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Endo-xylanases play a key role in the depolymerization of xylan and recently, they have attracted much
attention owing to their potential applications on biofuels and paper industries. In this work, we have
investigated the molecular basis for the action mode of xylanases 10B at high temperatures using
biochemical, biophysical and crystallographic methods. The crystal structure of xylanase 10B from hyper-
thermophilic bacterium Thermotoga petrophila RKU-1 (TpXyl10B) has been solved in the native state and
in complex with xylobiose. The complex crystal structure showed a classical binding mode shared among
other xylanases, which encompasses the �1 and �2 subsites. Interestingly, TpXyl10B displayed a temper-
ature-dependent action mode producing xylobiose and xylotriose at 20 �C, and exclusively xylobiose at
90 �C as assessed by capillary zone electrophoresis. Moreover, circular dichroism spectroscopy suggested
a coupling effect of temperature-induced structural changes with this particular enzymatic behavior.
Molecular dynamics simulations supported the CD analysis suggesting that an open conformational state
adopted by the catalytic loop (Trp297-Lys326) provokes significant modifications in the product release
area (+1,+2 and +3 subsites), which drives the enzymatic activity to the specific release of xylobiose at
high temperatures.

� 2010 Elsevier Inc. Open access under the Elsevier OA license.
1. Introduction

Xylanases (b-1,4-xylan xylanohydrolase, E.C. 3.2.1.8) are
responsible for breaking down xylan, the major hemicellulosic
component of plant cell walls, into short xylooligosaccharides by
a general acid–base mechanism involving two glutamic acid resi-
dues [1,2]. Typically, these enzymes can be classified into glycoside
hydrolase (GH) families 10 and 11 based on amino-acid sequence
similarities [3]. However, xylanases belonging to families 5, 8
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and 43 have also been identified [4,5]. The biotechnological appli-
cations of xylanases include food, feed, textile and paper industries
[6], and recently they have received much attention owing to their
use in degradation of lignocellulosic biomass for biofuels produc-
tion [7,8]. In this context, enzymes exhibiting high enzymatic
efficiency combined with hyper thermal and chemical tolerance
are extremely desired. Although countless extremophilic enzymes
have been characterized, the molecular basis for their mode of
action at high temperatures is still poorly understood. Several
structures of family 10 xylanases have been solved, from meso-
philic to hyperthermophilic organisms enabling an in-depth com-
parative study in terms of thermophilicity, thermostability and
action mechanism. Thus, in order to gain insights into the structural
determinants of their mode of action at high temperatures we have
performed a functional and structural characterization of a
hyperthermostable xylanase 10B from the bacterium Thermotoga
petrophila RKU-1 (TpXyl10B). Our studies addressed important
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issues in the structure–function relationship of xylanases 10B as the
modulation of their action mode at high temperatures by conforma-
tional changes in the product release area.

2. Material and methods

2.1. Cloning, protein expression and purification

The TpXyl10B coding gene was amplified by PCR using the
T. petrophila RKU-1 genomic DNA as template and the following
oligonucleotides: 50-CATATGCAAAATGTATCTCTGAGAGAGCTC-30

and 5-GGATCCTCATTCTATCTTTTTCTCCAGCAC-30. The sequence
was cloned into pGEM�-T Easy vector system (Promega) and was
further subcloned into pET28a vector (Novagen) using NdeI and
BamHI restriction sites. The protein expression was performed in
BL21(DE3)SlyD cells at 37 �C for 4 h after induction with 0.5 mM
isopropyl b-D-1-thiogalactopyranoside. Harvested cells were
resuspended in lysis buffer (20 mM sodium phosphate pH 7.4,
500 mM NaCl and 5 mM imidazole) and disrupted by lysozyme
treatment (80 lg/mL, 1 h, on ice) followed by sonication (Vibracell
VCX 500, Sonics & Materials, Inc.). The cell extract was clarified by
centrifugation at 20,000g for 30 min at 4 �C and applied into a 5 mL
HiTrap™ Chelating HP column (GE Healthcare) with a flow rate of
1 mL/min. The elution was carried out using an imidazole gradient
from 5 to 500 mM in 20 column volumes. Fractions containing
TpXyl10B were pooled, concentrated and applied into a Superdex
75 16/60 column (GE Healthcare) with a flow rate of 0.5 mL/min.
All chromatographic steps were performed using an ÄKTA FPLC
system (GE Healthcare). The purified TpXyl10B was then dialyzed
against 20 mM phosphate buffer (pH 7.2) and concentrated by
ultrafiltration. Sample purity was assessed by SDS–PAGE under
reducing conditions. Protein concentration was determined by
absorbance at 280 nm.

