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The direct ion-dipolar interactions between potassium ion (K+) and the two hydroxyl
groups of the substrate are the most striking feature of the crystal structure of coenzyme
Bi2-dependent diol dehydratase. We carried out density-functional-theory computations to
determine whether K+ can assist the 1,2-shift of the hydroxyl group in the substrate-
derived radical. Between a stepwise abstraction/recombination reaction proceeding via a
direct hydroxide abstraction by K+ and a concerted hydroxyl group migration assisted by
K+, only a transition state for the latter concerted mechanism was found from our
computations. The barrier height for the transition state from the complexed radical
decreases by only 2.3 kcal/mol upon coordination of the migrating hydroxyl group to K+,
which corresponds to a 42-fold rate acceleration at 3TC. The net binding energy upon
replacement of the K+-bound water for substrate was calculated to be 10.7 kcal/mol. It can
be considered that such a large binding energy is at least partly used for the substrate-
induced conformational changes in the enzyme that trigger the homolytic cleavage of the
Co-C bond of the coenzyme and the subsequent catalysis by a radical mechanism. We
propose here a new mechanism for diol dehydratase in which K+ plays a direct role in the
catalysis.

Key words: adenosylcobalamin, coenzyme B,2,
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density-functional-theory computation,

Certain enzymes utilize the high reactivity of free radicals
to catalyze reactions that are chemically difficult to accom-
plish by ionic mechanisms (1, 2). Such radicals originate
from either cofactors or protein radicals. AdoCbl (coen-
zyme Bi2), a naturally occurring organometallic compound,
is a cofactor for enzymatic radical reactions. AdoCbl-de-
pendent reactions include carbon skeleton rearrangements,
amino group migrations, and heteroatom elimination reac-
tions. Diol dehydratase catalyzes the dehydration of 1,2-
diols to the corresponding aldehydes (Eq. 1) (3, 4).

R-CHCH2OH

OH
R-CH2CHO + H2

(R=CH3, H, HOCH2)
(1)

Although a minimal mechanism has been established for
AdoCbl-dependent rearrangements (Fig. 1) (5-8), the
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pathway for group X (X=0H on C(2) in the case of diol
dehydratase) migration is not well understood. Some Bl2

enzymes, including diol dehydratase, share the absolute
requirement for monovalent cations, such as K+ or others
with similar ionic radii (9), for catalytic activity, although
their exact roles remain obscure. In the crystal structure of
diol dehydratase as recently solved by Yasuoka and one of
the present authors and their associates, the most striking
feature is that both of the hydroxyl groups of the substrate
coordinate directly to K+, which is located in the inner part
of the active-site cavity (Fig. 2) (11). This novel and
surprising structure strongly suggests that K+ participates
directly in the enzymatic reaction.

AdoCbl-dependent enzymatic rearrangements involve
the migration of a hydrogen atom from one carbon atom of
the substrate to an adjacent carbon atom in exchange for
group X, which moves in the opposite direction (5-8). As
illustrated in the minimal mechanism (Fig. 1), the adenosyl
radical introduced into the active site by homolytic cleavage
of the Co-C bond of the coenzyme (Fig. 1A) triggers the
reaction by activating substrates through abstraction of a
hydrogen atom (Fig. IB). The pathway of group X migra-
tion remains obscure. For the diol dehydratase reaction,
several proposals concerning the hydroxyl group migration
from C(2) to C(l) of the substrate radical have been made
based on non-enzymatic model reactions and theoretical
calculations (12-14). Recent crystallographic analysis of
the structure of diol dehydratase in complex with cyano-

650 J. Biochem.

 at C
hanghua C

hristian H
ospital on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Participation of Potassium Ion in Enzyme Catalysis 651

cobalamin and the substrate 1,2-propanediol revealed that
the distances between Co and C(l) and C(2) of the substrate
are 8.37 and 9.03 A, respectively (11). This clearly ex-
cludes the possibility that Co(II) of cob(II)alamin is in-
volved directly in the conversion of a substrate-derived
radical to a product-derived radical. That is, Co(II) is a
spectator in the 1,2-shift of the hydroxyl group in the diol
dehydratase reaction.

Among the reaction pathways that have been proposed
for the hydroxyl group migration from C(2) to C(l), two
seem to be consistent with the X-ray structure of the
enzyme. In one pathway, it was postulated that the hydrox-
yl group migrates from C(2) to C(l) via a cyclic transition
state. In this mechanism, K+ may serve as a Lewis acid to
lower the energy of the transition state. It has been
proposed by Golding and coworkers (12, 13) that the
barrier in the hydroxyl group migration from C(2) to C(l)
is reduced by protonation. The second pathway involves a
radical anion intermediate. The pKa values of hydroxyl
groups attached to a carbon radical are reported to be ~ 5

AdoCHj

[Co]

AdoCHj

[Co]

