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1. INTRODUCTION

Coenzyme B12-dependent diol dehydratase
1,2 catalyzes the

conversion of 1,2-diols to corresponding aldehydes. Figure 1
shows a minimal mechanism for this enzymatic dehydration,
which involves the hydrogen atom abstraction from C1 and the
migration of an OH group from C2 to C1 of 1,2-propanediol
(PDO).3 Adenosyl radical that is generated by the homolytic
cleavage of the Co�C covalent bond in adenosylcobalamin
(AdoCbl) plays an essential role in this OH group migration.
At first, the adenosyl radical abstracts a hydrogen atom from C1
to form 1,2-diol radical (substrate-derived radical), and then the
OH group on C2 migrates to C1 leading to the formation of 1,1-
diol radical (product-related radical). The resultant 1,1-diol
radical abstracts a hydrogen atom from 50-deoxyadenosine,
which leads to the formation of the 1,1-diol and the regeneration
of adenosyl radical.

Crystallographic studies4 of diol dehydratase complexed with
adeninylpentylcobalamin have provided important clues to under-
stand the reaction at themolecular level. There is Kþ ion in the inner
part of the active site. This Kþ ion is coordinated by five oxygen
atoms originated from the side chains of Gln141, Glu170, Glu221,
Gln296, and the carbonyl group of Ser362, as shown in Figure 2.

The sixth and seventh coordination positions are occupied by
the two hydroxyl groups of the substrate, PDO. The O2 atom of
PDO is bonded to COO� of Asp335 and the Nε2 atom of
His143 by a hydrogen bond, and the O1 atom is also bonded to
COO� of Glu170 and the Nε1 atom of Gln296. To reveal the
catalytic roles of the Kþ ion in the diol dehydratase reaction, we
performed density-functional-theory (DFT) calculations with a
simple model involving Kþ ion, propanediol, and ethyl radical.5

Substrate and the radical intermediates are always bound to Kþ

ion in the course of the reaction. However, the lowering of the
activation energy by the Kþ ion for the OH group migration is
only 2.2 kcal/mol. These results suggest that the most important
role of the Kþ ion in the reaction is to fix the substrate and the
intermediates in the proper position to ensure the hydrogen
abstraction and the OH group migration.

Recently, we built a whole-enzyme quantum mechanical/
molecular mechanical (QM/MM) model with 13,500 atoms
based on the crystal structure to investigate how the catalytic
residues in the substrate-binding site contribute to the hydrogen
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ABSTRACT: Functions of the metal ion in the substrate-binding site of diol
dehydratase are studied on the basis of quantum mechanical/molecular mechanical
(QM/MM) calculations. The metal ion directly coordinates to substrate and is
essential for structural retention and substrate binding. The metal ion has been
originally assigned to the Kþ ion; however, QM/MMcomputations indicate that Ca2þ

ion is more reasonable as the metal ion because calculated Ca�Odistances better fit to
the coordination distances in X-ray crystal structures rather than calculated K�O
distances. The activation energy for the OH group migration, which is essential in the
conversion of diols to corresponding aldehydes, is sensitive to the identity of the metal
ion. For example, the spectator OH group of substrate is fully deprotonated by Glu170
in the transition state for the OH group migration in the Ca-contained QM/MM
model, and therefore the barrier height is significantly decreased in the model having
Ca2þ ion. On the other hand, the deprotonation of the spectator OH group cannot effectively be triggered by the Kþ ion. Moreover,
in the hydrogen recombination, the most energy-demanding step is more favorable in the Ca-contained model. The proposal that
the Ca2þ ion should be involved in the substrate-binding site is consistent with an observed large deuterium kinetic isotope effect of
10, which indicates that C�Hbond activation is involved in the rate-determining step. Asp335 is found to have a strong anticatalytic
effect on the OH group migration despite its important role in substrate binding. The synergistic interplay of the O�C bond
cleavage by Ca2þ ion and the deprotonation of the spectator OH group by Glu170 is required to overcome the anticatalytic effect of
Asp335.
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abstraction and the OH groupmigration.6 Surprisingly, the QM/
MM-optimized structures have rather long K�O bonds com-
pared with the X-ray structure; K�O1 and K�O2 bonds were
calculated to be 2.814 and 2.791 Å, respectively. The error of 0.3
Å is not acceptable in the comparison of X-ray analysis and recent
density functional theory. However, we noticed that the calcu-
lated K�O distances are typical of potassium-contained com-
plexes. These results led us to re-evaluate the identity of themetal
ion in the substrate-binding site from QM/MM computations.7

