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§Division of Computational Physics, IFM Theory and Modelling, Linköping University, SE-581 83 Linköping, Sweden
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ABSTRACT: Vitamin B12 and its biologically active counterparts possess the only
examples of carbon−cobalt bonds in living systems. The role of such motifs as
radical reservoirs has potential application in future catalytic and electronic
nanodevices. To fully understand radical generation in coenzyme B12 (dAdoCbl)-
dependent enzymes, however, major obstacles still need to be overcome. In this
work, we have used Car−Parrinello molecular dynamics (CPMD) simulations, in a
mixed quantum mechanics/molecular mechanics (QM/MM) framework, to
investigate the initial stages of the methylmalonyl-CoA-mutase-catalyzed reaction.
We demonstrate that the 5′-deoxyadenosyl radical (dAdo•) exists as a distinct entity
in this reaction, consistent with the results of extensive experimental and some
previous theoretical studies. We report free energy calculations and first-principles trajectories that help understand how B12
enzymes catalyze coenzyme activation and control highly reactive radical intermediates.

■ INTRODUCTION
Derivatives of vitamin B12 participate in a variety of
physiological pathways that are essential to life, including
energy generation and DNA synthesis and regulation.1 The
reactions dependent on coenzyme B12 (or 5′-deoxyadenosylco-
balamin, dAdoCbl) rely on radical intermediates to interchange
a hydrogen atom and functional group on adjacent carbons.2−7

As such, coenzyme B12 is often described as a “free radical
reservoir” because homolysis of its extraordinary Co−C5′ bond
leads to the highly reactive dAdo• radical intermediate.
Impressively, dAdoCbl-dependent enzymes enhance the rate
of Co−C5′ bond homolysis by up to a trillion-fold relative to
solution, in what is almost certainly one of nature’s most
efficient and well-regulated mechanisms.8 In this context, we
can identify two important questions related to the initial stages
of the dAdoCbl-dependent reactions. The first relates to the
origin of the ∼70 kJ mol−1 reduction in the barrier for Co−C5′
cleavage achieved by the enzyme9 and the detailed role of the
protein in this step. The second, related, question concerns the
formation of the highly reactive dAdo• species, its lifetime
under thermolytic conditions and its interaction with the
enzyme. Understanding the origin of these effects should help
to demonstrate how enzymes exert strict control over radical
chemistry, and may reveal useful strategies from which to
develop novel technologies, such as biomimetic nanoelectronic
devices.10

Methylmalonyl-CoA mutase (MCM) is arguably the most
extensively characterized member of the dAdoCbl-dependent

family and is an ideal candidate to scrutinize the dramatic
catalysis because of the availability of high-resolution crystal
structures11,12 and a large collection of experimental and
computational data.13 Found in bacteria and mammals, MCM
catalyzes the reversible interconversion of methylmalonyl CoA
(1) and succinyl CoA (2).

The inability of MCM to execute this step leads to the
potentially fatal disease methylmalonic acidemia, an inborn
error of metabolism characterized by excessive levels of
methylmalonyl CoA.14

The generally accepted mechanism of the initial stages of the
dAdoCbl-dependent reactions, including that of MCM,
proceeds via a stepwise pathway (Figure 1a) involving Co−
C5′ homolysis (step I) and H-atom transfer (step II), with
dAdo• as a distinct intermediate.3,5 Selected relevant studies
that support this pathway include isotope labeling experi-
ments15,16 and EPR measurements involving the naturally
occurring cofactor (AdoCbl)17−20 and a synthetic analogue
(3′,4′-anhydro-dAdoCbl).21,22 For the specific case of MCM, it
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is known that the Co−C5′ homolysis is kinetically coupled to
the H-atom-transfer step23 and is associated with a large
primary deuterium isotope effect, which is indicative of
quantum mechanical tunneling.24

Further, recent ultrafast photolysis experiments have
provided direct spectroscopic evidence for the existence of
dAdo• in the active sites of the dAdoCbl-dependent enzymes
glutamate mutase (GM)25,26 and ethanolamine ammonia lyase
(EAL).27−29 The formation of dAdo• (from dAdoCbl) has also
been well characterized in solution.30,31 Additional evidence for
the participation of dAdo• in enzymatic H-atom transfer
reactions is also found within the superfamily of radical S-
adenosylmethionine (SAM) enzymes.32,33 Here, dAdo• is
formed by reductive cleavage of the C−S bond of SAM by
an [Fe−4S]+1 cluster, which also produces methionine.

