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ABSTRACT: The crystal structure of the thermostable xylanase fromThermomyces lanuginosuswas
determined by single-crystal X-ray diffraction. The protein crystallizes in space groupP21, a ) 40.96(4)
Å, b ) 52.57(5) Å,c ) 50.47 (5) Å,â ) 100.43(5)°, Z ) 2. Diffraction data were collected at room
temperature for a resolution range of 25-1.55 Å, and the structure was solved by molecular replacement
with the coordinates of xylanase II fromTrichoderma reeseias a search model and refined to a
crystallographicR-factor of 0.155 for all observed reflections. The enzyme belongs to the family 11 of
glycosyl hydrolases [Henrissat, B., and Bairoch, A. (1993)Biochem. J. 293, 781-788]. pKa calculations
were performed to assess the protonation state of residues relevant for catalysis and enzyme stability, and
a heptaxylan was fitted into the active-site groove by homology modeling, using the published crystal
structure of a complex between theBacillus circulansxylanase and a xylotetraose. Molecular dynamics
indicated the central three sugar rings to be tightly bound, whereas the peripheral ones can assume different
orientations and conformations, suggesting that the enzyme might also accept xylan chains which are
branched at these positions. The reasons for the thermostability of theT. lanuginosusxylanase were
analyzed by comparing its crystal structure with known structures of mesophilic family 11 xylanases. It
appears that the thermostability is due to the presence of an extra disulfide bridge, as well as to an increase
in the density of charged residues throughout the protein.

Xylanases (EC 3.2.1.8) belong to the large group of
glycosyl hydrolases. They catalyze the degradation of xylan,
the most abundant hemicellulose synthesized in the bio-
sphere. Xylans are heteropolysaccharides consisting of a
backbone of 1,4-linked xylose monomers and are typically
branched with arabinose, glucuronic acid, and acetate sub-
stituents at the 2- and 3-position of xylose (1). The degree
of backbone polymerization and the nature and number of
substituents depend on the biological source of the xylan.

Biologically, xylanases are synthesized by microorganisms
and secreted to degrade surrounding xylan as food supply.
In recent years, xylanases are increasingly used in industrial
processes in the food and feed industries (2, 3) and in the
pulp and paper industries (4). There, xylanases hold the
promise of reducing the amount of chlorine chemicals for
the pulp-bleaching process. Considerable efforts are devoted
to identify new xylanases or to improve the properties of
existing ones in order to meet the requirements of industrial
paper mills. While chlorine-free bleaching is carried out at

very low pH, chlorine bleaching is preceded by a hot, caustic
treatment of the wood. Desirable properties of a biotech-
nologically useful xylanase, therefore, include stability and
activity at elevated temperatures and extreme pH values.

Efforts to improve the thermostability of aBacillus
circulansxylanase by introducing extra inter- and intramo-
lecular disulfide bridges via site-directed mutagenesis (5)
were only partly successful: while the introduction of S-S
bridges always improved the thermostability of the protein
(as judged from the residual enzymatic activity following
thermal treatment), only one of the tested disulfide bridges
enhanced the activity of the enzyme at elevated temperatures.
An industrially relevant xylanase fromBacillus strain D3
has recently been described (6). Its thermostability was
ascribed to the presence of six surface aromatic residues,
arranged as sticky patches, that should induce aggregation
at high protein concentrations.

Enzymatic cleavage of the glycosidic bond may follow
two different mechanisms resulting either in overall retention
or inversion of the anomeric configuration (7). In both cases,
the reaction proceeds via general acid catalysis requiring a
proton donor and a nucleophile. Accordingly, the first step
in the reaction sequence consists of a protonation of the
glycosidic oxygen. In the case of the inverting mechanism,
a water molecule (activated by the nucleophile) attacks the
anomeric carbon atom from the backside, leading to inversion
of the absolute configuration. The retaining mechanism, on
the other hand, involves two consecutive inverting nucleo-
philic attacks (first by the nucleophile and subsequently by
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a water molecule) resulting in overall retention of the
anomeric configuration. It is still an open question, whether
the nucleophile forms a covalent bond to the anomeric carbon
or if its negative charge only stabilizes the positive charge
of the reaction intermediate (8).

At least three different types of active-site topologies are
known to exist in glycosyl hydrolases (9). Pockets are
optimal for monosaccharidases, and enzymes adapted to
substrates with a large number of available chain ends. A
tunnel was observed in cellobiohydrolases (10). This topol-
ogy requires the polysaccharide chain to be threaded through,
which is optimal for fibrous substrates such as native
cellulose. The tunnel appears to be a special case of the
third topology, the cleft or groove. Clefts allow the binding
of several consecutive sugar units in linear or branched
polymeric substrates, and they are commonly observed in
endo-acting polysaccharidases.

So far, at least 50 sequences of xylanases have been
published. Hydrophobic cluster analysis and sequence
alignment showed them to be spread among two families of
glycosyl hydrolases (11, 12), belonging either to family 10
or 11 (former families F and G). For members of both
families, 3D structures have been determined by X-ray
diffraction: the xylanases fromStreptomyces liVidans(13),
Pseudomonas Fluorescens(14, 15), Cellulomonas fimi(16),
andClostridium thermocellum(17) belong to family 10, the
ones from B. circulans, Trichoderma harzianum(18),
Bacillusstrain D3 (6), and the two xylanases (I and II) from
Trichoderma reesei(19, 20) belong to family 11.