We examined K and its neighboring elements in the periodic
table, Na, Mg, and Ca, as a candidate for the metal ions. The
QM/MM model involving Ca2þ ion best matches the X-ray
structure with a root-mean-square (rms) error of 0.1 Å. Ca2þ ion
is the most abundant metal ions found in crystal structures
deposited in the Brookhaven Protein Data Bank (PDB). Seven
oxygen atom ligands are most frequently arranged in a pentago-
nal bipyramidal fashion around Ca2þ ion at an average Ca�O
bond distance of 2.4 Å.8 These results indicate that the identity of
the metal ion in the substrate-binding site of diol dehydratase is
most likely to be the Ca2þ ion. Very recently, Toraya et al.9

obtained Ca-deprived diol dehydratase with the ethylenediami-
netetraacetic acid (EDTA) treatment, followed by ultrafiltration.
The affinity of the Ca-free site for substrate was found to be 500-
fold lower than that of Ca-contained active site, which demon-
strates that Ca2þ ion is directly involved in substrate binding.

Here we investigate catalytic roles of the metal ion in the
hydrogen atom abstraction and the OH group migration pro-
cesses catalyzed by diol dehydratase from QM/MM computa-
tions. The QM/MM study demonstrates that the Ca2þ ion is
more reasonable because the calculated Ca�O distances better
fit to the coordination distances in X-ray crystal structures rather
than the calculated K�O distances. We find that the Ca2þ ion
significantly reduces the activation barrier of the OH group
migration, because of its strong electron-withdrawing power in
contrast to Kþ ion. Thus, the central metal ion in the substrate-
binding site does not only serve as an anchor of substrate but also
facilitate the OH group migration. In this theoretical work we
have the intention to develop a computational mutation analysis
for future enzyme chemistry.

2. METHOD OF CALCULATION

We built a QM/MM model of diol dehydratase based on the crystal
structure of diol dehydratase-adeninylpentylcobalamin complex with the
highest resolution (PDB ID 1EEX). Toraya and co-workers4 found that
it is not possible to superimpose the structure of adenosyl cobalamin on
that of adeninylpentylcobalamin in the X-ray crystal structure without
the cleavage of the Co�Cbond. This result indicates that marked strains
must be induced to cleave the Co�Cbond, the bond dissociation energy
(BDE) of which is experimentally10,11 and theoretically12�17 estimated
to be about 30 kcal/mol. The C1 atom of the substrate is 6.6 Å apart
from the radical center C50 in the model structure. Although this
distance is too far for the radical transfer from the substrate to the
adenosyl radical, the C50-centered radical of the adenosyl group
becomes accessible to the pro-S hydrogen atom to be cleaved on the
C1 of the substrate by rotating the ribose moiety around the glycosidic
linkage.4 On the basis of these findings, we manually replaced the pentyl
moiety of the X-ray crystal structure with ribose.
2-1. SystemSetup. Protonation states of titratable residues at pH 8

were determined with the Generalized-Born method.18�20 The proton-
ation states were cross-checked with another pKa prediction program,
PROPKA.21 To reduce the computational cost for QM/MM calcula-
tions, 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 a distance of 30 Å around any atom of substrate,
resulting in 12754 atoms in total. The dangling bonds at the boundary
are capped with hydrogen atoms. The system was heated and equili-
brated at the CHARMm22,23 level of theory in three steps: (i) steepest
descent optimization of the system to eliminate bad contacts (rms
gradient <0.1 kcal/mol�1 Å�1), (ii) molecular dynamics (MD) for 15 ps
heating from 50 to 300 K with the leapfrog Verlet integrator, and (iii)
equilibration for 400 ps at 300 Kwith 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 section 2-2 and of heavy atoms beyond
20 Å from any atom of 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 work. The SHAKE algorithm24

was used to constrain bonds involving hydrogen atoms. Finally, we
extracted the final structure (400 ps) in the equilibration trajectory,
which was then minimized with the adopted basis Newton�Raphson
(ABNR) algorithm25 for 5000 steps. All calculations were carried out
with Discovery Studio 2.0.26

Figure 1. Minimal mechanism of the diol dehydratase reaction. (A)
Homolytic cleavage of the Co�C bond in AdoCbl. (B) Adenosyl
radical-catalyzed rearrangement.

