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The binding of xylotetraose in different conformations to the active site of endo-1,4-β-xylanase II (XynII) from
Trichoderma reesei was studied using molecular dynamics (MD) simulations and free energy analyses employing the
MM-PBSA (Molecular Mechanics-Poisson–Boltzmann Surface Area) method. MD simulations of 1 ns were done
for the substrate xylotetraose having the reactive sugar, which is bound in the �1 subsite of XynII in the 4C1 (chair)
and 2SO (skew boat) ground state conformations, and for the transition state of the XynII catalysed hydrolysis of the
β-glycosidic linkage. According to the simulations and free energy analysis, XynII binds the substrate with the �1
sugar in the 2SO conformation 59.8 kJ mol�1 tighter than the substrate with the sugar in the 4C1 conformation. The
reactive 2SO conformation resembles closely the reaction transition state and has the breaking glycosidic bond in a
pseudo-axial orientation ready for facile bond cleavage. The transition state was calculated to be bound 77.1 kJ mol�1

tighter than the 4C1 ground state conformation. The molecular mechanical interaction energy between the enzyme
and the reactive pyranoside unit at the �1 subsite was 75.7 kJ mol�1 more favorable for the binding of the 2SO

conformation than the 4C1 conformation, explaining the clearly tighter binding of the reactive structure. The results
of this study indicate that in the Michaelis complex XynII, a member of the family 11 xylanase, the substrate is
bound in a skew boat conformation and in the catalytic reaction, the �1 sugar proceeds from the 4C1 conformation
through 2SO to the transition state with the �1 sugar in the 2,5B conformation.

Introduction
Glycosyl hydrolases are enzymes for which an increasing
amount of structural and biological data has become available.
They can be divided into superfamilies on the basis of their
reaction mechanisms, 3-dimensional structures, and amino acid
sequence similarities. Xylanases of the families 10 and 11 are
involved in the hydrolysis of nature’s most abundant hemi-
cellulose, xylan. These xylanases follow a reaction mechanism
(Fig. 1), which yields overall retention of the anomeric con-
figuration of the substrate.1–3 The retaining mechanism involves
two functional groups in the active site, one carboxyl and one
carboxylate, which display an average separation of 5 Å
between the two catalytic residues. The transition states to
and from the covalent intermediate have considerable oxo-
carbenium ion character.1,4 Several X-ray structures of protein–
inhibitor complexes have provided atomic resolution data on
the structure of the reaction intermediate of glycosidases. In the
case of the family 10 xylanase 5 and the family 12 cellulase 6, the
2-deoxy-2-fluoro-xylose residue was observed to bind to the �1
binding subsite in a 4C1 conformation. In contrast, the 2-deoxy-

† Electronic supplementary information (ESI) available: xylotetraose
charges. See http://www.rsc.org/suppdata/ob/b3/b307335a/

2-fluoro-xylobiosyl binds in a 2,5B conformation to the �1
binding subsite of the family 11 xylanases.7,8 The unusual 2,5B
conformation is a result of lateral syn-protonation architecture
of the active site of the family 11 xylanases.7 However, it is less
clear in which conformation the reactive pyranoside of the
substrate is bound in the Michaelis complex. This is mainly due
to the lack of suitable substrates, which are similar to natural
substrates, not hydrolyzed and also occupy the reducing end of
the active site. Distortion of the reactive pyranoside ring has
been observed in the X-ray structures of several β-glycosidases
complexed with uncleaved substrates.6,7,9

In the present work we have computationally investigated the
catalytic properties of endo-1,4-β-xylanase II (XynII) from
Trichoderma reesei, a member of the retaining family 11
xylanase. Molecular dynamics (MD) simulations and free
energy analyses using the MM-PBSA (Molecular Mechanics-
Poisson–Boltzmann Surface Area) method 10 were applied to
study the binding of xylotetraose to the active site of XynII.
The MM-PBSA method is a quite recently introduced
approach to calculate free energies of macromolecules,11–13

which can also be applied to estimate the free energies for ligand
binding to proteins and for carrying out computational
mutagenesis.14–17 MD simulations of 1 ns were carried out for
the ground state (Michaelis complex) and transition state-