The present report deals with the xylanase fromThermo-
myces lanuginosus, a thermophilic fungus previously called
Humicola lanuginosa. The xylanase has a molecular mass
of about 21 kDa and is a member of family 11 of glycosyl
hydrolases, as judged from its primary structure (21). This
class of enzymes is known to catalyze hydrolysis with
retention of the anomeric configuration (9). The pI of the
enzyme is 4.1 and it is most active at 70°C and a pH of
6.5. The enzyme has been extensively studied with regard
to its production and biotechnological use (22-26), and
recently its gene was cloned and characterized (21). Here,
we describe the results of a crystal structure analysis of this
enzyme and a comparison of its structure with other
structures of family 11 xylanases. The roles of individual
residues involved in catalysis and the number of subsites in
the active-site cleft are determined by modeling studies.
Estimates of the pKa values of ionizable groups are calculated
and discussed in view of the proposed catalytic mechanism.
Since this is a thermostable xylanase, its 3D structure is
compared to available structures of the same class from
mesophilic organisms in view of possible factors conferring
thermostability. These results should be useful for future
mutagenesis studies aimed at improving the thermostability
of this biotechnologically important class of enzymes.

MATERIALS AND METHODS

Purification and Crystallization of the Enzyme.The
xylanase was purified from culture filtrate as decribed
recently (21). The molecular mass is 21 kDa, as deduced
from the genomic DNA sequence after cleavage of a signal
peptide consisting of the first 31 residues. The apparent
molecular mass from SDS-PAGE was determined as 24-
26 kDa (24). There is no evidence for glycosilation.

For crystallization, the lyophilized protein was dissolved
and dialyzed against 10 mM HEPES buffer pH) 7.5 for 48
h. Crystals were obtained at 4°C in hanging drops: 8-12
µL droplets contained about 4 mg/mL xylanase, 2.5-5.0%
w/v PEG-6000 and 0.1% w/vn-octyl-â-glucoside in 100 mM
citrate buffer pH) 4.0. They were equilibrated against a
reservoir solution with a 2-fold higher concentration of PEG-
6000 in citrate buffer. Seeding after about 1 day of
equilibration was necessary for suitable crystals to appear.
The elongated crystals reach a maximum length of 1 mm,
with a typical size of 0.5× 0.1 × 0.1 mm.

Data Collection. Diffraction data were collected at two
different temperatures using a Siemens rotating anode X-ray
source (CuKR radiation, 1.542 Å), equipped with a Siemens
X-1000 multiwire area detector mounted on a three circle
goniometer.

A first data setswhich was subsequently used for the
structure solutionswas collected at-180°C from a crystal
with approximate dimensions of 0.3× 0.1× 0.1 mm. The
crystal was shock-cooled after soaking in a cryoprotectant
containing 30% v/v glycerol. Crystals are monoclinic, space
groupP21, with cell dimensions [at 93(2) K] ofa ) 40.32
(6) Å, b ) 51.58(8) Å,c ) 50.24(6) Å, andâ )100.1(1) (V
) 102 850 Å3). Reflections numbering 11 730 were mea-
sured (10 cm crystal-to-detector distance,ω-scans, 0.25°
oscillation angle) in the resolution range 19.8-3.5 Å,
yielding 2546 unique reflections (Rmerge) 0.112,〈I/σ(I)〉 )
6.2, average multiplicity) 4.6, completeness) 96.4%).

A room temperature data set (which was used for structure
refinement) was subsequently collected from a crystal (0.5
× 0.15 × 0.1 mm) mounted in a sealed capillary: mono-
clinic, space groupP21, a ) 40.96(4) Å,b ) 52.57(5) Å,c
) 50.47(5) Å,â ) 100.43(5),V ) 106 880 Å3 (at 298 K,
V/V ) 3.8% compared to the 93K cell),Vm ) 2.51 Å3/Da,
solvent content approximately 51%. Reflections numbering
81 936 were measured (crystal-to-detector distance 7.5 cm,
ω-oscillation range 0.25) between 25.3 and 1.55 Å; 26 211
unique reflections,Rmerge ) 0.075 (0.354 for the highest
resolution shell),〈I/σ(I)〉 ) 7.7, mean multiplicity) 3.1,
completeness) 83.9% (30.7% for the last shell,>90% for
reflections below 1.8 Å), precentage of reflections with
I>2σ(I) ) 74.2% (22.5%).

Both data sets were indexed and processed with the XDS
program (27-29) and programs of the CCP4 package (30).

Structure Solution and Refinement.The structure of the
T. lanuginosusxylanase was solved by molecular replace-
ment, using the coordinates of xylanase II fromTr. reesei
(20) as a search model (60.5% sequence homology, see
Figure 1). The entire molecule with all side chains,
excluding the N-terminal residue and the solvent molecules,
were input into the molecular replacement computations
[program X-PLOR (31)]. For the structure factor calcula-
tions, the model (approximate size 44× 40 × 34 Å) was
placed into a P1-box of dimensions 90× 80 × 70 Å. The
cross rotation search was limited to an Euler space of 0° e
R e 360°, 0° e â e 90°, and 0° e γ e 360°. The
integration range was 5-20 Å; reflections from the low-
temperature data set between 10 and 4 Å resolution withF
> 3σ(F) were used. The highest peak of the rotation function
(later confirmed to be the correct solution) was 10.0σ above
the mean value, compared to 5.4σ for the second highest
peak. The best 68 solutions were selected for a PC
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refinement (32), yielding two identical solutions with a
patterson correlation coefficient of 0.286. The second
highest peak was at 0.139 with a distance of about 102°.
The best solution was used for a two-dimensional translation
search in thexz-plane (0e x,z e 0.5) with a grid spacing of
1 Å. The calculations were done using data from 10 to 3.5
Å with F > 3σ(F), yielding one clear solution (T-function
6.3σ above the mean;R-value after rigid-body refinement
0.449). The resulting 3Fo - 2Fc map allowed to identify
and build the missing and differing side chains, using the
program O (33). The only exception was the N-termial
residue (see below).

