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Abstract: Chitinase B (ChiB) from Serratia marcescens is an exo-chitinase that degrades
chitin chains from the non-reducing end by cleaving off a dimer or trimer sugar product.
This enzyme features the substrate-assisted mechanism for the cleavage of the B-1,4-
glycosidic bond. In this study, the deglycosylation step of chitin hydrolysis catalysed by S.
marcescens ChiB is investigated by hybrid QM/MM method. Potential energy surface
calculated at AM1I/CHARMM?22 level shows the presence of two transition states (TSI
and TS2) indicating that the deglycosylation path follows a stepwise mechanism in which
the nucleophilic attack of catalytic water at the anomeric carbon occurs as the first step
followed by proton abstraction. The calculated potential energy barriers for TS1 and TS2
are 26.8 and 4.0 kcal/mol, suggesting that the nucleophilic attack by water molecule is the
rate-limiting step for the deglycosylation. In addition, an oxocarbenium-like character in
TS1 can also be captured.
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INTRODUCTION

Chitinase B (ChiB) (EC 3.2.1.14) belonging to a member of glycoside hydrolase (GH) family
18 [1-2] effects the hydrolysis of chitin, a linear insoluble polymer of N-acetylglucosamine (GIcNAc
or NAG), which is believed to be the second most abundant polysaccharide on earth after cellulose.
This enzyme has received much attention as an attractive target for development of new
drugs/inhibitors [3] with chemotherapeutic potential against fungi, insects and malaria transmission
or anti-inflammatory potential against asthma and allergic diseases. Designing such inhibitors with
sufficiently high selectivity and affinity requires a detailed understanding of the catalytic mechanism
at the molecular level.

Catalysis by ChiB from Serratia marcescens has been proposed to involve a substrate-
assisted double displacement which leads to the retention of configuration at the anomeric carbon [4-
6]. The overall reaction of ChiB proceeds in two main steps, i.e. glycosylation and deglycosylation.
Two key catalytic residues (Asp142 and Glul44) were identified previously by both structural and
kinetic studies to play an important role in catalysis by ChiB [4, 6-7]. In the glycosylation step,
Aspl42 assists in the formation of an oxazolinium ion intermediate by polarising the 2-acetamido
group of the substrate to increase its nucleophilicity, thereby promoting attack of the carbonyl
oxygen (O7) at the anomeric centre (C1). Glul44 meanwhile acts as a general acid, encouraging
departure of the aglycon leaving group [8] by means of proton transfer from Glul44. In the
deglycosylation step (Figure 1), the oxazolinium intermediate is broken down in a reverse manner to
the glycosylation step: Glul44 is believed to act as a general base, promoting attack of a water
molecule at the anomeric center (C1), while Asp142 is thought to facilitate the expulsion of the 2-
acetamido group from the anomeric centre (C1), yielding a sugar hemiacetal product with overall
retention of stereochemistry.

Hybrid or combined QM/MM (quantum mechanics/molecular mechanics) approach,
introduced to enzyme reactions by Warshel and Levitt [9], treats the central reacting system with a
quantum chemical method while representing the remainder of the system by a classical empirical
force field model. This technique has an advantage not only of verifying a proposed reaction
mechanism, but also of elucidating a transition state or intermediate, a performance that may not be
achievable by experimental methods. Application of this technique to the study of an enzymatic
reaction has increased significantly over the past two decades [10-11]. For the GH enzymes, this
QM/MM technique has increasingly been applied and has provided new insights into the hydrolysis
of glycosidic bonds, as evidenced by recent QM/MM studies on various enzymes such as lysozyme
[12], endoglucanase [13], B-galactosidase [14], cellulase [15] and Golgi a-mannosidase [16].
However, thus far no work has been reported on the QM/MM study of the ChiB-assisted hydrolysis
mechanism. Very recently, our group [17] has studied the glycosylation step by S. marcescens ChiB
by using the combined QM/MM method. Here, we aim to continue our previous QM/MM study in
order to fully understand the overall action of ChiB.

In this study, the hydrolysis of oxazolintum ion intermediate (deglycosylation step) by S.
marcescens ChiB is investigated in detail by using hybrid QM/MM calculations. The QM/MM
potential energy surface calculated at AMI/CHARMM22 level is carried out to track a possible
reaction pathway and locate and characterise the structures corresponding to the stationary points in



49
Maejo Int. J. Sci. Technol. 2011, 5(01), 47-57

the deglycosylation path, thus giving important insights into the mechanism of deglycosylation
reaction of chitin catalysed by S. marcescens ChiB.