Figure 2. X-ray structure of diol dehydratase.
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2-2. QM/MM Calculations. QM/MM calculations started from
theMM-optimized structures obtained in the setup phase. We chose the
metal ion, the ribosemoiety of adenosyl radical, the side chain ofGln141,
His143, Glu170, Glu221, Gln296, Asp335, the carbonyl group of Ser362
and (S)-1,2-propandiol (PDO) as the QM region (81 atoms in total).
The QM/MM interfaces were placed between CR and Cβ for the
histidine and aspartic acid residues, between Cβ and Cγ for glutamine
and glutamic acid residues, between CR and Cβ, and CR and N for
serine (HN-CO�CH), and between the ribose and adenine ring for
adenosyl radical. Link atoms were introduced to saturate the valence of
the QM boundary atoms with the L2 scheme,27 where the link atom
does not interact with the MM atoms of the adjacent neutral charge
group. All QM/MM calculations were performed with the ChemShell
package28 by using TURBOMOLE29 for the QM calculations at the
B3LYP level of theory, which consists of the Slater exchange, the
Hartree�Fock exchange, the exchange functional of Becke,30 the
correlation functional of Lee, Yang, and Parr (LYP),31 and the correla-
tion functional of Vosko, Wilk, and Nusair.32 We used the SV(P)33 basis
set on all atoms to carry out geometry optimization. Single-point
energies of the optimized structures were computed with the TZVP34

basis set. A standard electronic embedding scheme35 was chosen; the
fixed MM atomic charges were included into the one-electron Hamilto-
nian of the QM calculations, and the QM/MM electrostatic interactions
were evaluated from the QM electrostatic potential and the MM atomic
charges. The complete nonbonding MM and QM/MM interactions
were calculated without employing any cutoff. The CHARMm force
field22,23 run through the DL_POLY program36 was used for the MM
part of the system. We defined a region with 824 atoms to be fully
optimized by including all residues that have atoms within a distance of
10 Å around any atom of substrate, while we kept the remaining atoms
fixed. A larger optimized region with 2810 atoms within the 15 Å sphere
is also investigated to assess the influence of the outer MM region. As
summarized in the Supporting Information, the minimization of the
extendedMM region essentially has no impact on the relative energies of
reaction intermediates. 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 corrin ring is 12 Å in the X-ray structure, and
therefore, cobalamin acts solely as a spectator in the hydrogen transfer
and OH group migration.37 A microiterative scheme was employed to
locate transition states of the large system: the system was divided into a
reaction core and its environment. A Hessian eigenmode-following
algorithm (P-RFO) was used to optimize the reaction core, while the
environment was optimized with the L-BFGS algorithm.38 The nature of

the transition states as first-order saddle points was confirmed by
numerical frequency calculations. There are many local minima in the
large QM/MM model, and therefore, it is important to make sure that
the MM regions of the all stationary points are minimized to the same
local minima. As summarized in the Supporting Information, we carried
out 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 and QM energies are also
summarized in the Supporting Information.

3. RESULTS

Figure 3 shows QM/MM optimized structures of the sub-
strate-binding site including Ca2þ and Kþ ions. There is a sharp
contrast between calculated metal�oxygen bond lengths of the
two structures.

Table 1 showsQM/MMoptimizedmetal�oxygen bond lengths
in the substrate-binding site at the QM (B3LYP/SV(P))/MM
(CHARMm) level of theory. Calculated Ca�O bond lengths for
the QM/MM model having Ca2þ ion inside are in excellent
agreement with those of the X-ray structure with a root-mean-
square (rms) error of 0.06 Å, whereas K�O bond lengths for the
QM/MMmodel having Kþ ion inside are much longer than those
of the X-ray structure with a rms error of 0.37 Å. This result is in
good agreement with our previous conclusion7 that the identity of
the metal ion in the substrate-binding site is most likely to be Ca2þ

Figure 3. QM/MM optimized structures of the substrate-binding site including Ca2þ and Kþ ion. Units in Å.

Table 1. QM/MM Optimized Metal�Oxygen Bond Lengths
(Å) in the Substrate-Binding Site at theQM (B3LTP/SV(P))/
MM (CHARMm) Level of Theory

Ca2þ Kþ X-ray

O1 (PDO) 2.592 2.908 2.50

O2 (PDO) 2.526 2.884 2.48

Gln141 2.394 2.817 2.40

Glu170 2.313 2.682 2.36

Glu221 2.339 2.680 2.25

Gln296 2.373 2.737 2.39

Ser362 2.410 2.611 2.38

rmsa 0.06 0.37
aRMS errors from experimental values (PDB ID 1EEX).
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ion rather than Kþ ion. As indicated earlier in this paper, this
prediction was experimentally confirmed by Toraya et al.9

