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Abstract
Adenosylcobalamin serves as a source of reactive free radicals that are generated by homolytic
scission of the coenzyme’s cobalt-carbon bond. AdoCbl-dependent enzymes accelerate AdoCbl
homolysis by ~1012-fold, but the mechanism by which this is accomplished remains unclear. We
have combined experimental and computational approaches to gain molecular-level insight into
this process for glutamate mutase. Two residues, glutamate-330 and lysine-326, form hydrogen
bonds with the adenosyl group of the coenzyme. A series of mutations were introduced at these
positions that impair the enzyme’s ability to catalyze coenzyme homolysis and tritium exchange
with the substrate by 2 – 4 orders of magnitude. These mutations, together with the wild-type
enzyme, were also characterized in silico by molecular dynamics simulations of the
enzyme:AdoCbl:substrate with AdoCbl modeled in either the associated (Co-C bond formed) or
the dissociated (adenosyl radical + CblII) state. The simulations reveal that the number of
hydrogen bonds between the adenosyl group and the protein side-chains increases in the
homolytically-dissociated state, with respect to the associated state, for both the wild-type and
mutant enzymes. The mutations also cause a progressive increase in the mean distance between
the 5′-carbon of the adenosyl radical and the abstractable hydrogen of the substrate. Interestingly,
the distance between the 5′-carbon and substrate hydrogen, determined computationally, was
found to inversely correlate with the logk for tritium exchange (r = 0.93) determined
experimentally. Taken together, these results point to a dual role for these residues: they both
stabilize the homolytic state through electrostatic interactions between the protein and the
dissociated coenzyme, and correctly position the adenosyl radical to facilitate hydrogen
abstraction from the substrate.

Introduction
Adenosylcobalamin (Coenzyme B12, AdoCbl, Figure 1) serves as a source of highly reactive
carbon-based radicals that are “unmasked” by homolytic cleavage of the cofactor’s unique
cobalt-carbon bond to yield a 5′-deoxyadenosine radical and cob(II)alamin.1–3 AdoCbl-
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dependent enzymes catalyze a variety of radical-mediated 1,2-rearrangement reactions4, 5

that are initiated by abstraction of a non-acidic hydrogen atom from the substrate by the
adenosyl radical. The substrate radical generated in this process subsequently undergoes
rearrangement to form a product radical, with the precise mechanism depending upon the
nature of the substrate. In the final step, the product radical re-abstracts a hydrogen atom
from Ado-H to form the product and regenerate the adenosyl radical, which then recombines
with cob(II)alamin to regenerate AdoCbl (Figure 1).

The unusual nature of the reactions catalyzed by AdoCbl-dependent enzymes has stimulated
wide-ranging investigations into their mechanisms, including spectroscopic studies,6, 7

studies on model compounds8 and computational modeling.9–11 As a result, the role of the
coenzyme as the source of free radicals, the identities of various radical intermediates, and
the feasibility of hydrogen atom transfer steps and substrate-radical rearrangement steps are
securely established. Pre-steady state kinetic measurements have shown that enzymes
accelerate AdoCbl homolysis by ~1012 fold, and that homolysis and hydrogen abstraction
are kinetically coupled steps so that the adenosyl radical is only transiently formed and
never accumulates on the enzyme.12–14 Moreover, although the formation of organic
radicals by this mechanism would be highly unfavorable in free solution, measurements on
the enzymes indicate that the equilibrium constant for radical formation is close to 1,
implying that the enzyme greatly stabilizes these radicals. However, the underlying
mechanism by which these enzymes both accelerate AdoCbl homolysis and stabilize highly
reactive free radical species remains poorly understood.

