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Abstract: ONIOM calculations have provided novel insights into the mechanism of homolytic Co-C5′ bond
cleavage in the 5′-deoxyadenosylcobalamin cofactor catalyzed by methylmalonyl-CoA mutase. We have
shown that it is a stepwise process in which conformational changes in the 5′-deoxyadenosine moiety
precede the actual homolysis step. In the transition state structure for homolysis, the Co-C5′ bond elongates
by ∼0.5 Å from the value found in the substrate-bound reactant complex. The overall barrier to homolysis
is ∼10 kcal/mol, and the radical products are ∼2.5 kcal/mol less stable than the initial ternary complex of
enzyme, substrate, and cofactor. The movement of the deoxyadenosine moiety during the homolysis step
positions the resulting 5′-deoxyadenosyl radical for the subsequent hydrogen atom transfer from the
substrate, methylmalonyl-CoA.

Introduction

Methylmalonyl-CoA mutase (MCM) is the only adenosyl-
cobalamin (AdoCbl)-dependent enzyme that is found in mam-
mals and catalyzes a radical-based transformation of methyl-
malonyl-CoA (MCA) to succinyl-CoA. The cofactor serves as
a radical reservoir that generates the working 5′-deoxyadenosyl
radical (dAdo•) via homolysis of the Co-C5′ bond to initiate
the rearrangement reaction1 (Figure 1). The mechanism by which
the enzyme effects the observed∼1012-fold rate acceleration
of the homolysis step and propagates reactive organic radicals
with high fidelity are important issues that remain to be fully
elucidated. The observed rate constant for the homolysis reaction
obtained from presteady-state kinetic studies is a composite of
several steps that include substrate binding, conformational
changes, and bond-forming/breaking reactions. Of these, only
the effect of the substrate binding step can be readily decon-
voluted by examining the substrate concentration dependence
of the kobsd for homolysis.2 The remaining steps are spectro-
scopically silent and therefore experimentally relatively intrac-
table. Computational studies offer an alternative and comple-
mentary approach for examining the mechanistically complex
Co-C5′ homolysis step. However, the size of the corrin ring,

the presence of a transition metal, and the radical nature of
dAdo• combine to make computational studies on this system
challenging. Recently, the homolysis step catalyzed by a related
AdoCbl-dependent isomerase, glutamate mutase, has been
reported.3 In the present study, we have employed an ONIOM4

approach that reveals the role of active site residues in
stabilization of the radicals generated by homolytic rupture of
the Co-C5′ bond.

Homolysis of the Co-C5’ bond in the MCM-catalyzed
reaction exhibits an unusual sensitivity to isotopic substitution
in the substrate,5 which has been interpreted as evidence for
kinetic coupling of the first two steps illustrated in Figure 1.
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Figure 1. Presteady-state steps in the MCM-catalyzed reaction comprising
formation of dAdo• (step i) and hydrogen atom transfer from the substrate
to dAdo• (step ii).
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Theoretical studies on the homolysis step6 revealed that small
models comprising only the Corrin ring and the two axial ligands
are insufficient to model the reaction and that inclusion of some
active site amino acids is essential for stabilization of the
intermediates. In this study, we have used three models of the
MCM active site to probe the energetics and geometrical features
of the homolysis step. The 4req model shown in Figure 2 is
based on the crystal structure 4REQ7 deposited in the Protein
Data Bank (PDB) and corresponds to the closed and reactive
conformation of the enzyme. It contains the reactant, methyl-
malonyl-CoA, bound to the active site, the cofactor, and all
amino acids within a 15 Å radius from the cobalt atom.
Truncated AdoCbl and the imidazole ring of its lower ligand
are shown in ball-and-stick rendering. This latter part was treated
quantum mechanically in ONIOM calculations (the QM part).
It was also used as an additional model devoid of the
contributions of the enzymatic environment. Following the
literature,3 it is denoted as a vacuum model. The second model,
denoted 4req-mca, is based on 4REQ, but the reactant is
subtracted out. In the 4REQ structure, the Co-C5′ bond of
AdoCbl is cleaved. The third model, denoted 3req, represents
the unreactive, open conformation of MCM and is based on
the 3REQ7 crystal structure. It lacks the substrate molecule, and
the Co-C5′ bond is intact. It was anticipated that comparison
of the 4req and the 4req-mca models would allow evaluation
of the influence of the substrate on the homolysis step. On the
other hand, comparison of the 4req and 3req models would
furnish insights into the substrate-induced conformational change
on catalysis of the homolytic cleavage step.

