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monovalent cations

 

2b,13a,16

 

 (K

 

+

 

 ion or others with similar ionic
radii) for catalytic activity.  The requirement of apoenzyme for
K

 

+

 

 ion in the tight binding of AdoCbl has been established.

 

17

 

The most striking feature in the crystal structure of diol dehy-
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The energy profile of the diol dehydratase reaction is discussed from theoretical calculations at the B3LYP/6-
311G

 

*

 

 level of density functional theory.  The differences between the energy diagrams of models with and without K

 

+

 

ion are rather small except for the substrate binding and the OH group migration.  The most important role of K

 

+

 

 ion in
the diol dehydratase catalysis is to fix substrates and intermediates in proper positions in order to ensure the hydrogen ab-
straction and recombination between them and the adenosyl group.  In the course of the reaction, substrates and reaction
intermediates would always be kept bound to K

 

+

 

 ion until the release of product aldehyde from the active site.  Given the
neutral radical state of the substrate, the OH group migration proceeds in a concerted mechanism.  In this process, K

 

+

 

 ion
can work as an inhibitor of intramolecular hydrogen bond, which decreases the activation energy by 4.0 kcal/mol, due to
the destabilization of reactant 1,2-dihydroxypropyl radical.  The lowering of the activation energy by K

 

+

 

 ion, however, is
rather small, and thus the contributions of active-site amino acid residues to the OH group migration must be taken into
consideration to explain that the hydrogen abstraction is the rate-determining step for the overall reaction.

 

Coenzyme B

 

12

 

 (AdoCbl), including a Co–C covalent bond
in it, is one of the most notable compounds in enzyme chemis-
try.  It is an obligatory cofactor and functions as a reversible
radical carrier in several enzymatic reactions.  AdoCbl-depen-
dent reactions

 

1,2

 

 involve carbon skeleton rearrangements, het-
eroatom eliminations, and intramolecular amino group migra-
tions.  These reactions lead to the migration of a hydrogen
atom from one carbon atom of substrate to an adjacent carbon
atom in exchange for group X, as indicated in Chart 1.

Enzyme-catalyzed dehydration is an important biochemical
reaction.  Diol dehydratase,

 

2

 

 an AdoCbl-dependent enzyme,
catalyzes the dehydration of 1,2-diols to the corresponding al-
dehydes.  Extensive studies have been reported since the dis-
covery of this enzyme about forty years ago.

 

3

 

  Labeling exper-
iments revealed that the OH group migrates from the C-2 to C-
1 atom in the reaction.

 

4,5

 

  In order to catalyze this chemically
difficult reaction under neutral or weakly alkaline condi-
tions,

 

2h,6

 

 one requires AdoCbl as a radical source.  Co

 

Ⅱ

 

 of
cob(

 

Ⅱ

 

)alamin and an organic radical formed during catalysis

were observed by electron spin resonance (ESR).

 

7

 

  Large ki-
netic isotope effects (KIE)

 

8–10

 

 of 

 

k

 

H

 

/

 

k

 

D

 

 

 

=

 

 10–13 indicate the
involvement of hydrogen atom transfer in the rate-determining
step.  These experimental results established that this catalytic
reaction proceeds by a radical mechanism.  As illustrated in the
minimal mechanism

 

2

 

 indicated in Fig. 1, the first step of this
enzymatic reaction is triggered by the homolytic cleavage of
the Co–C bond in AdoCbl (A in Fig. 1).  This organometallic
bond is activated when the coenzyme is bound to apoprotein
and cleaved upon addition of substrates.

 

2h,11

 

  Generated 5

 

′

 

-
deoxyadenosyl (AdoCH

 

2

 

) radical abstracts a hydrogen atom
on the C-1 atom of substrate.  A subsequent hydroxy group mi-
gration affords 1,1-diol radical (2,2-dihydroxy-1-methylethyl
radical, product-derived radical) from 1,2-diol radical (1,2-di-
hydroxypropyl radical, substrate-derived radical) and, after a
few steps including recombination with a hydrogen atom from
5

 

′

 

-deoxyadenosine (AdoCH

 

3

 

) with a net inversion of configu-
ration at the C-2 atom (propanediol substrate),

 

11,12

 

 it decom-
poses into aldehyde and water (B in Fig. 1).  This catalytic re-
action is irreversible,

 

13a

 

 and both enantiomers of 1,2-pro-
panediol,

 

13

 

 3-fluoro-1,2-propanediol,

 

8

 

 and ethanediol

 

9

 

 serve as
good substrates.  Other diols are less reactive by far,

 

2c,e,g,14

 

 and
some of them are competitive inhibitors or inactivators.  It is
interesting that glycerol can act as both a good substrate and a
potent inactivator.

