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ABSTRACT

Hydroxynitrile lyases (HNLs) catalyze the conversion of chiral cyanohydrins to hydrocyanic acid (HCN) and aldehyde or
ketone. Hydroxynitrile lyase from Arabidopsis thaliana (AtHNL) is the first R-selective HNL enzyme containing an o/p-
hydrolases fold. In this article, the catalytic mechanism of AtHNL was theoretically studied by using QM/MM approach
based on the recently obtained crystal structure in 2012. Two computational models were constructed, and two possible
reaction pathways were considered. In Path A, the calculation results indicate that the proton transfer from the hydroxyl
group of cyanohydrin occurs firstly, and then the cleavage of C1-C2 bond and the rotation of the generated cyanide ion
(CN7) follow, afterwards, CN~ abstracts a proton from His236 via Ser81. The C1-C2 bond cleavage and the protonation of
CN~ correspond to comparable free energy barriers (12.1 vs. 12.2 kcal mol™"), suggesting that both of the two processes
contribute a lot to rate-limiting. In Path B, the deprotonation of the hydroxyl group of cyanohydrin and the cleavage of C1-
C2 bond take place in a concerted manner, which corresponds to the highest free energy barrier of 13.2 kcal mol™". The
free energy barriers of Path A and B are very similar and basically agree well with the experimental value of HbHNL, a sim-
ilar enzyme of AtHNL. Therefore, both of the two pathways are possible. In the reaction, the catalytic triad (His236, Ser81,
and Asp208) acts as the general acid/base, and the generated CN™ is stabilized by the hydroxyl group of Ser81 and the
main-chain NH-groups of Alal3 and Phe82.
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INTRODUCTION cals, and chemicals.10>15-17 Because chiral cyanohydrins
are difficult to synthesize through the classical chemical
methods, 1819 their asymmetric biosynthesis using HNLs
has attracted great attentions.1617:20,21 Understanding
the catalytic mechanism of HNLs at atomistic level may
provide useful help for the improvement of biocatalysts.
Hydroxynitrile lyases belong to the aldehyde lyases.

And HNLs family can be categorized into five diverse

Hydroxynitrile lyases (HNLs) are important enzymes
in a variety of cyanogenic plants,! which catalyze the
cleavage of chiral cyanohydrin to generate hydrocyanic
acid (HCN) and aldehyde or ketone (Scheme 1).3_5 As a
high-toxic compound, the product HCN is a good
weapon for defense against microbial and herbivores
attack in cyanogenic plants.>~/ Besides, HCN is also

used as a nitrogen source in the biosynthesis of aspara-
Additional Supporting Information may be found in the online version of this

gine.8:9 However, the main concern of biologists and
chemists is focused on the reverse of the HNL-catalyzed
reaction, because HNL can catalyze the asymmetric syn-
thesis of cyanohydrins (a-hydroxynitriles) using the non-
natural chiral substrate HCN and ketone as materi-
als,10-14 and the enantiomerically enriched cyanohydrin
is a valuable intermediate in pharmaceuticals, agrochemi-
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Reaction Mechanism of Hydroxynitrile Lyases
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Reaction catalyzed by HNL.2

enzymes: MeHNL, HDbHNL, SbHNL, PaHNL, and

AtHNL,4 among which MeHNL, HbHNL and SbHNL
belong to the S-selective enzymes, whereas PaHNL and
AtHNL are R-selective enzymes. As a typical (S)-hydrox-
ynitrile lyase, HbDHNL from Hevea brasiliensis has been
experimentally and theoretically studied in detail 22—24
According to the crystal structure, HbHNL belongs to
the FAD-independent HNL, and is classified into the o/
B-hydrolases fold family.>2> Like other o/B-hydrolases,
the HbHNL catalytic reaction involves a Ser-His-Asp cat-
alytic triad which acts as a general base to deprotonate
the cyanohydrin substrate.2-22:26:27 Besides, a positively
charged Lys236 in the active site is required to stabilize
the negative charge of cyano group during the reaction.

