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Bacteroides thetaiotaomicron α-glucosidase BtGH97a is an inverting enzyme. In this paper, the hydrolysis
mechanism of p-nitro-phenyl α-D-glucopyranoside (pNP-Glc) catalyzed by BtGH97a was firstly studied by
using quantum mechanical/molecular mechanical (QM/MM) approach. Two possible reaction pathways
were considered. In the first pathway, a water molecule deprotonated by a nucleophilic base (here E439 or
E508) attacks firstly on the anomeric carbon of pNP-Glc, then a proton from an acid residue (E532) attacks
on the glycosidic oxygen to finish the hydrolysis reaction (named as nucleophilic attack-first pathway). In
the second pathway, the proton from E532 attacks firstly on the glycosidic oxygen, then the water deproto-
nated by the nucleophilic base attacks on the anomeric carbon of pNP-Glc (named as proton attack-first path-
way). Our calculation results indicate that the nucleophilic attack-first pathway is favorable in energy, in
which the nucleophilic attack process is the rate-determining step with an energy barrier of 15.4 kcal/mol
in the case of residue E508 as nucleophilic base. In this rate-determining step, the deprotonation of water
and the attack on the anomeric carbon are concerted. In the proton attack-first pathway, the proton attack
on the glycosidic oxygen is the rate-determining step, and the energy barrier is 24.1 kcal/mol. We conclude
that the hydrolysis mechanism would follow nucleophilic attack-first pathway.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

There is a community of 10–100 trillion microbes colonizing in our
own gut, which provides us with important physiological attributes, in-
cluding the ability to break down indigestible nutrients that deliver to
the distal gut. Bacteroides thetaiotaomicron (B. thetaiotaomicron), a
Gram-negative anaerobe, is a bacterial symbiont. It is a dominantmem-
ber of the intestinal microbiota of human gut [1]. It provides us with a
range of beneficial metabolic tasks, which has not been encoded in
our human genome [2,3], such as the ability to carry out a series of bio-
chemical reactions. This bacterium is able to salvage energy from nutri-
ents, particularly carbohydrates [4]. Furthermore, this flora plays a
major role in the breakdown of polysaccharides ingested in the diet
into a form that could be absorbed and utilized by the host [5,6].

Family GH97 is a kind of glycoside hydrolases (GHs) families,
comprising about 80 members at present, and 10 of which are from
B. thetaiotaomicron [7,8]. One member, BtGH97a (GenBank accession

number: AAO78808; denoted as SusB) was reported recently [9,10]
at 1.90 Å resolution. A calcium ion (Ca2+) is present in the active-
site region of this enzyme, coordinated by four glutamate residues
(E194, E508, E526 and E532). It displays high apparent affinity and
partial removal of the calcium ion causes a substantial reduction of
activity. BtGH97a was shown to hydrolyze a range of substrates
from maltose to maltoheptaose, and both α-1,4 and α-1,6 linkages
[11]. Although the catalytic mechanism of BtGH97a was not clear, it
had been predicted to be inverting in an insightful bioinformatics
analysis (Fig. 1) [10], in which the protonation of glycosidic oxygen
by the acid residue and the departure of leaving group were presum-
ably concomitant. E532 was predicted to be the catalytic acid, while
the residues E439 and E508 were thought to be the nucleophilic
base residues in the inverting mechanism. In this experimental
study, the important glutamate residues in the active-site (E439,
E508 and E532) were mutated in turn to alanine [10]. The substrate
p-nitro-phenyl α-D-glucopyranoside (pNP-Glc) was used to deter-
mine the full Michaelis–Menten kinetics constant (Km) and dinitro-
phenyl α-D-glucopyranoside (dNP-Glc) to determine the kcat/Km. For
all mutations, the Km was higher and the kcat was lower than that of
the wild-type enzyme. The kcat/Km was reduced around 250,000-
fold for E439A, and 4-fold for E532A. As to the mutation of E508A,
no activity could be measured.