Fig. 1 Reaction scheme for the retaining mechanism of glycoside hydrolases.D
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mimicking (oxocarbenium ion) structures of the XynII–
xylotetraose complexes. The free energies of the simulated
structures were analysed using the MM-PBSA method. In
addition, the roles of individual binding-site residues in
xylotetraose binding were further probed by computational
alanine scanning with the MM-PBSA method. On the basis
of the structural and energetic analyses, we describe how XynII
binds enzyme reaction ground and transition state structures.
Specifically, we show that XynII binds substrate preferentially
in a ground state conformation which has the reactive �1 sugar
in the 2SO (skew boat) conformation.

Results and discussion

Structures of ground state complexes

The endo-1,4-β-xylanase (XynII) from Trichoderma reesei
belongs to family 11 of the xylanases and it has an active site
geometry in which the proton donor interacts with the scissile
glycosidic bond from the side of the carbohydrate plane
allowing syn protonation.18 Xylotetraose (X4) was docked to
subsites �2 and �1 using the complex structure of Bacillus
circulans xylanase mutant E172C as a reference,19 whereas
several orientations were considered for xylose residues
occupying subsites �1 and �2. After preliminary equilibration
dynamics, two xylotetraose conformations were selected for
further simulations: one with the �1 sugar in the 2SO conform-
ation (marked as X4(sb)) and the rest in the 4C1 conformation,
and another with all sugars in the 4C1 conformation (marked as
X4(c)) (see Fig. 2). These structures had no significant steric
overlap with XynII and they fulfilled the geometrical require-
ments for the lateral protonation of the scissile glycosidic bond
in the enzymatic reaction.18 The binding orientations of the �2
and �1 sugars of the simulation structures are close to those
modeled by Gruber et al. for the family 11 xylanase from
Thermomyces lanuginosus.20

The two XynII–xylotetraose complexes were first equili-
brated for 300 ps after which a production simulation of 1 ns
was started. Both simulations equilibrated in 300 ps and they
were stable during the production runs according to the Cα rms
deviation (Fig. 3) and energies (data not shown). However, in
the XynII–X4(sb) simulation the binding site cleft opened after
700 ps and, consequently, resulted in a decrease in the binding
affinity (Fig. 4). Similar protein motion, believed to be import-
ant for reactant binding and product release in the catalytic

Fig. 2 Xylopyranoside conformations 4C1, 
2SO and 2,5B.

Fig. 3 Cα rms deviation of molecular dynamics simulations of X4(c)
(thin line), X4(sb) (thick line) and transition state (gray line) complexed
with XynII.

cycle of the enzyme, has been observed both experimentally
and theoretically.21,22 Therefore, the structures collected during
the first 700 ps of production simulation were used in the free
energy analysis.

The average � (O5i–C1i–O4i � 1–C4i � 1) and ψ (C1i–O4i � 1–
C4i � 1–C3i � 1) torsion angles between xylose subunits �2/�1,
�1/�1 and �1/�2 were �74�/�72�/�75� and �158�/�163�/
�154� in a free water simulation of X4(c). In the enzyme
simulation the torsion angles between the �2/�1 and �1/�2
subunit pairs were �98�/�74� for � and 148�/161� for ψ torsion
angle of X4(c). In the enzyme simulation of X4(sb) the torsion
angles between the �2/�1 and �1/�2 pyranosides were �75�/
�84� for � and �134�/�162� for ψ torsion angle. These
numbers are close to those observed in the free water
simulations of xylotetraose in all-chair (4C1) conformation.
However, binding to the enzyme resulted in a kink in the
polysaccharide chain between the �1/�1 pyranosides. The
torsion angles of the �1/�1 linkage were �170� (�) and �90�
(ψ) for X4(sb) and �177� (�) and �82� (ψ) for X4(c). That
binding to an enzyme changes the torsion angle of the reactive
glycosidic bond has been observed, for example, in the X-ray
structure of the family 5 endocellulase E1 from Acidothermus
cellulolyticus.23