In 2007, an R-selective HNL enzyme named as AtHNL was
discovered from Arabidopsis thaliana.28 AtHNL is structur-
ally similar with the S-selective HbHNL, with 45% identity
and 67% similarity in sequence.? Before AtHNL was discov-
ered, it was believed that only the S-selective hydroxynitrile
lyases of the HNLs family contain an o/B-hydrolases fold.2%
But the discovery of AtHNL broke the accepted rule.28
AtHNL also belongs to the a/B-hydrolases superfamily, and
can use a wide range of substrates usually the non-chiral alde-
hyde or ketone and HCN to synthesize the (R)-cyanohy-
drins.28:30:31 The catalytic triad Ser-His-Asp was also found
in the active site of AtHNL, and the important roles of these
three residues have been demonstrated by site-directed muta-
genesis.2 Specifically, Ser81, His236, and Asp208 were respec-
tively replaced by the non functional residues Ala, Phe and
Asn, and anyone of these variants could make the catalytic
activity of AtHNL drastically lost.

Although AtHNL has been identified for several years,
the detailed reaction mechanism of AtHNL is still not
clear. In some enzymes involving the Ser-His-Asp cata-
Iytic triad, it was suggested that the Ser residue usually
acts as a nucleophile. But this serine nucleophilic attack
mechanism was not supported by the recently homology
model and docking studies.2 By comparing with HbHNL,
a similar general acid/base mechanism of AtHNL has
been proposed by Andexer et al. (Scheme 2).2 It was sug-
gested that residue His236 firstly abstracts a proton
from the hydroxyl group of cyanohydrins, and then the
C—C bond is cleaved to yield CN . One difference
between the two proposed mechanisms of AtHNL and
HbHNL is that, in HbHNL the generated intermediate
CN™ is stabilized by a positively charged residue
(Lys236), while in AtHNL the negative charge of
CN" is stabilized by an “oxyanion hole” and an a-helix
dipole. Another difference is the two proton transfer
processes take place in an opposite manner. In the cya-
nohydrin cleavage reaction of AtHNL, His236 directly
abstracts a proton from the substrate, and then proto-
nates CN~ via a mediator Ser81, whereas in the reac-
tion of HbHNL, His235 abstracts a proton from the
substrate via the mediator Ser80, and then directly
denotes a proton to CN . Of course, the catalytic
mechanism of AtHNL is only proposed on the basis of
site-directed mutagenesis and a homology model, there
is still no theoretical study addressed on the detailed
catalytic mechanism of AtHNL.

Liu et al. have studied the catalytic mechanism of
HbHNL by using density functional theory (DFT) with
two simplified models,22 which provided a strong theo-
retical support to the previously proposed mechanism,
and gave the detailed reaction pathways and energetics of
HbHNL. In this article, to understand the mechanism of
AtHNL, the quantum mechanical/molecular mechanical
(QM/MM) method32:33 was employed to study all the
intermediates and transition states involving in the reac-
tion cyclee. QM/MM method is becoming a popular
approach for investigating enzymatic reactions. 3436 On
the basis of our calculations, the details of reaction
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Proposed mechanism for AtHNL.2
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Figure 1

The crystal structure of AtHNL (a) and the active site structure derived from docking calculations (b). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

pathways and the roles of key pocket residues have been
illuminated at atomistic level.

METHODS

Computational models

The crystal structure of AtHNL at 2.50 A resolution
(PDB code: 3DQZ)2 was used to construct the computa-
tional model [Fig. 1(a)]. To obtain the structure of
AtHNL in complex with its biological substrate, a (R)-
mandelonitrile molecule was firstly docked into the
active site of AtHNL using AutoDock Tools 4.0.37 In the

docking calculation, the grid map was set to 64 A X
50 A X 58 A with the grid spacing of 0.375 A, and 100
independent runs were performed, in which the structure of
enzyme was kept rigid and the substrate was kept free. Dock-
ing results were analyzed at the criterion of RMSD (root-
mean-square deviation) of 2.0 A, and only one cluster was
observed, which contains 100 very similar conformations.
Thus, one representative docking structure was selected as the
computational model [Fig. 1(b)]. Then the protonation states
of all charged residues were checked wusing the
PROPKA3.138-41 o the basis of experimental condition. As
a residue of the catalytic triad, His236 plays important roles
in the catalytic reaction, and the protonation state of His236

(R)-mandelonitrile

(c)

k_

His236

(R}-mandelonitrile

Figure 2

Optimized structures of solvated model (a) and the active sites of Ry (b) and Ry (c). The atoms in QM region are displayed in ball and stick
model. Atoms mentioned in the text are labeled. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3

