
Inactivation Mechanism of Glycerol Dehydration by Diol
Dehydratase from Combined Quantum Mechanical/Molecular
Mechanical Calculations
Kazuki Doitomi,† Takashi Kamachi,† Tetsuo Toraya,‡ and Kazunari Yoshizawa*,†

†Institute for Materials Chemistry and Engineering and International Research Center for Molecular Systems, Kyushu University,
Fukuoka 819-0395, Japan
‡Graduate School of Natural Science and Technology, Okayama University, Okayama 700-8530, Japan

*S Supporting Information

ABSTRACT: Inactivation of diol dehydratase during the
glycerol dehydration reaction is studied on the basis of
quantum mechanical/molecular mechanical calculations. Glyc-
erol is not a chiral compound but contains a prochiral carbon
atom. Once it is bound to the active site, the enzyme adopts
two binding conformations. One is predominantly responsible
for the product-forming reaction (GR conformation), and the
other primarily contributes to inactivation (GS conformation).
Reactant radical is converted into a product and byproduct in
the product-forming reaction and inactivation, respectively.
The OH group migrates from C2 to C1 in the product-
forming reaction, whereas the transfer of a hydrogen from the
3-OH group of glycerol to C1 takes place during the inactivation. The activation barrier of the hydrogen transfer does not
depend on the substrate-binding conformation. On the other hand, the activation barrier of OH group migration is sensitive to
conformation and is 4.5 kcal/mol lower in the GR conformation than in the GS conformation. In the OH group migration,
Glu170 plays a critical role in stabilizing the reactant radical in the GS conformation. Moreover, the hydrogen bonding interaction
between Ser301 and the 3-OH group of glycerol lowers the activation barrier in GR-TS2. As a result, the difference in energy
between the hydrogen transfer and the OH group migration is reduced in the GS conformation, which shows that the inactivation
is favored in the GS conformation.

Diol dehydratase (DD) is an adenosylcobalamin (AdoCbl)-
dependent enzyme that catalyzes the conversion of 1,2-

propanediol (PDO), glycerol (GOL), and 1,2-ethanediol to the
corresponding aldehydes.1−4 Figure 1 depicts the generally
accepted minimal mechanism for the reactions catalyzed by
DD.5−18 The enzymatic reactions are initiated by the homolytic
cleavage of the Co−C bond of the enzyme-bound cofactor. The
produced adenosyl radical abstracts a hydrogen atom from C1
to form the reactant (substrate) radical, and then the OH group
migrates to C1, leading to the formation of the product radical.
The resultant product radical reabstracts a hydrogen atom from
5′-deoxyadenosine, which leads to the formation of the 1,1-diol
and the regeneration of the adenosyl radical.
Crystal structure analyses19−22 of the DD complex with

adeninylpentylcobalamin and PDO have provided an important
hint for understanding the reaction at the molecular level.
There is a metal ion in the inner cavity of the active site. The
metal ion is coordinated by five oxygen atoms that originated
from the side chains of Gln141, Glu170, Glu221, and Gln296
and the carbonyl group of Ser362 (residue numbers in the α-
subunit). The sixth and seventh coordination positions are
occupied by two hydroxyl groups of PDO. Recently, we
proposed from quantum mechanical/molecular mechanical

(QM/MM) calculations that the central metal is a calcium
ion.23 This assumption was experimentally confirmed by
Toraya and co-workers. They reported that the Ca-derived
DD is catalytically inactive, which indicates that DD is a K+-
dependent Ca-metalloenzyme.24 Very recently, we evaluated
from QM/MM computations the catalytic role of the Ca ion in
the hydrogen atom abstraction and the OH group migration
processes catalyzed by DD.25 The Ca ion has strong electron
withdrawing power, which contributes to the reduction of the
activation barrier for OH group migration.
DD is subject to “suicide inactivation” in the catalysis of