At this stage, the high-resolution room-temperature data
set became available, and it was used for another rigid-body
refinement of the modified MR solution against data withF
> 2σ(F)between 10.0 and 2.0 Å resolution, followed by a
slow cooling MD run (34) [starting temperature: 4000 K,R
) 0.253,Rfree ) 0.311 (35) for 10% of the data]. Several
cycles of conventional positional refinement, restrained
B-factor refinement and manual model building resulted in
a final model consisting of 1787 non-hydrogen atoms (1512
protein and 275 solvent atoms, 130 with a fixed occupancy
of 0.5). This model gave anR-value of 0.184 (Rfree ) 0.225)
for all data up to 1.6 Å resolution withF > 2σ(F). The

Engh-Huber parameter set (36) was used throughout. Very
weak density was observed for the N-terminal residue, which
was best modeled by a pyrrolidone-carboxylic acid (PCA)
as in xylanase II fromT. reesei(20).

The X-PLOR-model was further refined with the program
SHELXL (37), first by conjugate gradient minimization and
then using a blocked-matrix least-squares technique. The
quantity minmized was∑w(Fo

2 - Fc
2)2 with w ) 1/[σ2(Fo

2)
+ (0.1P)2], P ) [max(Fo

2,0) + 2Fc
2)/3 using all reflections

to a resolution of 1.55 Å.
Restraints for 1,2- and 1,3-distances were applied with

effective standard deviations of 0.015 Å. Phenyl, imidazolyl,
and indole rings as well as guanidinium, carboxylate, and
amide groups were restrained to be planar with aσ of 0.1
Å3 (chiral volume). A largerσ (0.3 Å3) was used for
restraining the planarity of the peptide groups.

Individual isotropic displacement parameters [U-instead
of B-values, following the recommendation of the Interna-
tional Union of Crystallography (38), B ) 8π2U] were
refined for the non-hydrogen atoms. TheU-values were
restrained to be similar for atoms close in space (σ ) 0.025
Å2, cutoff, 1.7 Å). Hydrogen atoms were included at
calculated positions. During the refinement they were treated
as riding on the respective non-hydrogen atoms. The

FIGURE 1: Multiple sequence alignment of family 11 xylanases obtained with the program package AMPS (81). The sequence alignment
is based on a structure alignment of the xylanases fromT. lanuginosus, T. reesei, andB. circulans. The figure was prepared with ALSCRIPT
(82). Shading indicates positions with a conservation index of 8 or greater according to an analysis using AMAS (83). Secondary structure
elements and residue numbering correspond to the xylanase fromT. lanuginosus. The sequences are THLAN) T. lanuginosus, TRIRE1
and TRIRE2) xylanases I and II fromT. reesei(84), BACCI ) B. circulans(85), BACPU) Bacillus pumilis(86), SCHCO) Schizophyllum
commune(80), ASPAKB and ASPAKC) xylanases B (Swissprot entry XYNB ASPAK) and C fromAspergillus awamori(var. kawachi)
(87), STRLIB and STRLIC) xylanases B and C fromStreptomyces liVidans (88), COCCA) Cochliobolus carbonum(89), CLOAB )
Clostridium acetobutylicum(90), CLOSR ) Clostridium stercorarium(91), RUMFL ) Ruminococcus flaVefaciens(92), NEOPA1 )
Neocallimastix patriciarum(60), FIBSU1 and FIBSU2) Fibrobacter succinogenes(93). The sequences of the xylanases fromT. harzianum
andB. subtilisas well as the second domain of the xylanase fromNeocallimastix patriciarumwere omitted because of their near identity
to other sequences in the alignment.
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U-values of hydrogens were set to 1.2 or 1.5 times (methyl-
and hydroxy-hydrogen atoms, respectively) theU-value of
the central atom.

Prior to the SHELXL refinement, the occupancies of all
water molecules were reset to 1.0 and fixed. Water
molecules were excluded from further refinement, when their
U-values exceeded 0.75 Å2. For solvent molecules, anti-
bumping restraints were applied (37). The contribution of
diffuse solvent to the scattering was accounted for by means
of Babinet’s principle (39): the termg exp[-8π2U(sinθ/
λ)2], U ) 2.0 Å2, g ) 5.1 e-, was subtracted from the real
part of the scattering factor for each non-hydrogen atom.