The average structures of the XynII–X4(c) and XynII–X4(sb)
simulations (Figs. 5a and b, averages between the 0.2–0.7 ps of
production simulations) show that the 2SO conformation of the
reactive sugar forms more favourable interactions with the
enzyme than the 4C1 conformation. The hydrogen bond
distances between the C2–OH of the reactive sugar and E86 are
2.7 Å for X4(sb) and 4.0 Å for X4(c). In addition, the distance
from the carboxylic oxygen of the catalytic nucleophile (E86) to
the anomeric C1 is 3.4 Å for X4(sb), whereas it is 4.4 Å for
X4(c). In this subsite (�1) X4(sb) forms two hydrogen bonds
with the NH and NH2 groups of R122 (2.9 Å), whereas X4(c)
forms only one hydrogen bond with the NH2 group of R122
(2.9 Å). The C3–OH of the �1 pyranoside forms a hydrogen
bond with the carbonyl oxygen of P126 (O–O distances are 2.6
Å for X4(sb) and 2.7 Å for X4(c)). The glycosidic bond that is
cleaved in the enzyme reaction is close to the acid/base catalyst
with a distance of 3.7 Å between the glycosidic oxygen and
carboxylate oxygen of E177 in both substrate conformations. In
the subsites �1 and �2 both substrate conformations form a
hydrogen bonding network with Y77. In the subsite �1, Y73
forms a hydrogen bond with C2–OH. This distance is 2.8 Å for
X4(c) and 2.9 Å for X4(sb) conformation. In the subsite �2,
proper hydrogen bond partners are not present but Y96 and
Y179 are able to provide stacking interactions with the
substrate.

Structure of the transition state complex

To study the properties of the reaction transition state (inter-
mediate) MD simulations were performed for the oxocarb-
enium ion intermediate (Fig. 5c). The simulated structure

Fig. 4 Binding free energies (kJ mol�1) as a function of time for X4(c)
(thin line) and X4(sb) (thick line).
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Fig. 5 Stereo presentation of average structures of a) XynII–X4(c) b) XynII–X4(sb) and c) XynII–transition state complexes. Xylotetraose
occupies the subsites �2, �1, �1 and �2 (from left).

represents a state where the glycosidic bond is cleaved, the
glycosidic oxygen is protonated, the C1 carbon carries a
positive charge and both catalytic glutamates are charged. This
structure is thought to be close to the transition state of the
retaining glycosyl hydrolases and therefore likely shows inter-
actions important for transition state stabilization.24,25 In the
simulated structure the glycosidic bond between the xylobioside
parts of tetraose is cleaved and the distance between the C1 of
the oxocarbenium ion and the glycosidic oxygen was set at 4.0
Å by a restraint of 21 kJ mol�1. With this restraint the newly
formed OH is still in the close vicinity of the acid/base catalyst
but not too close to the positively charged C1. A modified set
of parameters for the intermediate was created to keep the
carbocation part in a half chair conformation, which was tested
in a free water simulation. The planar starting structure was
assembled at the subsites �1 and �2 according to the three-
dimensional structures of the family 11 xylanase–2-fluoro-
xylobiosyl complexes (Fig. 5c).7,8 The xylobioside of the
reducing end was positioned at the subsites �1 and �2 follow-
ing the guidelines provided by the ground state simulations
(Figs. 5a and b). It was observed that interactions with the
enzyme caused the oxocarbenium ion to adopt the 2,5B con-
formation after 200 ps of the equilibration run (Figs. 2 and 5c).
The 2,5B structure formed was stable along the rest of the
equilibration and production simulations. E86 plays a major
role in the formation and stabilization of this structure, forming
a hydrogen bond with C2–OH and by coordinating with the
positively charged anomeric C1 carbon. The average distance
between the catalytic E86 and C1 was 2.7 Å and the distance

between E86 and C2–OH was 2.5 Å. Furthermore, the structure
formed during the simulation is almost identical to the
X-ray structure of the Basillus circulans xylanase–deoxy-2-
fluoro-xylobioside complex (1BCX).8 The xylobioside part of
the �1 and �2 binding sites in the simulated oxocarbenium ion
represents a structure with a newly formed hydroxyl of the
leaving disaccharide that is still hydrogen bonded to the
catalytic E177 (2.6 Å).