substrate and product analogues, GOL,26−28 glycolaldehyde,29

and 2-chloroacetaldehyde.30 In EPR experiments, Frey and
Reed identified byproducts derived from both glycolaldehyde
and 2-chloroacetaldehyde as cis-ethanesemidione,31,32 which
was recently supported by theoretical calculations.33,34 The
byproduct of glycerol inactivation has not been identified, but
Bachovchin and co-workers provided important clues. GOL is
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not a chiral compound, but once it is bound to the active site,
the enzyme can distinguish its two binding conformations.
They defined the two binding conformations of GOL as
follows: “GS” represents glycerol bound to the enzyme with the
pro-S-CH2OH group at the site involved in hydrogen
abstraction, while “GR” represents the corresponding en-
zyme−GOL complex with the pro-R-CH2OH group so
oriented. From the kinetic study of DD inactivation with
various deuterated glycerols, they concluded that GOL bound
in the GR conformation is mainly responsible for the product-
forming reaction, while the GOL bound in the GS
conformation primarily contributes to the inactivation.27 Very
recently, the crystal structure analysis of the DD complex with
cyanocobalamin and GOL indicated that GOL is bound in the
GS conformation.35 The O3−Oε (Gln336) and O3−Oγ
(Ser301) bond lengths are 3.01 and 2.54 Å, respectively, as
shown in Figure 2. As judged from the directions, the O3 atom
would be hydrogen bonded to Ser301, but not to Gln336.

Toraya and co-workers proposed that the hydrogen bond
between O3 and Oγ increases the barrier height of OH group
migration from the GS conformation, whereas it does not
significantly affect that from the GR conformation. As a result,
side reactions leading to the inactivation would take place at a
higher probability from the GS conformation. This work seeks
to provide insight into the mechanism of inactivation from a
computational analysis of reaction profiles for the dehydration
of GOL in the GS and GR conformations.

■ METHOD OF CALCULATION
System Setup. We built a QM/MM model of DD on the

basis of the crystal structure of DD in complex with
cyanocobalamin and GOL (PDB entry 3AUJ). The protonation
states of titratable residues at pH 8 were estimated by the
generalized Born method.36−38 The protonation states were
cross-checked with another pKa prediction program, PROP-
KA.39,40 To reduce the computational cost for QM/MM
calculations, the size of the entire system has to be reduced: the
constructed enzyme model includes ligands, water molecules,
and all amino acids that have atoms within 30 Å of any atom of
the substrate, resulting in 12254 atoms in total. The dangling
bonds at the boundary are capped with hydrogen atoms. The
crystal structure does not include adenosine, which acts as a
radical source in the reaction. To predict a favorable adenosine
binding structure, we superimposed the two enzymes: the DD−
AdoCbl complex, which was used in our previous calculation,
and PDB entry 3AUJ. In this study, we decided to replace
HOH90 with a K ion, as observed in the crystal structure of the
diol dehydratase−adeninylpentylcobalamin complex (PDB
entry 1EEX), and deleted five water molecules (HOH1−
HOH4 and HOH6) that overlapped with adenosine. The
cation is necessary to stabilize the Ado moiety in the enzyme
pocket.
The system was heated and equilibrated at the

CHARMm41−43 level of theory in three steps: (i) steepest
descent optimization of the system to eliminate bad contacts
(rms gradient of <0.1 kcal mol−1 Å−1), (ii) molecular dynamics
(MD) for 15 ps with heating from 50 to 300 K with the leapflog
Verlet integrator, and (iii) equilibration for 400 ps at 300 K
with a time step of 1 fs. During the initial optimization and the
classical MD simulation, the coordinates of the QM region
atoms defined in the following section and of heavy atoms >20
Å from any atom of the substrate were kept fixed at the X-ray
coordinates to preserve the X-ray structure. The coordinates of
the corrin ring were also fixed at the X-ray crystal structure. We
used CHARMm parameters for cobalamin reported in our
previous papers.23,25 The SHAKE algorithm44 was used to
constrain bonds involving hydrogen atoms. Finally, the system
was minimized with the adopted basis Newton−Raphson
(ABNR)45 algorithm for 5000 steps. All calculations were
conducted with Discovery Studio 2.0.46

QM/MM Calculations. An initial geometry for QM/MM
calculations was obtained in the setup phase. The QM region
contains GOL, the ribose moiety of the adenosyl radical,
calcium ion, the side chains of Gln141, His143, Glu170,
Glu221, Gln296, Ser301, Asp335, Gln336, and Phe374, and the
carbonyl group of Ser362 (Figure 2). ChemShell version 3.247

was used to perform QM/MM calculations by integrating
TURBOMOLE48 for QM calculations and the DL-POLY49 for
MM calculations. Link atoms were introduced to saturate the
valence of the QM boundary atoms with the L2 scheme,50

where the linking H atom does not interact with the MM atoms

Figure 1. Minimal mechanism of the diol dehydratase reaction. (a)
Homolysis of the Co−C bond in AdoCbl. (b) Adenosyl radical-
catalyzed enzymatic rearrangements.