To better understand the reaction mechanism, two kinds of
pathways are designed, as shown in Fig. 2. In the first pathway
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(Fig. 2a), the nucleophilic attack occurs at the anomeric carbon by
one water molecule that is deprotonated by a base residue, gener-
ating an intermediate (IMNu) via a transition state (TSNu). We call
this process as “nucleophilic attack.” Then, the proton attack takes
place on the glycosidic oxygen via another transition state (TSPT)
to the final product P1, in which the acid/base residue acts as an
acid. We call this process as “proton attack.” In the second pathway
(Fig. 2b), the “proton attack” on the glycosidic oxygen occurs firstly,
experiencing a transition state (TSPT) to the intermediate (IMPT).
Then, the “nucleophilic attack” process follows with a transition
state (TSNu) to the product P2. The two pathways focus on the
order of the two processes, i.e., the “nucleophilic attack” occurs
firstly or the “proton attack” occurs firstly.

There were many theoretical studies on the hydrolysis mecha-
nisms of remaining GHs enzymes [12–16]. However, few studies
were focused on the hydrolysis of inverting ones. The goal of this
work was to investigate the inverting hydrolysis mechanism of
BtGH97 using the quantum mechanical/molecular mechanical (QM/
MM) method. In the QM/MM calculations, a small subsystem that re-
fers to bonds formation and cleavage is considered as the QM region
and treated by quantum mechanics, where the remainder of the sys-
tem is treated by molecular mechanics [17–21]. Our work has an-
swered some meaningful questions, such as which residue is the
most favorable nucleophilic base to assist the hydrolysis reaction,
and which pathway is most possible.

2. Computational details

2.1. Automated docking setup

The initial structure for this calculation was taken from a recently
published crystal of one member of family GH97 (BtGH97a, PDB ID:
2JKE) [10]. Since the crystal in complex with polysaccharide had not
been determined by experiment, and some key kinetic parameters
for BtGH97a were determined mainly with substrate pNP-Glc, the li-
gand pNP-Glc was selected as the disaccharide molecule and was
docked into the binding pocket using Autodock 4.0 program [22]. Be-
fore docking, the substrate of pNP-Glc was optimized at the B3LYP/6-
31G(d) level with Gaussian 03 package [23]. When docking, the grid
scale was set as 60 Å×60 Å×60 Å based on Grid module, with a spac-
ing of 0.375 Å between the grid points. Gasteiger charges [24] were
set for both the ligand and protein. 50 Independent docking runs
were performed. In the whole calculation, the protein was kept
rigid, and all the torsional bonds of the ligand were kept free. Based
on a root-mean-square deviation (RMSD) criterion of 10 Å, the dock-
ing results were clustered. Finally, the conformation with the more
cluster member and the lowest protein–ligand interaction energy
was chosen as the bioactive structure. Since BtGH97a superposed
well with the closest GH27 structure (PDB ID: 1UAS) [25] over 277
residues with a root-mean-square deviation (RMSD) between Cα

atoms of 3.3 Å, and there was a ligand complex (galactose) presenting
in the GH27 structure, the obtained docking conformation was over-
lapped with this enzyme in order to check the reasonability of our
method. The whole superposition was shown in Fig. 3.

2.2. Computational model

The obtained docking structure was used as the initial structure
of molecular dynamic (MD) simulation. According to the experimen-
tal condition, the protonation states of all residues were selected
carefully with the help of the VMD program [26]. As the crystal
was obtained at the optimum pH value of 6.6, our calculations
were carried out at this pH value. The catalytic acid/base, E532,
was modeled in its protonated state, while other glutamate residues
were modeled in their deprotonated, charged state. The protonation
states and hydrogen atom positions of all other ionizable amino acid
residues were selected based on their physiological protonation/de-
protonation states. As there was no histidine residue in the QM re-
gion, the histidine residue was kept neutral and the proton was set
on the ND atom. Hydrogen atoms were added via the HBUILD facility
in the CHARMM package [27]. Besides, the crystallographic water
molecules found in the protein were retained at their original posi-
tions and the extra 7122 water molecules were added to form a
47 Å water sphere centered on the residue E532. Finally, a neutral
system of 32,627 atoms was then generated after the adding of 16
Na+ ions. To equilibrate the prepared system, several minimizations
followed by a 1000 ps MD simulation were performed with the
CHARMM2227 force field [28].