2.2. Xylanase activity assay

Xylanase activity was assayed using birchwood xylan (Sigma,
USA) as substrate. Liberated reducing sugars were quantified by a
dinitrosalicylic method [9]. One unit (U) of enzyme activity was
defined as the amount of enzyme required to release 1 lmol of
reducing sugar per minute. Specific activity was expressed as IU/
mg protein.

2.3. Response surface methodology

The variables analyzed here were the pH along with tempera-
ture. Central points for 12 experiments in total were considered
for optimization of these variables. Details regarding the statistical
approaches for these experiments can be found in Myers and
Montgomery [10]. The regression and graphical analysis of the data
were performed using the software StatisticaTM version 8.0,
considering a p-value of 0.05. The significance of the regression
coefficients was given by Student’s t-test. The second order model
equation was determined by Fisher’s test and the multiple coeffi-
cient of determination (R2) gave the variance explained by the
model. All xylanase activity assays were carried out in triplicate
using 10 lL of enzyme sample (650 ng), 40 lL of 50 mM acetate
or phosphate buffer and 50 lL of birchwood xylan (stock solution
1%(W/V) in water).

2.4. Capillary zone electrophoresis of oligosaccharides

The 1,4-b-D-xylohexaose (Megazyme) was derivatized with
8-aminopyreno-1,3,6-trisulfonic acid (APTS) by reductive amina-
tion [11]. Capillary zone electrophoresis (CZE) of oligosaccharides
was performed on a P/ACE MQD instrument (Beckman Coulter)
equipped with laser-induced fluorescence detection. A fused-silica
capillary (TSP050375, Polymicro Technologies) of internal diame-
ter of 50 lm and total length of 31 cm was used as separation col-
umn for oligosaccharides. Electrophoresis conditions were 15 kV/
70–100 lA at a controlled temperature of 20 �C. Oligomers labeled
with APTS were excited at 488 nm and emission was collected
through a 520 nm band pass filter.

2.5. Circular dichroism spectroscopy

Far-UV circular dichroism (CD) spectra were recorded on a Jasco
J-810 spectropolarimeter (Jasco International Co.). CD measure-
ments were carried out in a 1 mm quartz cuvette using the wave-
length range of 190–260 nm. The protein concentration was set to
3.2 lM in 10 mM sodium phosphate buffer, pH 6.7. All samples
were centrifuged at 10,000g for 10 min prior to analysis. In order
to study the effect of temperature on TpXyl10B structure, the sam-
ple was heated from 20 to 95 �C and CD spectra at different tem-
peratures were obtained. The data collection parameters were set
to scan rate of 50 nm/min, response time of 4 s, sensitivity of
100 mdeg, accumulation of 6, heating rate of 1 �C/min and delay
time for spectrum collection of 60 s. The reversibility of the tem-
perature effect was checked by cooling the sample to 20 �C using
the same parameters above. Baseline subtraction, smoothing and
data normalization were carried out using the graphical software
ORIGIN (http://www.originlab.com/). The CD data are shown as
mean residue ellipticity units (deg cm2 dmol�1 residue�1).

2.6. Crystal structure determination

Crystallization was performed by vapor diffusion method using
a HoneyBee 963 robot (Genomic Solutions). Sitting drops were pre-
pared by mixing 0.5 lL of Xyl10B at 8 mg/mL with an equal volume
of mother liquor and were equilibrated against 80 lL of the solu-
tion at 18 �C. Small crystals grew from a solution containing
100 mM sodium acetate pH 4.5, 30%(W/V) PEG8000 and 200 mM
lithium sulfate. The crystals were optimized by varying the pH or
precipitant concentration in small steps. Best crystals grew in
5 days from the solution containing 100 mM sodium acetate pH
4.3, 14%(W/V) PEG8000, 200 mM lithium sulfate and 5%(V/V) glyc-
erol. The TpXyl10B/xylobiose crystals were obtained by the co-
crystallization method. The protein was incubated with 5 mM of
both 1,4-b-D-xylohexaose (Megazyme) and xylose (Megazyme)
and then used in crystallization experiments as previously de-
scribed. Other substrates such as xylobiose, xylotriose, xylotetra-
ose and xylopentaose were not tried for co-crystallization
experiments. For X-ray data collection, crystals were taken from
the drop and directly flash-cooled without adding any cryoprotec-
tant in a 100 K nitrogen gas stream. X-ray diffraction data were col-
lected at the W01B-MX2 beamline (Brazilian Synchrotron Light
Laboratory, Campinas, Brazil). The wavelength used was 1.4586 Å
and the intensities were recorded in a Mar Mosaic 225 mm CCD
detector. A total of 360 images were collected with an oscillation
angle of 1� for the native crystal and 175 images were collected
with an oscillation of 2� for the TpXyl10B/xylobiose crystal. Data
were indexed, integrated and scaled using the HKL2000 package
[12]. The native structure of TpXyl10B was determined by molec-
ular replacement method using the program MOLREP [13] and
the atomic coordinates of TmXyl10B (PDB entry code: 1VBU,
[14]) as the search model. The crystallographic structure was
refined by interspersed cycles of manual model building based
on inspection of the 2Fo–Fc and Fo–Fc maps using the program
COOT [15] and restrained refinement with the program REFMAC5
[16]. Water molecules were manually added at the final stages.
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Stereochemistry of the models was analyzed with the program
PROCHECK [17].
2.7. Molecular dynamics simulations