Despite the extensive experimental evidence in favor of a
stepwise mechanism, recent computational investigations of the
AdoCbl-dependent systems have yielded conflicting mecha-
nistic conclusions. For example, the conductor hypothesis,
which proposes an explicit role for cob(II)alamin in the
stabilization of the radical intermediates involved in H-atom
transfer,34 was investigated by density functional theory (DFT)
calculations. In a gas-phase model relevant to GM, this work
identified a concerted Co−C5′ cleavage and H-atom-
abstraction pathway (Figure 1a), that is stabilized by ∼30 kJ
mol−1 relative to one that is stepwise.35 However, a subsequent
study, also in the gas-phase, found that the existence of either
pathway is determined by the initial configuration of the ribose
moiety of dAdoCbl relative to the corrin ring, rather than an
inherent preference for one pathway over the other.36

Interestingly, an interaction between the unique C19−H

Figure 1. Two possible pathways and the active site for the initial steps in the MCM-catalyzed reaction. (a) The stepwise pathway, which is the
generally accepted pathway for AdoCbl activation, occurs in two steps: (I) homolytic cleavage of the Co−C5′ bond of dAdoCbl yields cob(II)alamin
and 5′-deoxyadenosyl radical (dAdo•) and (II) H-atom abstraction from methylmalonyl-CoA by dAdo• forms dAdo−H plus a substrate-derived
radical. In the alternative concerted pathway, cleavage of the Co−C5′ bond and H-atom abstraction occur simultaneously, without the intermediacy
of a distinct dAdo• species. (b) Inset: the active-site residues described quantum-mechanically (except for Gln330) in this study.
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bond of the corrin ring and the O3′ of the ribose moiety was
observed in this context. While this interaction appeared to
provide stabilization for the Co−C5′ cleavage in these models,
it was uncertain whether such observations would remain
relevant in the enzyme.
On the other hand, quantum mechanics/molecular mechan-

ics (QM/MM)37,38 ONIOM(DFT/MM) calculations have
provided support for a stepwise mechanism39,40 and identified
a potential energy minimum corresponding to the dAdo•

intermediate. Furthermore, attempts to locate a concerted
transition structure in the protein environment were
unsuccessful and the results indicated that the energy for H-
atom transfer rises sharply as the Co−C5′ distance is decreased.
The results of an earlier QM/MM study of Co−C5′ cleavage of
dAdoCbl in GM were also consistent with a stepwise pathway
in the protein environment.41 These QM/MM investigations
also carefully examined the various energetic contributions to
the catalytic reduction of the Co−C5′ cleavage barrier.
Although the total magnitudes of the reductions and the
detailed decompositions differed somewhat between these
studies, the analyses concluded that the energy contributions
could be divided among a cage effect (∼20 kJ mol−1), a protein-
coenzyme effect (ranging between ∼40 and ∼70 kJ mol−1), and
a ground-state destabilization or strain effect of the coenzyme
(ranging between ∼25 and ∼60 kJ mol−1).
Warshel and co-workers examined the MCM-catalyzed

reaction using a dynamical approach based on an EVB/MM
description.42 Their calculations identified a concerted pathway
for the Co−C5′ cleavage and H-atom abstraction. With the
introduction of extensive configurational sampling, they found
no evidence for a minimum on the free-energy surface
corresponding to the dAdo• intermediate. These authors
argued against the previously identified strain contribution,
suggesting that it was an artifact of the minimization procedures
and concluded that the catalysis arises through an electrostatic
stabilization of the transition state geometry. This ration-
alization is in line with the traditional view of enzyme catalysis,
as understood in the context of transition state theory (TST).43

Taken together, it appears that there is still no consensus
from a theoretical point of view as to the details of the
generation and control of the dAdo• radical within the enzyme,
despite a number of impressively thorough computational
studies. The gas-phase studies35,36 favor either concerted or
stepwise Co−C5′ homolysis and H-atom-transfer mechanisms,
depending on the approach used. Even though such approaches
can provide fundamental insights at a modest computational
cost,44 they may lack structural motifs relevant to catalysis. The
QM/MM studies,39−41 which do include the protein environ-
ment, argue for the existence of a potential energy minimum for
dAdo• as part of a stepwise mechanism and identify strain as an
important element of catalysis. However, in the absence of
configurational sampling these approaches do not probe the
free energy surface or the dynamics of the intermediate. The
only dynamical study,42 which did include the effects of
configurational sampling and finite temperature,45 found the
catalysis to be primarily of an electrostatic nature, in the context
of a concerted mechanism, with no distinct intermediate on the
free energy surface. However, it has been pointed out that the
predictive nature of the EVB calculations employed in that
study may be compromised because of their inherent
parametrization with experimental data and DFT.46 In
particular, parametrization against B3-LYP may be especially

problematic in this case as that functional is known to perform
poorly for cobalamin species.47