This study focuses on glutamate mutase, which catalyzes the unusual carbon skeleton
rearrangement of L-glutamate to L-threo-3-methylaspartate.15–17 This enzyme has been the
subject of extensive investigations by our laboratory and others. As a result, the identities of
the reaction intermediates and the kinetics with which they are formed are well established
for the wild-type enzyme.18–25 A high-resolution structure of glutamate mutase, crystallized
in the presence of both AdoCbl and glutamate, provides an instructive starting point to
investigate how the enzyme catalyzes homolysis of AdoCbl.26

Under the crystallization conditions, the enzyme underwent turnover, resulting in a clearly
distinguishable mixture of glutamate and methylaspartate bound at the active site. The Co-C
bond was cleaved during crystallization, revealing the ribose ring of the adenosyl moiety to
exist in two distinct conformations that are related by a pseudo-rotation of the ribose ring. In
one conformation, the 5′-carbon points toward the cobalt atom, with a Co-C distance of 3.2
Å and most likely reflects the conformation with the Co-C bond formed, we refer to this as
the associated conformation. In the other, the 5′-carbon swings away from the cobalt atom
positioning it close to the C-4 pro-S hydrogen of glutamate, which is abstracted during the
reaction, we refer to this as the dissociated conformation. (Figure 2A).

The ribose hydroxyl groups form hydrogen bonds with two protein side chains, Glu330 and
Lys326, which differ significantly between the associated and dissociated conformers. In the
associated conformer, hydrogen bonds are formed between the 2′-hydroxyl and the oxygen
(O-28) of an acetamide group from the corrin ring, and between the 3′-hydroxyl and the
amino group of Lys326 and carboxylate of Glu330. In the dissociated conformer, the ribose
ring rotates about the glycosidic bond by ~ 25° and now forms hydrogen bonds exclusively
between both the ribose 2′ and 3′-hydroxyl groups and the carboxylate of Glu330.

We have here combined both computational and experimental approaches to examine the
effects of mutating Lys326 and Glu330 on the ability of the enzyme to catalyze homolysis of
the Co-C bond and subsequent hydrogen abstraction from the substrate. This has allowed us
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to correlate changes in the structure of the active site, determined computationally, with
changes in activity determined experimentally.

Experimental Procedures
Materials

AdoCbl was purchased from Sigma Chemical Co; L-[3,4-3H]-glutamic acid was purchased
from Perkin Elmer; all other materials were purchased from commercial suppliers and were
of the highest grade available. Site directed mutagenesis of the GlmES gene was performed
by standard methods and the mutant enzymes were over-expressed and purified from
recombinant E. coli as described previously.27

Enzymatic Synthesis of 5′-3H-AdoCbl
The exchange of tritium from glutamate into AdoCbl was performed by a modification of a
previously reported method28. Reactions were performed in 10 mM Tris-Cl buffer, pH 8.0,
containing 10% glycerol, 50 μM enzyme, 250 μM AdoCbl, 100 μM unlabeled L-glutamate,
75 μCi L-[3,4-3H]-glutamic acid (specific activity 184 Ci/mol at the exchangeable position)
in a volume of 1.2 mL. Assays were performed under dim light in an anaerobic glove box to
minimize exposure to oxygen and photolysis. Reactions were started by addition of 100 μL
of substrate via a syringe and allowed to proceed at 37 °C. At various times, 100 μL aliquots
were removed by syringe and quenched on ice by addition of 25 μL of 500 mM HCl.
Samples were frozen in liquid nitrogen and stored at −20 °C prior to recovery of AdoCbl by
reverse-phase HPLC.

Analysis of Radiolabeled AdoCbl
AdoCbl was purified by HPLC on a Vydac 201SP54 250 x 4.6 mm C18 reverse-phase
column, 5 μm particle size, as described previously.28 The tritium content of AdoCbl was
determined by liquid scintillation counting of the eluted peaks.

Equilibrium ultrafiltration measurements
AdoCbl (50 μM) was mixed with protein (50 μM) in 10 mM Tris-Cl buffer, 10% glycerol,
pH 8.0, in a total volume of 500 μL. After incubation for 15 min at 37 °C, the sample was
spin-filtered through a Microcon-30 filter until 75 μL had passed through the filter. The
absorbance at 522 nm was recorded for the retentate and filterate. Kds were calculated
assuming the filtrate absorbance represents the concentration of free AdoCbl and the
retentate absorbance represents free + enzyme-bound AdoCbl.