The molecular dynamics (MD) simulations were performed
with the TpXyl10B crystal structure using GROMACS suite and
GROMOS96 43a1 force field [18]. The MD protocol was based on
previous studies [19] evaluating the TpXyl10B structure at 20 �C
(293 K) and 90 �C (363 K) for 20 ns. The systems were solvated in
triclinic boxes using periodic boundary conditions and SPC water
model [20]. Counter ions were added to neutralize the system.
The Lincs method was applied to constrain covalent bond lengths,
allowing an integration step of 2 fs after an initial energy minimi-
zation step using the steepest descents algorithm. Electrostatic
interactions were calculated with Particle-Mesh Ewald [21]. Tem-
perature and pressure were kept constant by separately coupling
protein, ions, and solvent to external temperature and pressure
baths [22] with coupling constants of s = 0.1 and 0.5 ps, respec-
tively. The systems were slowly heated from 50 K to desired tem-
perature (293 or 363 K) in steps of 5 ps, each one increasing the
reference temperature by 50 K. The analyses were performed over
the entire MD trajectories (details are given in Supplementary
Fig. S1).
Fig. 1. Capillary zone electrophoresis of APTS-labeled oligosaccharides released
through TpXyl10B enzymatic hydrolysis at 20 �C (A) or 90 �C (B). (C) Thermal
stability of TpXyl10B as assessed by Far-UV CD experiments.
3. Results and discussion

3.1. Xylanase activity optimization

After the screening of variables by previous univariate experi-
ments, a central composite design with two variables [23] and four
center points was performed. The design matrix and the response
results for xylanase activity are provided in supplementary Table
S2. A model of two variable described by the equation IU/mg
protein = 175.74 + 49.27X1 � 57.72X1

2 � 17.11X2
2 was used. The

model was validated by variance analysis (ANOVA) indicating that
the model was significant at high confidence level (95%), with
R2 = 0.88 [23,24]. The xylanase activity response was straight as
expected, varying linearly with the pH and quadratically with the
pH and temperature (Supplementary Fig. S3). The best conditions
of enzyme activity were reached in the pH and temperature range
of 6.2–7.0 and 79–90 �C, respectively. The best conditions obtained
by the model (pH 6.5 and 88.2 �C) is in full agreement with those
values obtained by univariate experiments (pH 6.5 and 90 �C)
and the predicted xylanase activity (188.1 IU/mg protein) varied
only 2% in respect to the experimental value (192.2 IU/mg protein)
that is explained by the lack of fitness of the model in the periphery
of the curve. The values found for TpXyl10B are similar to those
shown for TmXyl10B, whose optimum pH and temperature are
6.1 and 90 �C, respectively [25]. In fact, these xylanases have great
potential to be explored in industrial processes due to high ther-
mostability and thermophilicity.

3.2. TpXyl10B produces exclusively xylobiose from xylohexaose at the
optimum temperature

The product of enzymatic hydrolysis of xylohexaose by
TpXyl10B at 20 or 90 �C were analyzed by CZE, indicating a tem-
perature-dependent pattern of cleavage (Fig. 1A and B). Interest-
ingly, at 20 �C both xylobiose and xylotriose were released by
action of TpXyl10B (Fig. 1A), whereas at 90 �C only xylobiose was
detected (Fig. 1B). The preference for xylobiose release was also re-
ported for TmXyl10B [26], in an experiment carried out at 90 �C,
similar to our results.
3.3. Secondary structure changes of TpXyl10B during heating

The Far-UV CD spectrum of Xyl10B at 20 �C showed a character-
istic curve of a/b proteins with a maximum at 195 nm and a
minimum at 222 nm (Fig. 1C). During heating from 20 to 95 �C,
the CD spectrum presented significant alterations in its profile
and amplitude at temperatures around 90 �C (Fig. 1C) indicating
the occurrence of changes in the secondary structure contents of
TpXyl10B. The optimum temperature for enzymatic activity is
90 �C suggesting that those structural changes would be associated
with the TpXyl10B function. CD experiments were also performed
in the presence of xylohexaose, which resulted in very similar CD
spectral profiles like those obtained for the protein in the absence
of substrate (results not shown).