3-1. Hydrogen Abstraction. As shown in Figure 3, adenosyl
radical generated from the Co�C bond cleavage comes into
contact with the pro-S hydrogen atom to be abstracted in the
initial stages of the reaction. The adenosyl radical is rather close
to the hydrogen atom in the K-contained model; the distance
between the pro-S hydrogen atom and the C50 atom is calculated
to be 2.419 and 2.236 Å in the QM/MM models including the
Ca2þ and Kþ ions, respectively. This difference is a direct
consequence of the longer K�O1 and K�O2 bond lengths.
The activation barrier for the hydrogen abstraction is of course
sensitive to the distance, as proposed in our computational
mutation study39 of diol dehydratase. Figures 4 and 5 show
QM/MM optimized geometries of the intermediates and transi-
tion states for the hydrogen abstraction, theOHgroupmigration,
and the hydrogen recombination steps in the QM/MM model
including the Ca2þ and Kþ ions, respectively. We present only
the metal ion, the substrate, the ribose moiety, His143, Glu170,
and Asp335 for clarity in the figures. The activation barrier of 8.4
kcal/mol for the hydrogen atom transfer in the Ca-contained
model (TS1-Ca) is 3.1 kcal/mol higher than the corresponding
barrier in the K-contained model (TS1-K), as expected from the
short distance between the pro-S hydrogen atom and the C50
atom in the initial complex. This barrier reduction is mainly
ascribed to the MM energy difference of the protein, as shown in
Table 2.We evaluated theMMcontribution of amino acids in the
MM region to find important residues in reducing the activation
barrier for the K-contained model (Supporting Information,
Table S1 and Figure S2). The major MM energy term comes
from Glu168, Gln200, Lys255, Ser333, and Ser361. These
residues are located close to the QM region, especially to

Gln141, Glu170, and Asp335. The distances between these
residues and the QM atoms in the K-contained model are
shortened in comparison with those in the Ca-contained model
because of the longer K�O bond lengths. Thus, the MM
contributions in the K-contained model are sensitive to the
geometrical changes of the QM region in the course of reaction
(2.7 kcal/mol barrier reduction), whereas the MM energies in
the Ca-contained model do not significantly affect the barrier
(only 0.7 kcal/mol). TS1-Ca (TS1-K) has a C1�H bond of
1.307 (1.271) Å and a C50�H bond of 1.450 (1.503) Å; these
bond distances as well as a linear arrangement of the C�H�C
moiety are a typical feature in the C�H bond activation in
various reactions.40 In the resultant 1,2-diol radical (I1-Ca and
I1-K), the hydrogen bond between the spectator OH group and
Glu170 are remarkably changed compared with the initial
complex; the O1�H bond distance increases by 0.029 (0.025)
Å and the O (Glu170)�H bond distance decreases by 0.093
(0.104) Å in I1-Ca (I1-K). This intermediate is an R-hydroxyl
radical species, which is up to 105 times more acidic than
corresponding alcohols.41�43 The anionic carboxyl group of
Glu170 attracts the partially activated hydroxyl proton of the
1,2-diol radical, which would reduce the activation barrier for the
OH group migration, as discussed later in this manuscript. The
bond distance of C1�O1 decreases from 1.417 (1.407) Å in the
initial complex to 1.359 (1.354) Å in I1-Ca (I1-K). This
geometrical change is due to the resonance structure possessing
O-centered radical and the concomitant C1�O1 double bond.
The relative energy of I1-Ca (I1-K) is �8.9 (�11.6) kcal/mol
measured from the initial complex, which shows that the Ca2þ

ion destabilizes the intermediate by 2.7 kcal/mol compared with
the Kþ ion. As discussed in our previous study,39 the hydrogen-
bonding interaction between the spectator OH group and

Figure 4. Optimized geometries of intermediates and transition states for the hydrogen abstraction, the OH group migration, and the hydrogen
recombination in the Ca-containing model. Units in Å. Relative energies are measured from the initial complex shown in Figure 3.
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Glu170 reduces the BDE of the C1�H bond. Thus, the
destabilization of I1-Ca comes from the strong electron-with-
drawing power of the Ca2þ ion that weakens the hydrogen-
bonding interaction.
3-2. Catalytic Effects of Ca2þ Ion in the OH Group Migra-

tion. Smith, Golding, and Radom44 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. We reported using a
simple model involving Kþ ion, propanediol, and ethyl radical
that the OH group migration proceeds in a concerted manner
with an activation energy of 18.7 kcal/mol and that it is lowered
only by 2.2 kcal/mol in the presence of Kþ ion.5 Here we
considered a concerted OH group migration in this QM/MM
model having Ca2þ and Kþ ion in the substrate-binding site.
Several mutants of diol dehydratase were prepared by site-
directed mutagenesis for the investigation of the contributions
of the amino acid residues in the active site to the catalysis.45 The
Glu221Ala mutant enzyme does not form an (Rβγ)2 complex,