Figure 2. X-ray crystal structure of DD in complex with GOL.
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of the adjacent neutral charge group by deletion of MM point
charges on all atoms in the neutral group in the QM part of the
QM/MM calculations. For the QM calculations, the B3LYP
functional51−53 was used in combination with the SV(P)54 basis
set for geometry optimization. Single-point calculations of the
optimized structures were computed with the TZVP55 basis set.
The CHARMm force field was used for the MM region. A
standard electronic embedding scheme56 was chosen; the fixed
MM atomic charges were included in the one-electron
Hamiltonian of the QM calculations, and the QM/MM
electrostatic interactions were evaluated from the QM electro-
static potential and the MM atomic charges. The complete
nonbonding MM and QM/MM interactions were calculated
without employing any cutoff. We defined a region with 1160
atoms to be fully optimized by including all residues that have
atoms within 10 Å of any atom of the substrate, while we kept
the remaining atoms fixed. The coordinates of the corrin ring

were also fixed at the X-ray structure. It is unlikely that the
calculated energies are significantly affected by the fixations.
The distance between the metal ion and the Co atom of the
corrin ring is 11.5 Å in the X-ray structure, and therefore,
cobalamin acts solely as a spectator in hydrogen transfer and
OH group migration.57 Geometry optimizations were per-
formed with the HDLC optimizer58 in ChemShell. To confirm
that there are no artificial effects on the relative energies due to
different local minima in the MM region, we conducted a series
of optimizations from a transition state iterating back and forth
between all stationary points until the convergence of QM/
MM energies (<1 kcal/mol). The QM/MM energies are also
summarized in the Supporting Information. Vibrational
frequencies were computed for all stationary points to confirm
that each optimized geometry corresponds to a local minimum
that has no imaginary frequency or to a saddle point that has
only one imaginary frequency. Zero-point vibrational energy

Figure 3. (a) QM/MM-optimized structure of the substrate-binding site with GS and GR (distances in angstroms). Relative energies are measured
from the GS-RC conformation. (b) Overlay of DD with GOL in GS-RC (red) and GR-RC (blue).

Figure 4. Optimized geometries of intermediates and transition states for hydrogen abstraction, OH group migration, and hydrogen recombination
in the GS conformation (distances in angstroms). Relative energies are measured from GS-RC shown in Figure 3a.
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corrections were taken into account in calculating the total
energies of the reaction species.

■ RESULTS AND DISCUSSION
Structures of the GS and GR Conformations. Figure 3a

shows the substrate-binding site in QM/MM-optimized
structures of the reactant complex (RC) with GOL in the GS
and GR conformations (GS-RC and GR-RC, respectively). The
two conformations are bound in a symmetrical mode as mirror
images with respect to the plane including Ca, O1, and O2, as
shown in Figure 3b. The amino acid residues that form
hydrogen bonds with GOL are essentially the same in both
conformations. That is, O1 is hydrogen-bonded to Glu170 and
Gln296, O2 to Asp335 and His143, and O3 to Ser301. The
metal−oxygen bond lengths are almost identical between both
conformations except those of the O1−Ca and O2−Ca bonds.
The O1−Ca and O2−Ca bond lengths are 0.033 and 0.029 Å
longer in GR-RC than in GS-RC, respectively, which indicates
that GOL is more strongly bonded to the Ca ion in GS-RC. We
also found the difference in hydrogen bonding distances
between GOL and the active site amino acid residues in the two
conformations. An important factor in controlling the
conformation of GOL is hydrogen bonding interaction with
amino acid residues in the active site. The distances between
Gln296 and GOL, Asp335 and GOL, and His143 and GOL are
0.060, 0.036, and 0.093 Å shorter, respectively, in GR-RC than
in GS-RC, but the distance between Glu170 and GOL is 0.113
Å longer in GR-RC than in GS-RC. Moreover, the conforma-
tional difference affects the hydrogen bonding distance between
Ser301 and the 3-OH group, which is 0.065 Å longer in GR-RC
than in GS-RC.
We considered another possible substrate binding form, in

which the 3-OH group acts as a donor of a hydrogen bond to
Gln336 and as an acceptor of a hydrogen bond from Ser301.