The current model consists of 1649 non-hydrogen atoms
(1512 protein and 138 solvent atoms). Refinement of 6598
parameters against 26211 intensity data and 6091 restraints
converged at the following values for the reliability indices:
wR2 ) [w(Fo

2 - Fc
2)2/∑w(Fo

2)2]1/2 ) 0.378 (for all reflec-
tions),R1 ) ||Fo| - |Fc||/∑|Fo| ) 0.155 for 19 452 reflections
with Fo > 4σ(Fo) and 0.193 for all reflections; goodness-
of-fit S ) (∑w[Fo

2 - Fc
2)2/(n - p)]1/2 ) 2.81 (n ) 26 211,

number of observations;p ) 6598, number of parameters).
Rms-deviations from ideal values [Engh-Huber paramters
(36)] are 0.008 Å for bond lengths and 1.4 for bond angles.
The meanU-value is 0.20 Å2 for main-chain atoms, 0.25
Å2 for side-chain atoms, and 0.48 Å2 for the solvent.

The atomic coordinates of the refined model have been
deposited with the Brookhaven Protein Data Bank (accession
code 1yna).

Structure Validation. The validity of the structure was
checked using the program PROCHECK (40). In this
analysis, values for stereochemical parameters typical for a
structure at a resolution of about 1.5 Å were obtained. The
overallG-factor was 0.0, slightly better than expected (-0.2).
Of the residues, 88.6% (except Gly and Pro) have theiræ-
andψ-angles located in the core regions of a Ramachandran
plot, with no residues observed in the generously allowed
or forbidden parts. Leu45 was labeled in aø1/ø2 plot as being
in an unfavorable conformation. The electron density for
this residue, however, is very clear, andU-values are low
(0.13-0.23 Å2). The distribution ofω-angles was considered
by the program potentially unusual (G-factor,-0.69). It has
a mean value of 178.5° and a standard deviation of 6.1°.
Ten residues haveω-angles deviating more than 2σ from
the mean value. The largest deviations (>3) are found for
Thr80 and Val76. Residues showing significant deviations
are clustered in the hinge region ofâ-sheet B.

Calculation of pKa Values. The pKa values of ionizable
residues (except tyrosines) were estimated for the native
enzyme, for the modeled heptaxylan complex (see below)
and for several mutants with single amino acid exchanges.
The programs described by Yang et al. (41) were used
throughout. Hydrogen atoms were generated (including
crystallographically observed water molecules) by the mo-
lecular dynamics program PMD (42). This was followed
by a short dynamics run (approximately 5 ps) using version
22 of the CHARMm force field (43) and retaining the
positions of known non-hydrogen atoms. Structures of
mutants were also built with PMD. Eletrostatic potentials
were calculated using the finite difference Poisson-Boltz-
mann (FDPB) method (44) as implemented in the program
Delphi (45). The two values for the bulk dielectric constant
were set to 4.0 (protein) and 80.0 (solvent). A salt

concentration of 0.14 M (corresponding to a Debye length
of 8.0 Å) was used throughout. No explicit water molecules
were included. Default values were used for the pKas of
the isolated amino acids in solution, e.g., 3.9 for Asp, 4.3
for Glu, 6.5 for His, 10.8 for Lys, and 12.5 for Arg.

Calculations included contributions of electrostatic interac-
tions as well as desolvation energies (41). Since the exact
calculation of a titration curve would necessitate the simul-
taneous computation of the statistical mechanical average
over all possible 2N protonation states, the Tanford-Roxby
approximation (46) was used for weakly interacting ionizable
groups.

Test calculations resulted in pKa estimates approximating
experimentally observed values within one pK unit (41).
Uncertainties arise from approximations of the model (e.g.,
the use of only two bulk dielectric constants for protein and
solvent) as well as from the fact that different conformations
may be present in the crystal and in solution. While the
absolute value of the pKa is thus prone to some error, the
directions of shifts upon changes in the protein environment
(e.g., by amino acid substitutions) can be predicted more
reliably (41).

The computational results were validated by comparison
with experimental pKa values for the homologousBacillus
xylanase. Thus, the pKa of the buried and conserved
Bacillus-His149 was determined as<2.3 by NMR spectros-
copy (47, 48), while the calculated value for the equivalent
His155 in theThermomycesenzyme was 0.9, also indicating
an uncharged imidazole at relevant pH values. Similarly,
the pKa < 2 for Asp83 in theBacillus xylanase (48) was
reproduced for the equivalent Glu91 (pKa < 0). Four salt
bridges were observed in the structure of theThermomyces
xylanase. In all cases, the directions of calculated pKa shifts
for the involved residues were reasonable (upward shifts for
bases, downward shifts for acids); their magnitudes, however,
were occasionally overestimated in the computations.

Modeling of a Heptaxylan Fragment into the Binding Cleft.
Modeling started from the crystal structure of an inactive
mutant of the xylanase fromB. circulanscomplexed with
xylotetraose [PDB code 1bcx (49)]. In this structure, electron
density for two sugar subunits, occupying subsites-1 and
-2, was observed.

The structures of the two xylanases (B. circulansandT.
lanuginosus) were superimposed by minimizing the rms
deviation between theR-carbon atoms of Trp18 (Trp9),
Glu178 (Glu172), and Glu86 (Glu78, residue numbers in
parentheses refer to theB. circulansstructure, see Figure
1). The three-dimensional arrangement of these three C
atoms is highly conserved. The coordinates of the two sugar
residues were merged with the coordinates of xylanase from
T. lanuginosusand minimized by 500 steps of the powell
algorithm, with the atoms of the enzyme kept fixed at their
positions. Minimization did not lead to significant changes
in the conformation of the disaccharide.

