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Abstract
Adenosylcobalamin (coenzyme B12) serves as the cofactor for a group of enzymes that catalyze
unusual rearrangement or elimination reactions. The role of the cofactor as the initiator of reactive
free radicals needed for these reactions is well established. Less clear is how these enzymes
activate the coenzyme towards homolysis and control the radicals once generated. The availability
of high resolution X-ray structures combined with detailed kinetic and spectroscopic analyses
have allowed several adenosylcobalamin enzymes to be computationally modeled in some detail.
Computer simulations have generally obtained good agreement with experimental data and
provided valuable insight into the mechanisms of these unusual reactions. Importantly, atomistic
modeling of the enzymes has allowed the role of specific interactions between protein, substrate
and coenzyme to be explored, leading to mechanistic predictions that can now be tested
experimentally. This article is part of a Special Issue entitled: Radical SAM enzymes and Radical
Enzymology.
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1. Introduction
Adenosylcobalamin, also known as coenzyme-B12, (Fig. 1) is a biologically active form of
vitamin B12 [1,2]. It serves as the cofactor for a relatively small group of enzymes, only 12
have so far been identified, that catalyze unusual rearrangement or elimination reactions
involving the interchange of a hydrogen atom on one carbon with an electron-withdrawing
group, X, on an adjacent carbon (Scheme 1).

These reactions proceed through free radical mechanisms. The role of the cofactor is to
serve as a source of organic radicals that are unmasked by homolysis of the cobalt–carbon
bond to form cob(II) alamin and a highly reactive 5′-deoxyadenosyl radical (Ado•). This
allows enzymes to exploit the reactivity of free radicals to catalyze reactions on otherwise
un-reactive molecules.

This review aims to provide the reader first with an overview of the reactions catalyzed by
AdoCbl enzymes, and then focus on some of the more recent advances in understanding
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their mechanisms. In particular, computational studies have recently become an important
tool to investigate questions regarding the energetics and mechanisms of free radical
reactions, and so are given some emphasis here. It would be impossible to provide a
comprehensive review of all the work in this area within the limited space of this article and
we have not attempted to do so! We apologize in advance to colleagues whose work we may
not have cited, and refer the reader to several recent reviews that discuss various aspects of
AdoCbl biochemistry in more detail than space permits here [1–9].

AdoCbl-dependent enzymes may be divided into three subgroups. i. Carbon-skeleton
mutases catalyze the interchange of a hydrogen atom on one carbon with a carbon-
containing group on an adjacent carbon to effect a skeletal rearrangement (Fig. 2). Members
of this subgroup include glutamate mutase, 2-methyleneglutarate mutase, and
methylmalonyl-CoA mutase [7,8,10,11], the only AdoCbl-dependent enzyme found in
animals. Closely related to methylmalonyl-CoA mutase are isobutyrl-CoA mutase [12] and
the recently identified hydroxybutyrl-CoA mutase [13] and ethylmalonyl-CoA mutase
enzymes [14]. ii. The eliminase subgroup catalyze 1,2-rearrangements of either 1,2-diols to
1,1-diols or 1,2-amino-alcohols to 1,1-amino-alcohols, which then undergo enzyme-
catalyzed elimination of water or ammonia to give aldehydes as the final product (Fig. 3).
iii. Aminomutases catalyze 1,2-migrations of amino groups and additionally require
pyridoxal phosphate as a cofactor; the two known enzymes in this subgroup are
ornithine-4,5-aminomutase [15,16] and lysine-5,6-aminomutase [17,18] (Fig. 4). The
enzymes in this subgroup are ethanolamine ammonialyase, diol dehydrase and glycerol
dehydrase [3]. Lastly, class II (AdoCbl dependent) ribonucleotide reductase [19,20] appears
not to fit into any of these subgroups, as it catalyzes a reduction rather than a rearrangement
(Fig. 3). However, AdoCbl serves the same function in this enzyme and the mechanism by
which the 2′-OH group is removed parallels the rearrangements catalyzed by the eliminases.