B

4f
X H

-H-
AdoCH, AdoCH, I °3*gp

I migration

\

Fig. 1. The minimal mechanism for coenzyme Bu-dependent
rearrangements. A: Homolytic cleavage of the Co-C bond of en-
zyme-bound AdoCbl. B: Adenosyl radical-catalyzed enzymatic re-
arrangements. [Co], cobalamin; AdoCHi, adenosyl group; X repre-
sents a generic migrating group.

pH units lower than those of the corresponding alcohols
(IS). Formation of such a radical anion intermediate would
be favored by K+ through electrostatic stabilization. This
may ensure the deprotonation of the hydroxyl group on
C(l) by COO" of Glu<rl70. The removal of the hydroxyl
group from C(2) is facilitated by the resulting oxyanion on
C(l) through a- n overlapping, as well as by its coordination
to K+. The carbon atom of C=O, which is polarized by
interaction with the general acid COOH of Glua-170,
undergoes suprafacial nucleophilic attack by the eliminated
hydroxide ion. This alternative mechanism is essentially
similar to the hypothetical one proposed by Buckel and
coworkers (14). It is difficult to determine from the three-
dimensional structure of the active site which pathway is
more likely, although the latter pathway seems to be
incompatible with the constant activity of diol dehydratase
in the pH range from 6.0 to 10.0 (3).

In the present paper, we report the results of DFT
computations to determine whether K+ can assist the 1,2-
shift of the hydroxyl group in the substrate-derived radical.
Based on the computational results as well as the three-
dimensional structure of the enzyme, we propose a new
mechanism for diol dehydratase in which K+ plays a novel,
essential role in the enzymatic catalysis.

MATERIALS AND METHODS

DFT Computations—To obtain a better understanding of
the role of K+ in the catalytic function of this B12 enzyme,
we carried out DFT computations on the hydroxyl group
migration from C(2) to C(l) in the 1,2-dihydroxypropyl
radical. The role of proton and ammonium ion in the
hydroxyl group migration has been well-documented from
ab initio computations by Golding and coworkers (12, 13).
They suggested that protonation of the migrating hydroxyl
group may lead to a reduction in the barrier height and
hence facilitate the rearrangement. Our DFT computations
were carried out using Becke's three parameter hybrid
functional (16, 17) combined with the Lee, Yang, and Parr
(LYP) correlation functional (18), denoted as B3LYP,
implemented with the Gaussian 94 ab initio program
package (19). The triple-zeta 6-311G* basis set of Pople
and coworkers (20) was used for carbon, oxygen, and

Q296 Q296
E221 E221

Q141

E170 E170
Fig. 2. A stereoview of the active-site
residues interacting with the substrate
and K+. Drawn with MOLSCMPT (10)
using the coordinates obtained by Yasuoka
and coworkers (11). '., carbon atom; • ,
oxygen atom; • , nitrogen atom. Bonds in
the enzyme and substrate are shown as open
and closed sticks, respectively.
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hydrogen, and the primitive set of Wachters (21) was used
for potassium. We performed systematic vibrational anal-
yses and took zero-point vibrational energies into account in
making the energy diagram for the reaction pathway.

RESULTS AND DISCUSSION

The Role of Potassium Ion in Enzymatic Catalysis—We
considered two kinds of hydroxyl group migrations; the
first is a stepwise abstraction/recombination reaction that
can proceed via a direct OH abstraction by K+, and the
second is a concerted OH migration assisted by K+. Despite
our best efforts, we could not find a transition state for the
direct OH abstraction by K+. Only a transition state for the
latter concerted mechanism was found from our DFT
computations. The migration of the hydroxyl group re-
quires 20.6 kcal/mol in the absence of K+ at the B3LYP
level of theory, and this electronic process via a three-cen-
tered transition state is thus energetically unfavorable.
Figure 3 presents the potential energy diagram. In the
initial stages of the reaction, the substrate replaces the
K+-bound H2O to form a stable complex with K+ with a net
binding energy of 10.7 kcal/mol. The most notable geomet-
ric change in the complexation is the rotation of the dihedral
angle of 0-C(l)-C(2)-0 in the substrate due to the direct
ion-dipolar interactions between K+ and the two hydroxyl
groups. The barrier height for the transition state was
computed to be 18.3 kcal/mol if measured from the stabil-

ized K+ complex. A decrease in the barrier height by 2.3
kcal/mol corresponds to a 42-fold rate acceleration at 37°C
by coordination of the migrating hydroxyl group to K+. It
seems to us that the hydroxyl group migration still requires
high activation energies, but this might not be unreason-
able, because the hydroxyl group migration is not a rate-
determining step (22). Thus, we conclude that the hydroxyl
group migration will undergo only a partial rate accelera-
tion by coordination to K+. If K+ is assumed not to bind
H2O, catalytic turnovers would be difficult, because dissoci-
ation of the product radical complex to a dissociation limit
requires high energies. In addition, it should be noted that
the relatively large binding energy released upon complex-
ation of the substrate with K+ would be utilized, at least in
part, for the substrate-induced conformational change in
the enzyme, as discussed below.