Materials and Methods

As described in the Introduction, calculations were carried out on
models that were based on two crystal structures deposited in the Protein
Data Bank (PDB) of the closed, reactive (4REQ) and the open,
unreactive (3REQ) forms of MCM. Each model included all amino
acids within 15 Å from the cobalt atom of AdoCbl, resulting in 1372,
1339, and 1276 atoms in 4req, 4req-mca, and 3req models, respec-
tively. The 4req model, built in this way, contained the following amino
acids: Tyr89, Ala116, Phe117, Asp118, Leu119, Pro120, Thr121,
His122, Met138, Ala139, Thr166, Glu203, Phe204, Met205, Val206,
Arg207, Asn208, Thr209, Tyr243, His244, Met245, Gln246, Glu247,
Ala248, Phe287, Gln330, Thr331, Ser332, Gly333, Trp334, Ser335,
Leu336, His364, Thr365, Asn366, Ser367, Leu368, Asp369, Glu370,
Ala371, Ile372, Ala373, Leu374, Pro375, Lys604, Met605, Gly606,
Gln607, Asp608, Gly609, Hsp610, Asp611, Arg612, Gly613, Ser656,
Leu657, Ala658, Gly659, Gly686, Val687, and Pro707. The 3req model
that corresponds to a different conformation of MCM includes the same
amino acids but is missing the water molecules present in the 4REQ
structure. The N- and C-termini of each model were capped with NHMe
and C(O)Me moieties, respectively, where protein chains were trun-
cated. The quantum mechanical part (QM) in all models was comprised
of 71 atoms including the corrin ring without side chains, ribose as the
upper ligand, and imidazole as the lower ligand. The remaining part
of the cofactor, the reactant in the case of the 4req model, and the
active site residues were included in the MM part of the model. The
substrate was truncated at the 15 Å boundary of the model. Valences
of the QM part were complemented by the hydrogen-like link atoms8

in places where a covalent bond separated the QM part from the MM
part. Cartesian coordinates of heavy atoms of the capping NHMe and
C(O)Me moieties were fixed at their crystallographically determined
positions during optimizations.

Relaxed potential energy scan (PES) calculations along the Co-
C5′ bond were carried out using the ONIOM protocol as implemented
in Gaussian 039 with the default convergence criteria and a step size
of 0.15 Å starting from the fully optimized structure. The energy and
gradients of the QM part were computed externally using a spin
unrestricted procedure10 with the BP86 functional,11 def-SV(P) basis
set,12 and resolution of the identity (RI) method13 in an auxiliary basis
set for the Coulombic long-range energy component as implemented
in Turbomole.14 The MM part was treated using the Amber force field.15

Amber parameters for vitamin B12 were taken from the literature.16

Missing parameters were generated on the basis of B3LYP/6-31G(d)
optimization17 of the truncated substrate and are provided in the
Supporting Information.

A search for the transition state was performed on the basis of two
structures of the PES scan of the 4req model. Finding transition states
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Figure 2. MCM active site in the 4REQ model. QM atoms are shown as
spheres, MM atoms as sticks (MCA atoms are shown as tubes).
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in large systems is not trivial. Geometry optimization methods that are
generally used for large systems, studied with MM or semiempirical
methods, require many energy and gradient evaluations and can only
search for minima. Methods that are generally used for smaller systems,
studied with QM methods, require fewer optimization cycles and can
search for saddle points but cannot be used for the current system
because the computational time scales cubically with the size of the
system. As an alternative to these conventional optimizers, one can
use a hybrid optimizer for QM/MM potential surfaces,18 which performs
much better than any of the conventional geometry optimization
schemes. Details of the optimization routines used herein are given
elsewhere.19 In PES calculations and in optimizations of stationary
points, default Gaussian convergence criteria were tightened by a factor
of 10, to ascertain the convergence of floppy motions.