Energy analyses of the complexes

The binding free energies for the two xylotetraose con-
formations (X4(c) and X4(sb)) and the transition state were
estimated (Table 1) using the MM-PBSA method.10 The calcu-
lated binding free energies were �10.1 kJ mol�1 for X4(c),
�69.9 kJ mol�1 for X4(sb) and �87.2 kJ mol�1 for the transi-
tion state. The analysis of the free energy components shows
that the �73.3 kJ mol�1 more favorable electrostatic XynII–
substrate interactions are the main reason for the higher affinity
of X4(sb) as compared to X4(c). On the other hand, the van der
Waals interactions and the solvation free energy are more
favorable for X4(c) conformation by 2.0 kJ mol�1 and 11.5 kJ
mol�1 respectively. For the transition state the binding is due to
strong electrostatic interactions between the positively charged
carbocation and the negatively charged nucleophile. This effect
is partly compensated by the unfavorable solvation energy term.

In the solution the total free energy of the xylotetraose in the
skew boat (X4(sb)) conformation is 515.2 kJ mol�1 and in the
chair (X4(c)) conformation 490.5 kJ mol�1. In the enzyme the

3537O r g .  B i o m o l .  C h e m . , 2 0 0 3 , 1,  3 5 3 5 – 3 5 4 0



total free energy of xylotetraose is 521.2 kJ mol�1 when the �1
sugar is in the 2SO conformation and 511.7 kJ mol�1 when it is
in the 4C1 conformation. Because these calculated values are
well converged, we may conclude that upon binding to the
enzyme the energy difference between the two X4 conform-
ations becomes considerably smaller (24.7 kJ mol�1 (water) vs.
9.5 kJ mol�1 (enzyme)).

The molecular mechanical energies of individual pyranoside
subunits were examined using a strategy in which the substrate
coordinates were taken from the molecular dynamics traject-
ories, the extracted structures were rebuilt as xylose monomers
and the average internal molecular mechanical energies of the
monomers and their interaction energies with the protein were
calculated (Figs. 6 and 7). In the enzyme the X4(c) conformation
has internal energies of 144.0 kJ mol�1 and 143.4 kJ mol�1

in subsites �2 and �1, and 136.3 kJ mol�1 and 135.2 kJ mol�1

Fig. 6 Internal molecular mechanical energies (kJ mol�1) of xylose
monomers in water and within the enzyme. Energies of X4(c) are shown
with white (water) and light gray (enzyme) columns and energies of
X4(sb) are shown with dark gray (water) and black (enzyme) columns.

Fig. 7 Molecular mechanical interaction energies (kJ mol�1) between
xylopyranoside monomers and XynII. Energies of X4(c) are shown
with white and energies of X4(sb) are shown with gray columns.

Table 1 Calculated average binding free energies (kJ mol�1) for sub-
strates in different conformations (standard deviations in parentheses) a

 4C1
2SO TS

<∆Eelec> �236.6 (36.0) �309.9 (30.7) �685.3 (37.5)
<∆EvdW> �259.5 (12.7) �257.5 (16.1) �222.2 (18.9)
<∆EMM> �496.1 (37.3) �567.4 (25.9) �907.5 (34.9)
<∆∆Gnp> �18.8 (0.5) �18.9 (0.6) �18.5 (0.7)
<∆∆GPB> 504.8 (28.8) 516.4 (22.9) 838.9 (35.5)
<∆∆Gsolv> 486.0 (28.7) 497.5 (22.7) 820.3 (35.4)
<∆∆GPB,elec> 268.2 (24.8) 206.5 (26.2) 153.6 (26.2)
<∆Gbind> �10.1 (25.7) �69.9 (19.7) �87.2 (19.7)
<∆∆Gbind> 0.0 �59.8 �77.1
a Definition of energy contributions: <∆Eelec> = electrostatic molecular
mechanical energy, <∆EvdW> = van der Waals molecular mechanical
energy, <∆EMM> = <∆Eelec> � <∆EvdW>, <∆∆Gnp> = non-polar sol-
vation energy, <∆∆GPB> = electrostatic solvation energy, <∆∆Gsolv> =
<∆∆Gnp> � <∆∆GPB>, <∆∆GPB,elec> = <∆Eelec> � <∆∆GPB>, <∆Gbind>
= calculated binding energy, <∆∆Gbind> = relative binding energy. 