2. Mechanistic overview
Enzymes have evolved various mechanisms to generate reactive radical species that can be
used for C–H bond activation. It is useful to note the close mechanistic parallels between
AdoCbl-dependent enzymes and the more recently recognized but much larger class of
radical S-adenosylmethionine (SAM) enzymes [21,22]. Whereas the Co–C bond in AdoCbl
has a relatively low bond dissociation energy (~30 kcal/mol), the higher bond dissociation
energy of the C–S bond in SAM (~60 kcal/mol) means that direct homolytic cleavage is not
feasible. Therefore these enzymes generate Ado• through a single-electron reduction of
SAM complexed to a reduced iron-sulfur cluster (Fig. 5).

Whereas AdoCbl always serves as a cofactor, Ado• generated from SAM may be used
catalytically as a true cofactor, but in many enzymes is consumed during turn-over as a co-
substrate. The similarity of AdoCbl and radical SAM enzymes is illustrated by the
aminomutases. Lysine-2,3-aminomutase is a well characterized radical SAM enzyme [6]
that shares a requirement for pyridoxal phosphate and catalyzes a rearrangement chemically
identical to those catalyzed by AdoCbl-dependent lysine and ornithine aminomutases. Thus
both cofactors function to generate Ado•; the chemical reaction catalyzed is then
independent of the cofactor used to generate free radicals.

A significant difference between AdoCbl and radical-SAM enzymes is their oxygen
sensitivity. Whereas AdoCbl enzymes are not especially oxygen sensitive, all radical-SAM
enzymes studied to date must be handled under rigorously anaerobic conditions to maintain
their activity. Reactive oxygen species rapidly oxidize and destroy the iron–sulfur clusters in
these enzymes. Oxygen sensitivity may have provided the pressure for the evolution of
AdoCbl-dependent enzymes; however the discovery of genes for radical-SAM enzymes in
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aerobic organisms hints that these enzymes may be functional in the microenvironment of a
cell even under aerobic conditions [21].

A general mechanism that accounts for the rearrangements catalyzed by AdoCbl-dependent
enzymes is shown in Fig. 6. Following homolysis, Ado• abstracts the migrating hydrogen
atom from the substrate to generate a substrate-based radical and 5′-deoxyadenosine (Ado-
H). The migrating group (-X in Fig. 6) then moves from one carbon to the other to effect the
rearrangement step and form a product-like radical. The mechanistic details of this step vary
dependent upon the nature of -X. Lastly, a hydrogen from the methyl group of Ado-H is re-
abstracted by the product-radical to give the product and regenerate Ado•, which
immediately recombines with cob(II)alamin to reform AdoCbl.

The reactions catalyzed by the carbon-skeleton mutases and aminomutases are fully
reversible. However, in the eliminases the gem-diol or 1,1-amino-alcohol initially formed by
radical rearrangement subsequently undergoes irreversible, enzyme-catalyzed elimination of
water or ammonia to form an aldehyde (Fig. 3). Although the reduction of ribonucleotide
triphosphates catalyzed by AdoCbl-dependent ribonucleotide reductase appears to be quite
different, the chemistry is very similar to that for the 1,2-migration of –OH catalyzed by diol
dehydrase. In this case, AdoCbl is used to reversibly generate an active site cysteinyl radical
[19,20]. The cysteinyl radical, in turn, abstracts the 3′-H adjacent to the site of reduction and
this activates the 2′-OH to become a good leaving group (Fig. 7). In fact, this essential
radical chemistry, including the cysteinyl radical, is conserved in both the aerobic tyrosyl
radical-dependent and anaerobic glycyl radical-dependent ribonucleotide reductases [19,20].

Whereas activation of the substrate by abstraction of a non-reactive hydrogen atom is the
common mechanistic step in all AdoCbl enzymes, the mechanisms by which the substrate
radicals rearrange are dependent on the nature of the migrating chemical group. Here we
briefly summarize the rearrangement mechanisms, which are discussed in more detail later
for selected enzymes.