METHODS

Model Preparation

The starting model of the ChiB-intermediate complex in the deglycosylation step was built on
the basis of X-ray crystallographic structure PDB codes [6] of IE6R and 1E6Z for the S. marcescens
ChiB complexed with the allosamidin inhibitor and its reaction intermediate respectively. These two
crystal structures were superimposed by using chain A of 1E6Z as a template to generate the ChiB-
intermediate model structure containing a dimeric product (NAG; at subsite —1, —2) and a leaving
group of dimeric sugar (NAG, at subsite +1, +2) as shown in Figure 4. These subsite numbers
indicate the sugar binding subsite of NAGs (-2 to +3) [6]. The observed catalytic water molecule and
other crystallographic water molecules were kept. Hydrogen atoms were added using HBUILD
module in CHARMM [18] with all residues in their physiological protonation state. The only
exception was the acid/base residue (Glul44), which was deprotonated in the second step as
proposed by van Aalten et al. [6] while the Asp142 residue remained protonated.

QM/MM MD Simulation

In QM/MM MD simulation, the system was partitioned into QM and MM regions. The QM
region consisted of the putative oxazolinium ion intermediate, one catalytic water molecule and side-
chain groups of Asp142 and Glul44, leading to a total of 46 atoms (Figure 1). These QM residues
were treated with AM1 semi-empirical method [19], which has been shown to satisfactorily describe
the first step of ChiB-assisted reaction [17]. Three bonds crossing the QM/MM boundary were
capped with the ‘QQ link atoms’ (Figure 1). The charge on the QM system was neutral. Other
protein (5871), water (1650) and sugar atoms (131) were treated using the modified version of all-
atom CHARMM?22 MM force field [20]. The simulations employed a stochastic boundary approach
[21]. The system was solvated by superimposing a 25-A-radius sphere of TIP3P water molecules
centred on the anomeric C1 carbon and equilibrated for 1.6 ns of CHARMM QM/MM molecular
dynamics (MD) by a procedure similar to that of Lodola et al. [22]. MD snapshots were chosen for
subsequent restrained QM/MM minimisation with adopted-basis Newton-Raphson method until the
gradient was less than 0.01 kcal/(moleA). The resulting minimised structures were selected as
starting point for reaction path calculation. The simulation was carried out with CHARMM version
27b2 [18].

Reaction Path Calculation

The two-dimensional (2D) potential energy surface (PES) of a reaction path was determined
by adiabatic mapping calculation using CHARMM's RESDistance facility [18]. The reaction was
described by two discrete coordinates (Ry and Ry) to represent the two key individual steps of the
deglycosylation. As illustrated in Figure 1, a proton (H,) is abstracted from the catalytic water
molecule by Glul44 (event Y), which is described by Ry = r{O,,H,] — r{O¢;,Hy]. After that the
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deprotonated water attacks the anomeric C1 carbon, resulting in a collapse of the oxazolintum ion
intermediate (event X), which is described by Ry = r{C1,07] — r[C1,0,]. Rx and Ry were increased
in steps of 0.2 A with harmonic restraints of 5000 kcal/moleA’>. Geometrical optimisation of the
structures was performed at each point until the gradient was less than 0.01 kcal/(moleA). The
energy was then computed by a single-point calculation, which removed the energy contribution due
to reaction coordinate restraints.
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Figure 1. QM regions used in this study showing two individual steps for the deglycosylation by S.
marcescens ChiB (X and Y represent the nucleophilic attack of catalytic water and proton
abstraction respectively)

RESULTS AND DISCUSSION

Structure of ChiB-Intermediate Complex

The model of ChiB-intermediate complex is quite stable during the QM/MM MD simulation,
as demonstrated by the root mean square deviation (RMSD) of about 0.44 = 0.07 A in Figure 2.
Table 1 lists some important geometric parameters from the X-ray experiment, QM/MM MD
simulation and QM/MM minimisation. As can be seen, the geometry from our simulation is in good
agreement with the X-ray structure. Tyr214 and Asp142 show very stable H-bonds (s.d. = 0.22 and
0.11 A respectively) during the QM/MM MD simulation (Table 1), indicating the importance of
these two residues in stabilising the intermediate (oxazolinium ion). Importantly, the torsional angle
(C2—C1-05-C5) representing the chair conformation of the oxazolintum ion ring is very stable
during the simulation, which is in excellent agreement with the X-ray experiment, indicating the
suitability of the AM1 method in representing the conformation of the putative oxazolinium ion ring.
Although the simulated distances of C1-Oy and Asp142:051-0O¢2:Glul44 seem to be greater than
those from experiment, they were found to improve during the restrained QM/MM minimisation as
shown in Table 1, giving a reasonable starting point for subsequent reaction path calculation.
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Figure 2. Root mean square displacement (RMSD) of the heavy atoms of ChiB-intermediate
complex during 1.6 ns of QM/MM MD simulation