During the subsequent QM/MM calculations, a total of eighty-nine
atoms in the active site were selected as the QM region (Fig. 4), in-
cluding the substrate pNP-Glc, two crystal waters Wat1 and Wat2, a
calcium ion (Ca2+), and parts of six important glutamate residues
(E194, E391, E439, E508, E526 and E532). The atomic coordinates of
these atoms (QM part) are listed in Supporting information. The
remaining 32,538 atoms of the enzyme and waters were set as MM
region. Any residue with at least one atom within 10 Å of E532 (in-
cluding the QM region and part of MM region) was kept loose,
while the remaining part was kept frozen. The non-frozen atoms are
total 775 (the coordinates were also provided in Supporting informa-
tion). In the geometry optimizations, the QM region was treated with
quantum mechanics by Turbomole module [29] and the MM part
with molecular mechanics under the CHARMM2227 force field by
DL-POLY program [30]. The whole calculations were carried out at
B3LYP/6-31G(d)/CHARMM22 level. For the QM/MM optimization,
the convergence criterion of was set to 3×10−6 a.u. Frequency calcu-
lations were performed only for the QM part and the finite-difference
method was used, in which the displacement and SCF convergence
criterions were set as 0.001 a.u and 1.0×10−7 a.u, respectively. To
avoid hyperpolarization of the QM wave function, the electronic em-
bedding scheme [31] was used to incorporate the MM atomic partial
charge into the one-electron Hamiltonian of the QM calculation. The
charge shift model with hydrogen link atoms was adopted to simulate
bonds and satisfy the valencies of covalently bonded atoms across the
QM/MM boundary [32]. The ChemShell package [33] incorporating
Turbomole and DL-POLY programs were used to perform the QM/
MM calculations. Geometry optimization was carried out by hybrid
delocalized internal coordinates (HDLC) optimizer [34]. During the
optimizations, stationary points were searched by the quasi-Newton
limited memory Broyden–Fletcher–Goldfarb–Shanno (L-BFGS) algo-
rithm [35,36], which is suitable for optimization problems with a
large number of variables. Transition states were searched by the al-
gorithm of partitioned rational function optimization (P-RFO)
[37,38]. This method could locate transition states by following eigen-
modes of the Henssian, and the transition states are characterized by
single negative eigenvalues.

Fig. 1. Proposed inverting mechanism for BtGH97a.
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3. Results and discussion

3.1. Docking structure

A global overlap of the docking structure of BtGH97a (gray) with
the GH27 α-galactosidase (blue) was established to validate the rea-
sonability of our docking structure (as shown in Fig. 3a). In fact, total-
ly about 277 residues could be superimposed together. The pocket
residues are given in Fig. 3b, which shows that the active-site residues

are partial conservation. Residues E391, K467 and E532 (acid residue)
in BtGH97a superpose well with D51, K128 and D185 (acid/base res-
idue) in GH27, respectively. The docked ligand pNP-Glc of BtGH97a
overlaps well with that of the ligand galactose ring in the crystal of
GH27. All these residues of E391, E439 and E532 can form hydrogen
bonds (HBs) with pNP-Glc. The possible catalytic base residues E439
and E508 fix the crystal water Wat1 with distances of 2.54 and
2.61 Å, respectively. The hydroxyl group at C1 position of the sub-
strate has an electrostatic interaction with calcium ion (Ca2+) with

Fig. 2. The possible reaction mechanisms of inverting BtGH97a: (a) the nucleophilic attack-first process; (b) the proton attack-first process.
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a distance of 2.42 Å. Furthermore, four glutamate residues (E194,
E508, E526 and E532) and a crystal water Wat2 have electrostatic in-
teractions with Ca2+ ion with distances of 2.11, 2.29, 2.22, 2.42 and
2.38 Å, respectively. It is shown that the Ca2+ ion adopts an octahe-
dral coordination, as was observed in the native structure [10]. All
these descriptions indicate that the docking structure is reliable for
the following QM/MM calculations.

3.2. The optimized structure of reactant

The final solvated model of prepared BtGH97a after QM/MM opti-
mization is displayed in Fig. 5a, and the active site of the optimized
structure of is shown in Fig. 5b. For clarity, only the important resi-
dues interacting with the substrate pNP-Glc are listed. Fig. 5b reveals
that residues E439 and E508 are all hydrogen bonded with the water
Wat1 with distances of 1.93 and 1.90 Å, respectively. In addition, an-
other strong hydrogen bridge forms between E391 and the C4-
hydroxyl group of pNP-Glc with a distance of 1.56 Å, which is 1.77 Å
in the docking structure (Fig. 3b). The side chain of the catalytic
acid residue E532 is hydrogen bonded to the glycosidic oxygen (O7)
atom of ligand with a distance of 2.04 Å.