which suggests that this mutation indirectly disrupts subunit
contacts. The Glu170Ala, Asp335Ala, and Asp335Asn mutants
are totally inactive (<0.01%), and the His143Ala mutant shows
only 5.1% of activity of the wild-type enzyme, which indicates
that Glu170, Asp335, and His143 are catalytic residues. On the
basis of the pKa value determined by PROPKA, we assumed that
all titratable residues in the substrate-binding site are deproto-
nated under the reaction conditions of pH 8.0; the pKa values of
His143, Glu170, Glu221, and Asp335 are �4.71, 7.07, �1.02,
and 4.02, respectively. This assumption would be reasonable as
judged from the X-ray structure of the enzyme because these
residues are located in rather polar environment.
The OH migration proceeds in a concerted manner via a

transition state (TS2-Ca and TS2-K) with a triangular structure
in the Ca- and K-contained QM/MM models. In this process of
TS2-Ca, the COO� group of Glu170 temporarily accepts a
proton from the spectator OH group to effectively form the
aldehyde radical species; the O1�H and O (Glu170)�H bond
distances are 1.401 and 1.084 Å, respectively. The cleavage of the
C�O bond and the deprotonation of the spectator OH group
occur simultaneously in TS2-Ca. The QM/MM calculations did
not yield the deprotonated radical intermediate without the
C�O bond cleavage, which would deny the possibility of a
stepwise mechanism for the OH group migration. On the other
hand, the COO� group of Glu170 partially, but not completely,
activates the O1�H bond of TS2-K; the O1�H and O
(Glu170)�Hbond distances are 1.086 and 1.406 Å, respectively.
We found that an energy of 2.9 kcal/mol is required to
deprotonate the spectator OH group in contrast to TS2-Ca.46

These results indicate that the barrier of the OH groupmigration
is more effectively reduced by the deprotonation of the spectator
OH group for TS2-Ca than for TS2-K. In addition, the partial
protonation of the migrating OH group by His143 is likely to

Figure 5. Optimized geometries of intermediates and transition states for the hydrogen abstraction, the OH group migration, and the hydrogen
recombination in the K-containing model. Units in Å. Relative energies are measured from the initial complex shown in Figure 3.

Table 2. QM/MM and QM Energies (kcal/mol) Measured
from RC

RC TS1 I1 TS2 I2 TS3 I3

K

QM/MM 0.0 5.3 �11.6 9.8 �8.3 7.6 0.1

QMa 0.0 8.0 �11.8 9.2 �5.8 12.3 1.0

Ca

QM/MM 0.0 8.4 �8.9 3.6 �10.3 5.6 �4.4

QMa 0.0 7.7 �8.6 4.2 �8.2 6.5 �3.5
aQM energies with MM point charges.
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reduce the barrier of the OH group migration. The hydrogen
bond between the ε-nitrogen atom of His143 and the migrating
OH group is shortened to a similar extent in both models in
contrast to the deprotonation of the spectator OH group; 0.241
and 0.189 Å in the Ca- and K-contained QM/MM model,
respectively. The activation energy of the OH group migration
was calculated to be 12.5 and 21.4 kcal/mol forTS2-Ca andTS2-
K, respectively; thus, the barrier being reduced by the Ca2þ ion
by 8.9 kcal/mol. Why, then, is the barrier reduced in the Ca-
contained QM/MM model? Is the barrier reduction of 8.9 kcal/
mol for TS2-Ca fully ascribed to the deprotonation of the
spectator OH group by Glu170? How about the strong elec-
tron-withdrawing effect of the Ca2þ ion? To address these
questions, we performed additional calculations using a small
cluster model and a QM/MM model in which the metal ion is
deleted.
We consider the OH group migration using a simple model

involving propanediol radical and a metal ion (Kþ, Naþ, Ca2þ,
andMg2þ) at the B3LYP/6-311G* level of theory to evaluate the
catalytic ability of the metal ion. To assess possible artifacts due
to the difference in the total charge of the system, solvent effect
calculations were done with the integral equation formalism for
the polarized continuummodel (IEF-PCM)47 as implemented in
the Gaussian 03 program48 with a dielectric constant of 6.0, 20.0,
40.0, 60.0, and 80.0. Figure 6 shows optimized structures of the
transition state for the OH group migration in the simple model
calculation. As listed in Table 3, the calculated activation barrier
is well correlated with the charge state of the metal ion. The
barrier height of 21.6 kcal/mol in the absence of metal ion is
decreased by about 3 and 15 kcal/mol in the presence of the
monovalent (Kþ and Naþ) and divalent (Ca2þ and Mg2þ)
cations, respectively, in the gas phase. These values, however,
would be overestimated because of the lack of the anionic amino