Table 1. Some important geometric parameters obtained from X-ray experiment, simulation
(QM/MM MD) and minimisation (QM/MM)

Geometric parameter *” Experiment © Simulation Minimisation
C1-Oy 2.75 3.40£0.50 2.76
Glu144:0¢,—0O,, 2.67 2.96 +£0.51 2.54
Asp142:006,—0¢,:Glul44 2.26 3.70 £ 0.55 3.04
N2-006,:Asp142 2.92 2.88+0.11 2.78
Tyr214: OH-O7 3.05 3.10+0.22 3.12
0,—C1-07 152.6 165.8 + 8.8 146.2
C2-C1-05-C5 —43.5 —43.5+6.1 —44.2

“Atomic numbering corresponds to Figure 1, whereas other atom types follow the CHARMM
format.

’ Distances are given in angstroms; angles (bond angle and torsional angle) are given in degrees.
“from X-ray crystal structure (PDB code 1E6Z) [6]

Reaction Path

Figure 3 shows the AM1/CHARMMZ22 potential energy surface (PES) describing two key
events (X and Y in Figure 1): the nucleophilic attack of oxygen (Oy) of catalytic water at the C1
anomeric carbon (Ry) and the proton (H,) abstraction from water molecule by oxygen atom (Og;) of
the deprotonating Glul44 (Ry). The stationary points for minima and saddle points located on the
PES are also depicted.

As indicated in Figure 3, the PES clearly shows the presence of two transition states (TSI
and TS2) indicating a stepwise mechanism in which the nucleophilic attack occurs as the first step
followed by the proton abstraction. This observation is unexpected as the deglycosylation reaction
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Figure 3. AM1/CHARMM22 potential energy surface for the deglycosylation reaction catalysed by
S. marcescens ChiB [IM1 = oxazolinum intermediate 1; TS1 = transition state 1; IM2 =
intermediate 2; TS2 = transition state 2; P = dimer product (NAG;)]. The unit of QM/MM energies
is in kcal/mol.

has been proposed to occur via only one transition state as well as the glycosylation [6]. This
findings have suggested a new mechanism for the deglycosylation by S. marcescens ChiB. The
changes of the QM/MM energy for IM1— TS1 and IM2 — TS2 are 26.8 and 4.0 kcal/mol
respectively (Table 2), indicating that the rate-limiting step for the deglycosylation reaction is the
nucleophilic attack by catalytic water. The calculated barrier of about 27 kcal/mol is considerably
higher than the experimentally determined barrier of 16.1 kcal/mol estimated from the experimental
rate constant of 40.9 s at 310 K [23] using transition state theory [24]. It should be noted,
however, that such experimental barrier was estimated based on the overall reaction (i.e.
glycosylation and deglycosylation). Therefore, although a high value of calculated barrier is observed
in this study, an accurate energy barrier is not expected. More importantly, as no clear evidence on
the presence of a rate-determining step in ChiB-assisted reactions has been reported previously, new
insight into the catalytic mechanism of the deglycosylation by S. marcescens ChiB at molecular level
has thus been gained.

The stabilisation energy of the reactive site (QM region) provided by the protein environment
(MM region) along the stationary points has also been analysed relative to the energy in IM1. The
result indicates that the influence of the protein environment on the stabilisation of the reactive site
gradually decreases, as reflected by the negative values of stabilisation energy (Table 2), which
provides evidence that the intermediate state (IM1) is central to the catalysis by ChiB.

Geometry along the Reaction Path

Snapshots of stationary structures (IM1, TS1, IM2, TS2, and P) and their corresponding
geometric parameters along the deglycosylation path are shown in Figure 4 and Table 2 respectively.
The starting structure of the ground state of ChiB-intermediate (IM1) indicates a suitable
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Figure 4. Snapshots of the stationary structures along the deglycosylation path

Table 2. Relevant geometric parameters and energy values of different stationary structures on the
PES calculated at AM1/CHARMM?22 level

Parameter “ IM1 TS1 IM2 TS2 P
C1-Oy 2.73 1.96 1.53 1.50 1.43
C1-07 1.49 2.52 2.69 2.66 2.79
C1-05 1.39 1.32 1.38 1.39 1.41
O,—H,, 0.97 0.98 1.02 1.15 2.00
Glu144:0¢,—H,, 2.07(2.56)" 2.09 1.92 1.35 1.00
Asp142:Ho,—0¢,:Glu144 2.70(3.64)" 2.82 2.78 2.29 2.48
HN2-00,:Asp142 2.09(2.83)" 2.13 2.13 2.13 2.21
0,—C1-07 147.7 150.8 159.1 156.6 151.8
C2-C1-05-C5 -27.8 —-11.1 5.1 1.6 0.4
QM/MM energy 0 26.8 22.7 26.7 12.3
Stabilisation energy 0 —22.6 -27.1 —48.9 —71.4

“ Distances are given in angstroms; angles (bond angle and torsional angle) are given in degrees; and
energies are given in kcal/mol.