Optimized structures of the reactant, intermediates, transition states and products in Path A. The distances are given in angstrom. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

is crucial for the AtHNL catalytic reaction. Because His resi-
due can adopt anyone of the three possible protonation states
(on N9, Ng, or on both). Therefore, the protonation state of
His236 needs to be specified. Based on the calculation results
of PROPKA3.1 and the orientation of His236 in the crystal
structure, His236 adopted its deprotonation state on the Ne

atom. Besides, the other 9 His residues beyond the active site
of this protein were also checked. According to the pK; values
and hydrogen bond networks around these residues, the
same protonation states as His236 were assigned to these His
residues. Other titratable residues were set to their normal
protonation states in the following MD simulation and QM/
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Figure 4

Relative Gibbs free energy profiles including dispersion corrections for
Paths A and B. The free energy of reactant R, was set to zero. [Color
figure can be viewed in the online issue, which is available at wileyonli-
nelibrary.com.]

MM calculations. The missing hydrogens of the crystal struc-
ture were added by the HBUILD program of the CHARMM
package.42 Subsequently, 3059 TIP3P43 water molecules
were placed into the enzyme model and 7 sodium cations
were added to neutralize the system. Afterward, following a
series of minimizations, 10 ns MD simulation was carried out
using the CHARMM22/CMAP force field. 424445 The
obtained root-mean-squared deviations (RMSDs) of the
whole system is shown in Supporting Information Figure S1.
One can see that the backbone of the protein was basically
equilibrated after 7 ns, which indicates that a 10 ns MD simu-
lation is sufficient to equilibrate the protein. Thus, the last
typical snapshot at 10 ns was selected for the following QM/
MM calculations. To test whether the QM/MM energies
derived from this local minima are stable and reliable, two
other snapshots taken from the MD trajectory at 8 and 9 ns
were also used in the calculations of pathway Ry—Py.

QM/MM calculations

The reaction detail was studied by using QM/MM
approach. In the calculations, the whole system was
divided into QM and MM regions. Hydrogen link atoms
were used to saturate and simulate the valencies and
covalent bonds at the QM/MM interfaces.40 The QM
calculations were performed by density functional theory

(DFT) with the B3LYP functional47>48 in Turbomole,49
which was built into ChemShell.>9 The MM part was
characterized using the CHARMM22 force field4> in DL-
POLY.”1

In the present work, the QM subsystem was composed
by a complete (R)-mandelonitrile molecule, the side
chains of Ser81, His236, Asp208, and Asnl2, and part of
residues Alal3 and Phe82. All other residues were
included in the MM region. In the following QM/MM
calculations, only the QM region and partial MM region
within 13 A of the (R)-mandelonitrile were allowed to
move. All the rest atoms were frozen. The geometry opti-
mizations of the QM region were calculated at
6-31G(d,p) level. To get the Gibbs free energies at
298.15 K, the single point energy calculations were per-
formed at 6-311++G(3df,3pd) level,47-48 whereas the
frequencies were calculated with the 6-31G(d,p) basis set
at the optimized structures. Besides, to correct the
B3LYP energy for dispersion, the DFT-D3 programsz’53
was used to calculate the empirical dispersion correc-
tions. Dispersion was found to have only a minor effect
on the relative energies. Thus, all the reported energy
items are single point energies at 6-311++G(3df,3pd)
level including dispersion corrections. The NBO (natural
bond orbital) analysis was also performed at 6-31G(d,p)
level to obtain NPA (natural population atomic)
charges.>4=>6 The calculated structures of reactants and
intermediates were served as initial structures to scan
transition states and next intermediates or products.
During the QM/MM calculations, the hybrid delocalized
internal coordinates (HDLC) optimizer57 was used for
geometry optimization. Local minima were searched by a
quasi-Newton L-BFGS algorithm (limited memory Broy-
den—Fletcher-Goldfarb-Shanno).28->9 The L-BFGS algo-
rithm is a second-order optimizer that takes an
optimization step towards the minima, and it is particu-
larly useful for optimization problems. The highest
energy point between two local minima was used to
search transition state by partitioned rational function
optimization (P-RFO) algorithm®0 via following eigenm-
odes of the Hessian. The obtained transition states were
described by a single negative eigenvalue. In our calcula-
tions, the QM/MM boundary was treated by the hydro-
gen link atoms with charge shift model,6! and the