3.3. Analyses of different reaction pathways

Fig. 2 gives two possible reaction pathways. Each pathway con-
tains two elementary steps: the nucleophilic attack step and proton

attack step. In Fig. 2a the nucleophilic attack occurs firstly followed
by the proton attack, while in Fig. 2b the proton attack occurs firstly
then the nucleophilic attack takes place. The putative nucleophilic
base residues are E439 and E508, and proton donor residue is E532.
Different order may result in different results. So, in the following sec-
tions, two different pathways are discussed individually.

The geometries of the reactants, transition states, intermediates,
and products were firstly optimized at 6–31G(d) level and the corre-
sponding structures are shown in Figs. 5–8. The calculations of fre-
quency were performed at the same level. Calculation results
indicate that all the optimized geometries correspond to a local min-
imum that has no imaginary frequency mode or a saddle point that
has only one imaginary frequency mode. The unique imaginary fre-
quency for the corresponding transition state obtained from QM/
MM optimizations is listed in Supporting information (Table S1). Fur-
thermore, the energies were then recalculated with single point (SP)
calculations with the higher 6-31++G(d,p) basis set. The obtained
energy profiles for the two pathways are shown in Fig. 9.

3.3.1. Nucleophilic attack-first pathway
E439 and E508 are the most possible nucleophilic base residues.

When the nucleophilic base residue is E439, the optimized structures
of transition states (TSNua1 and TSPTa1), intermediate (IMNua1) and
product (P1) are displayed in Fig. 6.

In the nucleophilic attack-first pathway, E439 firstly gets closer to
Wat1 proton followed by the approach of Wat1 to the anomeric car-
bon (C6) atom (distance shorts to 2.26 Å), forming a transition state
TSNua1 (Fig. 6a). The distance between COO− of E439 and one proton
of Wat1 shortens from 1.93 Å in reactant R to 1.81 Å. Moreover, the
glycosidic bond (C6―O7) elongates from 1.48 Å in R to 2.63 Å, mean-
ing this bond is almost broken at TSNua1. The glycosidic oxygen estab-
lishes a hydrogen bridge (distance of 1.59 Å) with the catalytic acid
residue E532, and the bond length of O―H in E532 increases to
1.02 Å. However, the configuration and relative position of Ca2+ ion
are similar to the reactant, still coordinating with residues E194,
E508, E526 and E532, C1-hydroxyl group of pNP-Glc, and water
Wat1. Therefore, in the following discussion, the distance changes of
Ca2+ with other ligands are omitted unless they are necessary.

Fig. 6b gives the intermediate structure of IMNua1. In this state, the
Wat1 proton has been abstracted by E439 (valence bond distance of
0.98 Å) with its O―H group attaching to the anomeric C6 of pNP-
Glc (1.42 Å). The attachment of OH group increases the length of gly-
cosidic bond by 0.54 Å compared with TSNua1. The long distance of
this bond (3.17 Å) implies that the bond cleavage has finished.

Fig. 3. (a) Superposition of the docking structure of BtGH97a (gray, PDB ID: 2JKE) with
the closest GH27 α-galactosidase (blue, PDB ID: 1UAS); (b) pocket residues of the su-
perposition. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 4. The selected quantum mechanics (QM) region in QM/MM calculations.
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Furthermore, the interaction between E532 and glycosidic oxygen has
been strengthened. The covalent H―O of E532 increases to 1.07 Å and
the hydrogen bridge between E532 and O7 decreases to 1.42 Å after
the cleavage of glycosidic bond C6―O7.

Then, the proton attack (E532 as the donor group) occurs to gen-
erate the final product (P1) via a transition state (TSPTa1). In TSPTa1
(Fig. 6c), the H―O bond length in E532 changes from 1.03 Å in R to
1.36 Å, meaning this bond is much weakened. Obviously, the proton
has come into contact with O7 atom, because the distance between
the two atoms is approximately a covalent bond (1.10 Å). Another
clear change is the glycosidic bond. Its length increases further to
3.24 Å. In the structure of P1 (Fig. 6d), the H―O bond in E532 in-
creases to 1.43 Å, indicating the cleavage of this bond is completed.
As to other bond distances, only slight changes take place compared
with TSPTa1.