 

14b,15

 

Some B

 

12

 

 enzymes including diol dehydratase require
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dratase reported recently

 

18

 

 is that both hydroxy groups of sub-
strate coordinate directly to a K

 

+

 

 ion that is located in the inner
part of the active-site cavity, as shown in Fig. 2.  This novel
structure implies a direct participation of K

 

+

 

 ion in the enzy-
matic reaction.  In addition to the striking features mentioned
above, the distances between the Co atom in cobalamin and the
C-1 and C-2 atoms of substrate in the crystal structure are 8.37
Å and 9.03 Å, respectively.  It was proposed by a model study
that the C-5

 

′

 

-centered radical of the adenosyl group becomes
accessible to the 

 

pro

 

-

 

S

 

 hydrogen atom on C-1 of the substrate
by rotation of the ribose moiety around the glycosidic linkage
after the Co–C bond cleavage.

 

18b

 

  These proposals exclude the
previous hypothesis

 

9,19

 

 that Co

 

Ⅱ

 

 ion in cobalamin is directly in-
volved in the reaction.  Therefore it is highly possible that the
reaction proceeds with substrates and intermediates that direct-
ly coordinate to K

 

+

 

 ion.
Before the OH group migration, three types of partially ion-

ic states of substrate are formally considered to occur in the
course of the reaction; that is, radical cation arising from par-
tial protonation by amino acid residue(s), neutral radical, and
radical anion arising from deprotonation.  Although fully pro-
tonated radical (radical cation) is unlikely to be involved,

 

20

 

possible involvement of partially cationic radical species has
been well-documented from ab initio computations by Smith
et al.

 

21

 

  Model studies showed that 

 

α

 

-hydroxy radicals are up
to 10

 

5

 

 times more acidic than corresponding alcohols and rap-
idly decompose into water and aldehyde radical (1-formylethyl
radical) by 

 

β

 

-OH cleavage.

 

22

 

  A stepwise pathway involving a
radical anion and a ketyl radical has been described by Bothe
et al.

 

1j

 

  Partially anionic radical species is also possible owing
to the existence of Glu

 

170

 

 being a temporary proton acceptor
and the acidity and fragmentation character of 

 

α

 

-hydroxy radi-
cal.

 

18a,23

 

Certain enzymes utilize the high reactivity of free radicals to
catalyze the reactions.

 

6

 

  We defined enzymatic radical catalysis
as a mechanism of catalysis by which enzymes catalyze chem-
ically difficult reactions utilizing the high reactivity of radi-
cals.

 

2h

 

  To provide energetic feasibility of the proposed concept
of enzymatic radical catalysis,

 

2h

 

 we present the entire profile of
the diol dehydratase reaction from density-functional-theory
(DFT) calculations in this work.  On the basis of the crystal
structure

 

18

 

 as well as the experimental results,

 

2

 

 some conceiv-
able intermediates containing K

 

+

 

 ion and the energetics along
the reaction path were computed.  Our theoretical analyses
gave reaction energy profiles including unstable intermediates
for a deeper understanding of the reactions catalyzed by this
and other B

 

12

 

-dependent enzymes.  We have previously shown
direct participation of K

 

+

 

 ion in the catalysis from DFT calcu-
lations.

 

24

 

  No report on a theoretical approach to the whole re-
action of diol dehydratase has been made, although the mecha-

 

Fig. 1.   The minimal mechanism of diol dehydratase reaction.  A: Homolytic cleavage of the Co–C bond in AdoCbl.  B: AdoCH

 

2

 

radical-catalyzed enzymatic dehydration.

 

Fig. 2.   A stereoview of the active-site residues interacting
with the substrate and K

 

+

 

 ion.

 

18a

 

  Carbon atoms, oxygen
atoms, and nitrogen atoms are shown as open, closed, and
meshed circles, respectively.  Bonds in the enzyme and
substrate are shown as open and closed sticks, respectively.
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nism of the OH group migration has been theoretically studied
in detail.

 

19–21,23–27

 

Computational Details

 

We computed several possible paths of the diol dehydratase
reaction using the hybrid Hartree–Fock/density-functional-the-
ory B3LYP method implemented with the Gaussian 94 ab ini-
tio program package.

 

28

 

  This method consists of the Slater ex-
change, the Hartree–Fock exchange, the exchange functional
of Becke,

 

29

 

 the correlation functional of Lee, Yang, and Parr
(LYP),

 

30

 

 and the correlation functional of Vosko, Wilk, and
Nusair.

 

31

 

  The triple-zeta 6-311G

 

*

 

 basis set of Pople and co-
workers

 

32

 

 was used for C, O, and H, and the primitive set of
Wachters

 

33

 

 was used for K.

 

34

 

  We performed structure optimi-
zations on local minima and saddle points (transition state; TS)
with models including substrate 1,2-propanediol (or reaction
intermediates) and K

 

+

 

 ion.  A vibrational analysis was carried
out on each optimized structure to ensure that the structure cor-
responds to a local minimum that has no imaginary frequency
or a saddle point that has only one imaginary frequency.  Zero-
point vibrational energies were taken into account in calculat-
ing the reaction energy profile.  On each step of the reaction,
some possible isomers (diastereomers) were calculated.  Ethyl
group was employed as a model of adenosyl group.  To better
understand the role of K

 

+

 

 ion in the catalytic function of this
B

 

12

 

 enzyme, a model system without K

 

+

 

 ion was also calculat-
ed at the same level of theory.  The reaction was considered to
proceed via a radical intermediate of substrate.  Electrostatic
effects of K

 

+

 

 ion to such a radical species would be weak and
therefore the amino acids coordinating to K

 

+

 

 ion in the crystal
structure were ruled out from the models with K

 

+

 

 ion.  The
present calculations would overestimate this effect, but a com-
parison of the systems with K

 

+

 

 ion and without K

 

+

 

 ion enables
us to judge whether this ligand exclusion entails a large loss of

accuracy in the energetics or not.

