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Does Cob(II)alamin Act as a Conductor in Coenzyme B, Dependent

Mutases ?**

Pawel M. Kozlowski,* Takashi Kamachi, Tetsuo Toraya, and Kazunari Yoshizawa*

The origin of the enormous catalytic activity of enzymes
containing coenzyme B, as a cofactor continues to be of
significant interest in bioinorganic chemistry.!! During enzy-
matic catalysis, the Co—C bond of coenzyme B,, is cleaved
homolytically, which leads to the formation (at least formally)
of the 5'-deoxyadenosyl radical and cob(II)alamin.’? The
rate of enzymatically accelerated homolytic cleavage of the
Co—C bond exceeds the rate observed in aqueous solution by
at least 12 orders of magnitude as a consequence of coenzyme
interaction with the substrate in the presence of the apoen-
zyme.”! The question of how B,,enzymes facilitate the
homolysis of the Co—C bond and how precisely this initial
step is coupled with subsequent H-atom abstraction remains
one of the most important and poorly understood aspects of
B,,-dependent enzymatic catalysis.

Although it is generally accepted that coenzyme B, is
only required to initiate the radical reaction and does not
participate actively in subsequent steps, an interesting
hypothesis was presented recently by Buckel et al.,*) who
proposed that in mutases cob(II)alamin is involved in the
stabilization of the product-related highly reactive methylene
radical, which is not conjugated to any adjacent group, and
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that the concept of coenzyme By, as a spectator” can only be
applied to class II B,,-dependent enzymes (eliminases) exem-
plified by diol dehydratase! and glycerol dehydratase.”! In
the light of the results of several experiments, the concept that
coenzyme B, acts as a spectator can not be extended to class I
B,,-dependent enzymes (mutases) exemplified by methyl-
malonyl CoA mutase®® and glutamate mutase.”’

Most noticeably, eliminases are remarkably promiscuous
in tolerating structural alterations in the adenosyl moiety,
whereas, in sharp contrast, mutases are absolutely specific and
do not tolerate any structural modifications. Furthermore,
extensive EPR studies and analysis of the intermediate state
upon Co—C bond cleavage reveals that the distance between
the cob(IT)alamin and the substrate radical is much shorter in
mutases than in eliminases. Consequently, the interaction
between radical centers in mutases is strong relative to that in
eliminases. In certain eliminases, coenzyme B, is not needed
to initiate the radical reaction, as, for example, in the case of
B,-dependent glycerol dehydratase. The same radical reac-
tion can be promoted by a much simpler cofactor, (S)-
adenosylmethionine (SAM), whereby the 5'-deoxyadenosyl
radical is generated by one-electron reduction.'! Thus, it
appears that coenzyme B,, is not just a radical generator in
mutases; rather cob(II)alamin here functions more like a
“conductor” to assist the radical reaction by stabilizing
intermediate radicals and lowering transition states in the
interconversion of these radicals.*'"

The purpose of the study described herein was to
investigate this fundamental issue by using density functional
theory (DFT) and focus on: 1) the structure of the transition
state of the concerted Co—C bond homolysis and subsequent
H-atom transfer, and 2) the energy stabilization due to the
presence of cob(II)alamin. With this objective, we used the
model complex Im-[Co™(corrin)]-Rib", which contains a
corrin ring as well as imidazole and ribose as axial ligands
(Figure 1). Previous studies have demonstrated that such
structural models describe the electronic properties of
cobalamins sufficiently."”! However, the application of the
appropriate level of theory appears to be essential for the
correct prediction of the Co—C bond strength.'¥! Recent
studies have demonstrated that the commonly used B3LYP
functional underestimates significantly the strength of the
Co—C bond, whereas the nonhybrid BP86 functional provides
results that are highly consistent with experiment.!"”

In the present study we made use of these recent
developments and used the BP86/6-31G(d) level of theory
(see the Methods Section for details) to investigate the initial
step of B,,-dependent enzymatic catalysis, which involves H-
atom abstraction initiated by homolysis of the Co—C bond of
coenzyme B,,. The optimized Co—C bond length of the

Angew. Chem. Int. Ed. 2007, 46, 980-983



Relative Energy/kcal mol™'
n N w w
o (6] o [}
T T T T

Spin Density

-05 kN

Y

10 - N, cs'
10755 30 35 40

5 - Co-C Distance /A
0 " I 1 I 1
2.0 25 3.0 3.5 4.0

Co-C Distance /A

Figure 1. Potential-energy curve that represents the Co—C stretch in
the depicted coenzyme-B,, model computed at the BP86/6-31G(d)

level of theory. The inserted diagram shows the change in the spin

density along the Co—C bond elongation.

coenzyme of 1.993 A is in good agreement with the corre-
sponding distance of 2.033 A in the crystal structure of
adenosylcobalamin (AdoCbl).'"" The Co—C bond dissociation
energy (BDE) is predicted to be 37.2kcalmol™! upon
inclusion of the correction for the zero-point vibrational
energy (ZPE); this value is in accord with the experimental
value of 31kcalmol"."! These results indicate that the
structural model of coenzyme B,, is appropriate for the
investigation of the initial catalytic step involving hydrogen-
atom transfer.