in subsites �1 and �2 (Fig. 6). In solution the energy of the
X4(c) conformation is about 9 kJ mol�1 higher in subsites �1
and �2 than in subsites �2 and �1. In the case of X4(sb) the
internal energy of the pyranoside in the skew boat conform-
ation is 157.6 kJ mol�1 in solution and 176.3 kJ mol�1 when
bound to the enzyme. Internal energies of the pyranoside units
in the 4C1 conformation are within 6.3 kJ mol�1 both in solution
and within the enzyme.

The interaction energy of the reactive pyranoside unit in the
subsite �1 is 75.7 kJ mol�1 more favourable for the binding of
the skew boat conformation than the chair conformation
(Fig. 7). In both cases the protein–monomer interaction
energies are within 8.8 kJ mol�1 in the subsites �2, �1 and �2.
The subsite �2 is the least tightly bound of the four binding
subsites with 62.8 kJ mol�1 lower interaction energies than in
the �2 and �1 subsites. According to the XynII–X4 interaction
energies, the most important subsite for the substrate binding is
subsite �1. The subsites �2 and �1 are also important for the
tight binding and presumably for the correct positioning of the
reactive sugar unit. That the sugar moiety of the �2 subsite is
bound the least tightly of the four moieties may be linked to the
product release step of the reaction cycle: when the glycosidic
bond is cleaved, the sugar moieties of the �1 and �2 subsites
need to leave the substrate-binding site fast enough in order not
to hinder the binding of the substrate of the next reaction cycle.

Computational mutagenesis of active site residues

Computational alanine scanning of selected amino acid
residues of the active site groove was carried out to elucidate
the role of individual residues on the binding of the substrate
with the �1 sugar in the 4C1 and 2SO conformations. The
residues mutated are shown in Figs. 5a and b and the results of
the mutagenesis are presented in Fig. 8. It must be emphasized
that the results of the computational mutagenesis of this study,
done with a single trajectory method, are not meant to repro-
duce the corresponding energies measured experimentally, but
to provide an estimate of the interactions between the sugar
and the residue mutated in the original xylanase–X4 complex.

The E86A mutation lowers the affinity of X4(sb) by 125.5 kJ
mol�1 and that of X4(c) by 49.6 kJ mol�1. Other main
components of the binding are aromatic residues Y179, Y77,
Y88, and W18, which all have effects of 6–16 kJ mol�1 when
mutated to alanine. The mutation R122A lowers the binding
energy by 12.3 kJ mol�1 for X4(sb) but increases it by 31.8 kJ
mol�1 for X4(c) although in both cases R122 is at the hydrogen
bonding distance from the substrate (Figs. 5a and b). The
difference above is partly due to the fact that in the case of
X4(sb) R122 forms two hydrogen bonds with the C2–OH of the
�1 sugar whereas only one hydrogen bond is detected in the
case of X4(c). In addition, in the case of X4(sb), R122 forms
tighter interactions with the �1 sugar because X4(sb) is

Fig. 8 Computational alanine mutants (kJ mol�1) calculated for the
XynII–X4(c) (white columns) and XynII–X4(sb) (black columns)
complexes.
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positioned slightly deeper in the substrate binding cavity than
X4(sb). In both cases the mutation of the neutral acid/base
catalyst E177A has only a minor effect on the affinities.