Another round of 500 minimization steps was performed
with all atoms of the complex unrestrained. Again, no
significant changes in the structure were observed. The sugar
chain was extended by two residues in the direction of the
nonreducing end and three residues in the direction of the
reducing end, leading to an enzyme-bound heptasaccharide.
The conformation of the newly introduced sugar residues
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were manually chosen to cover hydrophobic areas in the
binding cleft and to saturate possible partners for hydrogen
bonding.

The modeled enzyme-substrate complex was surrounded
by a box of 1680 water molecules, using the Molecular
Silverware algorithm as implemented in the program SYBYL,
and subjected to 10 cycles of a slow cooling protocol. Slow
cooling was performed with XPLOR (31) using the
CHARMm force field (43) (version 19) for the protein
moiety and a provisional force field parametrization for the
heptasaccharide (50). Each cycle of slow cooling included
setting the temperature to 5000 K and lowering the temper-
ature in steps of 25 K. Simulation for each step was
performed for 0.05 ps. The final structure of each cycle was
minimized by 500 steps of the Powell algorithm and used
as the input for the following cycle.

Non-hydrogen protein atoms were restrained to their
positions with a force constant of 20 kcal/mol/Å; non-
hydrogen atoms of the two sugar residues at sites-1 and
-2 were restrained to their positions with a force constant
of 10 kcal/mol/Å. Only two sugar residues at the nonredu-
ceing end, three at the reducing end, and all the water
molecules were allowed to move freely.

Extensive molecular dynamics runs were performed to
validate the position of protein-bound sugar by repetitive
slow-cooling cycles with an unrestrained oligosaccharide
(51). In the majority of runs, the sugar residues at positions
-2, -1, and+1 collapsed to the same binding subsites with
very similar conformations of the glycosidic linkages.

RESULTS AND DISCUSSION

We have determined the crystal structure of the xylanase
from T. lanuginosusby molecular replacement and have
refined the coordinates against room-temperature diffraction
data extending to a crystallographic resolution of 1.55 Å.
The distribution of mainchain torsion angles, the experi-
mental electron density (Figure 2), and the final values of
the reliability indices indicate a high-quality structure
analysis, with few positional ambiguities for any of the main-
chain or side-chain atoms. Overall views of the molecule
are shown in Figure 3.

Molecular Structure.The xylanase fromT. lanuginosus
is a compact, globular protein with approximate dimensions
of 40 × 38 × 35 Å. The most prominent feature of the
structure is a long cleft (about 5-6 Å high and about 8-9
Å deep) spanning the whole molecule and containing the
active site.

The structure is dominated by two heavily twistedâ-sheets
(panels A and B, see Figure 3). Sheet A forms the “outer”
surface of the enzyme and consists of five antiparallel strands.
Its hydrophilic, solvent-accessible surface contains a large
number of serine and threonine residues. Sheet B consists
of nine mostly antiparallel strands. One face forms the active
site of the enzyme, while the other one is packed against
sheet A to form the hydrophobic core of the protein. There
is only oneR-helix in this structure, which follows strand
A6, consists of 10 residues, and is packed against the
hydrophobic face of sheet B.

The overall shape of the molecule resembles a right-hand
with the twoâ-sheets and theR-helix forming the “fingers”
and the “palm” and two loop regions forming the “thumb”

and a “cord” (see Figure 3). This picture was first introduced
by Törrönen et al. in their description of the structure of
xylanase II fromTr. reesei(20).

The thumb is an 11 residue loop between strands B8 and
B7 and exhibits a severely distortedR-ladder hydrogen-
bonding pattern. This pattern is interrupted by Asn124,
which causes a sharp bend in the loop structure. The amide
proton of Ile128 (at the tip of the loop) is in a favorable
position for an interaction with the indole ring of Trp79. In
NMR measurements of the xylanase fromB. circulans, the
equivalent proton showed a strong upfield shift, indicative
of an interaction with the aromatic ring which appears to be
necessary for stabilizing the loop (52). In the crystal
structure, the thumb is well ordered by interactions with sheet
B and crystal contacts. Molecular dynamics simulations,
however, indicate that it is one of the most flexible parts of
the molecule (51).

The second extended loop region of special interest is the
cord, located between strands B6 and B9. It consists of eight
residues and closes the cleft on one side. Two consecutive
â-turns form its central part, which results in an S-shaped
structure with a nearly planar arrangement of mainchain
atoms.

The structures of all family 11 xylanases known so far
are similar. Table 1 shows the rms-deviations for C atoms
of several xylanase structures [calculated with O (33)]
together with the number of aligned atom pairs. The
maximum deviation of 1.4 Å indicates the close similarity
of these structures, especially when the high percentage of
C atoms that was used for the least-squares fit is considered.
The two centralâ-sheets are particularly well conserved.
Insertions and deletions are mainly found in the loop regions
(thumb and cord, see Figure 1). It is noteworthy that the
first strand ofâ-sheet B is lacking in the xylanase fromB.
circulansand xylanase I fromTr. reesei. The similarity of

FIGURE 2: Electron density (3Fo - 2Fc map contoured at 1.5) of
a portion of theT. lanuginosuscrystal structure, showing the peptide
between Phe156 and Trp159 [generated with program O (33)].
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family 11 xylanase structures to the 1,3-1,4-glucanase from
Bacillus (53) was noted before (20).