For the carbon skeleton mutases two distinct mechanisms appear to operate (Fig. 8). For
reactions catalyzed by 2-methyleneglutarate mutase, methylmalonyl-CoA mutase and
related acyl-CoA mutases, the inter-conversion of substrate and product radicals most likely
occurs through a cyclopropylcarbenyl radical intermediate, a mechanism supported by
model chemical reactions [23,24]. In contrast, it has been shown that the rearrangement
catalyzed by glutamate mutase involves fragmentation of the glutamyl radical to form a
glycyl radical and acrylate followed by recombination to form the methylaspartyl radical
[25].

The aminomutases require pyridoxal phosphate as a cofactor. Lysine-2,3-aminomutase
(LAM), which is actually a radical SAM enzyme, serves as a paradigm for the role of
pyridoxal phosphate in this reaction. EPR experiments using isotopically-labeled substrates
and lysine analogs that preferentially stabilize the different radicals formed during the
rearrangement have allowed each of the substrate radical species proposed in the mechanism
to be identified [26–28]. A similar approach has recently been used to study the mechanism
of lysine-5,6-aminomutase [18]. During the reaction (Fig. 9), the α-amino group of lysine
forms an external aldimine with pyridoxal phosphate [29], rendering the nitrogen sp2

hybridized. This allows the 1,2-nitrogen migration to occur through a cyclic
azacyclopropylcarbinyl radical intermediate transition state in which nitrogen is bonded to
both C-2 and C-3 of lysine and the unpaired electron is situated on the 4′-carbon of
pyridoxal and stabilized by the adjacent π system.

The AdoCbl-dependent diol dehydrase, glycerol dehydrase and ethanolamine deaminase
catalyze elimination reactions that first involve a 1,2-migration of –OH or –NH3 + followed
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by dehydration or deamination of the resulting 1,1-diols or amino-alcohol to give aldehydes
[3]. Here it appears that the charge state of the migrating oxygen or nitrogen atom is
important (Fig. 10). Theoretical studies, discussed in more detail below, suggest that a
migration pathway involving a positively charged cyclic transition state structure is favored
[30,31]. Although it was long thought that an active site potassium ion was likely to provide
the positive charge, recent evidence now points to calcium as the catalytic metal [32].

3. Structures of AdoCbl dependent enzymes
A detailed discussion of enzyme structure is beyond the scope of this review, however we
briefly describe the common structural features of these enzymes, as knowledge of the
structure has allowed the mechanistic roles of active site residues to be tested and is essential
for accurate computational modeling. To date, X-ray structures are known for
methylmalonyl-CoA mutase [33], glutamate mutase [34], diol dehydrase [35], glycerol
dehydrase [36], ethanol-amine ammonialyase [37], lysine-5,6-aminomutase [17],
ornithine-4,5-aminomutase [38] and ribonucleotide reductase [39]. Despite their diversity in
both subunit composition and quaternary structures, the enzymes all comprise two major
domains—a (β/α)8 barrel (TIM barrel) domain which encompasses the substrate binding
site and binds the “upper” face of the corrin ring and the adenosyl moiety (in RNR this is a
(β/α)10 barrel). A second cobalaminbinding domain binds the “lower” face of the corrin ring
and the dimethylbenzimidazole ‘tail’ of the coenzyme that provides the lower ligand to the
central cobalt atom.