 

Results and Discussion

 

We partitioned the whole reaction into three electronic pro-
cesses, as shown in Fig. 1; hydrogen abstraction, OH group
migration, and aldehyde production.  For the purpose of dis-
cussion, the C-1, C-2, C-3, and O atoms of propanediol were
designated simply as C

 

(1)

 

, C

 

(2)

 

, C

 

(3)

 

, O

 

(1)

 

, and O

 

(2)

 

, respectively.
First, we optimized the structure of AdoCH

 

2

 

 radical and com-
pared its spin density on the C-5 atom with that on the C-1
atom of ethyl radical.  We confirmed that ethyl radical is suit-
able as a model of AdoCH

 

2

 

 radical except for the steric hin-
drance of AdoCH

 

2

 

 radical.

 

1. Hydrogen Abstraction:    

 

Crystal structure analyses

 

18

 

demonstrated that 1,2-propanediol coordinates to K

 

+

 

 ion at
least before the OH group migrates from C

 

(2)

 

 to C

 

(1)

 

 of sub-
strate radical.  Therefore we considered the following two re-
action paths for K

 

+

 

-1,2-dihydroxypropyl radical complex, as
indicated in Scheme 1.  In Path A a hydrogen atom on C

 

(1)

 

 of
substrate is abstracted by AdoCH

 

2

 

 radical, which is replaced
by ethyl radical in our model, resulting in the formation of 1,2-
dihydroxypropyl radical, and the generated radical species is
then bound to K

 

+

 

 ion.  In Path B, complexation of substrate
with K

 

+

 

 ion occurs prior to the hydrogen abstraction, which is
in the reverse order of Path A.

K

 

+

 

 ion in the crystal structure is seven-coordinated by five
oxygen atoms from amino acid residues and two oxygen atoms
of hydroxy groups of substrate, as shown in Fig. 2.  This is in
line with the general trend of K

 

+

 

 ion since K

 

+

 

 ion is generally
known to be six- to eight coordinated in living organisms.

 

35

 

According to the recently determined X-ray structure,

 

36

 

 K

 

+

 

 ion
in the substrate-free enzyme is also seven-coordinated by five
amino acid oxygen atoms and two oxygen atoms from two wa-
ter molecules in the absence of substrate.  The addition of sub-

 

Scheme 1.   
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strate brings about a ligand exchange on K+ ion and triggers a
subsequent conformational change of the protein, which leads
the reaction to the next step.  The energy of 1 (K+(OH2)2

37 +
ethyl radical + 1,2-propanediol at left in Fig. 3) was taken as a
standard (0.0 kcal/mol) to measure the relative energies in the
following discussion and in Fig. 3.

Figure 4 shows optimized structures in the first electronic
process, “hydrogen abstraction”.  Path A starts from K+(OH2)2

and 1,2-propanediol 1 involving an intramolecular hydrogen
bond, the energetically most stable geometry among some di-
astereomers.  The activation energy for the hydrogen abstrac-
tion (from 1 to 2a in Fig. 3) was calculated to be 13.7 kcal/mol.
We found a lower transition state 2a′ that is directly connected
to 1 in a conformational point of view.  However, we employed
structure 2a that involves no hydrogen bond because 2a′ is
only 1.0 kcal/mol lower in energy and three-point attachment
(two OH groups and a methyl group) of substrate to the protein
environment was proposed for substrate binding.10–12  Coordi-
nation of the generated substrate radical to K+ ion brings about
energy destabilization with a net binding energy of −5.8 kcal/
mol (from 3a to 4), accompanying (H2O)2 release from K+ ion.
If the generated radical species is temporarily free from protein
in the enzyme until binding to K+ ion, 3a would be the most
stable with respect to the C(1)–C(2) rotation among the struc-
tures without intramolecular hydrogen bond.  However, it is
likely to form an intramolecular hydrogen bond, and hydro-
gen-bonded 3a′ is the most stable form with respect to the C(1)–
C(2) rotation, 3a′ lying 4.0 kcal/mol below 3a, as seen in Fig. 3.
In Path B substrate replaces the K+ ion-bound (H2O)2 to form
a complex with a net binding energy of −4.9 kcal/mol (from 1
to 2b) in the initial stage of the reaction.  After the complex-
ation, the pro-S hydrogen abstraction from (S)-1,2-propanediol
requires an activation energy of 9.0 kcal/mol38 (from 2b to 3b).
Clearly, Path B is energetically more favorable.  The coordina-
tion of substrate to K+ ion would affect the activation of the
Co–C bond of the coenzyme to initiate the catalysis.24  The ob-
served rate acceleration of the Co–C bond cleavage2h,11 by the
addition of substrate might originate from this coordination.