As expected, almost all water molecules observed in the
crystal structure are located on the surface of the enzyme.
One exception is O201, which was found to be deeply buried.
It is located at the interface between the turns A3-B3 and
B4-A4 and is hydrogen bonded exclusively to mainchain
atoms: Gly40 (O, 3.0 Å), Gly43 (O, 2.9 Å; N, 3.3 Å), and

Ser182 (N, 3.0 Å). Another buried water molecule is O204,
which is sequestered between theR-helix andâ-sheet B and
is hydrogen bonded to Asp111 (O1, 2.5 Å), Tyr115 (OH,
2.8 Å), and His155 (N2, 2.8 Å). While O201 is only present
in the T. lanuginosusstructure, O204 is conserved among
several family 11 xylanases (18-20, 54) and appears to play
an important role in stabilizing the structure (47).

ActiVe Site pKa Calculations. The active-site cleft is
formed byâ-sheet B and is well suited to accept a polymeric
substrate. Access to the cleft is partly impeded by the cord
and the thumb. According to the currently accepted mech-
anism for retaining glycosidases, two residues are required
for catalysis (7): a general acid-base and a nucleophile.
Typically, aspartate or glutamate residues fulfill these tasks,
but there are cases (55, 56) where a tyrosine appears to be
involved in transition-state stabilization.

FIGURE 3: (A) Two perpendicular views of the structure of the xylanase fromT. lanuginosus[generated with programs MOLSCRIPT (94)
and Raster3D (95)]. (B) Topology diagram.

Table 1: Rms-Deviations (Å) and Number of Aligned CR Atoms (in
parentheses) Resulting from a Least Squares Fit Using the Program
O (33)

Tr. reesei I Tr. reesei II Tr. harzianum B. circulans

T. Lanuginosus 1.3 (176) 0.9 (188) 1.0 (188) 1.3 (174)
Tr. reesei I 1.1 (172) 1.1 (173) 1.4 (172)
Tr. Reesei II 0.7 (189) 1.4 (173)
Tr. Harzianum 1.1 (177)
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For Bacillus xylanases, the active-site residues were
determined as Glu78 (nucleophile) and Glu172 (acid-base)
by mass spectrometry, using fluorinated xylobiose derivatives
(57) and mutational studies (49). According to a multiple
sequence alignment (Figure 1), the equivalent residues in
the Thermomycesxylanase are Glu86 and Glu178. The
mechanism requires Glu86 to be unprotonated and Glu178
to be protonated. In the crystal structure, both residues are
almost completely inaccessible to solvent. Glu86, however,
is hydrogen bonded to Gln136, Tyr77, and Tyr88 (Figure
4A). Glu178, on the other hand, is located in a rather
hydrophobic environment (built up by Tyr73, Gly179, and
Tyr180) and accepts only one hydrogen bond from Asn44
(Figure 4A).

The estimated pKa values also reflect this situation. While
the pKa of Glu86 was found to be virtually unchanged from
its value in solution (3.9 vs 4.3), indicative of a negatively
charged side chain at neutral pH, the protonated, uncharged
state of Glu178 is most likely stabilized in this conformation
(pKa ) 9.4). A similar, although smaller shift of the pKa of
the equivalent Glu172 inB. circulansxylanase has also been
observed in solution by FTIR (58) and NMR measurements
(59). In addition to the hydrogen bonds mentioned above,

the close proximity of the guanidinium group of Arg122
(about 5 Å) appears to be another important factor for the
stabilization of the negative charge on Glu86. A mutation
of this residue to alanine is predicted to result in an increase
of the pKa of Glu86 (to 5.9), while Glu178 would not be
affected. This arginine is almost fully conserved among
family 11 xylanases (see Figure 1), the only exception being
a histidine in the xylanase fromNeocallimastix patriciarum
(60), underlining the importance of a positive charge at this
position.

The distance between the two active (carboxyl) groups
varies depending on the stereochemical course of the
reaction. While distances around 5.5 Å are found in retaining
glycosidases, larger values (typically around 10 Å) are found
for inverting enzymes, because an additional water molecule
has to be accommodated between the nucleophile and the
anomeric carbon atom of the substrate (9). The distance
between Glu86 and Glu178 (defined as the mean distance
of the carboxylic oxygen atoms) is large (10.7 Å), which
appears to be at variance with the sequence-inferred retaining
mode of catalysis of this xylanase. The discrepancy,
however, can be explained by the unfavorable conformation
of the side chain of Glu178, which points away from Glu86

FIGURE 4: (A) Close-up view of the active site of the xylanase fromT. lanuginosus. Oxygen and nitrogen atoms are shown as red and blue
spheres. The putative nucleophile Glu86 is shown in pink, the acid/base catalyst Glu178 in medium blue. Hydrogen bonds are indicated
with small green spheres. (B) View of the active site of the modeled complex of the xylanase and a xyloheptaose. Only the three central
sugar residues (subsites+1, -1, and-2) are shown in yellow. Possible interactions of the catalytic residues with the substrate are indicated
with small orange spheres.
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(Figure 4A). This situation is equivalent to the pH 4.5
structure of xylanase II fromTr. reesei(20) with a distance
of 10.9 Å. In this conformation, there is no way for the
enzyme to access the substrate and to successfully cleave
the glycosidic bond. Since it was observed near the pH-
optimum of theTrichodermaenzyme, there has to be some
conformational change form the “inactive” to a potentially
“active” state. This change was indeed observed in the pH
6.5 structure of the same enzyme (approximately 1.5 pH
units away from the optimum), which brings closer together
the two glutamate residues (distance, 7.2 Å). We believe
that the observed pH-induced change may also occur upon
substrate binding. Other xylanases with known 3D structure
adopt the potentially “active” conformation with short
distances between the two catalytic carboxylates:B. circu-
lans, 5.9 Å, Tr. reesei I, 6.7 Å, andTr. harzianum, 6.4 Å.