To provide fresh insights into these complex issues, we have
used first-principles (Car−Parrinello)48 molecular dynamics
(MD) simulations within a QM/MM framework49 to
investigate the initial stages of the MCM-catalyzed reaction
(Figure 1a). This methodology offers distinct advantages over
the previous studies because it allows the free energy, and
hence the catalysis, to be computed from first principles using
DFT. Simultaneously, the actual dynamics of the dAdo• radical
and the related aspects of the enzymatic control of reactive
intermediates can be examined in this same framework. The
price one has to pay for these advantages is that long
simulations become prohibitively expensive. However, as
detailed below, a number of measures have been taken to try
to ensure that all simulations in the present work are adequately
converged.

■ COMPUTATIONAL METHODS
Structural Model and Classical MD Simulations. The MCM

crystallographic structure (PDB entry code 4REQ) was used in all
calculations.12 The system was solvated with TIP3P water molecules50

in a rectangular box of dimensions 125 × 125 × 98 Å3, and sodium
counterions were added to neutralize the system, which included
approximately 140 000 atoms, including ca. 40 000 water molecules.
The AMBER ff03 force field51 was used to represent the MM region in
the classical and QM/MM simulations. Parameters for cob(II)alamin,
5′-deoxyadenosine, and methylmalonyl-CoA were derived in a manner
consistent with the standard AMBER protocol for a state in which the
Co−C5′ bond was broken (as in 4REQ). This protocol, the RESP
charges, atom types, and additional force field parameters are
presented in Table S1. The protonation state of His244 was
determined by carrying out three MD and three QM/MM MD
simulations with different initial protonation states. Based on these
simulations, the epsilon form of His244 was adopted, since only the
simulated structures with His244 in this form were found to be in
good agreement with the crystal structure (rmsd <0.7 Å for the active-
site heavy atoms).

Force-Field-Based MD Simulations. The system was treated
within full periodic boundary conditions. Electrostatic interactions
were computed with the smooth particle-mesh Ewald (SPME)
algorithm52 with a cutoff of 10 Å for both the real-space part of the
electrostatic interactions and the van der Waals term. A preliminary
step involved geometry optimization of the full structure by use of the
conjugate-gradient algorithm. Energy minimization was carried out in
two steps, first with harmonic restraints on the MCM protein active
site, followed by minimizations without any restraints.

MD simulations were conducted with restraints on the protein
backbone atoms at constant volume (NVT ensemble), increasing the
temperature from 0 to 300 K in five steps, for a total of 50 ps. The last
restrained configuration at 300 K was then used to start the
unrestrained constant pressure constant temperature (NPT ensemble)
equilibration for 100 ps. Finally, an MD production run of ∼5 ns at
constant pressure (1 atm) and temperature (300 K) was performed to
provide starting configurations for the subsequent QM/MM
calculations. All of the classical simulations used an integration time
step of 1.5 fs. The temperature control of the simulations was achieved
by coupling the system to a Berendsen thermostat.53 All classical
simulations were performed with the AMBER 8 suite of programs.54

QM/MM Simulations. QM/MM MD simulations were carried out
using CPMD 3.1355 and the QM/MM scheme of the Röthlisberger
group.49 The QM region was treated with the BP86 functional56,57

with a plane-wave cutoff of 70 Ry and included the corrin ring, the 5′-
deoxyadenosyl group bound to the cobalt atom, His244, Glu370, and
part of the substrate, in line with a previous study58 (Figure 1b). Core
electrons for Co, C, O, and N atoms were described using semicore
Martins and Trouiller pseudopotentials,59 with nonlocal corrections
for Co. The adequacy of BP86 to describe the structural and electronic
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properties of cobalamins has been reported previously.47,60 Hydrogen
atoms were used to close the valences of the QM system. The QM box
size was 22 × 22 × 22 Å3 and contained 208 atoms. Car−Parrinello
QM/MM simulations49 were performed at 300 K with a Nose-́Hoover
chain of thermostats61 using a coupling constant of 700 cm−1. The
electron fictitious mass was set at 400 au.
After a suitable equilibration period for a structure extracted from