On the other hand, the activation energy for the hydrogen ab-
straction from C(2) with K+ ion is 7.5 kcal/mol, and the gener-

Fig. 3.   Energy diagrams of the models with K+ ion along the reaction path, from 1,2-propanediol to propionaldehyde + water.  Hy-
drogen abstraction process: 1–4 (Path A: dotted lines and Path B: solid lines).  OH group migration process: 4–6 (Path E).  Alde-
hyde production process: 6–10 (Path F: solid lines and Path G: dotted lines).  The path from 9 to 10 is displacement of product al-
dehyde from K+ ion by water.  Relative energies are in kcal/mol.  Diol and aldehyde denote propanediol and propionaldehyde, re-
spectively.

Fig. 4.   Geometries in hydrogen abstraction. xa and xb written
under each figure mean corresponding structures appearing
in Path A and Path B, respectively.  Bond lengths are in Å.
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ated C(2) radical species, not shown here, lies 2.4 kcal/mol be-
low 4, a corresponding primary radical species.  Moreover, the
activation energy for the other hydrogen abstraction from C(1)

(pro-R hydrogen) is near to that for the pro-S hydrogen ab-
straction (3b).  However, the pro-S hydrogen atom is ste-
reospecifically abstracted in this enzymatic process,2,10 al-
though this reaction pathway is energetically unfavorable.  We
therefore think that the behavior of the adenosyl group should
be controlled by an environmental factor of the amino acid res-
idues in the active site, probably the so-called adenosyl-group
binding site.39  Evidence for this speculation has recently been
presented on the basis of the crystal structure analysis of the
diol dehydratase–adeninylpentylcobalamin complex, which re-
vealed that the C-5 atom of AdoCH2 radical comes closest to
the pro-S hydrogen on C(1) of (S)-1,2-propanediol by rotation
of the ribose moiety around the glycosidic linkage.18b  Such a
radical species can be viewed as a protein-bound radical rather
than a free radical.

The most notable geometric feature in 2b is the dihedral an-
gle of O(1)–C(1)–C(2)–O(2).  Because of the steric repulsion be-
tween O(1) and O(2), these four atoms and K+ ion cannot form a
plane.  It is noteworthy that 2b is a local minimum structure,
but it is not exactly the most stable structure on the potential
energy surface.  The interconversion of 2b to 2b′ is likely to
occur, as indicated in Scheme 2.  The activation energy from
2b to 2b′ is only 4.1 kcal/mol, and as opposed to our expecta-
tion, 2b′ is 1.5 kcal/mol more stable than 2b.  However, we
chose 2b to illustrate the energetics of Path B because it is the
conformation actually seen in the crystal structure.18  The in-
teractions of the substrate hydroxy groups with active site resi-
dues and methyl group with surrounding amino acid residues
would determine the conformation of the enzyme-bound sub-
strate.  In (S)-isomer, the position of the equilibrium for this in-

terconversion is considered to move over to 2b, due to the pro-
tein surroundings.40  Inhibitors that possess two or more hetero
atoms having a lone pair2c,15 for interaction should also be first
bound to K+ ion as substrate.11  A calculated net energy re-
leased upon displacement of (H2O)2 by substrate is −4.9 kcal/
mol.  The sum of this and the four hydrogen bond energies is
the substrate binding energy which would be utilized for sub-
strate binding (5.8–6.3 kcal/mol at 37 °C)8,14a and in part for
the Co–C bond homolysis through the conformational change
of protein.

In structure 4 compared with 2b,  slight changes in bond
lengths of O(1)–C(1) (decrease by 0.06 Å) and K–O(1) (increase
by 0.08 Å) were observed.  These derive from a slight contri-
bution of a resonance structure possessing O-centered radical
and concomitant C(1)–O(1) double bond because the spin densi-
ty is almost localized on C(1) (0.90) and a little distributed on
O(1) (0.10).  Atom O(1) becomes electron deficient in 4, which
causes an increase in the K–O(1) bond.  A similar tendency is
seen between 2b′ and corresponding radical species 4′, and be-
tween 2b and the C(2) radical species mentioned above.  Al-
though the K–O bond lengths in the crystal structure are 2.38
Å (K–O(1)) and 2.40 Å (K–O(2)), they are about 2.60 Å and
2.61 Å in the computed structures 2b and 2b′, respectively.
Almost all the K–O bond lengths in each step are about 2.6 Å
in our model except those in the TS structure of the OH group
migration.  Therefore O atoms of the enzyme-bound substrate
may be a little more negatively charged by interactions with
Glu170 and Asp335.18a

2. OH Group Migration:    Our previous paper24 shows a
possible electrostatic effect of K+ ion in this process.  Taking
the crystal structure18 into account, let us reconsider it in more
detail.  Three kinds of OH group migrations were considered,
as indicated in Scheme 3.  The first is a stepwise fragmenta-

Scheme 2.   
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tion/recombination reaction that can proceed via an OH group
fragmentation to form K+–OH radical and hydroxypropene
(HOCHwCHCH3) (Path C).  The second is a stepwise abstrac-
tion/recombination reaction which is initiated by an intramo-
lecular addition of C(1) to O(2) to form a stable intermediate
with a three-membered ring, and then this ring is opened to
give the rearranged product.  The third is a concerted OH
group migration (Path E).  The difference between Path D and
Path E is whether the three-membered ring species is a transi-
tion state or a stable intermediate.  These reaction pathways are
not clearly distinguished when the intermediates in Path D are
energetically a little more stable than the relevant transition
states, because the reaction species involved in the pathways
are close in geometry.