Modeling Studies with Xyloheptaose in the ActiVe Site.
The xylobiose fragment, which was used as a starting point
for further modeling, is situated in the narrowest part of the
binding cleft. Trp18 is involved in a stacking interaction
with the sugar at subsite-2 (see Figure 4B), a frequently
observed type of interaction between protein and carbohy-
drate. The hydroxy groups of the substrate form hydrogen
bonds to a number of residues in the cleft (Figure 4B).
Especially noteworthy are three tyrosine residues (Tyr77,
Tyr88, and Tyr172) that are nicely lined up on the inside of
the active site. Additional interactions were observed with
Arg122, Gln136, and the carbonyl oxygen of Pro126. The
reducing end of the xylobiose fragment is relatively close
to the two catalytic residues. The actual distances between
the carboxylic oxygen atoms and their putative sites of attack
on the substrate [O1(Glu86)-C1, 4.1 Å, O1(Glu178)-O,
5.5 Å] and the conformation of the side chain of Glu178 are
unsuitable for catalysis.

In order for catalysis to occur, a conformational change
of the enzyme has to happen. A change of the torsion angles
1-3 of Glu178 and 3 of Glu86 reduces the distances between
the two carboxylic groups to 7.1 Å, with a simultaneous
change of the Tyr73 conformation necessary to prevent steric
clashes. The resulting structure closely resembles the pH
6.5 structure of xylanase II fromTr. reesei(20). While
the distance of 7.1 Å is still longer than expected for a
retaining glycosidase, this conformation allows a nucleophilic
attack of Glu86 on the anomeric carbon and a hydrogen bond
of Glu178 to the glycosidic oxygen atom (Figure 4B).

In the substrate-free enzyme, the conformational changes,
especially of Glu178, alter the local environment of both
catalytic residues. Glu178 is no longer exclusively sur-
rounded by hydrophobic residues, and the electrostatic
interactions between the two side chains increase, resulting
in an approach of their pKa values (5.1 for Glu86 and 6.8
for Glu178). The pKa values of other residues are not
significantly affected by this conformational change. Very
similar results were obtained for calculations comparing the
pH 4.5 and pH 6.5 structures of xylanase II fromTr.
reesei(data not shown). For the modeled enzyme-substrate
complex, the calculations predict an upward-shift of the pKa

of Glu178 to 8.5, most likely due to the interaction with the
glycosidic oxygen of the substrate. This indicates that
Glu178 is protonated in the substrate-bound state at relevant
pH values, consistent with its putative function in the
catalytic mechanism.

Slow cooling runs of the complex with the extended
substrate (xyloheptaose) were performed to identify ad-
ditional subsites in the binding cleft. Throughout these
simulations, the xylose residue at subsite+1 remained at its
position nearly unchanged, whereas all other sugar residues
that were free to move visited multiple sites within the
binding cleft. Because of weak coordinate restraints, xylose
residues at subsites-2 and-1 remained close to their initial
positions. This situation is depicted in Figure 5, showing
that those sugar units that do not occupy one of the three
central subsites have considerable conformational and ori-
entational flexibility.

It thus seems unlikely that the peripheral subsites are very
specific for unbranched xylose residues. As the cleft
becomes broader and less specific toward its ends, it should
be able to accommodate sugar residues at these locations,
which are decorated with different kinds of substituents
attached to the backbone.

Thermostability of the T. lanuginosus Xylanase.Due to
their technological significance, thermophilic enzymes have
attracted much attention, and several of them have been
compared structurally with mesophilic counterparts. Several
factors conferring thermostability have been identified,
including extra disulfide bridges (54, 61-64), extra short-
range and long-range pairs, and networks of charge-charge
interactions (62, 65-70), oligomerization (71), hydrophobic

FIGURE 5: Surface representation [GRASP (96)] of the T. lanugi-
nosusxylanase with the modeled heptaxylan. The lower part of
the figure shows a superposition of xylose ring projections from a
selection of heptaxylan conformations obtained by molecular
dynamics. See the text for details.
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interactions (67-69, 72), extra proline or glycine substitution
sites (69, 72-74), protection or shortening of N- and
C-terminus (68, 69, 74), extra pairs or networks of hydrogen
bonds (70, 72, 75-77), an increase in polar surface area
fraction (76, 78), and other factors. Very often, the
combination of several of the above factors was suggested
to be responsible for thermostability.

The only thermostable xylanase for which 3D structural
data have been reported so far is the one ofBacillus strain
D3 (6). The thermostability of this enzyme, which shows
73% sequence identity to the mesophilicB. circulans
xylanase, has been accounted to six extra (as compared to
B. circulans) hydrophobic residues located at the surface of
the protein. These residues were proposed to form sticky
patches, leading to (stabilizing) enzyme aggregation upon
high protein concentrations. However, a comparison of
solvent accessibility data of aromatic residues for mesophilic
family 11 xylanases (T. reesei I, T. harzianum, and B.
circulans) with theT. lanuginosusenzyme clearly shows that
a similar effect cannot be held responsible for the thermo-
stability of the latter enzyme: the number of solvent exposed
aromatic residues [more than 40% exposure, program
NAOMI (79)] is five in theT. lanuginosusstructure, five in
Tr. reeseiI, four in Tr. harzianum, and 6 inB. circulans.