There are two binding modes for binding cobalamins that differ in the identity of the axial
nitrogen ligand to cobalt. In the carbon skeleton mutases and aminomutases the cobalamin-
binding domain adopts an α/β (Rossmann-like) fold, with the corrin ring of cobalamin
sitting at the C-terminal end. A histidine residue, part of a conserved motif [40] from the
protein, replaces the dimethylbenzimidazole tail as the lower ligand to cobalt, which is
instead extended down into the core of the protein. In contrast, in the eliminases and
ribonucleotide reductase AdoCbl is bound with the dimethylbenzimidazole base coordinated
to cobalt, as it is in free solution. In this case the coenzyme rests on the side of a β-sheet
which is part of an α/β fold. For comparison, the structures of representative enzymes from
each binding mode, diol dehydrase and glutamate mutase, are presented in Fig. 11. Why
dimethylbenzimidazole is replaced with histidine in some proteins, and not others, remains
unclear.

For several enzymes, structures are available of both substrate-bound and substrate-free
enzyme forms, e.g. methylmalonyl-CoA mutase [41] and diol dehydrase [42]. These show
that significant changes to the conformation of the protein occur on substrate binding.
Obviously, such changes may be important to activate the coenzyme towards homolysis.
However, a difficulty encountered in all the enzyme structures is that it has not been
possible to obtain a good structure of the Michaelis complex of the enzyme poised for
catalysis. Either the coenzyme does not survive intact in the structure, i.e. the Co–C bond is
cleaved and the cobalt is oxidized to the 3+ form, or the enzyme has to be crystallized with
an inactive analog of AdoCbl such as adeninylpentyl-Cbl. In other cases, such as lysine and
ornithine aminomutases, the enzyme crystallizes in a conformation that places the coenzyme
and substrate too far apart for reaction to occur and so clearly cannot be the catalytically
active conformation.

4. Mechanism of adenosyl radical formation
The first step in the mechanisms of all AdoCbl enzymes involves homolytic fission of the
coenzyme and subsequent substrate radical formation. An important aspect of the
mechanism for generating radicals is that the energetics of forming Ado• are extremely
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unfavorable, as the bond dissociation energy of the Co–C bond, in free solution, is 32 kcal/
mol [43]. Ado• is such a reactive species that it has never been directly observed in an
enzyme, although it is generally accepted as the key intermediate. Yet in response to
substrate binding, AdoCbl readily undergoes homolytic cleavage and substrate-based
radicals accumulate on the enzyme during turn-over, implying that the equilibrium constant
for homolysis is now close to unity [15,44–47]. How enzymes stabilize highly reactive
radical species and harness them towards catalysis is an important and fundamental
question, the answer to which has implications for all enzymes that catalyze radical
reactions. Only recently, as insights from structure, mechanistic experiments and
computational modeling have converged, have the answers to this question begun to emerge.

It has been generally assumed that a protein-induced distortion of the coenzyme, possibly
triggered by substrate binding, weakens the Co–C bond sufficiently to promote homolysis;
i.e. the enzyme uses binding energy to offset the unfavorable bond dissociation energy.
Attempts to verify this hypothesis experimentally have largely failed to find evidence to
support this type of activation mechanism. The X-ray structures of the enzymes do not show
any major structural distortion of the corrin ring. However, as noted above, there is not a
good structure for the pre-homolysis Michaelis complex. And it is unlikely that a crystal
structure would trap reactive, strained species if indeed they were formed. Complementary
studies on several enzymes using resonance Raman, Uv–Visible and magnetic circular
dichroism spectroscopies, which are sensitive to changes in the electronic or vibrational
properties of the Co–C bond, have similarly failed to detect signicicant distortion of the
coenzyme when AdoCbl binds to the enzyme [48–52]. Computational studies, discussed
below, have been particularly useful in understanding this aspect of AdoCbl reactions,
highlighting the role that electrostatic interactions may play in facilitating homolysis of the
coenzyme.