Computational methods
The PDB structure of glutamate mutase ID 1I9C,26 was used for all simulations; mutant
structures were generated using the PyMol molecular graphics system, version 1.3
Schrödinger, LLC. The Co-C bond is not formed in the crystal structure, however
minimization using a forcefield including a term for the Co-C bond, followed by careful
equilibration produced reasonable starting structures for simulation of the associated Co-C
complex.

Histidine protonation states were determined by visual inspection of implied hydrogen
bonds and pKas estimated using PROPKA29 (see supporting information). Some Asn and
Gln residues were flipped to remove steric clashes as calculated using Molprobity.30 Where
the calculated electron density in the crystal structure was indicative of more than one side-
chain conformation, the conformation with the higher occupation number was chosen. In
particular, there are two conformations of the adenosyl group, both of which have broken
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Co-C bonds. In only one of these conformations does the adenosyl group form hydrogen
bonds with Glu330. This conformation was used as the starting structure for all simulations
because it has the higher occupation number and because we believe it better resembles the
dissociated state. The AmberTools 1.5 program ‘tleap’ was used to add hydrogen atoms.
The protein was solvated in a water box with > 12 Å between the protein and the sides;
sodium ions were added to neutralize the system.31

The AMBER ff99SB force field was used; parameters for modeling cobalamin and
adenosine groups were adapted from previously published parameters derived and
thoroughly tested against experimental structural data by other groups.32–34 The
performance of the ff99SB force field has been shown to satisfactorily model hydrogen
bonding, outperforming most semi-empirical QM/MM methods in reproducing some
experimental properties such as NMR dipolar coupling constants.35–37

Charges for the cobalamin, adenosyl and glutamate substrate were calculated by the RESP
fitting method at the HF/6-31G* level of theory using Gaussian09 and RED-IV via the RED
server.38 Due to the known poor performance of Hartree-Fock in calculating properties of
transition metals, the cobalamin charges close to the Co atom were refined by comparison
with Mulliken charges calculated at the B3LYP/LACV3P* level with Jaguar 7.6,
Schrödinger, LLC. The positions of water and ions were optimized with 100 steps of
steepest descent followed by 900 steps of conjugate gradient minimization. The whole
system was then similarly optimized with restraints of 5 kcal mol−1 Å2 on all α-carbons.

Energy minimizations were performed using the sander.MPI code in the AMBER11
package. Random velocities were assigned and the system was heated to 300 K by 50 ps
Langevin dynamics (collision frequency of 5 ps−1) with α-Carbons restraints applied. 100 ps
equilibration in the NPT ensemble at 300 K and 1 atm was performed with α-Carbon
restraints present followed by gradual release of restraints over 50 ps of additional
simulation. 18 ns production runs were performed using Langevin dynamics (collision
frequency of 5 ps−1) at 300 K and 1 atm. All MD simulations were performed with a 2 fs
time-step. The SHAKE algorithm was applied to constrain the length of all bonds involving
hydrogen, allowing a timestep on a similar time scale to vibrations of bonds involving
hydrogens to be used. Non-bonded interactions were not calculated between pairs of atoms
separated by a distance greater than a cut-off of 10 Å. Periodic boundary conditions were
used with a 130 × 100 × 110 Å orthorhombic box. Particle Mesh Ewald (PME) method was
applied to treat long-range electrostatic interactions. All MD simulations were performed
using the pmemd.mpi code in the AMBER11 package. Analysis of the MD simulations was
performed using the cpptraj module of AmberTools 1.5.