acid residues coordinating to the metal ion in the gas-phase
calculations. The lowering of the barrier by Ca2þ ion is only a few
kcal/mol, and the barrier is not influenced by Kþ ion in the
polarized electrostatic environment. Thus, the strong electron-
withdrawing power of Ca2þ ion alone cannot sufficiently reduce
the barrier of the OH group migration. As discussed later in this
paper, a synergistic action of Glu170 and Ca2þ ion is essential in
sufficiently reducing the barrier of the OH group migration.
We also consider effects of Ca2þ ion just by removing it from

the substrate-binding site of the QM/MM model. As shown in
Figure 7, the structure of the active site is greatly disturbed by the
electrostatic repulsion between the anionic amino acid residues
and by the reorganization of the hydrogen-bonding network in
the substrate-binding site. For example, a new hydrogen bond is
formed between the ε-nitrogen atom of Gln296 and the migrat-
ingOH group. This result demonstrates that themetal ion is used
to anchor substrate and amino acid residues that contribute to
the catalysis. Although it is difficult to obtain reasonable data
from such a biologically unrealistic model, this model would be
useful to gain insight into the catalytic behavior of the metal ion
in the substrate-binding site. The activation barrier of the OH
group migration for this model was calculated to be 17.5 kcal/
mol measured from the 1,2-diol radical intermediate. This value
is 5.0 kcal/mol higher and 3.9 kcal/mol lower than those forTS2-
Ca and TS2-K, respectively, which is in qualitatively good
agreement with the computational results with the simple model.
Interestingly, the spectator OH group is not fully deprotonated
by the COO� group of Glu170 in the transition state of this
model, as seen in the K-contained QM/MM model; the O1�H
and O (Glu170)�H bond distances are 1.078 and 1.411 Å,
respectively. This result implies that the presence of a strong

Figure 6. Optimized structure of the transition state for the OH group
migration in the simple model calculation. Units in Å.

Table 3. Calculated Activation Barrier (kcal/mol) of the OH Group Migration and Mulliken Charge and Spin Densities on the
Migrating OH Group for a Cluster Model Using a Dielectric Constant of 6.0, 20.0, 40.0, 60.0, and 80.0

ε = 1 (gas) ε = 6 ε = 20 ε = 40 ε = 60 ε = 80 charge density spin density

no metal 21.6 22.1 22.3 22.5 22.3 22.3 �0.19 0.69

Naþ 18.8 22.8 23.1 23.2 23.2 23.2 �0.27 0.54

Kþ 18.8 22.4 22.7 22.8 22.8 22.8 �0.28 0.54

Mg2þ 5.4 19.2 20.9 21.3 21.0 21.7 �0.33 0.26

Ca2þ 6.8 19.9 21.5 21.9 22.0 22.0 �0.35 0.27

Figure 7. Optimized structure of the transition state for the OH group
migration in the QM/MM model without the metal ion. Units in Å.
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electron-withdrawing metal ion is a prerequisite for the efficient
deprotonation of the OH group by Glu170.
3-3. Anticatalytic Effects of Asp335 Ion in the OH Group

Migration.The activation barrier for TS2-K was calculated to be
11.5 kcal/mol in our previous QM/MM studies.6 Thus, it is
surprising that the OH groupmigration requires a high activation
energy of 21.4 kcal/mol in the present QM/MM calculations.
This discrepancy turns out to be primarily due to the choice of
the QM region. We newly added Asp335 to the QM region in
this study because this residue is hydrogen-bonded to the OH
group of the substrate. In fact, the activation energy was
estimated to be 14.7 kcal/mol from single-point calculations at
the optimized structures of I1-K and TS2-K when Asp335 is
treated at theMM level of theory. Likewise, the activation energy
for TS2-Ca was calculated to be only 5.9 kcal/mol without
Asp335 in the QM region. The COO� group of Asp335 is
hydrogen-bonded to the migrating OH group, as shown in
Figure 4. These results indicate that the hydrogen-bonding
interaction between Asp335 and the migrating OH group
significantly raises the activation barrier of the OH group
migration. To examine the effect of a hydrogen-bond acceptor
at position Asp335 on the OH group migration, we computed
the activation barrier using a simple model in which the Glu170
model (HCOO�) and the Asp335model (base X) are hydrogen-
bonded to the spectator and migrating OH groups, respectively.
As shown in Figure 8, the barrier height is increased by 17.3 and
22.1 kcal/mol in the presence of X = HCOO� and OH�,
respectively. Full deprotonation of the migrating OH group
significantly increases the barrier in contrast to that of the
spectator OH group. These results are consistent with the
previous computational results49,50 that the partial deprotona-
tion of the migrating NH3