We found that the intermediate in Path C is 21.8 kcal/mol
less stable than the transition state 5 in Path E (vide infra) and
that another intermediate in Path C that consists of dissociated
fragments, K+–hydroxypropene complex and OH radical, is
also 22.4 kcal/mol less stable.41  This fragmentation/recombi-
nation reaction are unrealistic in that the substrate cannot free-
ly move in the cavity of the active site of the enzyme.  There-
fore we calculated the HO–K+–hydroxypropene complex in
which K+ ion retains the coordination interactions with the OH
radical species and hydroxypropene, although these two spe-
cies are entirely partitioned.  However, the additional coordina-
tion leads to only 10.6 kcal/mol stabilization; thus, this com-
plex lies 11.2 kcal/mol above the transition state in Path E.
The second path (Path D) is identical to the addition/elimina-
tion mechanism reported in Ref. 42.  Despite our best efforts,
we could not find a transition state nor an intermediate that has
a reasonable structure in Path D and could locate the transition
state in Path E.  For these reasons, Path E should be the most
favorable pathway for the OH group migration.

In Path E the energy of substrate radical 4, a reactant in this
process, is almost identical to that of 4′.  Two and four types of
transition state structures in model systems with and without
K+ ion, respectively, were calculated, as shown in Fig. 5.  The
intramolecular hydrogen bond stabilizes reactant 1,2-dihy-

droxypropyl radical by 4.0 kcal/mol in the models without K+

ion.  We do not need to consider such a hydrogen bond in the
presence of K+ ion, due to the repulsion between K+ ion and
hydrogen and the unfavorable H–O–C angular distortion.  We
see that the C(1)–C(2) bond lengths in these transition state struc-
tures are about 1.36 Å and 1.35 Å (close to a length of CwC
double bond) in models with and without K+ ion, respectively.

Computed activation energies for this electronic process are
listed in Table 1.  From the structures of the reactants and tran-

Scheme 3.   

Fig. 5.   Geomtries of the transition states (TS) in the OH
group migration.  Figures in top are TSs in Path E, and in
middle and bottom are TSs of the models in the absence of
K+ ion.  Bond lengths are in Å.
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sition states, we conclude that 4 and 4′ should be linked with 5
(trans-type TS) and 5′ (cis-type TS), respectively, as indicated
in Scheme 2.  When electrostatic effects of K+ ion are taken
into account, the corresponding paths without K+ ion are 5-i
(trans-type TS) and 5-iii (cis-type TS) linked with 3a-i and 3a-
ii (less stable than 3a-i by 1.5 kcal/mol), respectively, which do
not have intramolecular hydrogen bonds.  As a result, decreas-
es of activation energy through the participation of K+ ion are
2.9 kcal/mol (trans-type TS) and 0.8 kcal/mol (cis-type TS).
Such small effects of K+ ion would not play an important role
in the catalysis because the charge of K+ ion can be offset by
the electric field provided by amino acid residues opposite to
substrate.

The reaction paths from 4 to 5 and from 4′ to 5′ are energet-
ically almost equal in the presence of K+ ion, the activation en-
ergies being 18.7 kcal/mol and 18.3 kcal/mol, respectively.
His143, which has hydrogen bonding to O(2) in the crystal struc-
ture,18 is important for the catalysis;43 however, 5′ is not feasi-
ble for such a hydrogen bond because of the steric hindrance of
the methyl group.  This led us to choose the former model.

In the absence of K+ ion, energetically more stable isomers
of 3a-i and 3a-ii are formed with an intramolecular hydrogen
bond, 3a-iv lying 0.2 kcal/mol above 3a-iii.  The structures of
3a-iii and 3a-iv that directly link with 5-ii (trans-type) and 5-iv
(cis-type), respectively, are shown in Fig. 4.  No transition state
for the OH group migration from 3a′ is found because a direct
H-atom abstraction from O(1) by the OH group is energetically
more favorable.  The reactants used in comparing the energet-
ics with models including K+ ion are neither 3a, 3a-i, nor 3a-
ii, but more stable 3a-iii and 3a-iv.  Although the electrostatic
effect of K+ ion is all but unavailable, K+ ion can prevent in-
tramolecular hydrogen bonding.  The barrier height of 20.9
kcal/mol in the absence of K+ ion (from 3a-iv to 5-iv) is de-
creased by 2.2 kcal/mol to 18.7 kcal/mol in the presence of K+

ion (from 4 to 5).  We conclude in consequence that K+ ion is
effective for the migration and works as a hydrogen bond in-
hibitor of reactant radical in this process.  Such a reactant de-
stabilization is also seen in the partial proton transfer con-
cept,21 where C(2)–O(2) bond lengthening (activation) of reac-
tant radical is caused by partial protonation in this process.