Results and Discussion

Initial points for the PES calculations were obtained by the
closed-shell ONIOM(RI-BP86/def-SV(P):Amber) optimization
of the models described under Materials and Methods. In the
case of the 4REQ model, the corresponding 4REQ crystal
structure contains a cofactor in which the Co-C5′ bond has
been ruptured. This optimization results in the reformation of
the Co-C5′ bond with a distance of 2.029 Å. We will refer to
this point as structureS. Starting from this initial point, the Co-
C5′ bond was elongated from 2.0 to 3.2 Å, and the remainder
of the geometrical parameters was reoptimized; the resultant
potential energy profiles are presented in Figure 3. The vacuum
model (squares in Figure 3) of the cofactor alone shows a
smooth energy increase that reaches a maximum at∼26 kcal/
mol at a Co-C5′ distance of∼3.2 Å, in excellent agreement
with recent results of Jensen and Ryde.3 Similar results are
obtained for the 3req model of the open, unreactive conformation
of the enzyme. The energy difference between PES results for
the 3req and vacuum models correlates well with the confor-
mational differences in the ribose ring, for which a few kcal/
mol difference in the relative stabilities is expected for the
corresponding structures.9

For the 4req-mca, a small stabilization of the forming radical
pair can be seen in agreement with earlier observations.6 Note
that the 4req-mca model represents a state that is not accessible
experimentally since the conformational switch from the unre-
active (3REQ) to the reactive (4REQ) conformation is triggered

by substrate binding. The potential energy profiles indicate that
the barrier for homolysis in the active conformation (the
4req-mca model) is substantially lower than in either the gas
phase (the vacuum model) or the active site of the unreactive
conformation (the 3req model). Thus, the conformational switch
elicited by substrate binding is responsible for lowering the
barrier for homolysis by>10 kcal/mol.

The most interesting model is of course the 4req model, which
corresponds to the closed and reactive state of the enzyme. Initial
changes in the PES points up to∼3 Å of the 4req-mca and
4req (data not shown) models are identical, but upon reaching
a maximum on the PES, the 4req model shows a discontinuity
in the energy profile that indicates that the Co-C5′ bond length
solely is not a good approximation of the reaction coordinate
for homolysis. This change in energy is paralleled by a
concomitant and dramatic change in the conformation of the
dAdo moiety. Thus, before discussing other effects accompany-
ing elongation of the Co-C5′ distance, we turn our attention
to conformational changes in dAdo.

Table 1 lists the conformational parameters of adenosine at
discrete points on the relaxed potential energy scans. Parameters
P (pseudorotation phase) andθm (amplitude) correspond to
conformational analysis terminology introduced by Altona and
Sundaralingam20 and characterize the ribose puckering.21 The
dihedral angleøCN describes the adenine plane relative to the
sugar ring and is defined by O1′-C1′-N9-C8, whileθ0 (C1′-
C2′-C3′-C4′) describes the ribose ring (atom numbering is
given in Figure 4). Note that the first (nominal) Co-C5′ distance
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Table 1. Selected Dihedral Angles (deg) of dAdo as Functions of the Co-C5′ Distance (Å)