This structure is 1.7 kcal/mol more unstable than the GS
conformation, which indicates that the 3-OH group is hydrogen
bonded to Ser301, but not to Gln336, as observed in the crystal
structure.35

Hydrogen Abstraction. Figures 4 and 5 show optimized
geometries of reactant radical (I1), product radical (I2), and
1,1,3-propanetriol (I3) intermediates, and transition states for
hydrogen abstraction (TS1), OH group migration (TS2), and
hydrogen recombination (TS3) steps in the GS and GR
conformations, respectively. We present only the Ca ion, the
substrate, the ribose moiety, His143, Glu170, Ser301, and
Asp335 for the sake of clarity. The adenosyl radical abstracts
the pro-S hydrogen and pro-R hydrogen atom from GOL in the
GS and GR conformations, respectively. The activation barrier
of 6.6 kcal/mol for TS1 in GR-TS1 is 1.3 kcal/mol higher than
the corresponding barrier in GS-TS1 because of the longer
distance between the adenosyl radical and the abstracted
hydrogen atom; the H−C5′ distance is 2.088 and 2.160 Å in
GS-RC and GR-RC, respectively. In I1, several structural
changes were observed upon comparison with RC. In
particular, the O (Glu170)−H bond distance decreases by
0.121 and 0.141 Å in GS-I1 and GR-I1, respectively. This
intermediate is an α-hydroxy radical species, which is up to 105

times more acidic than the corresponding alcohols.59−61 The
C1−O1 bond length decreases from 1.415 (1.417) Å in RC to
1.355 (1.360) Å in GS-I1 (GR-I1). This geometrical change is
due to the resonance structure possessing an O-centered radical
and the concomitant C1−O1 double bond, as proposed in our
previous study.25

OH Group Migration. Golding and Radom proposed that
the barrier height of the OH group migration step is lowered
through the partial protonation of the migrating OH group and
the partial deprotonation of the spectator OH group in the
PDO dehydration reaction using simple model calcula-

Figure 5. Optimized geometries of intermediates and transition states for hydrogen abstraction, OH group migration, and hydrogen recombination
in the GR conformation (distances in angstroms). Relative energies are measured from GS-RC shown in Figure 3a.
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tions.62−66 We previously reported that OH group migration
proceeds in a concerted manner via a transition state with a
triangle structure and that the activation barrier for OH group
migration is lowered by the deprotonation of the spectator OH
group by Glu170 in the PDO dehydration reaction.25,67,68 OH
group migration in GOL dehydration occurs in a manner
similar to that in PDO dehydration. The transition state of this
step also has a triangle structure; the C1−C2, C1−O2, and
C2−O2 bond lengths are 1.392 (1.414), 2.501 (2.195), and
2.358 (2.461) Å, respectively, in GS-TS2 (GR-TS2). In the
transition state, the COO− group of Glu170 temporarily
accepts a proton from the 1-OH group; the O1−H and O
(Glu170)−H bond lengths are 1.437 (1.547) and 1.066 (1.043)
Å in GS-TS2 (GR-TS2), respectively. The calculated bond
orders for the O1−H and O (Glu170)−H bonds are 0.27
(0.20) and 0.68 (0.73) in GS-TS2 (GR-TS2), respectively,
which indicate that Glu170 more effectively activates the 1-OH
group in GR-TS2. The C1−O1 and C1−C2 bond lengths are
slightly shorter than the typical bond lengths, and the C1−O1
and C1−C2 bond orders are 1.32 (1.37) and 1.29 (1.14) in GS-
TS2 (GR-TS2), respectively. These results indicate that the
transition states have resonance structures to stabilize the
transition state, as proposed in the PDO dehydration
reaction.25 The activation barrier of TS2 was calculated to be
10.5 and 6.0 kcal/mol in the GS and GR conformations,
respectively. Why is the barrier 4.5 kcal/mol higher in the GS
conformation? QM/MM computations revealed three factors
that affect the barrier of TS2. First, Ser301 controls structural
changes in GOL accompanied by OH group migration with a
hydrogen bond to the 3-OH group as proposed by Toraya and

co-workers.35 When the OH group migrates from C2 to C1 in
the GR conformation, the C−C−C backbone rotates clockwise
around the axis connecting Ca and the center of the O1−O2
line. In the GR conformation, the length of the hydrogen bond
between Ser301 and GOL is shortened by 0.200 Å from 2.003
Å in I1 to 1.803 Å in TS2 (Figure 6a). In contrast, in the GS
conformation, the C−C−C backbone rotates anticlockwise, the
hydrogen bonding distance being shortened by only 0.093 Å
(Figure 6b).
Second, the reactant radical is significantly stabilized by