In generated 2,2-dihydroxy-1-methylethyl radical 6, the ro-
tation with respect to the C(1)–O(2) bond does not occur because
its methyl group is held by protein or the rotation requires a
high barrier.1g,44 This can lead to the inversion at C(2) in the
next process.10b,12  However, the rotation should be permitted
in ethanediol that is sterically less demanding.5  Therefore ra-
cemization at C(2) of acetaldehyde (product from ethanediol) is
accomplished.1g

Several mechanisms have been suggested with respect to the
OH group migration or the dehydration process.1j,18,21–26  The
partial proton transfer21 is a reasonable explanation for the de-
crease in activation energy for the OH group migration.  Al-
though the rate of diol dehydratase reaction is constant in a pH
range from 6.0 to 10.0,13a the protonation of His143 imidazole
group might be possible in the transition state, irrespective of
its pKa (6.0).  In test calculations at the B3LYP/3-21G level of
theory using a model including K+ ion, 1,2-propanediol, and
imidazolium ion (protonated imidazole), the computed activa-
tion energy for the OH group migration is 19.8 kcal/mol, this
value being almost equal to the one for the model without imi-
dazolium ion.45  This suggests that, if the Lewis acidity of K+

ion is effective even in the protein, the hydrogen bonding be-
tween substrate and His143 does not have a remarkable effect
on the activation energy of this process.  Probably this hydro-
gen bond found in the crystal structure18 is the one between
imidazole/imidazolium proton and O(2) in the substrate, but not
the one between the hydrogen on O(2) and the nitrogen in the
imidazole group.  If the latter is the case, such a hydrogen bond
will not affect the activation energy because the hydrogen bond
from imidazole to the hydrogen on O(2) makes the basicity of
O(2) larger.

The activation energy from 4 to 5 (18.7 kcal/mol) is larger
than that of the hydrogen abstraction from 2b to 3b (9.0 kcal/
mol).  This result is inconsistent with the conclusion from the
experimental results on kinetic isotope effect that hydrogen ab-
straction is a rate limiting step: kH/kD = 10–13 (overall reac-
tion)8,10 and kcat/kT = 20 (overall reaction/tritium abstraction).9

However, our model does not include the active-site amino
acid residues.  The activation energy for the OH group migra-
tion might be further decreased if the contributions of the ac-
tive site residues to the TS stabilization are taken into consider-
ation.46  In the protein environment, the Lewis acidity of K+

ion may be decreased by the electric field which is provided by
amino acid residues coordinating to K+ ion.  If the Lewis acid-
ity of K+ ion in the active site is very small, the imidazolium
group of His143 would become much effective for lowering the
activation energy for the OH group migration.  In this context,
theoretical calculations with more realistic models are required
to examine this possibility.  Very recently, Radom and co-
workers proposed that the barrier height for the OH group mi-
gration is lowered by a push–pull mechanism through partial
protonation/partial deprotonation.23  From these consider-
ations, the results of our calculations would not be inconsistent
with the finding that the hydrogen abstraction is the rate-deter-
mining step for the overall reaction.

From the importance of His143 for the catalysis,43 we con-
cluded that this residue serves as an anchor to fix the substrate
in the proper position during the OH group migration and
probably in the preceding and the following processes as well.
In addition, this residue is likely to play an important role in
the dehydration of the 1,1-diol intermediate.

3. Aldehyde Production:    In the predissociation mecha-
nism,25 the O-atom of the product water always originates
from O(2) in substrate 1,2-propanediol.  However, this is incon-
sistent with the observed stereochemical course of the enzy-
matic reaction.  A 18O-labeling experiment4 showed that the O-
atom of the product water comes from O(1) when (R)-1,2 pro-

Table 1.   Activation Energies (kcal/mol) for Path E

A: Models with K+ ion

TS 5 TS 5′
Reactant 4 18.7 unfavorable
Reactant 4′ unfavorable 18.3

B: Models without K+ ion
3a-i → 5-i 3a-ii → 5-iii 3a-iii → 5-ii 3a-iv → 5-iv

21.6 19.1 21.3 20.9
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panediol is used as substrate, but does not come from O(1)

when (S)-1,2-propanediol is used.  In addition to the reason de-
scribed above for the predissociation mechanism, there is one
more arguable point in the carboxylic acid cofactor
mechanism26 for the diol dehydratase reaction.  The crystal
structure analysis18a showed that carboxylic acid-containing
residues which could work as a possible cofactor in this mech-
anism are Asp335 (pKa = 3.9) and Glu170 (pKa = 4.3).  Because
these residues are located in the rather polar environment of
the enzyme and should therefore exist in the deprotonated
form (RCOO−) under assay conditions, neither of them could
serve as an essential cofactor in this mechanism.