The structure of Im-[Co™(corrin)]-Rib" in conjunction
with the energy curve, which represents the stretching of the
Co—C bond (Figure 1), reproduces well the essential features
of coenzyme B,,. The spin densities on the Co and C5’ atoms
were calculated along the Co—C elongation (see inset in
Figure 1) and indicate that the diradical character of the
coenzyme does not appear until the separation between the
cobalt center and the ribose ligand reaches ~2.7 A. Full
diradical character is developed when the Co—C bond is
stretched to more than 3.0 A. Consequently, the ribose moiety
only has the ability to abstract hydrogen from the substrate
above this separation.

To explore the realistic energy path associated with the H-
atom abstraction, the initial geometry of the transition state
(TS) was constructed on the basis of the optimized structure
of the cofactor, Im-[Co™(corrin)]-Rib™. A truncated model of
the substrate (S) for glutamate mutase, H;C—CHH—CHO was
placed near the C5’ atom for direct H-atom abstraction (of the
H atom in bold face), for which an accurate X-ray structure
analysis exists.I””! This simple substrate model was used in full
quantum-mechanical calculations at the BP86/6-31G(d) level
of theory to search for the transition state. These types of
models have been used in previous theoretical studies on
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radical rearrangements in conjunction with Bj,-dependent
carbon-skeleton mutases.'*!

To initiate the transition-state (TS) search a series of
constrained optimizations were carried out, and in the final
stage full optimization was performed with default optimiza-
tion criteria. The validity of the calculated TS was confirmed
by frequency calculations. This TS has only one imaginary
frequency (905i cm™"), which corresponds to the hydrogen-
atom motion associated with C—H bond cleavage and
subsequent H-atom transfer to C5' (Figure 2). There is no
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Figure 2. The transition-state structure of a homolytic Co—C bond
cleavage concerted with a subsequent H-atom abstraction is shown
along with the energy profile derived from IRC calculations where s
is the distance along the IRC.

motion along the Co—C coordinate in this imaginary fre-
quency mode that can be attributed to the kinematic effect
associated with the Co/H mass ratio. Intrinsic-reaction-
coordinate (IRC) calculations were carried out to verify the
identity of the located TS and to demonstrate that this TS is
connected with the Co—C bond homolysis and subsequent H-
atom abstraction (see Figure 2 and Table 1 for a summary).
The IRC calculations reveal that the product (labeled 7) is the
radical pair composed of cob(II)alamin and S', which results
from homolysis. On the reactant side, the IRC path smoothly
connects the TS with the reactant complex (RC,) and shows
the absence of any intermediate that would be indicative of a
stepwise mechanism. Thus, the IRC energy profile confirms
that the located TS is indeed associated with a concerted
mechanism.

The structure of the TS gives further insight into the
mechanism associated with the initial H-atom abstraction by
coenzyme By,. The long Co—C bond of 3.230 A is the most
prominent structural feature of the TS; its length is similar to
that of 32 A present in the crystal structure of the 2'-endo
conformation (population A) of glutamate mutase.”™ It is
also comparable to the distance of 2.99 A between the cobalt
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Table 1: Selected distances and spin densities along the IRC pathway (see Figure 2). cofactor and the substrate in RC..

Consequently, the resulting transi-

1 2 3 4 5 6 TS 7
- - tion state (TS,) is now predicted to
Distance [A] lie at 33.0 kcalmol™! upon inclusion
Co-C5’ 2.247 2.283 2.451 2.674 2.841 3.054 3.230 3.221 ) i p X
Cs-H 3058 3031 2895 2,683 2464 2020 1515 1107 of the ZPE correction, which for the
H-C.,s 1113 1113 13 1.112 1.112 1.121 1.263 1.866 concerted pathway is predicted to
Spin density be 4.0 kcalmol ™. Thus, a compari-
Co 0.0 0.0 0.0 0.4 0.7 0.9 0.9 1.0 son of these two transition states
' ) 0.0 0.0 0.0 —0.4 —0.7 —0.8 —06 —0.1 reveals that H-atom abstraction by
corrin 0.0 0.0 0.0 0.0 —01 —01 —0.1 -0 the concerted pathway is stabilized
Coup 0.0 0.0 0.0 0.0 0.0 -0.1 -0.3 -0.7
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by 7.0 kcalmol™ because of the

center and the C5' atom of the adenosine ribose moiety in a
synthetic analogue of coenzyme B, in which this distance was
artificially enhanced with an additional CH, unit."”! The
length of the H-C,,, bond is only stretched modestly from
1.113 A t0 1.263 A, and the C5'H distance of 1.515 A is still
relatively long. Thus, the TS occurs late along the Co—C
coordinate, but early with respect to the H-atom transfer.
Analysis of the changes in the electronic structure along the
reaction coordinate (Table 1, points 1-7) indicates that initial
biradical character appears when the separation between the
cobalt atom and the ribose ligand reaches approximately
2.7A (point4), and this biradical character of the free
cofactor is not altered by the presence of substrate
(Figure 1). The Co—C bond has to be stretched further to
32 A, and the C5' atom has to gain additional spin density
(more than 0.9) before the ribose moiety has the ability to
abstract a hydrogen atom. After this point the H-atom
transfer occurs rapidly from the substrate to ribose (point 7).