þ group increases the barrier of the 1,2-
shift mediated by ethanolamine ammonia-lyase. From these
results, we conclude that Asp335 has a strong anticatalytic effect
on the OH group migration despite its important role for
substrate binding. The strong electron-withdrawing power of
Ca2þ ion is likely to be required to compensate the anticatalytic
effect of Asp335. Unfortunately, the Asp335Ala mutant is totally
inactive despite the absence of the anticatalytic effect since this
mutation prevents correct folding of proteins.45

3-4. Hydrogen Recombination. Radom and co-workers51,52

and we5,39 reported that the activation barrier for hydrogen
recombination reactions are slightly larger than those for the
initial abstraction reactions and proposed that the hydrogen
recombination is the rate-limiting step in the enzymatic reaction.
As shown in Figures 4 and 5, the C2 atom of the 1,1-diol radical
intermediate, I2-Ca and I2-K, comes close to the CH3 group of
50-deoxyadenosine and abstracts a hydrogen atom from it to lead

to the production of the 1,1-diol intermediate, I3-Ca and
I3-K, and to the reproduction of adenosyl radical via TS3-Ca
and TS3-K, respectively. The C2�H and C50�H bond lengths
were calculated to be 1.329 (1.308) and 1.385 (1.392) Å forTS3-
Ca (TS3-K), respectively. The hydrogen recombination is found
to be the most energy-demanding step in the Ca-contained
model calculations, whereas TS2-K is energetically the highest
species in the reaction pathway of the K-contained model. The
deuterium kinetic isotope effect (KIE) on the overall diol
dehydratase reaction is 10, indicating that the breaking of the
C�H bond is rate-determining in the reaction.3a,e,53,54 This
result would support our proposal that Ca2þ ion is involved in
the substrate-binding site of diol dehydratase. The lowering of
the activation energy for the OH group migration by Kþ ion is
small, while Ca2þ ion sufficiently reduces the barrier to explain
that the hydrogen recombination is the rate-determining step for
the overall reaction. As shown in Table 2, the QM term of TS3 is
higher than that of TS2 for both Ca- and K-contained models.
This is because the MM part has a different effect on the
K-system, decreasing the energy of TS3 by 4.7 kcal/mol, while
the energy is only decreased by 0.9 kcal/mol for the Ca-system.
The majority of this difference is found to come from Gln200,
Ser202, Glu208, Lys255, and Ser333, as shown in the Supporting
Information, Table S2 and Figure S3. These residues are likely to
reduce the barrier for TS3-K in a similar manner as the MM
energy term contributes to the reduction of TS1-K.

4. DISCUSSION

We have asked at the outset: what is the role of Ca2þ ion in the
substrate-binding site in the catalysis of diol dehydratase.
As concluded in our previous studies,5 the metal ion acts as an
anchor for substrate and catalytic amino acid residues. The
structure of the substrate-binding site is significantly disturbed
in the absence of the metal ion, as shown in Figure 7. However,
this is one aspect of the role of Ca2þ ion in the reaction.We found
that Ca2þ ion directly contributes to the reduction of the barrier
height for the OH group migration. The barrier height was
calculated to be 12.5 and 21.4 kcal/mol for the transition state in
the Ca- and K-contained QM/MM models, respectively; the
decrease in the barrier height by 8.9 kcal/mol is significant in
catalytic reactions in general. Thus, Ca2þ ion is catalytically
important for the reduction of the barrier height in the important
step. Interestingly, the COO� group of Glu170 accepts a proton
from the spectator OH group in the transition state for the OH
group migration in the Ca-contained QM/MM model, whereas
the COO� group of Glu170 partially, but not completely,
activates the OH group in the K-contained QM/MM model.
Mutational studies45 of diol dehydratase show that the Asp335A-
la mutant is totally inactive, but Asp335 has a strong anticatalytic
effect on the OH group migration as opposed to our expectation.