The energy profile is shown in Fig. 9 with black line. When base
E439 abstracts a proton from Wat1 (the nucleophilic attack step),
the energy barrier is calculated to be 18.2 kcal/mol. The relative ener-
gy of intermediate state IMNua1 is 12.2 kcal/mol, indicating that the
step of nucleophilic attack is endothermic. In the second step (proton
attack process), the energy barrier is only 1.0 kcal/mol, implying the
proton attack process is much easier and the nucleophilic attack is
the rate-determining step.

When the nucleophilic base residue is E508, the structures of tran-
sition states (TSNua2 and TSPTa2), intermediate (IMNua2), and prod-
uct (P2) are also optimized, as shown in Fig. 7.

In TSNua2 (Fig. 7a), E508 forms a strong hydrogen bridge with
Wat1 with a distance of 1.64 Å. At the same time, Wat1 comes closer
to C6 (1.95 Å) of the substrate, and the glycosidic bond elongates to
2.85 Å. The acid residue E532 elongates its O―H to 1.03 Å, establish-
ing a strong HB interaction with glycosidic oxygen (distance of
1.53 Å).

In intermediate state IMNua2 (Fig. 7b), the abstraction of the pro-
ton fromWat1 by E508 has finished, and the O―H group of Wat1 has
attached to the substrate with a bond distance of 1.47 Å. Besides, the
cleavage of glycosidic bond has also finished (distance of 3.15 Å). The
side chain of catalytic acid E532 forms a strong hydrogen bridge with
O7 atom with a length of 1.40 Å, and the previous covalent H―O
bond distance of E532 increases to 1.08 Å. Clearly, the HB interaction
between E532 and O7 atom has strengthened, which is feasible for
the following proton attack.

A transition state (TSPTa1) is obtained when the proton attack of
E532 takes place, as shown in Fig. 7c. The original H―O bond in
E532 weakens with a length of 1.24 Å and the hydrogen bond be-
tween the side chain of E532 and glycosidic oxygen strengthens (dis-
tance of 1.18 Å). In the final structure of P2 (Fig. 7d), the catalytic acid
E532 has transferred its proton to O7 atom and formed a new hydro-
gen bond of 1.58 Å and a new covalent H(E532)―O7(pNP-Glc) bond
of 1.03 Å. Though the glycosidic bond length decreases slightly com-
pared with that of TSPTa1 (3.07 vs. 3.18 Å), it still remains at the
cleavage state.

The energy profile is shown in Fig. 9 with red line, which shows
that the energy barrier of nucleophilic attack is 15.4 kcal/mol, and
that of proton attack process is 0.2 kcal/mol. Therefore, nucleophilic
attack is still the rate-determining step.

Compared with E439, E508 as nucleophilic residue corresponds to
a lower energy than that of E439 (15.4 vs. 18.2 kcal/mol), so E508 is
the most possible nucleophilic base residue for the nucleophilic
attack-first pathway.

3.3.2. Proton attack first pathway
When the proton donor is residue E532, the proton attack corre-

sponds one transition state (TSPTb) and an intermediate structure
(IMNub). Since there are two possible nucleophilic base residues
(E439 and E508), two different nucleophilic attack steps are consid-
ered. All the optimized structures are shown in Fig. 8.

In the structure of TSPTb (Fig. 8a), the E532 partially donates its
proton to O7 atom with a distance of 1.14 Å, which is approximately
a covalent bond. At the same time, the H―O bond length of E532 in-
creases to 1.31 Å, meaning this bond weakens greatly. With the ap-
proach of E532 proton to O7 atom, the glycosidic bond is also
weakened with a bond length increasing to 2.28 Å. Obviously, the
cleavage of glycosidic bond and protonation of glycosidic oxygen pro-
ceed in a concerted manner in the proton attack step. Besides, Wat1
approaches to anomeric C6 atom when glycosidic oxygen moves
away, but the covalent bond has not yet formed in this structure (dis-
tance shorts to 2.70 Å). The water still forms two hydrogen bridges
with side chain of E439 and E508 with distances of 1.85 and 1.81 Å,
respectively.

In the structure of IMPTb (Fig. 8b), the acid E532 donates its proton
to O7 atom. The old O―H bond of E532 and the newly formed
H(E532)―O7(pNPGlc) bond distances are calculated to be 1.42 and
1.08 Å, respectively, showing the process of PT is completed. With
the protonation of glycosidic oxygen, the glycosidic bond distance
elongates further to 2.38 Å, a little longer than that in TSPTb. Obvious-
ly, the proton transfer process promotes the cleavage of glycosidic
bond. In addition, the water Wat1 gets closer to anomeric C6 (length
of 2.58 Å) and the hydrogen bond interactions between Wat1 and
base residues E439 and E508 strengthen. In this stage, the proton
transfer of Wat1 is ready to occur (to E439 or E508).