3.4. Structure and substrate-binding sites

Co-crystallization of TpXyl10B with xylohexaose resulted in
xylobiose bound at the active site, since xylohexaose has been
hydrolyzed by the action of TpXyl10B. TpXyl10B was also co-crys-
tallized in the presence of xylose; however, data analysis clearly
indicated the presence of xylobiose bound to the active site instead
of xylose. It could be explained by contamination of xylose with
other xylan degradation products or due to a putative transglyco-
sylation activity. Zhengqiang et al. [25] reported the formation of
xylobiose after reaction of p-nitrophenyl-b-D-xylopyranoside by
TmXyl10B and it was attributed to a transglycosylation reaction.



Table 1
Data collection and refinement statistics for TpXyl10B structures (Values in parentheses correspond to the last resolution shell).

Native Xylobiosecomplex

Data collection
Space group P1 P1

Unit cell parameters (Å, �) a = 58.54, b = 58.55, c = 61.58, a = 84.54, b = 70.82, c = 68.87 a = 58.34, b = 58.58, c = 61.66, a = 84.90, b = 70.86, c = 68.93
Resolution (Å) 30.00–1.58 (1.64–1.58) 30.00–1.90 (1.97–1.90)
No. of observed reflections 348,387 196,749
No. of unique reflections 91,930 (8533) 53,633 (5257)
Completeness (%) 92.8 (86.8) 94.1 (92.2)
Rmergea 10.1 (36.8) 11.2 (35.1)
I/r(I) 11.2 (3.1) 11.6 (4.1)

Refinement
Rfactor/Rfree(%) 15.79/19.55 23.06/29.85
Average B-factor (Å2) 16.64 17.60
r.m.s.d. for bond lengths (Å) 0.021 0.023
r.m.s.d. for bond angles (�) 1.542 1.864

Ramachandran plot
Most favored region (%) 90.8 88.7
Additional allowed (%) 9.2 11.3
Disallowed region (%) 0 0
PDB entry code 3NIY 3NJ3

a Rmerge = RhklRi | Ii(hkl) – <I(hkl)> | /RhklRi Ii(hkl), where Ii(hkl) is the ith observation of reflection hkland <I(hkl)> is the weighted average intensity for all observations i of
reflection hkl.
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Our finding may be an indicative of transglycosylation activity for
TpXyl10B since both proteins share 98% of sequence identity.

The native and xylobiose-complex structures of TpXyl10B have
been determined at 1.58 and 1.90 Å, respectively. Native and xylo-
biose-complex crystals of TpXyl10B belonged to the triclinic P1
space group with two molecules in the asymmetric unit. Both
structures present good overall stereochemistry (Table 1) with
small r.m.s. deviations between native and complex structures
suggesting that the presence of xylobiose did not result in signifi-
cant alterations of protein conformation and consequently the
crystal packing contacts.

TpXyl10B presents a classical (b/a)8 barrel (TIM barrel) fold
conserving all the structural features described for TmXyl10B
structure (Fig. 2A). The active site is located at the groove formed
by the b�a elements-connecting loops at the interfacial face,
Fig. 2. Structure of TpXyl10B in complex with xylobiose. (A) Cartoon representation of
Superposition of the xylobiose from TmXyl10B (cyan; PDB code: 1VBU) structure on the
atoms from TpXyl10B residues and the corresponding xylobiose are colored in yello
interpretation of the references to colour in this figure legend, the reader is referred to
which encompasses the two catalytic glutamic acid residues
(Glu150 and Glu256). As observed for other Xyl10B structures,
the cysteine residues at the positions 278 and 328 are 4.55 Å away
from each other indicating a reduced state. If the Cys328 residue
adopts a different rotameric conformation, the distance would be
2.26 Å and the disulfide bond could be formed.

