covalently bound to the enzyme, but not if
2-£uoroxylobiose is bound.

No hydrolysis of pNP-L-D-mannopyranoside could be de-
tected. Mannose in a 4C1 chair conformation has an axial
hydroxyl at O2 as opposed to the equatorial O2 in xylose,
which would clash with Trp 87, in addition to the C6 group
clashing with Trp 275. The potential steric hindrance with two
out of the three conserved Trp at subsite 31 would seem to
prohibit binding.

As is to be expected for an endo-polysaccharidase, pNP
L-1,4-linked disaccharide derivatives were hydrolysed better
than pNP monosaccharide derivatives, even though they are
disaccharides of hexose sugars which are not favoured at sub-
site 31. Binding at subsite 32 is likely to provide leverage for
substrate distortion and catalysis at subsite 31, outweighing
the cost of steric clashes with Trp 275. The lower activity for
pNP-L-D-lactoside may be indicative that an axial hydroxyl at

C4 is not as easily accommodated at subsite 32 as it is at
subsite 31. No activity was detected on pNP-maltosides, pre-
sumably because of the presence of an K-linkage.

4.2. Role of the eighth LK-loop in family 10 enzymes
According to our analysis of the eighth LK-loop of the

barrel family 10 xylanases can be divided into two subsets
on the basis of structure and Trp 275 mobility. This division
does not mirror taxonomy, or overall divergence in sequences.
At least one micro-organism, C. thermocellum, possesses a
xylanase 10X [39] whose eighth LK-loop sequence and length
suggest it belongs to subset 1, in addition to a subset 2 enzyme
(xylanase 10Z). Thus it seems that xylanase sequences from
the two subsets coexist in one genome, as do the structurally
unrelated family 10 and 11 xylanases, suggesting that they
might have subtly di¡erent roles.

Elucidation of these roles and the biochemical di¡erences
between the two subsets requires further investigation. It is
tempting to propose that the mobility of Trp 275 in subset
1 enzymes means that the 31 subsite is not fully formed until
stabilised by oligosaccharide binding, resulting in preference
for longer oligosaccharides than subset 2 enzymes, which have
a more rigid active site. A comparative study on P. £uorescens
xylanase A and CEX [17], falling structurally in subsets 1 and
2 respectively, shows that CEX is indeed better at cleaving
very short xylooligosaccharides.

4.3. Conclusions
Analysis of the structure of TAX in complex with xylo-

biose, coupled with a biochemical study with di¡erent sugar
analogues, has allowed us to identify residues involved in the
speci¢city for particular sugar substructures. A comparison
with other family 10 structures revealed that a subset of this
family has a mobile tryptophan on the eighth LK-loop, which
becomes ordered and forms the 31 subsite on complex for-
mation.
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