A key feature of AdoCbl homolysis is that it is closely coupled to abstraction of a non-acidic
hydrogen atom from the substrate by Ado•. No homolysis is observed until the substrate
binds to the enzyme, so that reactive free radicals are only generated when substrate is
present to react. EPR experiments with isotopically-labeled substrates have established that
it is the substrate-based radical, not Ado•, that accumulates on the enzyme [4,53–56]. The
coupling of homolysis and hydrogen abstraction has been investigated by pre-steady state
stopped-flow experiments [15,44–47]. The cleavage of the Co–C bond can be followed
directly by monitoring changes to the Uv–Visible spectrum that are associated with the
conversion of AdoCbl to cob(II)alamin and Ado•. The observed rate of homolysis was found
to be significantly slower when deuterated substrates were used to initiate the reaction, i.e.
there was a significant KIE operating, even though this is not formally an isotopically
sensitive step.

This result can be interpreted as a formally concerted mechanism, in which the Co–C bond
cleavage occurs as the hydrogen atom is transferred from the substrate to 5′-
deoxyadenosine. Alternatively, a kinetically coupled mechanism may be operating, in which
a rapidly established but unfavorable equilibrium between AdoCbl and Ado• is first formed.
Then Ado• is siphoned off by the subsequent slow and isotopically sensitive reaction with
the substrate to form the more stable substrate-based radical. The net result is that AdoCbl is
depleted at a rate that depends on the rate of hydrogen atom transfer. Both mechanisms,
illustrated in Fig. 12, predict a kinetic isotope effect, and experimentally they are very hard
to distinguish between.

On balance, a kinetically coupled mechanism appears more likely. Analysis of the X-ray
structures for enzymes indicated that the substrate-binding sites and the 5′-carbon of
AdoCbl appear to be too far apart to permit a formally concerted reaction to occur without a
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major reorganization of the protein’s conformation. Further support comes from an
experiment using a ribonucleotide reductase in which the catalytic cysteine residue was
mutated. It was found that the crippled enzyme could catalyze epimerization of AdoCbl
stereospecifically deuterium-labeled at the 5′-carbon in the presence of an allosteric
activator (Fig. 13), thereby providing evidence for the transient formation of Ado• [57].

Interestingly, AdoCbl homolysis is also, potentially, susceptible to external magnetic fields.
The magnetic field affects the rate at which the initially-formed singlet radical pair, which
can recombine to reform the Co–C bond, converts to the triplet state, which cannot
recombine. Photolysis of AdoCbl bound to ethanolamine ammonia lyase was observed to be
sensitive to magnetic fields, whereas substrate-initiated (thermal) cleavage of the coenzyme
was not [58,59]. This result was attributed to the rapid removal of the alkyl radical
immediately after homolysis, such that there was inadequate time for radical pair
recombination to occur. This is consistent with the idea that the coupling of homolysis and
hydrogen abstraction steps, and subsequent radical pair stabilization, contribute to the
acceleration of Co–C bond homolysis observed in the enzymes.

The observation of kinetic isotope effects associated with transfer of hydrogen between
substrate and Ado• has allowed the transition state for this unusual reaction to be
investigated in more detail. For methylmalonyl-CoA mutase, the magnitude and temperature
dependence of the pre-steady state kinetic isotope effects (measured spectroscopically by
following the apparent KIE on Co–C bond cleavage) both indicate that hydrogen transfer
between the substrate and Ado• occurs through quantum tunneling rather classical motion.
The deuterium kinetic isotope effect decreases from 50 at 5 °C to 36 at 20 °C. These values
are clearly much larger than the semi-classical limit of ~7. Furthermore, the steep
temperature dependence of the KIE indicates a reaction in which tunneling dominates the
transfer of protium between substrate and coenzyme whereas deuterium transfer occurs
semi-classically [60,61].