In the xylobiose/TpXyl10B complex, the xylose1 residue at the
�1 subsite makes hydrogen bonds with both catalytic residues
and additionally with Lys68, His101, Asn149 and Gln225 side
chains (Fig. 2B). The xylose1 also has van der Waals interactions
with Trp305 as observed in the TmXyl10B structure. The xylose2
at the �2 subsite makes hydrogen bonds with Asn65, Glu64,
Gln108, Lys68 and Trp297 side chains (Fig. 2B).

The highly similar TmXyl10B has also been crystallized in com-
plex with xylobiose (PDB entry code: 1VBR) [14]. Despite the
the overall structure showing the ligand bound to the (b/a)8 barrel structure. (B)
TpXyl10B structure highlighting the differences on the mode of binding. The carbon
w and green, respectively. All other atoms are shown in standard colors. (For

the web version of this article.)



Fig. 3. Structural changes in the interfacial loops at 90 �C modulate enzymatic specificity of TpXyl10B. (A) The structure of TpXyl10B from molecular dynamics simulations at
90 �C was superposed on the native crystal structure and the main differences are colored in blue (crystal) and red (simulation). Molecular surface representations of the
crystal structure (B) and the final frame from MD simulation at 90 �C (C). The P. simplicissimum xylopentaose complex structure (PDB entry code: 1B3Z) was superposed on
the TpXyl10B structure and the xylopentaose is shown in the TpXyl10B active site to delineate the �3 to +2 subsites. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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strong conservation of sequence between TpXyl10B and TmXyl10B
(five divergent residues, located at the protein surface), the xylobi-
ose at the active site is in a different conformation for these two
xylanases (Fig. 2B). The xylose2 from TpXyl10B is rotated about
180� with respect to the corresponding xylose in the TmXyl10B
structure. In other xylanases structures with longer substrates like
xylotriose (PDB entry code: 2W5F; [27]) and xylotetraose (PDB en-
try code: 1US2; [28]), the xylose subunit at the �2 subsite displays
a classical conformation as observed in our xylobiose-TpXyl10B
complex structure. Interestingly, the active-site residues contact-
ing xylobiose are exactly in the same position when compared to
the xylobiose-TmXyl10B structure indicating that the unusual con-
formation observed in the TmXyl10B structure may be due to a
misinterpretation of electron density map.

3.5. Structural basis for the mode of action at the optimum
temperature

The enzymatic hydrolysis of xylan by endo-xylanases occurs be-
tween xylose residues at the �1 and +1 subsites. The xylose num-
bering follows sugar binding site nomenclature for glycosyl
hydrolases [29]. These sites are well known, as shown for xylan-
ases 10B from Clostridium thermocellum, Cellvibrio japonicus and
Penicillium simplicissimum [27,28,30]. The �1, �2, �3 subsites were
called ‘‘substrate recognition area’’ and +1,+2,+3 subsites were
called ‘‘product release area’’ by Schmidt [30]. The substrate recog-
nition area contains residues making abundant interactions with
the ligand, whereas the product release area residues present few-
er interactions with the ligand. It has been proposed that the neg-
ative subsites determine the minimum length of the substrate for
catalysis indicating that xylotetraose is the shortest hydrolyzable
substrate for xylanases 10B [30]. Herein, we propose a key role
of the positive subsites in determining the product cleavage pat-
tern of xylanases 10B.

As observed by CZE analysis, TpXyl10B releases exclusively
xylobiose at temperatures close to 90 �C (Fig. 1B) and it is corre-
lated with significant structural changes under the same condi-
tions as assessed by CD spectroscopy (Fig. 1C). In order to shed
light on the molecular basis of the temperature influence on the ac-
tion mode of TpXyl10B, molecular dynamics simulations were car-
ried out at 20 and 90 �C.

The final frame of TpXyl10B structure from MD simulations at
90 �C presented only significant differences around the product
release area when compared to the crystal structure, without
disturbing the overall fold and structure (Fig. 3). At 90 �C, the cat-
alytic loop comprising the residues 297–326 was displaced far
away from its original conformation, resulting in a drastic increase
of accessible solvent area (ASA) of the active-site pocket and in the
loss of the +3 subsite. Contrary to the fact that the increase of ASA
around to the active site could accommodate larger substrates, the
loss of the +3 subsite does not permit the binding of additional xy-
lose subunits at the product release area. Additionally, the dis-
placement of the catalytic loop has also disturbed the adjacent
+2 subsite contributing to specific release of xylobiose at the opti-
mum temperature.

In conclusion, our findings from CD, CZE, XTAL and MD studies
suggest that thermal-induced conformational changes in the prod-
uct release area play a role in the modulation of the action mode of
thermostable xylanases 10B.
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