The evidence that the dehydration reaction is not a sponta-
neous reaction but a catalytically controlled stereospecific one
was given by the 18O-labeling experiment mentioned above.4

It was also reported that the unhydrated aldehyde is released
from the enzyme.47  According to these results, the third pro-
cess is also considered to proceed with the 1,1-diol intermedi-
ate that is bound to K+ ion.  Two kinds of paths were consid-
ered for this process, as indicated in Scheme 4.  In Path F, the
recombination with a hydrogen atom from AdoCH3 is fol-
lowed by dehydration from parent 1,1-propanediol.  In Path G,
dehydration from parent 2,2-dihydroxy-1-methylethyl radical
is followed by hydrogen recombination.  His143 and/or Glu170

can play an important role in the reaction.43  Unfortunately we
do not know the detailed mechanism of dehydration from 1,1-
diol or its radical as yet.  Glu170 and/or His143 are likely to work
as proton carrier(s).  The equilibrium between a 1,1-diol and
the corresponding aldehyde in solution is well-known, and the
activation energy for dehydration is quite small especially in
the presence of acid or base catalyst.  Similarly in diol dehy-
dratase, the amino acid residues of which can serve as such
catalysts, there would be no step in dehydration that requires a
high activation energy.

An energy diagram of this process and the optimized struc-
tures for the relevant reaction species are presented in Figs. 3
and 6, respectively.  In Path F, the hydrogen recombination

Scheme 4.   

Fig. 6.   Geometries in aldehyde production. xf and xg written
under each figure mean corresponding structures appearing
in Path F and Path G, respectively.  Bond lengths are in Å.
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from 6 to 8f requires 15.1 kcal/mol as activation energy with a
net inversion of configuration at C(2).10b,12  By the following de-
hydration, the energy of the system decreases by 7.3 kcal/mol
when the reacting system moves from 8f to 9.  On the other
hand, in Path G stabilization of 19.5 kcal/mol is brought about
by dehydration from 6 to 7g, and the activation energy for the
subsequent hydrogen recombination from 7g to 9 is 19.8 kcal/
mol.  AdoCH2 radical which has been formed by giving a hy-
drogen atom back to product radical 6 or 7g immediately re-
turns to CoⅡ in cobalamin and then AdoCbl is reformed.  Re-
lease of the energy upon reformation of the Co–C bond would
ensure a conformational change of the protein to the substrate-
free form and subsequent displacement of the product alde-
hyde by water, which requires an energy of 6.2 kcal/mol (from
9 to 1048) in both Path F and Path G.  The conformation of the
enzyme thus returns to the initial state with two H2O molecules
bound to K+ ion.  When the next substrate comes into the ac-
tive site, it could replace the K+-bound (H2O)2.  From the ener-
getic viewpoint, Path F seems more favorable because the hy-
drogen recombination in Path G requires more energy than that
in Path F by 4.7 kcal/mol.  Stabilization upon dehydration
from 1,1-diol radical in Path G leads to a marked increase in
activation energy for hydrogen recombination, and the barrier
would be too high if the energy released upon dehydration is
not conserved in the system.  For stereoselective hydrogen re-
combination of C(2)-centered radical, orientation of the prod-
uct-derived radical must undergo strict steric control.  Path F
would be more likely for this reason as well because the 1,1-
diol radical can be tightly bound to K+ and active-site residues
than the aldehyde radical.

Figures 7 and 8 show optimized geometries in aldehyde pro-
duction and energy diagrams of the models without K+ ion
from 1,2-propanediol to propionaldehyde, respectively.  The
general profile of the energies in the reaction mechanism with
and without K+ ion is similar except for the substrate binding
and the OH group migration.  The most important role of K+

ion in the diol dehydratase catalysis is probably to fix sub-
strates and intermediates in proper positions to ensure the ste-
reospecific hydrogen abstraction and the stereoselective re-
combination between them and the adenosyl group.

In the radical molecules formed in the previous processes,
the spin density is localized on a carbon atom which is in sp2-
configuration (spin density is about 0.9).  We found a spin dis-
tribution in 7g; the spin density of C(2) is 0.7 and that of O(1) is
0.3.  This is reasonable in view of the well-known resonance
formula indicated in Chart 2.  Since such resonance structures
do not contribute to 6, the difference in activation energy origi-
nates from resonance stabilization of 7g in Path G.  The rota-
tion of the C(1)–C(2) bond in 7g is more strictly prohibited than
that in 6, due to the partial double bond character originating
from the right resonance structure in the formula.  This struc-
tural rigidity might be favorable for the inversion of configura-
tion at C(2) in the hydrogen recombination process10b,12 through
Path G.

Chart 2.   

Fig. 7.   Geometries of models without K+ ion in aldehyde production.  Bond lengths are in Å.