the classical simulations in which the Co−C5′ bond was cleaved, we
performed a steered QM/MM simulation to gradually form the Co−C
bond over a period of 10 ps.
Free Energy Calculations. Thermodynamic integration using

constrained MD (CMD) was employed to estimate the energy
requirements (potential of mean force, PMF) of the Co−C5′ bond
cleavage and H-atom-transfer steps. Constraints were employed so
that the reaction coordinate remained fixed at a given value. The Co−
C distance was sampled every 0.1 Å between 2.0 and 5.0 Å. Well-
equilibrated initial coordinates for each constrained simulation were
generated from snapshots extracted from the aforementioned steered
MD trajectory. At each Co−C5′ separation, constrained QM/MM
simulations were then performed for 1.5 ps per point at 300 K. The
first ∼0.5 ps were used for equilibration, while the remainder of the
time was used for analysis. In Figure S1, we demonstrate by
progressively increasing the sampling times that the average forces
(and hence the reaction free energy barrier) are satisfactorily
converged. The absence of slow motions required to obtain a
converged PMF curve was assessed by performing enhanced sampling
with the accelerated ab initio MD method.62 Further, the mean
constraint force with respect to the reaction coordinate was
determined by integration in both the forward and reverse directions,
and the overall hysteresis effects were found to be small, indicating that
the relevant degrees of freedom of the system have been fully sampled.
Similar protocols were implemented to compute the free energy

profile for the H-atom abstraction. In this case, an epsilon coordinate,
defined as ε = [r(Sub:C−Sub:H)] − [r(dAdo:C5′−Sub:H)], where
Sub is the substrate and dAdo is the 5′-deoxyadenosyl radical, was
used. The appropriateness of the ε and Co−C5′ collective variables
(CVs) was tested with CMD by computing the mean force for chosen
values of ε and Co−C5′, and different initial coordinates. The
consistent agreement between the forces suggests that coordinates
orthogonal to the CVs are adequately sampled during the simulations,
and implies that the two CVs can describe accurately the chemical
transformations. CMD simulations were run for 17 values of ε (−3.00,
−2.50, −2.00, −1.75, −1.50, −1.25, −1.00, −0.75, −0.50, −0.25, 0.0,
0.25, 0.50, 0.75, 1.00, 1.50, and 2.00) to obtain the free energy profile
for the H-atom-abstraction step.
Metadynamics (MTD) was used to examine both Co−C5′ cleavage

and H-atom abstraction in a single trajectory in order to provide
information about the overall free energy of the process. MTD was
performed in two dimensions using ε (see above) and Co−C5′ as CVs.
Gaussian functions were added to the potential every 50 MD steps
(∼5 fs), where 0.3 Å and 3.7 kJ mol−1 were chosen as the half-width
and depth of the gaussians, respectively. The free energy surface for
dAdoCbl (Figure 2b) was obtained from 20 ps of sampling (see the
Supporting Information for an error estimate). The free energy
surfaces for 2′-ddAdoCbl and 3′-ddAdoCbl (Figure S5) were obtained
from 5 ps runs and are only intended to provide qualitative support for
the other results.

■ RESULTS AND DISCUSSION

Free Energy Calculations Reveal the Existence of the
dAdo• Radical Intermediate. We begin by presenting
simulations of the Co−C5′ cleavage and H-atom-abstraction
processes, starting from a model of MCM that incorporates an
intact Co−C5′ bond with an equilibrium distance of 2.05 Å.
The PMF for Co−C5′ cleavage was evaluated from a series of
QM/MM simulations with constrained values of the Co−C5′
coordinate. The resulting average constraint forces were
integrated to yield the free energy profile63 (see Computational

Methods for details). The results, shown in Figure 2a, indicate
that the free energy rises sharply as the bond is elongated. The
highest point occurs at a Co−C5′ distance of 3.60 Å,
corresponding to a barrier for the Co−C5′ bond cleavage of
63.9 ± 3.2 kJ mol−1. This result compares favorably with
estimates obtained from kinetics experiments, which indicate a
barrier of 54.8 ± 2.5 kJ mol−1.9 The slight overestimate of the
barrier is consistent with results in previous studies of
cobalamins with the BP86 functional.60

Although it is difficult to decompose a free energy barrier
obtained from CMD into enthalpic and entropic components,
experimental investigations indicate that the Co−C activation
in this case is dominated by an enthalpic contribution (91%).4

This result does not, however, obviate the need for a dynamical
approach to avoid problems associated with multiple minima
on the potential energy surface and finite temperature effects.64