Interestingly, very similar KIEs were measured for the non-enzymatic reaction of AdoCbl
with ethylene glycol [62]. In these experiments, the rates of reaction were compared for the
formation of Ado-H by thermolysis of AdoCbl in either ethylene glycol or perdeutrated
ethylene glycol. During the reaction, the transiently formed Ado• abstracts hydrogen from
ethylene glycol and thus may be considered a model for the initial step of the diol dehydrase
reaction. The KIEs measured in this experiment were also unusually large (~12 at 80 °C)
and showed strong temperature dependence. Although the reaction was too slow to measure
KIEs at lower temperatures, which would have allowed direct comparisons with
measurements on the enzymes, subsequent experiments using the more reactive
neopentylcobalamin allowed the measurements to be extended to physiological
temperatures, confirming the high temperature results [63]. From these data it was argued
that the degree of tunneling was the same in both enzymatic and non-enzymatic reactions
and thus tunneling should be discounted as a source of the ~1012-fold rate acceleration for
the homolysis of AdoCbl by the enzyme. However, more recently developed theoretical
treatments of tunneling in enzyme reactions, so called “full tunneling models” [60,61],
which emphasize the importance of protein motions in catalysis, suggest that temperature-
dependent KIEs cannot be interpreted as simply “more” or “less” tunneling. This is because
both hydrogen tunneling and low frequency protein motions that are believed to promote
catalysis (so-called gating motions) contribute to the magnitude and temperature dependence
of the KIE.

Further insights into the nature of the hydrogen transfer step have come from experiments
on glutamate mutase in which the intrinsic primary and secondary KIEs on Ado-H formation
were measured. In particular, secondary isotope effects are sensitive to changes in bond
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stiffness during reactions and therefore can provide valuable insights into transition states
[64]. Using rapid quench pre-steady state techniques, both secondary tritium kinetic isotope
effects and secondary tritium equilibrium isotope effects associated with AdoCbl homolysis
and hydrogen abstraction in glutamate mutase were measured [65]. The secondary
equilibrium tritium isotope effect reports on both breaking of the AdoCbl cobalt–carbon
bond and transfer of hydrogen from substrate to Ado-H, whereas the secondary kinetic
isotope effect is dominated by the latter step, which primary isotope effect measurements
indicate is relatively slow. Surprisingly, a large inverse equilibrium isotope effect of
0.72±0.04 was found for the overall reaction. This indicates that the 5′-C–H bonds become
significantly stiffer in going from AdoCbl to Ado-H, even though the 5′-carbon remains
formally sp3 hybridized [66].

The secondary kinetic isotope effect for the formation of Ado-H was 0.76±0.02. This large,
inverse secondary KIE would usually be interpreted as a “late” transition state for the
reaction [64]. However, when the isotope effect measurements were repeated using
deuterated substrate, so that Ado-D was formed, the secondary kinetic isotope effect
deflated to a value close to unity, 1.05±0.08, whereas the equilibrium secondary isotope
effect remained unchanged [67]. This observation represents a breakdown in the “Rule of
the Geometric Mean” which in essence states that there are no isotope effects on isotope
effects [68]. The change in secondary KIE due to the primary KIE is consistent with
concerted motion in the transition state of the 5′-hydrogen atoms adjacent to the hydrogen
that is transferred between substrate and coenzyme (Fig. 14), in a reaction that involves a
large degree of quantum tunneling.

Further evidence for hydrogen tunneling in glutamate mutase comes from temperature
dependence studies on the primary deuterium KIE for hydrogen transfer from
methylaspartate to Ado-H [69,70]. In this experiment the KIE was measured by setting up
an intra-molecular competition between hydrogen and deuterium on the same methyl group
of methylaspartate and analyzing the isotopic composition of the Ado-H formed. The
experiment has the important advantage that the isotope effect can be measured, even when
the isotopically sensitive step is not rate-determining. This is because the protium and
deuterium atoms on the methyl group remain chemically equivalent, even in the enzyme
active site, due to the rapid rotation of the methyl group.

The intrinsic deuterium KIE for glutamate mutase is much smaller than those measured for
either MMCM or the AdoCbl model studies [47,62,63]. At 10 °C the KIE is 4.1, which is
well within the semi-classical limit. However, the isotope effect still exhibits strong
temperature dependence indicative of hydrogen tunneling, consistent with secondary KIE
measurements. This argues strongly that glutamate mutase plays a role in modulating the
transition state for hydrogen transfer, and thereby changing the isotope effect. Indeed, one
expected consequence of extensive coupling between the motions of the primary and
secondary hydrogen atoms, noted above, is that the primary isotope effect will remain quite
small even if extensive hydrogen tunneling is occurring.