Implications for glycosidase catalysis

The common principles of molecular recognition, i.e. hydrogen
bonds, dispersion forces and hydrophobic stacking, are the
main forces in substrate binding to glycosidases. Recently, it has
been demonstrated that enzymes tend to bind their substrates in
a reactive ground state conformation and in this way catalyse
chemical reactions considerably.26,27 In such a reactive ground
state conformation, the substrate and the catalytic groups of
the enzyme are precisely placed at correct positions ready
to meet the reaction transition state. In the case of family 11
glycosidases, it is well established that in the high-energy
reaction intermediate the anomeric carbon of the substrate is
covalently bound to the catalytic nucleophile.8 In this com-
putational investigation of XynII-xylotetraose complex struc-
tures we found that when xylotetraose is bound in an all-chair
(4C1) conformation the catalytic groups are not positioned in a
reactive ground state conformation. However, the xylotetraose
that has its �1 sugar in a 2SO conformation has the shape that is
needed for short reactive distances and to have catalytic groups
at the correct positions. In the simulations of the reaction
transition state structure, the �1 sugar adopted the 2,5B con-
formation (see Figs. 2 and 5c) during the equilibrium run,
which is similar to the structures observed when fluoro
inhibitors are covalently bound to family 11 xylanases.
Structurally the 2SO conformation is located between the 4C1

and 2,5B conformations and, therefore, likely represents a
structure formed along the reaction pathway.

Experimental

MD simulations

The initial coordinates of the endo-1,4-β-xylanase (XynII) from
Trichoderma reesei were obtained from the X-ray crystal
structure of the protein complexed with 2,3-epoxypropyl-β--
xyloside determined at 1.8 Å resolution.19 In the ground state
simulations, the acid/base catalyst was protonated and the
nucleophile was charged and in the intermediate simulation
both catalytic acids were charged.28 The MD simulations were
performed with the AMBER7 program,29 using the Cornell et
al. force field.30 The modified parameters of the GLYCAM_93
set 31 were used for the xylopyranoside parts, and their atomic
point charges were calculated using the two-stage RESP
method 32 at the HF/6-31G* level using geometries optimized at
the same level (xylotetraose charges are available as electronic
supplementary information†). An additional set of parameters
was created to keep the carbocation unit in a half-chair
conformation. The leap program 33 was used to set up the
simulation systems. The simulations were done in an explicit
solvent (average 5502 TIP3P waters) under periodic boundary
conditions (truncated octahedron 63*63*63 Å) using the par-
ticle-mesh Ewald method (PME) for electrostatic interactions.34

The simulations were carried out at a temperature of 300 K and
a pressure of 1 atm. The Van der Waals interactions were
truncated by using a cutoff value of 8 Å. The SHAKE
algorithm 35 was applied to constrain bonds including hydrogen
atoms within their equilibrium values. In the simulation of the
intermediate complex a restraint of 21 kJ mol�1 was used to
keep the distance between the two-disaccharide parts at 4 Å. At
the beginning of each simulation the solvent box was equili-
brated for 50 ps, keeping the protein fixed. After that the whole
simulation system was energy minimized (1000 steps), heated
up to the simulation temperature of 300 K in 5 ps and equili-
brated with an additional 300 ps simulation. We used a time
step of 1.5 fs and the structures were saved every 30 fs for
further analyses. The rms deviation from the initial starting

structure was calculated using ptraj, the trajectory analysis suite
of AMBER7. Snapshots of the trajectories were visually
examined with the assistance of the MOIL-View program 36 and
the illustrations were generated using the SETOR program.37

Energy analyses

The MM-PBSA method used here involves the calculation
of energies for the snapshot structures taken from the MD
trajectories, followed by calculation of the averages of the
energy values. In this work the snapshot structures for the
energy calculations of the protein–ligand complex and separ-
ated protein and ligand were taken from the MD trajectory of
the protein–ligand complex and the reported binding free
energies are averages from the 50 snapshots. It has been
observed that this single-trajectory method provides fairly good
estimates for the relative binding energies.10,13,15,16 In addition,
it was observed in our previous study that 50 snapshots are
sufficient for converged results.17 In the MM-PBSA method the
average binding free energy (∆Gbind) is calculated from the
average molecular mechanical gas-phase energies (∆EMM),
solvation free energies (∆∆Gsolv) and entropy contributions
(�T∆S ) of the binding reaction: 