Despite the good agreement between the CMD free energy
barrier and experiment, we were encouraged to consider an
intriguing mechanism for Co−C cleavage that has recently been
suggested by Kozlowski, Yoshizawa and co-workers.65,66 Their
proposal entails the deprotonation of Tyr89 by the carboxylate
(COO−) of the substrate to generate a Tyr−O− anion, which
could potentially transfer an electron to AdoCbl and facilitate

Figure 2. Free energy profiles (kJ mol−1) for the Co−C5′ bond
homolysis (green solid line) and H-atom abstraction (blue dashed
line) steps, indicative of a stepwise pathway. (a) Constrained MD was
performed along the Co−C5′ bond distance and an H-abstraction
coordinate (ε). (b) 2D free energy surface computed with
metadynamics.
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the Co−C5′ bond scission. To test this possibility, we
temporarily expanded our QM region to include the side
chain of Tyr89. However, simulations with a neutral side chain
(Tyr−OH) did not exhibit any spontaneous proton transfer to
the substrate COO− moiety. On the other hand, during
simulations that began with a neutral carboxylic acid group
(COOH) and a deprotonated tyrosine (Tyr−O−), spontaneous
proton transfer between these groups was observed, within a
few bond vibrations. This result is consistent with the nominal
pKa values of the carboxylic acid group (∼4) and tyrosine
(∼10). These data, together with the good agreement with
experimental data for the computed Co−C5′ cleavage barrier
(obtained with Tyr−OH), led us not to pursue this possibility
further.
The free energy profile shown in Figure 2a displays a

minimum between Co−C5′ distances of 4.0 and 4.5 Å, which in
our simulations corresponds to the free dAdo• radical. To
investigate the H-abstraction step, a second PMF curve was
computed along a standard transfer coordinate (ε, see
Computational Methods). Relative to dAdo•, the barrier for
H-atom transfer is found to be 25.2 ± 5.1 kJ mol−1. In total, the
energy requirements for the stepwise pathway are 81.5 ± 6.0 kJ
mol−1.
Bearing in mind that our use of two independent coordinates

(Co−C5′ and ε) may introduce a bias toward a stepwise result,
we have constructed a 2D free energy surface along both
coordinates using MTD,67 which is free from any such bias.
The appropriateness of these two coordinates, and the sampling
times used, were determined after extensive testing (see
Computational Methods and SI for details). In Figure 2b, the
lowest energy pathway can be seen to be comprised of two
steps. Starting in the lower left-hand corner with the intact
coenzyme, it is clear that the most favorable reaction coordinate
proceeds toward the lower right-hand corner of the graph, as
the Co−C5′ bond is extended, with no significant change in the
ε coordinate. At long Co−C5′ bond lengths, a free energy
basin, corresponding to the dAdo• radical, can be clearly
discerned. Barrier-crossing events in the ε direction from this
basin are only likely to occur when large Co−C5′ distances are
attained. The MTD results are thus entirely consistent with a
stepwise pathway for MCM (Figure 2a).
The free energy barriers for Co−C5′ cleavage and H-atom

abstraction on the MTD surface are predicted to be 64.5 ± 2.5
and 24.5 ± 2.5 kJ mol−1, respectively. We note that these results
compare well with those from the individual PMFs (Figure 2a,
63.9 ± 3.2 and 25.2 ± 5.1 kJ mol−1, respectively). Concerted
pathways that do not involve the creation of a dAdo•

intermediate are found to lie at least 20 kJ mol−1 higher in
free energy. These results thus serve to justify the description of
the 2D reaction surface by two sequential 1D coordinates, as
shown in Figure 2a. They also demonstrate the existence of the
elusive dAdo• radical intermediate on a first-principles free
energy surface.
Controlling the Diffusion of the dAdo• Radical

Intermediate. More than 20 years ago, Ret́ey advanced the
idea that the dAdoCbl-dependent enzymes function, in part, to
create a high energy dAdo• intermediate that undergoes
controlled diffusion toward the substrate from which it can
abstract a hydrogen atom.68 The principal role of the protein in
this model is to ensure strict control over the motion of dAdo•

within the confines of the active site so as to prevent unwanted
side-reactions. This so-called “negative catalysis” continues to
be somewhat controversial today as it can be considered to be

at odds with the much more established transition-state
stabilization model.
Our calculations indicate that dAdo• is associated with a clear