A detailed comparison with mesophilic family 11 xyla-
nases (51) has revealed two other structural factors that
contribute decisively to the observed thermostability, i.e., the
existence of a disulfide bridge and electrostatic interactions.

The Disulfide bridge.There is one disulfide bridge in the
T. lanuginosusenzyme which does not exist in the majority
of other family 11 xylanases. It connects the C-terminus of
the â-strand B9 (residue 110) with the N-terminus of the
R-helix (residue 154). While a similar disulfide bridge
probably also exists in theSchizophyllum communexylanase
(80), all other xylanases with known crystal structure have
a hydrogen bond at the corresponding position.

Interestingly, attempts to enhance the thermostability of
the B. circulansxylanase by introducing disulfide bridges
via site-directed mutagenesis (5) have also targeted the

topological equivalents of the two above residues. Together
with two other disulfide bridges (a parallel one also con-
necting strand B9 with the helix plus one connecting N- and
C-terminus), these mutations enhanced the thermostability
by as much as 15°C without, however, always improving
the catalytic performance of the enzyme at elevated tem-
perature. The crystal structure of such aB. circulansmutant
reveals close similarity to theT. lanuginosusenzyme with
respect to the conformation of the (left-handed) disulfide
bridge. While it is thus beyond doubt that the disulfide
bridge enhances the thermostability of theT. lanuginosus
xylanase, other factors also have to contribute. This is
evident from the fact that theT. lanuginosusenzyme
outperforms with respect to its thermostability the above
Bacillusmutant as well as the xylanase fromSchizophyllum
commune, despite 55% sequence homology and the presence
of the S-S bridge in the latter protein.

Electrostatic Interactions.The result of a search for ion
pairs and networks of ion pairs in theT. lanuginosusxylanase
crystal structure as well as in structures of other family 11
xylanases is summarized in Table 2. Residues of opposite
charges were assumed to form an ion pair if the distance
between charged atoms was below 8 Å, without considering
the dielectric properties of the environment. Evidently, the
T. lanuginosusxylanase has the largest number of such ion
pair interactions. This is illustrated in Figure 6, which
compares the distribution of charged residues for theT.
lanuginosusstructure with xylanase II fromTr. reesei.

FIGURE 6: Potentially charged residues in the crystal structure of the xylanase fromT. lanuginosus(left) and of xylanase II fromT. reesei
(right).

Table 2: Number of Ion Pairs and Their Network Organization in a
Variety of Xylanase Crystal Structuresa

organism
no. of
pairs

no. with
N ) 2

no. with
N ) 3

no. with
N ) 4

no. with
N ) 5

no. with
N ) 6

T. lanuginosus 25 5 0 2 1 1
B. circulans 13 2 1 1 1 0
Tr. reesei I 11 2 0 2 0 0
Tr. reesei II 13 3 0 2 0 0
Tr. harzianum 14 2 1 1 1 1

a Two residues of potential opposite charge were considered an ion
pair if their distance was below 8 Å.
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Residues of relevance for catalysis and for enzyme stability
are expected to be conserved in related proteins. Indeed,
the sequence alignment (Figure 1) reveals potentially charged
residues to be conserved either near or within the active site
(Glu 86, Arg 122, Glu 178) or quite far away, on the
“opposite” side of the enzyme (Glu91, Asp111, Arg141,
Arg145, His155; the latter, however, is most probably in an
uncharged protonation state). There, they appear to stabilize
an area of the enzyme which seems less well integrated into
the compactâ-sheet system of the protein scaffold. It is
likely that this part of the protein, which contains a nine
residue long loop connecting the helix with strand B4, is
prone to unfolding and is therefore protected by a conserved
ion-pair network. The sensitivity of this region of the
molecule is supported by the observation of an intricate
network of hydrogen bonds involving largely conserved
residues (Ser139, His155, Tyr115, Asp111, Arg141, Trp159,
Glu91) as well as a buried conserved water molecule (W204).
In theT. lanuginosusxylanase, this apparently delicate region
is further stabilized by three additional charged residues as
well as by the disulfide bridge.

The thermostability of theT. lanuginosusxylanase is thus
due to a disulfide bridge plus an extension of an existing
network of charged residues, both stabilizing the most
sensitive region of the molecule. Thermostability is further
enhanced by an overall increase in the number of ion pairs,
without targeting a specific area.

CONCLUSIONS

The structure of the xylanase fromT. lanuginosusclosely
resembles the structures of other family 11 xylanases. The
estimated pKa values of the two active-site glutamates are
consistent with Glu86 acting as the nucleophile and Glu178
acting as the acid-base catalyst. The fully conserved residue
Arg122 stabilizes the negative charge on Glu86. Modeling
studies of an enzyme-xyloheptaose complex indicate that
only the three central sugar units (subsites,-2, -1, and+1)
are rigidly bound. There is no room for this part of the
substrate to carry substituents, while the other monomers may
well be decorated. The thermostability of this xylanase is
due to the presence of an extra disulfide bridge not observed
in most mesophilic variants, as well as to an increase in the
number of ion-pair interactions.
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