The molecular mechanical (EMM) energy of each snapshot
was calculated using the sander program of AMBER7 with
all pair-wise interactions included using a dielectric constant (ε)
of 1. The solvation free energy (∆Gsolv) was estimated as the
sum of electrostatic solvation free energy, calculated by the
finite-difference solution of the Poisson–Boltzmann equation
(∆GPB) as implemented in the Delphi program 38 and non-polar
solvation free energy (∆Gnp), calculated from the solvent-
accessible surface area (SASA): 

We used ε = 1 for the solute and ε = 80 for the solvent in the
electrostatic solvation free energy (∆GPB) calculations. A probe
radius of 1.4 Å and atomic radii of the PARSE parameter set 39

were used to determine the molecular surface. Atomic charges
of the Cornell et al. force field 30 were used for amino acid
residues and RESP charges were calculated at the HF/6-31G*
level for the carbohydrates.32 An 80% boxfill cubic lattice and a
grid resolution of 0.5 Å/grid point were used in the Delphi
calculations. The molsurf program was used to calculate the
solvent-accessible surface area (SASA) 40 for the estimation of
the non-polar solvation free energy (∆Gnp) using eqn. (3) and γ
= 0.0227 kJ mol�1 Å�2 and β = 3.85 kJ mol�1.41 

In this work, the energy contribution from entropy changes
upon ligand binding was not included. This was justified by the
fact that it is likely that entropy does not contribute much to
the relative binding free energies of the carbohydrates to the
same protein. In addition, there is no straightforward way to
quantitatively calculate entropy contribution to binding. The
normal mode analysis, which is often used to estimate entropy
changes, only provides qualitative estimates.15

The energy contributions of individual sugar moieties were
examined by extracting the coordinates of the sugar monomers
from the molecular dynamics trajectories using the carnal
module of AMBER7. The missing valences of the extracted
xylopyranoside monomers were filled with hydrogen atoms
with the leap program of AMBER7. The charges of the added
hydrogens were adjusted to produce sugar monomers with a net
zero charge. Finally, the internal molecular mechanical energies
of xylopyranoside units in different subsites and molecular

∆Gbind = ∆EMM � ∆∆Gsolv � T∆S (1)

∆Gsolv = ∆GPB � ∆Gnp (2)

∆Gnp = γ × SASA � β (3)
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mechanical interaction energies between XynII and individual
xylopyranoside units were calculated using the anal program of
AMBER7.

Mutagenesis

We examined the role of selected active site residues in the
substrate binding by calculating selected point mutations with
the MM-PBSA method for XynII–xylotetraose complexes. In
the mutagenesis, the modified snapshot structures were used to
calculate the binding free energies for the mutant proteins. The
xylanase structures were modified by truncating the selected
side chains to alanines and by building the missing hydrogen
atoms of the alanine Cβ atoms in a standard geometry. 50
snapshots were taken from the MD trajectories at even intervals
for the binding energy analyses.17

Conclusions
In the simulations of this work we found two ground state
conformations, which have a glycosidic bond suitably posi-
tioned for the enzyme reaction. In these structures the reactive
sugar bound in the �1 subsite is in the 4C1 (chair, X4(c)) and
2SO (skew boat, X4(sb)) conformation and the acid/base
catalyst of XynII ready to protonate the substrate in the plane
of the pyranoside with the scissile glycosidic bond positioned
for the syn-protonation trajectory. These observations are in
line with the suggestion put forward by Heightman and
Vasella 18 with regard to family 11 of the glycosidases. It is
assumed that, in the reactive ground state structure the catalytic
groups and the substrate are precisely at the correct positions
for the reaction.26,27 In the XynII-catalyzed reaction the scissile
glycosidic oxygen should point towards the proton donor E177
and the catalytic nucleophile E86 should be positioned above
the α-face of the pyranoside ring close to the anomeric carbon.
The criteria of the reactive ground state structure are fulfilled in
the case of the X4(sb) conformation. The X4(sb) conformation
is bound considerably tighter than the X4(c) and it has its
glycosidic linkage in the pseudo-axial orientation ready for
facile cleavage of the glycosidic bond. In the 2SO conformation
the �1 sugar is geometrically close to the reaction transition
state structure.
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