minimum on the free energy surface (Figure 2). The barrier for
re-formation of the Co−C5′ bond is, however, small (∼5−10 kJ
mol−1) compared with the barrier for H-abstraction (∼20−25
kJ mol−1). Thus, under these conditions, dAdo• could be
predominantly expected to recombine with cob(II)alamin, and
only a very small proportion of trajectories would be
productive.
To examine further the time scale of the radical diffusion, we

have performed a series of unbiased simulations of dAdo• in the
enzyme, starting from selected structures extracted along the
Co−C5′ coordinate. At short Co···C5′ separations, such as 3.40
Å (SI, Figure S4), we observe the Co−C5′ bond to re-form
within 1 ps, which is consistent with the low recombination
barrier. However, at longer initial Co···C5′ separations (e.g.,
3.65 Å), we instead observe that dAdo• diffuses toward the
substrate and, within a few ps, reaches a free energy minimum
(Figure 3a and Figure S3) in a position in close contact with
the substrate. Our simulations indicate that the dAdo• radical is
fully formed and stable in such a minimum for at least 20 ps
(Figure 3b). Over this time, the Co−C5′ bond of dAdoCbl
neither re-formed nor did dAdo• abstract an H atom from the
substrate. Similar behavior was observed consistently during
five additional unconstrained simulations that started from
Co···C5′ separations larger than 3.6 Å. These results suggest
that the active site of the enzyme is structured in such a way
that the lifetime of the intermediate is sufficiently prolonged to
increase the chances for productive H-abstraction by selectively
positioning the reactive carbon atom dAdo• close to the
substrate methyl group.
In the context of a simplistic TST picture, the H-abstraction

would be expected to occur in ∼2 ns (which corresponds to an
effective barrier of ca. 25 kJ mol−1). This time scale, however,
would be shortened in the presence of quantum mechanical
tunneling of the H-atom,24 which is not accounted for by the
classical nuclear treatment within the CPMD approach that we
have employed in the present study. In this context, a previous
QM/MM study of MCM found that tunneling may increase
the rate of H-atom transfer by one to two orders of
magnitude.69 This estimate was obtained assuming a stepwise
pathway and produced excellent agreement between the
calculated kinetic isotope effects and those obtained from
experiment. Combining our own simulations with these
considerations, we expect the lifetime of dAdo• at 300 K to
be between about 20 and 200 ps, and certainly less than 2 ns.
Although this is short enough to explain the difficulties
associated with the experimental observation of dAdo• in the
enzymatic environment, it is sufficiently long to suggest that
sophisticated ultrafast techniques could indeed yield a positive
result in the context of thermolytic enzyme turnover.
The apparent adoption of a stable active-site conformation

by dAdo• also serves to protect it from unwanted side reactions,
both with species within the enzyme cavity as well as in the
surrounding medium. This picture is entirely consistent with
Ret́ey’s negative catalysis concept, where the role of the protein
is not simply to lower energy barriers, but also to impart
controlled selectivity to the highly reactive dAdo• intermediate.

Importance of the Ribose Hydroxyl Groups. The major
catalytic effect of the coenzyme B12-dependent enzymes is
believed to be the ca. 70 kJ mol−1 reduction in the barrier for
Co−C5′ bond cleavage.9 For this reason, we have monitored
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selected structural rearrangements and interactions that took
place during our simulations of this phase of the reaction
(Figure 4a). We begin our discussion with parameters related to
the two ribose OH groups of the dAdoCbl cofactor. Of
particular interest is our finding that the distance between
dAdo:H(O2′) and Glu370:O2 decreases rapidly as the Co−C5′
bond breaks (Figure 4a). In contrast, the distance between
dAdo:O3′ and Glu370:O1 varies to a relatively small extent
during the same phase of the reaction (see Movie S1). Once
the distance between dAdo:H(O2′) and Glu370:O2 has
reached an optimal value of ∼1.6 Å, it remains roughly
constant during the subsequent diffusion of dAdo• toward the
substrate (cf. Figure 4a). Interestingly, we observe a marked
shortening of the distance between dAdo:O3′ and the unique
C19−H moiety of cobalamin, which occurs only as the Co−C5′
bond is being broken.
To further probe the importance of the ribose OH groups,

we have investigated analogs of dAdoCbl in which either the 2′-
OH or 3′-OH group has been replaced by an H atom (Figures
4b, S5b, and S5c). For 2′,5′-dideoxyadenosylcobalamin (2′-