Results
Glu330 is conserved in the structures of AdoCbl-dependent mutases,26, 39–41 indicating that
this residue plays an important role in the mechanism of homolysis. Glu330 has been
proposed to facilitate homolysis by stabilizing the dissociated state, either by forming
stronger hydrogen bonding with the ribose ring or by forming an increased number of
hydrogen bonds.22, 42 However, it could also be important for positioning the ribose ring to
facilitate hydrogen abstraction from the substrate. Lys326 is not conserved, but is the only
other side-chain to directly interact with the ribose group, suggesting it is also important for
catalysis. To test these proposals, we constructed a series of enzyme variants at Lys326 and
Glu330 and determined their effect on catalysis in vitro and on the structure and dynamics of
the active site in silico. We then examined whether the experimentally determined changes
in activity correlate with changes observed in various structural parameters derived
computationally.
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Five mutations were introduced into glutamate mutase by standard methods. These convert
Glu330 to Gln, Asp and Ala and Lys326 to Gln and Met respectively. The Glu330Asp and
Glu330Gln mutations are highly conservative: the former moves the carboxylate ~ 1 Å away
from the ribose hydroxyl groups; the latter is almost isosteric with Glu and, while removing
the charge, retains the ability to act as a hydrogen bond donor and acceptor. The Glu330Ala
mutation was chosen as a “loss of function” mutation. In the case of Lys326, a mutation to
Arg would generally be considered most conservative, but was not introduced in this case
because modeling indicated the larger side-chain could not be accommodated without
significant reorganization of the active site. Instead, the Lys326Met mutation was introduced
as it mimics the steric bulk of lysine, but lacks its charge and potential for hydrogen bonding
to the 2′-hydroxyl of ribose. The Lys326Gln mutation reduces the side-chain length and
removes the positive charge, but the amide nitrogen retains the potential to act as a hydrogen
bond donor to the 2′-hydroxyl group.

Activity of Mutants
The introduction of these mutations proved highly deleterious for activity. No activity could
be detected for any of the mutant enzymes using the standard spectroscopic assay in which
the formation of 3-methylaspartate is coupled to the formation of mesaconate through the
action of 3-methylasparatase. From this we concluded that the mutant enzymes possess
significantly less than 1 % of the wild-type activity. To establish that the lack of activity was
not simply due to the inability of the mutant enzymes to bind AdoCbl, the affinity of the
enzymes for AdoCbl was qualitatively assessed using equilibrium ultrafiltration. These
measurements established that the mutations bound AdoCbl with similar, or slightly
reduced, affinity to wild-type glutamate mutase. The Kd for AdoCbl of wild-type enzyme is
2 μM,27 whereas the activity measurements were conducted with 5 μM of mutant enzyme
and up to 50 μM AdoCbl. It is therefore highly unlikely that the lack of activity results from
the inability of the mutant enzymes to bind AdoCbl.

Spectral changes in cobalamin indicative Co-C bond cleavage
Upon homolysis, the electronic spectrum of AdoCbl undergoes extensive changes,
characterized by an increase at 420 nm and decrease at 520 nm, that are associated with the
conversion of 6-coordinate Co(III) to 5-coordinated Co(II). The u.v.-visible spectra of most
AdoCbl enzymes, including glutamate mutase,43 when recorded during steady-state
turnover, reflect this change and indicate that cob(II)alamin accumulates as an intermediate.
However, consistent with the prediction that Glu330 and Lys326 stabilize the homolytic
state, no changes to the spectra of the mutant enzymes were observed upon addition of
substrate, indicating that Cbl(II), if formed, must be at very low concentrations.

During aerobic turnover, AdoCbl is irreversibly converted to hydroxocobalamin (CblOH),
as a slow side reaction, through adventitious oxidation of Cbl(II). Thus, the formation of
CblOH, which has a prominent peak at 340 nm, can be used as a proxy for Cbl(II)
formation, even if Cbl(II) is only formed in low steady-state concentrations. CblOH
formation was evident after several minutes upon incubation of wild-type holo-glutamate
mutase with 50 mM L-glutamate in aerobic buffer at 37 °C. However, no CblOH could be
detected after 24 h upon incubation of the mutant enzymes under similar conditions.