Although the located TS is described as having no motion
along the Co—C coordinate, the reaction initiated by homo-
lytic cleavage of the Co—C bond and subsequent H-atom
transfer is concerted (Figure 2). The concerted nature of the
reaction further implies that the transition state, in which the
H-atom is partially transferred between the substrate and the
ribose ligand, should be stabilized by the presence of
cob(IT)alamin, consistent with the recent proposal of Buckel
et al.™ To estimate the magnitude of such a stabilization, both
stepwise and concerted pathways were analyzed and com-
pared (Figure 3). To make a quantitative prediction, the
reference energy was defined with respect to Im-[Co™-
(corrin)]-Rib* and the substrate at infinite separation
(Bi,+S). The stepwise reaction is initiated by homolysis of
the Co—C bond, predicted to occur at 37.2 kcalmol . This
step leads to cob(IT)alamin and a ribose radical (Rib*), which
later abstracts a hydrogen atom from the substrate. The
reaction complex (RC,) formed between Rib* and S is only
stabilized by 0.5 kcalmol™' and is no longer affected by the
presence of cob(Il)alamin. The resulting transition state
(TS,), in which the hydrogen atom is partially transferred
from the substrate to the ribose radical is predicted to lie at
40 kcalmol™'. At this stage the cob(II)alamin appears only as
a spectator, and its energy has been added to the energy of
TS,. The same analysis for the concerted pathway results in a
calculated binding energy for RC, of 3.0 kcalmol™'. The
difference between the binding energy of RC, and that of RC,
is derived from the larger interaction energy between the
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Figure 3. Comparison of concerted and stepwise energetic pathways.
All energies were corrected with respect to the ZPE.

presence of cob(Il)alamin. This stabilization of TS, reflects
the ability of the ribose moiety to abstract a hydrogen atom
and correlates with the amount of spin density, p(C5’), built
up on the C5' center. The spin polarization takes place after
the separation between the cobalt atom and the C5' center
becomes greater than 2.7 A; it increases monotonically and
becomes close to one when the distance is greater than 4.2 A
(Figure 1). A distance of 4.2 A would essentially correspond
to complete cleavage of the Co—C bond. Consequently, TS,
can be viewed as the transition state along a concerted
pathway, in which an elongation of the Co—C bond is at least
4.2 A and the unit spin density is built up on the carbon center
(Figure 3). However, our calculations show that at a distance
of 32 A, when p(C5') ~0.9 (Table 1), the C5' center already
has enough strength to abstract a hydrogen atom. Thus,
according to the energy curve in Figure 1, the stabilization of
TS, is primarily derived from the energy difference for full
and partial cleavage at which H-atom abstraction takes place.
Since spin density can be tuned with the change in the Co—C
distance, this argument further implies that the stabilization
of TS, would depend on the type of hydrogen atom that is
abstracted; that is, the stabilization would be greater for
hydrogen atoms at secondary carbon centers than for those at
primary centers.

In conclusion, the present study constitutes the first
computational analysis of the proposal that cob(IT)alamin
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stabilizes radical intermediates in coenzyme B;, dependent
mutases. It was shown that the initial cleavage of the Co—C
bond and subsequent H-atom abstraction may occur in a
concerted fashion, and that these two reactions can together
contribute to the energetics of enzymatic activation by
7 kcalmol ', This amount of energy, by which the transition
state is stabilized, is in agreement with the value of
8 kcalmol™! discussed recently by Brown.l'”! It is emphasized
that the current analysis has been carried out for the substrate
and isolated cofactor without explicit inclusion of the protein
environment. Although recent QM/MM studies®?!! did not
find any lowering of the energy of H-atom transfer between
the substrate and the adenosyl radical because of the presence
of cob(Il)alamin, we believe that this issue needs to be
investigated further in light of the present analysis.

Methods Section

All DFT calculations were carried with the Becke—Perdew!™ (BP86)
functional. The initial structural analysis was performed by using
Jaguar®! and the LACVP(Co)/6-31G*(rest) basis set. The final
geometry optimization and frequency calculations were carried out
with the BP86 functional and the 6-31G(d)(5d) basis set as
implemented in the Gaussian®! suite of programs for electronic-
structure calculations. All transition states were characterized by the
convergence of their Hessians followed by frequency calculations.
The IRC calculations were carried out to verify the identity of the
located TS. The data generated by the study are collected in the
Supporting Information.
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