ddAdoCbl), we again find the cleavage and abstraction
reactions to occur in a stepwise fashion with a distinct
intermediate on the free energy surface (Figures 4b and S5b).
In the absence of the 2′-OH group, there is a significantly
reduced attraction of dAdo:O2′ toward Glu370 during the Co−
C5′ cleavage, which results in a ca. 15 kJ mol−1 increase in the
barrier (to 78.4 ± 2.3 kJ mol−1, Figure 4b, triangles). These
results are consistent with an earlier experimental study in
which the incubation of MCM with 2′-ddAdoCbl resulted in
only 1−2% enzyme activity.70 At that time, it was farsightedly
hypothesized that the 2′-OH group of dAdoCbl participates in
stabilizing the initially formed radicals (i.e., dAdo• and
cob(II)alamin). Taken together with other studies,39−42 these
data suggest that Glu370 helps to catalyze the reaction,
predominantly through its interaction with the 2′-OH group of
dAdoCbl, by stabilizing the cleavage products following Co−
C5′ homolysis (Figure 4a).
With the goal of quantifying the energetic magnitude of the

interaction between dAdo:O3′ and C19−H, we also charac-
terized the reaction in the presence of 3′,5′-dideoxyadenosylco-
balamin (3′-ddAdoCbl). In this case, the Co−C5′ cleavage
barrier is increased by ca. 10 kJ mol−1 (to 72.5 ± 2.2 kJ mol−1,
Figure 4b, filled circles) relative to dAdoCbl, suggesting that the
activity of MCM with 3′-ddAdoCbl is likely to be greater than
the activity observed with 2′-ddAdoCbl but less than that
observed with dAdoCbl. Moreover, given that the deeper well
associated with 3′-ddAdo• (Figures 4b and S5c) would be

Figure 3. Unconstrained QM/MM MD trajectories of the dAdo•

radical. These correspond to the sampling of a minimum on the free
energy surface located next to the substrate of MCM. (a) The spin
density of dAdo• and cob(II)alamin at long Co···C5′ separation. (b)
Bond distances shown as time series.

Figure 4. Selected structural and free energy changes that occur in
dAdoCbl as the Co−C5′ bond is lengthened. (a) Equilibrium values at
fixed Co−C5′ distances. (b) PMFs of the Co−C5′ bond cleavage in
dAdoCbl, 2′-ddAdoCbl, and 3′-ddAdoCbl.
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expected to increase the lifetime of this intermediate, further
experimental investigation of this analog may be warranted.
Our results also indicate that O3′ is important for catalysis and
that cob(II)alamin may well play a small but important role in
stabilizing dAdo•, in accordance with the conductor hypoth-
esis,34 through the interaction between O3′ and C19−H.36
However, the magnitude of this stabilization appears to be
somewhat less in the enzymatic environment than in the gas
phase.35,36

Other Catalytic Interactions. It is interesting to note that
we observe a pseudorotation in the ribose conformation for the
natural cofactor that occurs as the Co−C5′ bond is breaking,
which is partly driven by the previously mentioned interaction
between dAdo:O3′ and C19−H (Figure 5a, Movie S1). This

pseudorotation, which appears to be similar to that observed in
X-ray structures of the related enzyme glutamate mutase,71

enables H-bonding between dAdo:O1′ and a side-chain amide
proton of Gln330 (see Figure 3a). An important result of this
rearrangement is the correct positioning of the radical center
with respect to the substrate (Figures 3a and 4a). Interestingly,
when the Co−C5′ PMF for dAdoCbl is integrated using the
constraint force that is measured before the occurrence of this

pseudorotation, the resulting energy profile is some 15 kJ mol−1

higher than that shown in Figure 2a. In this sense, the specific
interactions involving the two ribose hydroxyl groups, the apical
oxygen and the accompanying pseudorotation appear to be
responsible not only for reducing the Co−C5′ cleavage barrier
by up to 40 kJ mol−1 but also for the directed diffusion of the
dAdo• intermediate toward the substrate.
The lower axial His610 ligand also appears to participate in

the Co−C5′ cleavage, as suggested by the mutagenesis
experiments of Banerjee et al., which provided an upper
bound of ca. 15 kJ mol−1 for its contribution to the catalysis.72