” Heavy atom distance

“ Stabilisation energy is the energy difference between full QM/MM system and only QM atoms

relative to that of IM1.
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position for nucleophilic attack of water molecule as evidenced by the distances of C1-O,, (2.73 A)
and Glul44:0¢,-H,, (2.07 A) and the O,~C1-O7 angle (147.7°), which is in good accordance with
the X-ray structure shown in Table 1. It is also observed from the X-ray experiment [6] that the chair
conformation of the oxazolinium ring is distorted by only about 15° indicating a relaxed
conformation of the ring in the beginning of the nucleophilic reaction.

In TS1, the water molecule makes an attack at the anomeric centre (C1) to some extent
(Table 2), which is close enough to break the oxazolinium ring by lengthening the C1-O7 distance
~1.0 A from the IM1. At the same time, the chair conformation of the oxazolinium ring is distorted
to a half-chair, as shown by a more planar conformation around the C1-O5 bond (C2—-C1-05-C5 =
—11°). Such planarity, together with a shortening C1-O5 bond to a partial double bond (1.39 A at
IM1 to 1.32 A at TS1), indicates the formation of an oxocarbenium-like ion. Note that this half-chair
conformation is found to remain until the product state but with increasing trend of planarity (see
C2-C1-0O5-C5 in Table 2). The Glul44:0¢,—H,, distance does not change much at this stage,
suggesting that no proton abstraction occurs here.

In IM2, as can be seen in Figure 4, the water molecule orients itself to be poised for in-line
attack at the anomeric C1 atom as shown by the largest O,—C1-07 angle (~160°) and to facilitate
the proton abstraction, which initially happens in this stage, as indicated by a slight change in the Oy~
H,, distance (0.98 A at TS1 to 1.02 A at IM2) and the Glul44:0¢,—H,, distance (2.09 A at TSI to
1.92 A at IM2). Meanwhile, the oxygen atom of catalytic water moves closer to the anomeric centre
(1.96 A in TS1 to 1.53 A in IM2) and again the increasing C1-O7 distance (2.52 A in TS1 to 2.69 A
in IM2) is also observed.

In TS2, the proton abstraction from the water molecule to Glul44 is almost complete at this
stage (Figure 4): the distance of the moving proton to the oxygen of Glul44 (Og—H,) is 1.15 A,
whereas the distance to the water oxygen (O,~Hy) is 1.35 A. During the proton abstraction, Glu144
is stabilised by the hydrogen atom from Asp142 as indicated by a large decrease in the Ho[ 1—Og2
distance (2.78 A at IM2 to 2.29 A at TS2).

In the product (P), the proton abstraction is complete after Glul44 accepts the hydrogen
atom (H,,) from the deprotonated water, resulting in the expulsion of the 2-acetamido group from the
anomeric C1 carbon (2.66 A at TS2 to 2.79 A at P). This yields the sugar hemiacetal product with
overall retention of stereochemistry. The releasing of a dimeric sugar product (NAG at subsite —1,
-2, as shown in Figure 4) may be indicated by elongation of the H-bond distance of HN2-
08,:Asp142 from 2.13 A to 2.21 A (Table 2).

CONCLUSIONS

In this study, the deglycosylation step of chitin hydrolysis catalysed by S. marcescens ChiB
was investigated by hybrid QM/MM calculation based on the available crystal structure of ChiB. The
QM/MM PES calculated at AM1/CHARMM?22 level was carried out using adiabatic mapping to
track the possible reaction pathway and locate and characterise the structures corresponding to the
stationary points. The PES showed the presence of two transition states, indicating that the
deglycosylation path follows a stepwise mechanism in which the nucleophilic attack of water at the
anomeric carbon occurs as the first step, followed by proton abstraction from water molecule to the
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oxygen atom of Glul44. These results differ from the current belief that the deglycosylation should
occur via a single transition state. The calculated barriers for the two transition states suggest that
the nucleophilic attack of water molecule is the rate-limiting step for the deglycosylation. In addition,
an oxocarbenium-like character in the first transition state was also captured. Such ionic character, as
suggested by our QM/MM study, is likely to occur in both glycosylation and deglycosylation by
ChiB, which seems to support previous findings that the formation of an oxocarbenium ion is a major
characteristic of the hydrolysis of the B-glycosidic linkage.
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