Tritium exchange between glutamate and AdoCbl
During the mechanism of AdoCbl-dependent isomerizations, the hydrogen abstracted from
the substrate and the hydrogen atoms at 5′-position of AdoCbl can exchange positions, as
shown in Figure 1. We exploited this fact to develop an extremely sensitive assay for
AdoCbl cleavage and hydrogen transfer based on the exchange of tritium from glutamate
into AdoCbl.
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Measurements of deuterium and tritium kinetic isotope effects on wild-type glutamate
mutase indicate that AdoCbl homolysis and hydrogen abstraction are kinetically coupled in
the enzyme, and that these steps are partially rate-determining for protium and substantially
rate-determining for tritium.12, 24 The failure to detect any significant concentration of
Cbl(II) in the experiments noted above, implies that the mutations destabilize the dissociated
coenzyme and thus recombination must be much faster than homolysis in the mutant
enzymes. Under these conditions, provided that the exchange reaction does not approach
equilibrium, the initial rate of tritium incorporation into AdoCbl reflects the rate of
homolysis and hydrogen abstraction.

To measure tritium exchange, 50 μM enzyme, 250 μM AdoCbl, and 100 μM L-[3,4-3H]-
glutamate, specific activity 184 μCi/μmol at the exchangeable position, were incubated in 10
mM Tris-Cl, pH 8.0, containing 10% glycerol, at 37 °C. All the mutant enzymes
incorporated tritium into AdoCbl, with the reaction proceeding linearly for several hours
(Figure 3). In all cases the specific activity of the 3H-AdoCbl formed remained less than 3%
that of glutamate, so that the exchange of tritium back to glutamate remained negligible and
thus the requirement that the measurement reflect the initial rate of tritium incorporation is
met. The relative activities of the mutants span 2 orders of magnitude and may be
summarized as Glu330Gln > Glu330Asp > Lys326Met > Glu330Ala > Lys326Gln. The rate
constants for tritium exchange, kT, are summarized in Table 1. Interestingly, Glu330Asp is a
more deleterious mutation than the Glu330Gln, and Lys326Met is far less deleterious than
Glu330Ala. To facilitate comparisons with wild-type enzyme, for which the rate of
homolysis and hydrogen transfer has been measured using pre-steady-state methods12, kT
was corrected assuming a KIE of 20; a value that has been previously measured for the
transfer of tritium between glutamate and AdoCbl24. Although this assumption may not be
entirely valid, because the mutations may affect the value of the intrinsic KIE, we consider it
very unlikely that changes in the KIE contribute significantly to the difference in the rates
measured for the enzyme variants, which span 4 orders of magnitude. As an example, a
recent study by Kohen and co-workers44 examining the effect of active site mutations
designed to change the distance for hydride transfer between donor and acceptor atoms in
dihydrofolate reductase found that intrinsic KIEs were increased by no more than 50 % at 37
°C in the mutant enzymes.

Molecular dynamics (MD) simulations
Further insight into the roles of Glu330 and Lys326 in controlling homolysis and hydrogen
abstraction was provided by molecular dynamics simulations. Various factors have been
proposed to explain how AdoCbl-dependent enzymes may catalyze Co-C bond cleavage.
Computational studies point to electrostatic interactions as being important in stabilizing the
dissociated state through increased hydrogen bonding with the ribosyl OH-groups.22, 42 The
active site residues also likely play an important role in optimally positioning the 5′-carbon
of the adenosyl radical for hydrogen abstraction from the substrate. To examine these
possibilities, we performed molecular dynamics simulations on the wild-type and mutant
enzymes, using the crystal structure of the enzyme:AdoCbl:substrate complex as a starting
point26 and with AdoCbl modeled in either the associated (Co-C bond formed) or the
dissociated (adenosyl radical + CblII) state.