Table |

Natural Population Atomic Charges of Species in Pathway at B3LYP/6-31 G(d, p) Level

Species Ra TS1A IM1, TS2, IM2, TS3a IM3p TS4, Pa
N —0.39 —0.41 —0.42 —0.65 —0.72 —0.68 —0.61 —0.55 —0.45
C1 0.01 0.02 0.02 0.28 0.42 0.42 0.42 0.42 0.41
C2 0.34 0.34 0.34 0.11 —0.06 —0.16 -0 —0.03 0.11
0 —0.83 —0.86 —0.88 —0.73 —0.59 —0.58 —0.59 —0.58 —0.57
H 0.52 0.50 0.49 0.49 0.49 0.48 0.49 0.51 0.53
Ne —0.60 —0.57 —0.56 —0.54 —0.56 —0.54 —0.56 —0.60 —0.62
Os —0.81 —0.82 —0.83 —0.80 —0.83 —0.81 —0.83 —0.81 —0.82
Hs 0.50 0.51 0.51 0.51 0.52 0.51 0.47 0.39 0.28
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PES calculated at the B3LYP/6-31G(d) level using distances C1—C2 and H—O as reaction coordinates. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

electronic embedding scheme®2 was used for energy cal-
culations. In the electronic embedding scheme, the MM
region charges were included into one-electron Hamilto-
nian of QM calculations.®2 This scheme can avoid the
hyperpolarization of the QM wave function and can
describe the effect of MM region on QM region. As the
potential energy surface (PES) can afford a visually intui-
tive way to study the reaction mechanism, the PESs for
some crucial steps were also calculated. In this work, the
PESs were characterized by two reaction coordinates
related to the breaking or formation of chemical bonds.
To obtain the three PESs, a total of 3504 structures were
optimized, and the basis set of 6-31G(d) was used to
save the computing resource.

RESULTS AND DISCUSSION

To construct the reaction model, the (R)-mandeloni-
trile molecule was placed into the active site by using
AutoDockTools 4.0. The docking result is shown in Fig-
ure 1(b). One can see that the a-hydroxy group of the
substrate is located in the vicinity of the side chains of
Asnl2, Ser81, and His236, and the cyano group is close
to the peptide chain NH-groups of Alal3 and Phe82.
After a series of minimizations, and subsequent MD sim-
ulation and QM/MM optimizations, the enzyme-
substrate complexes were obtained. Figure 2(b,c) show
the two main reactant states [denoted as R, and Rg, as
shown in Fig. 2(b,c), respectively] of the system, which

differ only in the orientations of hydroxyl group of
Ser81. According to our MD simulation results, the state
R, is the dominate conformation. In R,, the hydroxyl
group of (R)-mandelonitrile forms three hydrogen bonds
with the Ne atom of His236, the hydroxyl group of
Ser81 and amino group of Asnl2, respectively. But in Rg,
the hydrogen bond between the hydroxyl group of sub-
strate and Ser81 no longer exists. Because of the minor
conformational change of active site, R, is more stable
than Rg by 1.3 kcal mol ™" in free energy.

Using R, and Ry as reactants, two possible pathways
(Path A and B) were calculated, which will be discussed
in detail in the following sections.

Path A

Starting from R,, the optimized structures of inter-
mediates, transition states and products are shown in
Figure 3, and the corresponding relative Gibbs free
energy profiles are shown in Figure 4. In R,, a strong
hydrogen bond network is formed between the sub-
strate and the pocket residues. In this pathway, the
reaction starts by a proton transfer from the hydroxyl
group of (R)-mandelonitrile to His236. Via TSIy,
IM1, is formed by overcoming a low free energy bar-
rier of 5.2 kcal mol™' (Fig. 4), meaning this proton
transfer is very easy to occur. It is noted that both the
structures and free energies of TS1, and IM1, are very
similar, because in IM1, the proton on the Ne atom of
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PES calculated at the B3LYP/6-31G(d) level using distances H—Os and Os—Hs as reaction coordinates. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