4req 4req-mca 3req vacuum

Co−C5 øCN θ0 P θm øCN θ0 P θm øCN θ0 P θm θ0 P θm

2.0 62.4 2.6 86.6 43.5 155.8 31.4 338.7 33.7
2.15 63.0 1.8 87.6 42.9 60.3 5.9 81.8 41.4 155.8 31.0 333.9 34.5 30.3 46.5 44.0
2.3 63.5 1.4 88.1 42.2 60.9 7.0 80.1 40.7 155.8 30.7 330.5 35.3 30.4 46.6 44.2
2.45 63.5 1.0 88.6 41.5 61.4 8.3 78.0 39.8 155.9 30.3 327.4 36.0 31.2 45.1 44.2
2.6 64.0 1.8 87.5 41.0 62.5 10.3 74.3 38.2 155.6 30.2 325.0 36.9 31.3 44.6 44.0
2.75 64.4 3.1 85.6 40.4 63.8 12.8 69.1 36.7 155.5 30.1 322.8 37.8 29.7 48.1 44.5
2.9 64.7 4.1 83.6 36.8 65.3 16.1 62.6 35.2 155.1 29.9 320.8 38.6 29.8 48.0 44.6
3.05 54.7 27.8 355.5 27.9 71.2 29.0 33.8 35.0 154.3 29.7 318.7 39.6 30.2 47.1 44.4
3.2 55.4 28.7 356.4 28.8 72.2 31.4 29.2 36.0 153.7 29.4 316.9 40.3 30.6 46.1 44.1

Figure 3. Potential energy profiles obtained by relaxed scans along the
Co-C5′ bond for models without the MCA substrate.
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of 2.0 Å in Table 1 actually denotes the equilibrium value for
S; 2.029 Å for the 4req, 4reqsmca, and vacuum models; and
2.013 Å for the 3req model; all subsequent Co-C5′ distances
in Table 1 represent increments of 0.15 Å from these values.

In the crystal structure 4REQ, the sugar ring is in the C2′-
exo conformation, and the ONIOM (RI-BP86/def-SV(P):Amber)
optimization of the 3req model starting from this initial structure
preserved this conformation, yieldingθ0 equal to 31.4˚ at the
optimized Co-C5′ bond distance of 2.013 Å (Table 1). The
dAdo• part of the 3req model differs from the other models
also in the conformation of the adenine. The adenine plane
relative to the sugar ring, theøCN dihedral angle, is∼90˚ larger
in 3req than in the other models and is in a syn conformation.
The ribose ring in the 3REQ model is in the C1′-endo, C2′-exo
conformation. The conformation of dAdo does not change along
the PES for the 3req model. This is illustrated by the structures
on the right side of Figure 5. Blue structures show the endpoints
of the PES, whereas gray ones indicate the corresponding
starting points.

In contrast, in the reactive and closed 4req model in the initial

stateS, the ribose ring is in the O1′-endo conformation that is
characterized by coplanarity of all four carbon atoms of the ring;
the dihedral angleθ0 for this initial structure is 2.6˚. This
conformation does not change significantly until the Co-C5′
bond reaches about 3 Å when it changes to C2′-exo with aθ0

of about 28˚. These changes are illustrated by the superimposed
structures of the initial and final points on the 4req PES on the
left side of Figure 5.

Changes mentioned previously in the dAdo conformation
cause PES discontinuity for the 4req model around the
maximum energy. This indicates that the cobalt-carbon bond
alone becomes inadequate as the reaction coordinate in the
region of greatest interest and that the glycosidic bond of dAdo
also needs to be included. Since the adenine moiety in all models
is treated at the MM (Amber) level, a special treatment has been
used as discussed in the Materials and Methods section that
was directed toward the search for the true transition state. This
search was started from the points on the 4req PES that
encompass the maximum energy point and the discontinuity
point. We succeeded in finding the transition state for the
homolysis step (referred to asTS in the following discussion)
and confirmed that there is only one negative Hessian element
and that it corresponds to the normal mode of Co-C5′ bond
breaking. It is worth noting that this is the first time the
convergence to the transition state of AdoCbl homolysis has
been achieved despite numerous previous attempts.6 The
intrinsic reaction coordinate (IRC) calculations confirmed this
assignment and revealed that the product (labeledP) is the
radical pair that results from homolysis. On the reactant side of
the IRC path, we reached a stationary point, which we refer to
as the intermediate (I ), which differs from the initial structure
S in the dAdo conformation. The geometric features of all the
stationary points for the 4req model are compiled in Table 2.

Energetically, the intermediateI is ∼7 kcal/mol higher in
energy than the initial ternary enzyme complexS (Figure 6).
We were unable to locate the transition state betweenS andI .
This is because the potential energy surface is very flat in this
area, which makes it very difficult to reach convergence.