No extensive changes in the peptide backbone were observed over the course of the
simulations of the wild-type enzyme as indicated by a mean root mean squared deviation
(RMSD) of backbone alpha carbons relative to the crystal structure of 1.3 Å for the
dissociated state and 1.6 Å for the associated state. This shows that the protein structure is
well modeled by the force field used and that the overall conformational state of the protein
is similar in both the associated and dissociated states. The RMSDs of only the backbone
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alpha carbons of residues in the active site region (comprising all residues with at least one
atom within 6Å of the adenosyl group) were also computed for the wild type and mutant
enzymes. These fell within a narrow range of 1–1.6Å indicating that no large changes to the
active site were introduced by any of the mutations. RMSD data is included in the
supporting information, Table S3, together with overlays of wild type and mutant active site
average structures, Figure S1.

The MD simulations were analyzed to calculate the mean distance, R(C5′-H), between the 5′-
carbon of the adenosyl radical and the abstractable hydrogen of the substrate in the
dissociated state. As shown in Figure 4, the distances extracted from the simulations were
binned and fitted to a gamma distribution function (see supporting information for
parameters associated with the fits), from which the mean distance, R(C5′-H), was calculated.
The distances are tabulated in Table 1. The wild-type enzyme shows both the shortest mean
distance, R(C5′-H) = 2.67 Å, and the narrowest distribution (standard deviation) of distances.
For the most active mutant, Glu330Gln, R(C5′-H) increases to 2.85 Å and the distribution of
inter-atomic distances is somewhat broader. For the least active mutants, Glu330Ala and
Lys326Gln, R(C5′-H) increases to 3.61 Å and 3.43 Å respectively, and the distribution of
inter-atomic distances becomes much broader. Interestingly for the Glu330Asp mutant,
R(C5′-H) = 3.27 Å, is significantly longer than wild-type, which, may explain why,
unexpectedly, it was less active than the Glu330Gln mutant. These results suggest that both
residues are important for positioning the adenosyl radical optimally for hydrogen
abstraction from the substrate.

The MD simulations were also analyzed for the occurrence of hydrogen bonding
configurations between the adenosyl-OH groups and Glu330 and Lys326. A hydrogen bond
was considered to be present at any instantaneous configuration during the MD simulations
if the distance between any donor – acceptor pair was < 3.5 Å and the donor-hydrogen-
acceptor angle was greater than 135 degrees. Previous work has shown that simple
geometric criteria for hydrogen bonding as used here yield good agreement with more
elaborate energy-based criteria. The mean number of hydrogen bonds over the length of
each simulation was calculated for both the associated and dissociated forms of the enzyme,
and a similar analysis performed for the mutant enzymes. The data are summarized in Table
2. The data were further analyzed by calculating the mean hydrogen bond donor – acceptor
distance from the simulations as a proxy for the strength of hydrogen bonding; this distance
was obtained by averaging the distances over all structures where a hydrogen bond was
considered present. (Table S4).

With the exception of the Glu330Ala mutation, the number and strength of hydrogen bonds
between the residue at position-330 and the ribose moiety is significantly greater in the
dissociated state of AdoCbl than in the associated state. In the case of Glu330Ala, which
cannot form hydrogen bonds, water molecules enter the active site to fill the void created by
the mutation. The simulations indicate that, on average, the wild-type enzyme forms both
more and shorter hydrogen bonds with the adenosyl-OH groups in both the associated and
dissociated state than any of the mutant enzymes. This observation underscores the
importance of the hydrogen bonds formed by this residue for catalysis.

Hydrogen bonding between Lys326 and adenosyl-OH groups appears less important. For the
wild-type enzyme, the mean number of hydrogen bonds formed between Lys326 and
adenosyl-OH groups during the simulations is fewer, and is not greatly different between the
associated and dissociated states of AdoCbl. For the Lys326Met mutant no hydrogen
bonding is possible at this position, but for the other mutants there is no obvious relationship
between the mutation and the number or strength of hydrogen bonds formed to ribose at this
position. However, mutation of Lys326 does appear to impair the ability of Glu330 to form
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hydrogen bonds with the ribose OH groups and, as discussed below, the 5′-carbon is much
less well-positioned for hydrogen abstraction. The low activity of the Lys326Met and
Lys326Gln mutants suggests that Lys326 plays an important role in positioning Glu330 to
effectively hydrogen bond with the ribose group.