His 236 still forms a strong hydrogen bond with the
hydroxyl oxygen anion. Besides, both in Ry and IM1,,
the amino group of Asnl2 always forms a strong
hydrogen bond with the hydroxyl group of substrate.
Therefore, Asnl2 is suggested to play an important
role in stabilizing and fixing the substrate. To further
understand this proton transfer process, NBO was also
calculated at 6-31G(d,p) level. The NPA charges of all
species in Path A are listed in Table I. One can see that
the NPA charge on Ne atom of His236 changes from

20 . AG
4 [ AH
_ 15-‘ TS2, =ﬁEom¢h
(o]
E 124
8 -
&
= 8
s
c 4+
i
0—
4

—0.60 au in Ry to —0.56 au in IM1,, implying the
negative charge on Ne atom is becoming smaller. In
contrast, the charge of hydroxyl O atom of the sub-
strate changes from —0.83 au in R, to —0.88 au in
IM1,, suggesting the hydroxyl O atom is getting more
negative.

The next step is the cleavage of C1—C2 bond of the
substrate leading to the remove of cyano group. In TS2,,
the C1—C2 bond is greatly weakened with a distance of
2.04 A. In IM2,, C1—C2 bond is completely broken with

TS4,

Reaction coordinate

Figure 7

The relative free energies (AG) (black), enthalpies (AH) (red), QM region energies calculated at the field of MM point charges (AEqy+pich) (blue)
and QM region energies without point charges (AEqy) (green). All these energies include dispersion corrections. In this plot, the energy of reactant
R4 was set to zero. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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His236

Figure 8

Optimized structures of Ry and TS1p. The distances are given in ang-
strom. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

a distance of 3.28 A, yielding the benzaldehyde and the
negative ion (CN ). This process corresponds to a free
energy barrier of 7.3 kcal mol~'. Companying this pro-
cess, the hydroxyl group of Ser81 switches its orientation
from towards the O atom in IM1, to the N atom of
CN™. Besides, the C1—C2 bond cleavage causes some
obvious changes of NPA charges. For example, the charge
on Cl atom changes from 0.02 au in IMI, to 0.42 au
IM2,, while the charge on C2 atom changes from 0.34
au in IM1, to —0.06 au IM2,. In particularly, the charge
on the N atom of the released CN~ changes to —0.72
au. This negative ion forms two hydrogen bonds with
Ser81 and Alal3 with distances of 1.63 and 2.05 10&,
respectively. Thus, the released CN™ is stabilized by
Ser81 and the so called “oxyanion hole” (main-chain
NH-groups of Alal3 and Phe82). To further understand
this C1—C2 bond cleavage, a PES including the proton
transfer from the substrate to His236 and the cleavage of

C1—C2 bond to generate CN ™~ was calculated, which is
shown in Figure 5. In Figure 5, the proton transfer coor-
dinate is described in horizontal axis, and the C1—C2
bond cleavage is represented in vertical axis. The varia-
tion range of reaction coordinate for proton transfer was
from 1.09 to 3.04 A, and that for C1—C2 bond cleavage
was from 1.53 to 3.28 A. The increments of both reac-
tion coordinates were assigned to 0.05 A. Thus, 1440
(40 X 36) structures were obtained in this PES. As
shown in Figure 5, two low-energy regions were recog-
nized in the lower left corner and upper right corner,
respectively. According to the reaction coordinates, the
O—H and C1—C2 bonds of the structure in the upper
right corner have been completely cleaved. Thus, the
low-energy region in the upper right corner represents
the structure of IM2,, and the low-energy region in the
lower left corner represents the structure of R,.

The negatively charged CN ™ has a strong tendency to
abstract a proton from the nearby residues. By checking
the pocket residues, Ser81 is the most possible proton
donor. But to form HCN, the free CN™ should firstly
undergo a rotation in the active site. Therefore, the rota-
tion of CN~ was calculated, and the corresponding tran-
sition state (TS3,) and intermediate (IM3,) are shown
in Figure 3, and their relative free energies are shown in
Figure 4. Figure 4 shows that the rotation of CN~ corre-
sponds to an energy barrier of 6.0 kcal mol™'. In TS3,,
the hydroxyl Hs atom of Ser81 forms a triangular struc-
ture with the C2 and N atoms of CN~ with distances of
2.07 and 2.25 A, respectively. Like in the structure of
IM2,, in IM3, the CN~ forms a hydrogen bond network
with residues Ser81, Alal3, and Phe82. In addition, in
IM3, a hydrogen bond chain is formed by Asp208,
His236, Ser81 and CN ', which greatly facilitates the pro-
tonation of CN™ in the next step.