When E439 acts as the proton acceptor, a transition state TSNub1
(Fig. 8c) is obtained. In TSNub1, the COO− group of E439 comes closer

Fig. 5. (a) The solvated model of BtGH97a after QM/MM optimization (the reactant R);
(b) the corresponding residues in the active site. The labels r1, r2, r3, r4, r5 and r6 rep-
resent the distances between the Ca2+ ion and oxygen atoms of E508, water Wat2,
E194, E532, E526 and C1-hydroxyl group of pNP-Glc, respectively.
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to Wat1 (distance of 1.74 Å) and Wat1 approaches to anomeric C6
(distance of 2.02 Å) accompanying with the weakness of the glycosid-
ic bond (length of 2.72 Å). In addition, the old O―H bond in acid E532
elongates to 1.49 Å accompanying with the formation of a new O―H
bond (distance of 1.05 Å).

When E508 acts as the proton acceptor (TSNub2 in Fig. 8d), its
COO− group forms a short hydrogen bond with Wat1 (length of
1.67 Å). At the same time, Wat1 also gets closer to the sugar ring
(distance of 2.22 Å). The position of Wat1 is similar to that in
TSNua2.

Fig. 6. Optimized structures of the nucleophilic attack-first (E439 as the nucleophile base) pathway. The bond distances which are formed or broken in each state are colored blue.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Optimized structures of the nucleophilic attack-first (E508 as the nucleophile base) pathway. The bond distances which are formed or broken in each state are colored blue.

755J. Wang et al. / Biochimica et Biophysica Acta 1824 (2012) 750–758
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The corresponding energy profile (lines colored in blue and green)
is also shown in Fig. 9. In the proton attack step, the energy barrier is
calculated to be 24.1 kcal/mol. In the next nucleophilic attack steps,
both of the energy barriers are negligible (no more than 1.0 kcal/
mol), indicating that the proton attack process is the rate-
determining step.

From the energy barrier point of view, the nucleophilic attack-
first pathways are favorable, and E508 is the most possible nucleo-
philic base.

Obviously, in the step-wise mechanism mentioned above, the res-
idue E508 firstly extracts a proton from the water Wat1 and at the
same time the deprotonated water attacks on the C6 followed by a
proton attack step. So, residue E508 plays an important role in en-
zyme catalytic reaction. This is consistent with the mutation experi-
ment [10]. No activity could be measured when the glutamate
residue of E508 was mutated to alanine. As to another possible nucle-
ophilic base E439, the mutation of E439A made the kcat/Km value re-
duce about 250,000-fold.

Furthermore, a concerted hydrolysis mechanism was also investi-
gated, in which the protonation of glycosidic oxygen, the cleavage of
glycosidic bond and the attack of Wat1 to C6 proceed in a concerted
manner. The corresponding transition state (TSPTNu) and energy pro-
file are shown in Supporting information (Fig. S1 and Fig. S2). In
TSPTNu, the E532 has partially donated its proton to O7 atom, and

Table 1
QM/MM optimized Ca2+ ion–oxygen bond lengths (Å) in the substrate-binding site.

r1a r2 r3 r4 r5 r6

R 2.43 2.43 2.11 2.47 2.38 2.53
TSNua1 2.42 2.40 2.11 2.43 2.40 2.55
IMNua1 2.49 2.42 2.13 2.44 2.42 2.58
TSPTa1 2.51 2.44 2.12 2.40 2.42 2.58
P1 2.50 2.44 2.12 2.39 2.42 2.59
TSNua2 2.41 2.40 2.11 2.42 2.40 2.55
IMNua2 2.55 2.40 2.10 2.40 2.36 2.50
TSPTa2 2.58 2.42 2.10 2.33 2.40 2.50
P2 2.61 2.46 2.10 2.38 2.40 2.48
TSPTb 2.44 2.45 2.12 2.39 2.41 2.63
IMPTb 2.45 2.45 2.12 2.37 2.41 2.63
TSNub1 2.43 2.45 2.11 2.35 2.42 2.61
TSNub2 2.44 2.45 2.11 2.36 2.42 2.57

a r1, r2—denote the distances between Ca2+ ion and oxygen atoms as shown in
Fig. 5b.