Correlations between simulation and experiment
To provide further support that the changes to the structure and dynamics of the active site
identified in the simulations were indeed contributing to the experimentally measured
deceases in enzyme activity, we examined the data for correlations between computationally
derived parameters and experimentally measured tritium exchange rate, kT. Interestingly, -
logkT exhibited a good linear correlation with R(C5′-H), r = 0.93, r2 = 0.86 (Figure 5),
pointing to the important role that these residues play in positioning the adenosyl radical
relative to substrate. Changes in hydrogen bonding patterns between mutants (either in the
associated or dissociated state) showed no clear relationship with the activity of the mutant
enzyme. We do not interpret this to mean that changes in hydrogen bonding interactions are
unimportant for the reduced activities of the mutants. Rather any clear correlation between
changes in hydrogen bonding interactions and mutant activity is masked because the
activities are also affected by changes in the positioning of the adenosyl radical in the active
site due to mutation.

Discussion
The fundamental principles by which AdoCbl-dependent enzymes accelerate coenzyme
homolysis and stabilize the resulting reactive free radical intermediates remain the most
poorly understood aspect of these enzymes. In this work, we sought to gain insight into the
mechanism of radical generation in AdoCbl-dependent enzymes by a coordinated approach
employing both computation and experiment.

The crystal structure of glutamate mutase suggested that Glu330 and Lys326 might play an
important role in catalyzing homolysis of the coenzyme glutamate mutase. The results
reported here demonstrate that this is indeed the case. By developing a highly sensitive assay
for homolysis and hydrogen abstraction, we were able measure the activities of mutant
enzymes that are slower by 2 – 4 orders of magnitude than wild-type enzyme. This wide
range of activities allowed us to examine whether changes in the structure and dynamics of
the active site identified by molecular dynamics simulations correlated with changes in
activity. This strategy has provided a powerful approach to gain new atomic-level insights
into reaction mechanism that would have been unavailable from either experimental
observation or computation alone.

Experiments on glutamate mutase and other AdoCbl enzymes have shown that transfer of
hydrogen between substrate and coenzyme involves tunneling and is the rate-determining
step in the reaction.20, 45–47 As such, the position of the adenosyl radical with respect to the
substrate is expected to be critical for efficient catalysis, but to this point experimental
evidence to support this statement has been lacking. The simulations point to the important
role that Lys326 and Glu330 play in positioning the transiently-formed adenosyl radical for
hydrogen abstraction. R(C5′-H) for wild-type glutamate mutase is both shorter and exhibits a
narrower standard deviation than any of the mutants, suggesting that it is optimized for
reaction. Significantly, the correlation between -logkT, which reflects the activation energy
for the transfer of tritium between substrate and coenzyme, 6and R(C5′-H) computed from
MD simulations provides strong support for the idea that optimizing the distance between
the 5′-carbon and the abstractable substrate hydrogen is vital for efficient catalysis in
glutamate mutase and other AdoCbl enzymes.
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The formation of stronger electrostatic and/or hydrogen bonding interactions between
coenzyme and protein in the dissociated state of AdoCbl has been identified as one potential
mechanism by which the enzyme promotes homolysis of the coenzyme.22, 42 Our results
support this hypothesis, but show that this is not the only factor in efficient catalysis. Our
MD simulations do not quantify the catalytic contribution that hydrogen bonding makes, but
they do indicate that for wild-type glutamate mutase, hydrogen bonding is significantly
increased between Glu330 and ribose in the dissociated state. The mutant enzymes also
show increased numbers of hydrogen bonds in the dissociated state relative to the associated
state (Table 2), although they form fewer hydrogen bonds in total. However, changes in
electrostatic interactions between the coenzyme and the protein in the dissociated state
appear insufficient to fully explain the difference in activity between wild-type and mutant
enzymes.