As shown in Figures 3 and 4, the protonation of CN™
to produce the hydrogen cyanide (HCN) is easy. The H
atom at the Ne atom of His236 transfers to CN~ by a
mediator Ser81, corresponding to a free energy barrier of
10.9 kcal mol™ % In the structures of IM3,, TS4,, and
Ps, Ser81 always form strong hydrogen bonds with
His236 and CN~ or HCN, acting as an important bridge
for proton transfer. The NPA charges in Table I show
that the charge distributions on C2 and N atoms only
change slightly from IM3, to TS4,, while they increase
by 0.15 and 0.10 au from TS4, to P,. To further under-
stand this protonation process, the PES of this step was
calculated at the level of 6-31G(d), which is shown in
Figure 6. The horizontal axis describes the change of dis-
tance between Os and Hs atoms of Ser81, and the verti-
cal axis characterizes the change of distance between H
and Os atoms. The increment was designated 0.03 A for
Os-Hs and 0.02 A for H-Os. Therefore, 500 (20 X 25)
structures were optimized in this PES. As shown in Fig-
ure 6, the upper left corner and lower right corner repre-
sent the structures of IM3, and P,, respectively, which
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PES calculated at the B3LYP/6-31G(d) level using distances C1—C2 and H—O as reaction coordinates. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

clearly show that the protonation of CN~ by His236 via
a Ser81 mediator is a concerted reaction.

According to the structure of IM2,, one can see that
the hydrogen bond network in the active site is also
favorable for the proton transfer from the hydroxyl
group of Ser81 to the N atom of CN ™~ to generate hydro-
gen isocyanide (HNC) without undergoing the rotation
of CN . It is indicated that HNC is another product of
cyanohydrin cleavage catalyzed by AtHNL. HNC may be
isomerized to HCN in water solution after it is released
from active site. As shown in Figure 4, this step corre-
sponds to a free energy barrier of 10.1 kcal mol .

As we know, the QM/MM energy of the whole system
may exhibit some instability owing to the multiple local-
minima of enzyme-substrate complex. Therefore, to test
whether the obtained QM/MM energies are stable and
reliable, other two snapshots taken from the MD trajec-
tory at 8 and 9 ns were also used to optimize the local
minima of the reactant, which were further used in the
calculations of pathway of Ry— P,. Superimposition of
the optimized structures of intermediates, transition states
and products in pathway of Ry— P,/ is shown in Support-
ing Information Figure S2, and the corresponding energy
profiles are shown in Supporting Information Figure S3.
It can be seen that all the structures derived from the
three snapshots are superimposed well, and the energy
profiles along the pathway Ry— P,/ are basically kept sta-
ble, which indicate that our calculations are reliable.

In Path A, the C1—C2 bond cleavage step corresponds
to a free energy barrier of 12.1 kcal mol™', while the
protonation of CN~ to produce the hydrogen cyanide
(HCN) corresponds to a free energy barrier of 12.2 kcal

mol L. Therefore, both of the two processes contribute a
lot to rate-limiting.

To evaluate how the electrostatic effect of MM part
influences the energies of QM region, the QM/MM ener-
gies were further divided into Eyyv and Eqm+pe com-
ponents. The Ey; component represents the effect of
surroundings, and Eqn+pen cOmponent is a QM energy
calculation in the field of MM point charges, which can
be derived from our QM/MM calculations. Thus, the dif-
ference between Eqni+pen and the Eqy (the same calcu-
lation without point charges at the same level by
Gaussian 03 package®3) can describe the electrostatic
effect of the surroundings. Figure 7 shows the compari-
son of relative Gibbs free energies (AG), enthalpies (AH),
AEqm+pen and AE (the data of these items are shown in
Supporting Information Table SI). The differences
between AG and AH are minor (<2.0 kcal mol™'),
which means the entropy effects are very small. Whereas
the differences between AEqnipen and AE are large,
indicating the electrostatic effects of MM part have great
influence on the QM region.