Glu170 in the GS conformation. GS-I1 lies 3.3 kcal/mol below
GR-I1, which is mainly due to the QM energy difference (Table
1). To estimate the importance of the key residues (His143,
Glu170, Ser301, and the Ca2+) on the energy difference, we
extracted the QM region except the residues from the QM/
MM-optimized structure to perform single-point calculations
with the MM point charges. The energy differences are 2.7, 3.6,
2.9, and −0.7 kcal/mol in the absence of His143, Ser301, Ca2+,
and Glu170, respectively, which shows that Glu170 plays a
major role in stabilizing GS-I1. This is because the reactant
radical is tightly hydrogen bonded to Glu170 in the GS
conformation. The hydrogen bond lengths are 1.424 and
1.517 Å in GS-I1 and GR-I1, respectively.
Third, the protein environment has a significant influence on

the energy barrier of TS2, as shown in Table 1. The activation
barrier of GS-TS2 (GR-TS2) is reduced by 2.9 (3.8) kcal/mol
due to the MM point charges [see the energy difference
between QM and QM(gas)]. The amino acids that have strong
electrostatic effects on the activation energy are listed in Table
2. The major electrostatic effect comes from Arg193, Ser202,

Figure 6. Superimposition of the QM/MM-optimized structures of I1 (red) and TS2 (blue) in the (a) GR and (b) GS conformations. The green
arrows indicate the direction of OH group migration. The key distances are given in angstroms.

Table 1. QM/MM, QM, and QM(gas) Energies (kilocalories per mole) Measured for GS-RC

RC TS1 I1 TS2 I2 TS3 I3

GS

QM/MMa 0.0 7.5 −9.9 2.5 −10.4 7.3 −5.4
QMb 0.0 8.1 −10.6 0.2 −11.7 4.9 −7.0
QM(gas)c 0.0 10.0 −9.6 4.1 −9.6 10.6 −6.7

GR

QM/MMa −0.9 8.5 −6.5 0.7 −10.5 9.2 −3.9
QMb −0.5 9.7 −7.9 −1.8 −11.3 8.5 −6.1
QM(gas)c −1.3 10.8 −6.5 3.4 −8.2 13.2 −3.6

aQM/MM energies do not include zero-point vibrational energy corrections. bQM energies of the QM/MM-optimized structure with MM point
charges. cQM energies of the QM/MM-optimized structure without MM point charges.
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and Arg348 (Figure 7).69,70 In TS2, GOL is negatively charged
because of the shift of the proton from GOL to Glu170. Thus,

the positively charged residues (Arg193 and Arg348) stabilize
the negatively charged GOL. On the other hand, a hydrogen
bond between Glu170 and the OH group of Ser202 is
weakened in TS2 because Glu170 is neutralized by the
protonation.
Inactivation Mechanism. We25,67,68 and Radom and co-

workers33,34,71−73 reported that the activation barrier for the
hydrogen recombination reaction is slightly higher than that for
the initial abstraction reaction and proposed that hydrogen
recombination is the rate-limiting step. Hydrogen recombina-
tion (TS3) is also the most energy-demanding step in the GOL
dehydration reaction; the activation barriers are calculated to be

15.2 and 17.3 kcal/mol in GS-TS3 and GR-TS3, respectively.
This is consistent with the experimental findings that the
deuterium kinetic isotopic effect on the product-forming
reaction is 8.0.27

Inactivation would take place prior to hydrogen recombina-
tion. We assumed that inactivation begins with an intra-
molecular transfer of hydrogen from the 3-OH group of GOL
to the C1 radical with the formation of an O-centered radical
(Iinact), as shown in Scheme 1. Figure 8 shows optimized

structures of the transition state for the hydrogen transfer
(TSinact) and Iinact. The transition state has a five-membered
ring; the C1−H and O3−H bond lengths are 1.290 (1.300) and
1.367 (1.352) Å in GS-TSinact (GR-TSinact), respectively. The
QM/MM-computed activation barrier is 20.5 (20.1) kcal/mol
in the GS (GR) conformation measured from GS-I1 (GR-I1).
This result indicates that the activation barrier height is not
sensitive to the substrate-binding conformation. The relative
energy of Iinact was calculated to be 2.0 (3.8) kcal/mol in GS-
Iinact (GR-Iinact). The O-centered radical is unstable and is easily
decomposed to formaldehyde and glycol radical by homolytic
cleavage of the C2−C3 bond. The activation barrier of the
decomposition is calculated to be 5.8 kcal/mol in the GS
conformation. The produced formaldehyde molecule is likely to