This is illustrated by the Glu330Asp mutant, which in the simulations forms well-defined
hydrogen bonds with the ribose hydroxyl groups in the dissociated state, but is less active
than the Glu330Gln mutant, even though the neutral glutamine side chain would be expected
to form weaker hydrogen bonds with the ribose ring than the negatively charged carboxylate
side chain. Our analysis rationalizes this trend by showing that hydrogen bonding between
ribose and the shorter aspartate chain constrains the 5′-carbon so that it is, on average, 0.42
Å further from the substrate than the glutamine mutant (Figure 2). Interestingly, the same
activity trend was observed in ornithine aminomutase and methylmalonyl-CoA mutase when
the equivalent glutamate residues were mutated to glutamine and aspartate.41

In conclusion, our results provide evidence that both electrostatic interactions between the
enzyme and the ribosyl moiety of the coenzyme and precise positioning of the adenosyl
radical by active site residues are important factors in catalysis by AdoCbl-dependent
enzymes. This work represents the first study to examine in atomistic detail the structural
features of the active site that underpin these catalytic principles. None of the mutant
enzymes accumulate detectable amounts of cob(II)alamin during catalysis, indicating that
they do not stabilize the dissociated state as well as the wild-type. We propose that two
factors contribute to the high levels of coenzyme homolysis observed in AdoCbl enzymes.
First, favorable electrostatic interactions, as previously proposed by Warshel and co-
workers,42 between the dissociated coenzyme and protein are necessary to offset part of the
enthalpic cost of radical generation. Second, precise positioning of the transiently-formed
adenosyl radical by the enzyme, a feature that has not been widely discussed previously,
facilitates the rapid transfer of hydrogen from the substrate to coenzyme, to generate the
substrate radical that is further stabilized by electronic effects.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A: Structure of AdoCbl; B: Mechanistic scheme for the reaction catalyzed by glutamate
mutase.
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Figure 2.
Structures of the associated (left) and dissociated (right) states of AdoCbl in glutamate
mutase. A: Structures of wild-type enzyme determined crystallographically. B:
Representative structures of wild-type enzyme obtained from MD simulations. C:
Representative structures of the Glu330Asp mutant obtained from MD simulations. The
substrate (glutamate) is shown in green and the 5′-carbon of adenosine is shown in black.
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Figure 3.
Rates of tritium incorporation into AdoCbl by Glu330Gln (□), Glu330Asp (■), Glu330Ala
(▲), Lys326Met (△) and Lys326Gln (○) mutant enzymes.
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Figure 4.
Gamma distribution plots of distances between the 5′-carbon of the adenosyl radical and the
abstractable hydrogen of glutamate, R(C5′-H), for wild-type and mutant enzymes. Inset A
representative fit of the binned data from MD simulations is shown for the E330Q mutant.
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Figure 5.
Correlation between R(C5′-H) determined from MD simulations and logkT determined by
experiment.

Román-Meléndez et al. Page 17

Biochemistry. Author manuscript; available in PMC 2015 January 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Román-Meléndez et al. Page 18

Table 1

Apparent rate constants for tritium exchange (kT) and mean distance between adenosyl 5′-carbon and
substrate-hydrogen (R(C5′-H)) for wild-type and mutant enzymes

Mutant kT (× 103 s−1) log(kT) (relative to w.t.) R(C5′-H) (Å)

Wild-type 5000 ± 100* 0 2.67 ± 0.18

E330Q 50 ± 2 −2.0 2.85 ± 0.23

E330D 20 ± 1 −2.4 3.27 ± 0.44

K326M 8.0 ± 0.1 −2.8 3.30 ± 0.62

E330A 0.90 ± 0.04 −3.7 3.61 ± 0.56

K326Q 0.70 ± 0.02 −3.9 3.43 ± 0.39

*
Value calculated from data in reference 24
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