Fig. 8. Optimized structures of the proton attack-first pathway (E532 as the donor). The bond distances which are formed or broken in each state are colored blue. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Energy profiles for the nucleophilic attack-first pathway (black line for E439 and
red for E508) and the proton attack-first pathway (blue line for E439 and green for
E508). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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the glycosidic bond becomes much weakened (distance of 2.40 Å).
Besides, Wat1 approaches to anomeric C6 atom (distance shorts to
2.36 Å) and its two O―H bonds elongate a little. The energy barrier
of the concerted process is calculated to be 26.7 kcal/mol, much
higher than that of the step-wise mechanism. So, the nucleophilic
attack-first pathway is favorable, and E508 is the most possible nucle-
ophilic base.

3.4. Changes of calcium ion–oxygen bond lengths in the substrate-
binding site

Table 1 lists the calculated Ca2+-oxygen bond lengths in the QM/
MM optimized structures. We have mentioned that Ca2+ ion coordi-
nates with four residues (E194, E508, E526 and E532), C1-hydroxyl
group of pNP-Glc, and water Wat2. For clarity, we use r1, r2, r3, r4,
r5 and r6 (which are labeled in Fig. 5) to represent the distances be-
tween the Ca2+ ion and oxygen atoms of E508, water Wat2, E194,
E532, E526 and C1-hydroxyl group of pNP-Glc, respectively. As
shown in Table 1, those bond lengths change slightly compared
with R. Take the nucleophilic attack-first pathway as an example.
The distance between the Ca2+ ion and COO− group of E508 (labeled
as r1 in Table 1) is 2.43 Å in R, and changes to 2.42, 2.49, 2.51 and
2.50 Å in TSNua1, IMNua1, TSPTa1 and P1, respectively, indicating
that calcium ion keeps very similar coordination with the oxygen
atoms as the reaction going.

3.5. Insight into the catalytic effect

BtGH97a could hydrolyze a wide range types of α-glucosidic
linkage not only α-1,4-glucosidic linkages but also α-1,6-, α-1,3-,
and α-1,2-glucosidic linkages [9]. pNP-Glc is the best model sub-
strate, and the highest kcat/Km value can be obtained. The hydrolytic
activity of enzyme depends on the pH and temperature. As ob-
served from the experiment [10], the optimum pH was about 6.6
and the optimum temperature was 45 °C, indicating that the hydro-
lysis reaction of pNP-Glc by BtGH97a is typical enzymatic catalysis.
We have mentioned that the hydrolysis of pNP-Glc follows an
inverting mechanism with energy barriers of 15.4 kcal/mol for the
nucleophilic step and 0.2 kcal/mol for the proton attack step. Al-
though both E439 and E508 can be general catalytic bases to assist
the nucleophilic attack of one water on C6 atom of pNP-Glc, E508
acts as the most possible nucleophilic base, because the energy bar-
rier of the nucleophilic step for E508 is a little lower than that of
E439 (15.4 vs. 18.2 kcal/mol). Also, the mutation experiment sup-
ported our results [10]. The mutation of E439A exhibited little reac-
tivity (reducing about 250,000-fold) but no activity could be
measured when the glutamate residue of E508 was mutated to ala-
nine. We hope our results could give some insight on the further
study of β-glucosidase in experiment.

4. Conclusions

The enzymatic hydrolysis of pNP-Glc by BtGH97a has been studied
by using QM/MM approach. Since thewhole reaction contains two pro-
cesses (the nucleophilic attack and proton attack steps), two possible
reaction pathways were considered. In the nucleophilic attack-first
pathway, when E439 acts as the nucleophilic base, the nucleophilic at-
tack process is the rate-determining step with an energy barrier of
18.2 kcal/mol, while when E508 is the nucleophilic base, the energy
barrier is calculated to be 15.4 kcal/mol. In the proton attack-first path-
way, the proton attack process is the rate-determining step and the cor-
responding energy barrier is 24.1 kcal/mol. Since the energy barrier of
nucleophilic attack-first pathway is much lower than that of proton
attack-first pathway, the hydrolysis mechanism would follow the nu-
cleophilic attack-first pathway.
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