Table 2. Selected Parameters Describing the Reactant Complex, Intermediate, Transition State, and Product for the 4req Model

structure Co−C5 (Å) Erel (kcal/ mol) øCN (deg) θ0 (deg) P (deg) θm (deg) Co−NHi s610 (Å) C5−Cdo nor (Å) ω(av) (deg)

S 2.03 0 62.4 2.6 86.6 43.5 2.258 4.084 10.0
I 2.19 7.0 53.9 22.7 341.1 24.0 2.895 4.037 14.0
TS 2.67 10.1 53.3 26.0 351.5 26.3 2.497 3.777 11.5
P 4.29 2.5 58.5 34.5 12.2 35.2 2.222 3.226 10.5

Figure 4. Atom numbering of AdoCbl used in this study.

Figure 5. Conformations of dAdo along the PES. Left: 4req-mca model.
Right: 3req model. Gray structures correspond to initial PES points.
Structures in blue correspond to endpoints of the PES. Hydrogen atoms
are omitted for clarity.

Figure 6. Energies of the stationary points along the PES for the homolysis
of the Co-C5′ bond in MCM calculated for the 4req model.
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However, the fact that the surface is flat implies that the barrier
is small, and we thus assume that the step fromS to I is
kinetically silent in the overall conversion between theS andP
states. The subsequent homolysis is characterized by a very
small energy barrier of∼3 kcal/mol and is exothermic by∼7.5
kcal/mol. Thus, overall, the homolysis step has a barrier of∼10
kcal/mol and is endothermic by∼2.5 kcal/mol.

We are now able to discuss geometric features of the
stationary points for the 4req model( i.e., the model for Co-
C5′ homolysis in MCM). The conformation of the adenine ring
in the models derived from the 4REQ crystal structure is anti
in the Pullman notation,22 while, as mentioned earlier, the
corresponding structure in the 3req model is syn. Initially, the
major change in the 4req model is in the ribose conformation
switching from O1′-endo inS to the C2′-exo in I , which is
paralleled by a small Co-C5′ bond elongation from 2.03 to
2.19 Å. Upon reachingI , the dAdo conformation does not
change significantly in the subsequent conversion toP via TS.
The transition fromS to I results in loosening the interactions
between the corrin ring and its lower ligand, His610. This
loosening is accompanied by small changes of the corrin ring
conformation that is reflected in the fold angle23 ω(av) that is
an average of eight selected dihedral angles, which describe
the corrin ring planarity. The increase in the fold angle by about
4˚ indicates that the corrin ring becomes more folded. The
changes, however, are minimal and disappear on the subsequent
transition fromI to TS to P, and the Co-His610 distance returns
to its original value. These changes in the fold angle and the
Co-His610 distance correspond to the butterfly motion of the
corrin ring that has been postulated previously as being
important for inducing homolysis.24 Starting from the intermedi-
ateI , the ribose ring continues its conformational change with
θ0 reaching∼30˚ characteristic for the dissociated dAdo moiety,
while the relative ribose-adenine rotation described byøCN

reaches a minimum at theTS and then goes up again toward
the initial value of∼60˚. This substantial repositioning of the
adenine ring of dAdo between theS and theTS states as
illustrated in Figure 7 is different from the situation in glutamate

mutase where the conformational change is apparently restricted
to a pseudorotation in the ribose ring and the adenine ring
remains fixed.25

An important outcome of the conformational rearrangement
of the dAdo moiety is that it poises the resulting dAdo• for the
subsequent step in the reaction. Thus, the distance between the
hydrogen atom acceptor (i.e., the C5′ atom of dAdo•) and the
hydrogen atom donor (i.e., the methyl carbon (Cdonor) of
methylmalonyl-CoA) diminishes from the initial value of∼4.1
to 3.8 Å in theTS and to 3.2 Å in the product. Figure 7 includes
a fragment of MCA to illustrate this change betweenSandTS.