As the Co−C5′ distance is initially increased, the Co−Nax
distance extends from 2.3 to ∼4.0 Å (Figure 4a), a
phenomenon termed the inverse trans effect.73 Following this
initial period, which involves the formation of a hydrogen bond
between the delta nitrogen of His610 and Asp608, the axial
ligand then returns to interact with cobalt at Co−C5′ distances
>3.5 Å (Movie S1). During this process, the cobalt atom, which
is slightly above the corrin ring plane initially, moves downward
toward His610 as the Co−C5′ bond starts to break (Figure
S6a). The cobalt atom then returns into the plane of the corrin
ring once the Co−C5′ bond is broken (∼3.5 Å) and eventually
moves under the corrin ring (by ca. ∼0.1 Å) to optimize its
interaction with His610. Consistent with this observed
behavior, out-of-plane displacements of Co have been
suggested to occur in the active site of MCM in the presence
and absence of substrate analogs.74 Further, this action may
assist in preventing the re-formation of the Co−C5′ bond and
serve an important biological function by reducing the
recrossing rate.
The geometric parameters of the ribose ring have often been

used to argue for steric destabilization of the intact coenzyme as
an important contributor to catalysis. One such parameter is
the Co−C5′−C4′ angle (see Figure 5b), which is found to
adopt an initial value of 133 ± 5° in our simulations. The fact
that this angle is larger than the optimal gas-phase value (124°)
has been interpreted as evidence that high strain energy is
stored in the ribose.47 We also observe in our simulations that
the ribose ring adopts a less stable, eclipsed conformation (as
evidenced by the C1′−C2′−C3′−C4′ dihedral angle) at Co−
C5′ distances between 2.6 and 2.8 Å. This allows dAdo• to
optimize both the Co−C5′ interaction and the electrostatic
interactions involving Glu370 with the ribose OH groups, albeit
at the expense of choosing a slightly less stable ribose
conformation. While this might be viewed as steric destabiliza-
tion,39−41 it has been argued that this “strain energy” arises only
so as to enable the favorable electrostatic interaction of Glu370
with the ribose.42 Our present free energy calculations are
consistent with this view and indicate that the catalytic effect
originates primarily from defined (electrostatic) interactions
within the active site.

■ CONCLUDING REMARKS
We have carried out a QM/MM simulation study of the
mechanism of radical generation and transfer in the reaction
catalyzed by the dAdoCbl-dependent enzyme methylmalonyl-
CoA mutase (MCM). Our calculations provide strong evidence
that the dAdo• radical lies at a minimum on the free energy
surface and thus corresponds to a distinct intermediate in the
enzymatic environment. We have been able to witness the
motion of the dAdo• radical in the enzyme as it diffuses, in a
controlled manner, toward the substrate. This movement is
initiated by a pseudorotation of the ribose, which is assisted by

Figure 5. (a) Pseudorotation of the ribose ring highlighting the
importance of sampling. The interaction of O3′ of Ado• with the
unique C19−H moiety of cobalamin is possible only once the Co−C5′
bond is extended, at Co−C5′ distances between 3.0 to 4.0 Å, but is
only observed after 0.5 to 1 ps. (b) The numbering system for the
ribose.
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the two ribose OH groups. The removal of either the 2′-OH or
3′-OH group from dAdoCbl disrupts the interaction between
dAdo• and the enzyme. Taken together, these data suggest that
the two “polar handles” of the ribose play a dual role in the
catalytic process, as they facilitate both the Co−C5′ cleavage
and assist the radical diffusion.
Our methodology also allows us to describe several

correlated motions, involving active-site residues such as
Gln330, Glu370, His610, and Asp608, which are important
for catalysis. These few specific interactions are primarily of an
electrostatic nature and contribute of the order of 55 kJ mol−1

to the catalysis of cofactor activation. Their importance appears
to vary as the Co−C5′ bond is cleaved and the dAdo•

intermediate diffuses toward the substrate. As a result, the
lifetime of dAdo• in the active site appears to have been
optimized to increase the probability of H-abstraction. A similar
radical-shuttling mechanism almost certainly applies to other
class I dAdoCbl-dependent enzymes, such as glutamate
mutase.71

Our proposed mechanism is in the spirit of Ret́ey’s negative
catalysis,68 where the role of the protein is not simply to lower
energy barriers, but also to manipulate the highly reactive
radical intermediate. It is also compatible with a recent time-
resolved spectroscopic study, which found that concepts such
as ground-state destabilization or the “switching” to a specific
protein conformation, designed to stabilize the intermediate
state (dAdo•), were not compatible with measurements on the
enzyme EAL.28 Instead, the data were more compatible with a
continuous, protein-based stabilization along the reaction
coordinate, of the type described herein (see, Movie S1).
Finally, our results are also consistent with contemporary ideas
that enzyme specificity can be controlled through multiple,
consecutive steps.75,76 A similar dual strategy could be
proposed in the design of new nanodevices at the interface
between biology and technology.
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