Path B

By the rotation of hydroxyl of Ser81, the reactant state
R, can be converted to Ry via an energy barrier of about
8 kcal mol . Using Rp as the reactant, the reaction
mechanism of AtHNL was also investigated by using
QM/MM method. The optimized structures of Ry and
TS1p are shown in Figure 8. It is found that the proton
transfer from the hydroxyl group of substrate and the
cleavage of C1—C2 bond occur in a concerted but
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asynchronous manner. In TS1g, the proton of hydroxyl
group of the substrate has been completely transferred to
His236, but the distance between Cl1 and C2 atoms is
only changed to 2.09 A, indicating the C1—C2 bond still
on the way to be broken. As shown in Figure 4, the
C1—C2 bond cleavage corresponds to a free energy bar-
rier of 11.9 kcal mol~'. To check whether the proton
transfer and C1—C2 bond cleavage are concerted, the
PES from Ry to IM3, was also calculated, as shown in
Figure 9. The horizontal axis describes the distance
between H and O atoms, and the vertical axis designates
the corresponding C1—C2 bond cleavage. The reaction
coordinate of H—O ranges from 1.01 to 3.32 A and that
of C1—C2 ranges from 1.54 to 3.19 A by the same incre-
ment of 0.05 A. Therefore, 1564 (46 X 34) optimized
structures were achieved. The structure located at the
upper right corner corresponds to IM3,, in which
C1—C2 bond has been broken with a distance of 3.19 A.
The structure located at the lower left corner represents
the structure of Rp. The transition state TS1y is situated
in the center left, in which the reaction coordinate of
H—O is ~1.9 A and CI—C2 is ~2.1 A. From Figure 9,
we can also see that when the C1—C2 bond falls in the
range of 2.0-2.1 A, the potential energy surface is very
flat along the horizontal axis with the distance of H—O
changing from 1.7 to 3.0 A. It means the transition state
TS1p may correspond to a large area but not a single
point. Not surprisingly, based on our -calculations,
another transition state (TS1y') was recognized around
H—O =236 A and C1—C2 =1.94 A. The relative ener-
gies of this two transition states are very close (16.2 vs.
17.0 kcal mol ™' without including the dispersion correc-
tions). Figure 9 clearly shows that the C1—C2 bond
cleavage and the proton transfer are concerted.

From Ry via TSlg, the intermediate IM3, is formed
(Fig. 4), which then undergoes a proton transfer to gen-
erate HCN and benzaldehyde as the same as in Path A.
Thus, only two elementary steps are included in Path B,
and the cleavage of C1—C2 bond is the rate limiting
step.

CONCLUSION

The reaction mechanism of cyanohydrin cleavage cata-
lyzed by AtHNL has been studied by using QM/MM
method. Two optimized structures (R, and Rg) were
used as reactants and two possible reaction pathways
were obtained. In Path A, the hydroxyl group of the cya-
nohydrin was firstly deprotonated by His236, and then
the C1—C2 bond was broken to generate the CN "~ anion.
To form HCN, the CN anion should experiences a rota-
tion, and subsequently abstracts a proton from His236
via Ser81. The cleavage C1—C2 bond corresponds to a
free energy barrier of 12.1 kcal mol ™', and the protona-
tion of CN~ corresponds to a free energy barrier of 12.2

kcal mol ', suggesting both of the two processes contrib-
ute a lot to rate limiting. Besides, another compound
HNC can also be produced in Path A, which could be
isomerized to HCN in water solution. In Path B, the
deprotonation of the hydroxyl group of cyanohydrin and
the cleavage of C1—C2 bond occur in a concerted but
asynchronous manner, and this step corresponds to a
free energy barrier of 13.2 kcal mol™' relative to R,.
Subsequently, Path B follows the same proton transfer
process as Path A. Based on the experimental data of
HbHNL,%4 the estimated free energy barrier is 17.1 kcal
mol ™!, and the theoretical values calculated from the
two models are 13.5 and 14.9 kcal mol_l,22 respectively.
Therefore, we can conclude that the energy barriers of
Path A and Path B basically agree well with the experi-
mental and theoretical results of HbHNL, a similar
enzyme of AtHNL. Thus, both Path A and B are sug-
gested to be possible. Our calculations also reveal that
His236, Ser81, and Asp208 compose the catalytic triad
and act as the general acid/base. Alal3, Phe82, and Ser81
play important roles in stabilizing the negative ion CN .
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