Table 2. Electrostatic Stabilization Energies (kilocalories per
mole) between the QM and MM Regions for GS-TS2
Relative to GS-I1 and for GR-TS2 Relative to GR-I1

a

GS-TS2 GR-TS2

Arg193 −3.4 Arg193 −4.8
Ser202 2.4 Ser202 3.1
Arg348 −2.1 Arg348 −2.3
Thr171 −1.1 Ser224 −1.6
Glu204 −1.0 Ser303 −1.6
HOH1213 −0.9 Thr171 −1.2
Ser333 −0.9 Glu204 −1.2
Asp383 0.9 His216 0.9
His216 0.8 Gln200 0.9
Arg345 −0.8 Arg344 −0.9

aThe top 10 residues are listed.

Figure 7. Key residues (blue) in the MM region that reduce the
barrier for TS2. QM atoms are shown as balls and sticks, and MM
atoms are shown as sticks.

Scheme 1. Possible Inactivation Pathway

Figure 8. Optimized geometries of intermediate and transition states
for inactivation in the GS and GR conformations (distances in
angstroms). Relative energies are measured from GS-RC shown in
Figure 3a.
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react with the divalent cobalt of cobalamin and the glycol
radical, forming an inactive cobalamin like formylcobalamin.
Actually, an alkylcobalamin-like spectrum is observed upon
glycerol inactivation,27 although it is gradually changed to a
hydroxocobalamin-like one by dialysis.35 Formylcobalamin,
whose spectrum is similar to that of alkylcobalamin, was
unstable and slowly decomposed to hydroxocobalamin.
Figure 9 depicts the energy difference between TSinact and

TS2 in the GS and GR conformations. The activation barrier for

TSinact does not depend on the substrate-binding conformation.
On the other hand, the activation energy of TS2, which is in a
competitive reaction with TSinact, significantly depends on the
conformation (10.5 kcal/mol for GS and 6.0 kcal/mol for GR).
The barrier differences between TSinact and TS2 are 10.0 and
14.1 kcal/mol in the GS and GR conformations, respectively. It
seems reasonable that the inactivation mainly proceeds in the
GS conformation because of the small energy difference.
Moreover, GS-I1 is favorable for the inactivation because of the
shorter distance between C1 and 3-OH in I1. The C1−H (3-
OH) distances are calculated to be 3.185 and 2.659 Å for GR-I1
and GS-I1, respectively. The hydrogen transfer is energetically
and structurally inhibited in GR-I1 to suppress the undesired
inactivation reaction.

■ CONCLUSIONS
We have studied the product-forming and inactivation
mechanism of diol dehydratase in the glycerol dehydration
reaction using QM/MM calculations. The inactivation proceeds
as follows. A hydrogen atom is transferred from the 3-OH
group of glycerol to the C1 radical in the reactant radical
intermediate to produce an O-centered radical, and then, the
O-centered radical is decomposed to formaldehyde and glycol
radical. Calculated activation barriers do not depend on the
substrate-binding conformation. On the other hand, the
activation barrier for OH group migration, which is a
competitive reaction with hydrogen transfer, is significantly
changed by the difference in the conformation. The activation
barrier is 4.5 kcal/mol lower in the GR conformation than in the
GS conformation. Our calculations suggest that Glu170 plays a

critical role in stabilizing the reactant radical in the GS
conformation. Moreover, the hydrogen bonding interaction
between Ser301 and the 3-OH group of glycerol lowers the
activation barrier in GR-TS2. As a result, we obtained an energy
difference of 10.0 kcal/mol between the transition states for the
hydrogen transfer and OH group migration in the GS
conformation, which is 4.1 kcal/mol smaller than that in the
GR conformation. These results indicate that enzyme
inactivation is likely to proceed in the GS conformation,
which is consistent with the results of deuterioglycerol
reactions.
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