Finally, changes in the hydrogen bond network (Table 3)
within the active site deserve discussion. On the basis of the
empirical rules developed by McDonald and Thornton26 to study
hydrogen bonds in proteins (D-A < 3.9 Å, H-A < 2.5 Å,
D-H-A > 90.0°, AA-A-D > 90.0°, and AA-A-H > 90.0°,
where A is the proton acceptor and D the proton donor), we
identified atoms, which may participate in stabilization of
catalytic intermediates in MCM. Initially, methylmalonyl-CoA
is held in place by a bifurcated hydrogen bond between the
oxygen atoms of the carboxyl group of the substrate and Arg207
and the carbonyl oxygen and His244. However, with the
progress of the Co-C5′ bond breakage, the bond to His244
and one of the bonds to Arg207 are ruptured. Arg207 forms a
new hydrogen bond with an amide sidearm of the corrin ring,
which becomes shorter by 0.34 Å inP. The other bond to
Arg207 gradually weakens and is shorter by about 0.26 Å in
the transition state. The other amino acid that is involved in
hydrogen bonding of the substrate is Tyr89. It experiences a
major movement upon substrate binding. However, during
conversion fromS to P this bond, as well as its bonding to
crystallographic water, undergoes only minor changes. The
second crystallographic water, H2O576, is initially held in
position by Tyr243 but during progress of the reaction loses its
contact with this amino acid and forms a strong hydrogen bond
to the 3′-hydroxyl group of dAdo.

Conclusions

We have shown that homolysis of AdoCbl catalyzed by MCM
is a stepwise but kinetically silent process in which conforma-
tional changes in dAdo and concomitant changes in the
electrostatic interactions between active site residues, cofactor,
and substrate are in a preequilibrium step that precede the actual
homolysis step. These conformational changes cause the Co-

(22) Pullman, B.; Saran, A.Prog. Nucleic Acid Res. Mol. Biol.1976, 18, 215.
(23) Jensen, K. P.; Sauer, S. P. A.; Liljefors, T.; Norrby, P.-O.Organometallics

2001, 20, 550.
(24) Kozlowski, P. M.; Zgierski, M. Z.J. Phys. Chem. B2004, 108, 14163.

(25) Gruber, K.; Reitzer, R.; Kratky, C.Angew. Chem., Int. Ed.2001, 40, 3377.
(26) McDonald, I. K.; Thornton, J. M.J. Mol. Biol. 1994, 238, 777.

Figure 7. Overlay of the QM part with a MCA fragment of the initially
optimized 4req structure (gray) with theTS structure (blue).

Table 3. Hydrogen Bonding Network at the Stationary Points of
4req Modela

donor acceptor S I TS P

Arg207 MCA(CO2
-) 2.102

Arg207 MCA(CO2
-) 1.805 1.858 1.875 2.069

Arg207 corrin(C(O)NH2) 2.443 2.400 2.100
His244 MCA(CO2

-) 2.153 1.695 1.694 1.686
His244 MCA(CdO) 1.998
Tyr89 MCA(CO2

-) 1.764 1.871 1.839 1.704
H2O170 Tyr89 1.759 1.800 1.797 1.789
Phe117(amid) H2O170 2.286
Tyr243 Thr331(amid) 1.697 1.677 1.677 1.680
H2O576 Tyr243 2.088
H2O576 dAdo(3′-OH) 1.916 1.894 1.865

a H-acceptor distances are given in angstroms.
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C5′ bond to elongate by∼0.16 Å and destabilizes AdoCbl by
∼7 kcal/mol. The transition state structure for homolysis showed
that the Co-C5′ bond elongates by∼0.5 Å between the
substrate-enzyme complex and the transition state. The radical
products of the homolysis are∼2.5 kcal/mol less stable than
the initial ternary complex of enzyme, substrate, and cofactor
and geometrically poised for the subsequent hydrogen atom
transfer step. Inclusion of the active site environment is required
for simulating the energy profile of Co-C5′ bond homolysis
in MCM. The size of the resulting model presents challenges
that could be handled by the ONIOM approach. This study
computes the role of active site residues in stabilization of the
radicals in the MCM-catalyzed reaction and suggests a possible
pathway for the forward propagation of the cofactor radical to
the substrate.
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