1478 Bull. Chem. Soc. Jpn., 75, No. 7 (2002) Mechanism of B12-Dependent Diol Dehydratase

[BULLETIN 2002/07/02 14:07] 01244

There is another path of hydrogen recombination to alde-
hyde radical 7g.  A more general one is the hydrogen recombi-
nation to oxygen-centered radical (at right in the resonance
formula in Chart 2).49  Generated hydroxypropene should
readily tautomerize into propionaldehyde.  However, such a
hydrogen recombination of O(1)-centered radical would rarely
occur because of the steric crowding around O(1) seen in the
crystal structure or the distance from AdoCH3.18

4. Ethanediol Substrate:    On the diol dehydratase reac-
tion as well as the 2-aminoethanol ammonia-lyase reaction,
there are differences in reaction rate9,14b,15,50 and KIE1c,2e,5,9 be-
tween C3 and C2 substrates used.  Calculations similar to
those described above were carried out with ethanediol as a
substrate, as shown in Fig. 9.  Optimized structures for the re-
action species are shown in Fig. 10.  We could not find a re-
markable difference in energy between propanediol and
ethanediol.  Although there are slight increases in activation
energy of the OH group migration and hydrogen abstraction,
as listed in Table 2, almost identical energies are required for

both substrates in the process of displacement of product alde-
hydes by water.  Decreases in energy of the hydrogen recombi-
nations in Paths F and G were calculated to be 4.0 kcal/mol
and 7.9 kcal/mol, respectively.  These decreases can derive
from the differences of radical character in each process.  That
is, the primary radical reactants (2,2-dihydroxyethyl radical 6e
and formylmethyl radical 7eg), from the substrate ethanediol
are more unstable than the secondary radical reactants (2,2-di-
hydroxy-1-methylethyl radical 6 and 1-formylethyl radical 7g)
from propanediol.  On the other hand, the electron spin is delo-
calized on both carbon atoms that can accept and supply hy-
drogen atoms in the transition states (7f, 7ef, 8g, and 8eg).
Therefore the differences in radical character are less.  This
leads to activation energy lowering.

The rate of propionaldehyde formation is larger than that of
acetaldehyde formation.9,14b,15  The computational results sug-
gest that the rate limiting step with both substrates should exist
before the formation of 1,1-diol radical species.9

Fig. 8.   Energy diagrams of the models without K+ ion along the reaction path, from 1,2-propanediol to propionaldehyde + water.
In aldehyde production process: 6′–10 (solid and dotted lines corresponds to Path F and Path G, respectively).  Relative energies
are in kcal/mol.  Diol and aldehyde denote propanediol and propionaldehyde, respectively.  On 7g� and 8g�; see Ref. 51.

Fig. 9.   Energy diagrams of the models with K+ ion along the reaction path, from 1,2-ethanediol to acetaldehyde + water.  Hydrogen
abstraction process: 1e–4e (Path B).  OH group migration process: 4e–6e (Path E).  Aldehyde production process: 6e–10e (Path F:
solid lines and Path G: dotted lines).  The path from 9 to 10 is displacement of product aldehyde from K+ ion by water.  Relative
energies are in kcal/mol.  Diol and aldehyde denote ethanediol and acetaldehyde, respectively.
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Conclusions

We presented the entire energy profile of diol dehydratase
reaction from DFT computations at the B3LYP/6-311G* level.
Based on the crystal structure, 1,2-propanediol was used as a
substrate and K+ ion was taken up in the model system in
which amino acid residues are excluded.  In the course of the
reaction, substrates and intermediates would always be kept
bound to K+ ion until the release of product aldehyde from the
active site.  Given the neutral radical state of substrate, the OH
group migration proceeds in a concerted manner.  In this pro-
cess K+ ion acts as an inhibitor of intramolecular hydrogen
bonding, which decreases the activation energy by 4.0 kcal/
mol, due to the destabilization of reactant 1,2-dihydroxypropyl
radical.  However, this effect of K+ ion on the activation ener-
gy for the OH migration is rather small, and thus further transi-

tion state stabilization by the protein environment must be con-
sidered to be compatible with the finding that the hydrogen ab-
straction is the rate determining step for the overall reaction.
The neglect of the protein environment may bring about an
overestimation of electrostatic effects of K+ ion because its
charge would be canceled by the electric field provided by the
amino acid residues near the active center.  Moreover, the ste-
reospecific hydrogen abstraction and the OH group migration
need the steric hindrance of the amino acid residues and ade-
nosyl group.  The difference between the energy diagrams of
the models with and without K+ ion shown in Figs. 3 and 8 is
rather small except for the substrate binding and the OH group
migration.  We concluded that the most important role of K+

ion in the diol dehydratase catalysis is to fix substrates and in-
termediates in proper positions in order to ensure the ste-
reospecific hydrogen abstraction and the stereoselective re-
combination between them and the adenosyl group.

The relative barrier heights for the postulated three transi-
tion states in enzymatic radical catalysis2h were obtained here
for the first time with a model of the coenzyme B12-dependent
diol dehydratase system.  These results provided theoretical
evidence in support of the idea that the enzymatic radical catal-
ysis is a mechanism of the rate acceleration by dividing a tran-
sition state with a high energy barrier into three or more transi-
tion states with lower barrier heights.2h
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