The Proposed Overall Mechanism for Diol Dehydrat-
ase—Figure 4 illustrates a new mechanism for diol dehy-
dratase that we propose based on the computational results
as well as the three-dimensional structure of the enzyme.
Although the crystal structure of the substrate-free en-
zyme (1) has not yet been determined, it is likely that the
binding of 1,2-propanediol to the active site converts a
hexa-coordinated complex of K+ into the hepta-coordinated
complex (2) through coordination of its two hydroxyl
groups to K+ displacing the sixth ligand H2O (11). It has
been suggested that this causes a conformational change in
the enzyme that triggers homolytic cleavage of the Co-C

H;>O

2436

Dissociation limit

0.0

-22.1
H2O)+

+ Reactant radical

-32.8
Reactant complex

-33.0

Product complex

2.711 ,», ^718

o

H2O

Fig. 3. Energy diagram for
the migration of the hydroxyl
group from C(2) to C(l) in the
1,2-dihydroxypropyl radical
in the presence of K+. Bond
lengths in A and energies in
kcal/mol.
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Fig. 4. The proposed mechanism for diol dehydratase. The reaction with (S)-l,2-propanediol is illustrated. -Co-, cobalamin; AdoCH,,
adenosyl group; Im, imidazole group of Hisl43.

bond of AdoCbl, forming an adenosyl radical and cob(II)-
alamin. In the presence of substrate, the Co-C bond cleav-
age undergoes rate acceleration ranging from 10u to
1012-fold. In the absence of substrate, the rate acceleration
of the bond cleavage was calculated to be approximately 10*
to 107-fold. Therefore, the substrate enhances the rate of
Co-C bond cleavage by a factor of 104 to 10". This corre-
sponds to AAGX of 6-9kcal/mol. Such energy for rate
enhancement can be considered to be supplied at least in
part by a large binding energy upon complexation of the
substrate with K+ in the active site.

A specific substrate hydrogen atom (j>roS and proR
hydrogen atoms of the S- and .R-isomers, respectively)
(22) is abstracted by the adenosyl radical, producing a
substrate-derived radical and 5'-deoxyadenosine (3). As
described above, our computational results indicate that
the 1,2-shift of the hydroxyl group in the substrate radical
takes place through a cyclic transition state. In this
mechanism, it should be noted that the activation energy
for the transition state from the complexed substrate
radical decreases only partially, and still remains high.
Smith et al. (13) indicated by ab initio calculations that the
barrier height for the transition state in the hydroxyl group
migration can be lowered by partial protonation with NH,+.
The X-ray structure of the active site reveals that the
hydroxyl group on C(2) is hydrogen-bonded to Hisa 143 and
Aspor335 (Fig. 2). However, a possibility that, in the diol
dehydratase reaction, the interaction of the migrating
hydroxyl group with the imidazolium ion of Hisa'143 might
be essential for stabilization of the transition state is less
likely, because the rate of diol dehydratase reaction is

constant in the pH range from 6.0 to 10.0 (3). The hydroxyl
group seems to migrate from C(2) to C(l) with hydrogen-
bonding to these residues and with the turning of the
C(2)-C(l) bond through the transition state illustrated as 4
in Fig. 4. It seems reasonable to assume that the enzyme-
bound substrate changes its orientation during the reaction,
because the two hydroxyl groups are much more strongly
bound to the active site through ion-dipolar interactions as
well as hydrogen bonding than the C-C-C backbone of the
substrate is bound through hydrophobic or van der Waals
interactions.

The gem-diol radical (5) that is formed abstracts a
hydrogen atom back from 5'-deoxyadenosine, producing
gem-dio\ and the adenosyl radical (6). The gem-diol is then
dehydrated, producing propionaldehyde and H2O. Removal
of the migrating hydroxyl group would also be facilitated by
its coordination to K+. The product aldehyde loses its
affinity for K+ because of the loss of the hydroxyl groups
and is thus released from the active site. A decrease in the
coordination number of K+ would return the conformation
back to the substrate-free form (1); this accompanies
recombination of the adenosyl radical with the Co(II) of
cob(II)alamin to regenerate the coenzyme. A bond energy
liberated upon the reformation of the Co-C bond ensures
the release of the product from the active site and the
conformational change in the enzyme to the substrate-free
form.

The mechanism proposed here can explain all of the
biochemical results obtained so far as well as the stereo-
chemistry of the reaction catalyzed by diol dehydratase (5,
6). Our computational results provide strong support for a

Vol. 126, No. 4, 1999

 at C
hanghua C

hristian H
ospital on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


654 T. Toraya et al.

novel role of K+ in the catalytic function of this B! 2 enzyme.
We show here that the monovalent cation is not a spectator
but an active conductor in the enzyme catalysis.

We thank Prof. Yasuoka, Himeji Institute of Technology, for provid-
ing us with the coordinates for diol dehydratase which are being
deposited in the Brookheaven Protein Data Bank.
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