On the basis of these computational results, we present here a
comprehensive mechanistic scheme to explain these catalytic
roles of the metal ion in the OH group migration. Mulliken
charge and spin densities on the migrating OH group in the
transition state are �0.47 and 0.30 in the Ca-contained QM/
MM model, and are �0.28 and 0.54 in the K-contained QM/
MM model, respectively. The OH group has a more radical
character in the K-contained model than in the Ca-contained
one. This may be viewed as a result from the heterolytic and
homolytic cleavage of the O2�C2 bond in the Ca- and K-con-
tained models, respectively. As illustrated in Figure 9, the

Figure 8. Activation energy (kcal/mol) for the OH group migration
catalyzed by the Glu170model (HCOO�) and the Asp335model (X) at
the B3LYP/6-311G* level of theory.
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O2�C2 bond is heterolytically cleaved by Ca2þ ion with its
strong electron-withdrawing ability in the transition state. The
heterolytic cleavage triggers the full deprotonation of the spec-
tator OH group by Glu170. The high acidity of the spectator OH
group is attributed primarily to resonance stabilization of the
aldehyde radical moiety of the transition state. As demonstrated
in the simple model calculations, only a few kcal/mol lowering of
the barrier height by Ca2þ ion is observed in the absence of a
hydrogen-bond acceptor to the spectator OH group, which
shows that Ca2þ ion alone cannot sufficiently reduce the barrier
of the OH group migration. The synergistic interplay of the
heterolytic cleavage of the O�C bond by Ca2þ ion and the
deprotonation of the spectator OH group by Glu170 is likely to
be a key to the barrier reduction for the OH group migration. On
the other hand, Kþ ion homolytically cleaves the O2�C2 bond
since Kþ ion has a lower electron-withdrawing power, which is
not enough to promote the heterolytic cleavage. Consequently,
the synergistic action is not operative in the K-contained active
site of diol dehydratase, which would significantly increase the
activation barrier. The electrostatic repulsion between the mi-
grating OH group and Asp335 leads to an increase in the barrier.
The anticatalytic effect of Asp335 is overcome by the strong
electron-withdrawing power of Ca2þ ion, whereas the OH group
migration is interrupted by Asp335 in the K-contained model.
The barrier height is 21.4 kcal/mol for the K-contained model.
TS2-K lies 2.2 kcal/mol above TS3-K, which is inconsistent with
the observed large deuterium kinetic isotope effects
(KIE)3a,e,53,54 of 10 that indicate the involvement of hydrogen
atom transfer in the rate-determining step in the overall reaction.
It is proposed that the synergistic action of Glu170 and His143 is
necessary for the reduction of the barrier height.44 However, the
barrier height is not sufficiently reduced in the absence of the
metal ion even if both Glu170 and His143 work together, as
shown in Figure 7. This is because the hydrogen-bonding
interaction between the migration OH group and His143 is
not strong enough to allow the heterolytic cleavage of the
O2�C2 bond; charge and spin densities on the migrating OH
group in the transition state are �0.35 and 0.46 in the no-metal
QM/MM model. Thus, Glu170 cannot fully deprotonate the

spectator OH group in this model. These results imply that the
main catalytic partner of Glu170 is not His143 but Ca2þ ion in
the catalysis of diol dehydratase.

5. CONCLUDING REMARKS

We have studied catalytic roles of the metal ion in the
substrate-binding site of diol dehydratase using QM/MM calcu-
lations. Ca2þ ion is reasonable in the structural aspect and the
catalytic function of this enzyme in comparison with Kþ ion that
has been experimentally assigned to be located in the metal site.
Calculated Ca�O distances better fit the coordination distances
in the X-ray structures than the calculated K�O distances. The
activation energy for the OH group migration is sensitive to the
identity of the metal ion. For example, the spectator OH group of
the substrate is fully deprotonated by Glu170 in the transition
state for the OH group migration in the Ca-contained QM/MM
model; as a result, the barrier height is significantly decreased by
the existence of Ca2þ ion in the metal site. Moreover, the
hydrogen recombination, the most energy-demanding step, is
more favorable in the Ca-contained model calculations. Our
proposal that Ca2þ ion should be involved in the substrate-
binding site is consistent with an observed large deuterium
kinetic isotope effect of 10, which indicates that C�H bond
activation is involved in the rate-determining step. The Asp335
residue is found to have a strong anticatalytic effect on the OH
group migration despite its important role in substrate binding.
The synergistic interplay of the O�C bond cleavage by Ca2þ ion
and the deprotonation of the spectator OH group by Glu170 is
necessary to overcome the anticatalytic effect of Asp335. These
findings based on large-scale quantum chemical calculations
encourage us to carry out computational mutation studies in
future enzyme chemistry.
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