5. Computational studies of AdoCbl enzymes
Computational approaches are playing an increasingly important role in understanding the
mechanisms of enzymes. Facilitated by increases in computational speed and the
development of QM/MM methods that can reliably model both the chemical reaction and
the enzyme structure, computational modeling has advanced to the point where, rather than
simply rationalizing experimental results, it can provide insights into the role of the protein
in catalysis that can be tested by experiment. Computational studies of AdoCbl reactions are
particularly interesting because the unusual nature of these rearrangements raises many
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mechanistic questions that cannot easily be addressed by experiments. For example,
experimental approaches have failed to adequately explain the origin of the ~1012-fold rate
acceleration for AdoCbl homolysis or the remarkable ability of enzymes to stabilize radical
intermediates; however, recent computational studies have highlighted the potential
importance of electrostatic interactions in facilitating homolysis [71].

Computational chemistry is a rapidly evolving field, with different research groups pursuing
different approaches to modeling enzyme reactions, e.g. density functional theory or valence
bond methods, with each methodology possessing its own strengths and weaknesses. It is
not the purpose of this review to provide a critical analysis of the methodology used, (see
Ref. [9] for an excellent review on computational studies) but rather to concentrate on what
insights the computational studies have provided into the mechanisms of AdoCbl enzymes.
We briefly note, though, that accurately calculating the BDE of the AdoCbl cobalt–carbon
bond has proved particularly challenging; because of this, many studies have focused on the
steps that come after homolysis. One factor that has recently been recognized as important
for obtaining accurate cobalt–carbon BDE is the inclusion of dispersion forces between the
corrin ring and adenosyl moiety of the coenzyme, which are missing from most standard
DFT calculations [72].

The use of computational methods to study AdoCbl reactions has been pioneered by Radom
and co-workers, who have investigated the mechanisms of all three classes of enzymes [73].
Their work has focused on evaluating the energetic feasibility of various mechanisms
proposed for the 1,2 migrations of radical species using high level computational approaches
on small molecule models (i.e. the protein is not considered). These studies were the first to
highlight the importance of electrostatic interactions in facilitating substrate radical
rearrangements, which was previously not appreciated. The protonation state of the
migrating groups was found to significantly influence the energetic feasibility of the
reaction, implying that enzymes can facilitate the rearrangement of substrate radicals by
either general acid–general base catalysis or hydrogen bonding interactions. This early
insight has been borne out by subsequent QM/MM studies using the full enzyme structures,
as discussed below, in which electrostatic interactions between coenzyme, substrate and
protein make energetic contributions to catalysis. Here we discuss how computational
studies on three enzymes, glutamate mutase, MMCM and diol dehydrase, have contributed
to our understanding of their mechanisms.

Small molecule computational studies were initially used to investigate the feasibility of
fragmentation–recombination mechanism for the rearrangement of the glutamyl radical to
methylaspartyl radical in glutamate mutase [74,75]. The mechanism is supported
experimentally by the observation that acrylate is formed as a kinetically competent
intermediate during turn-over [25]. Fragmentation of the glutamyl radical to form a glycyl
radical and acrylate was calculated to be unfavorable by 44 kcal/mol when the amino group
of glutamate was protonated. However, when deprotonated, the energy is dramatically
reduced to 8.8 kcal/mol above that of the glutamyl radical. The lower energy of the
intermediate fragments was attributed to the capto-dative stabilization of the glycyl radical,
involving the strong π-donor (amino) and strong π-acceptor (carboxylic acid) substituents
adjacent to the unpaired electron. Mutagenesis studies have demonstrated that Glu171 in
glutamate mutase, which makes a hydrogen bonding interaction with the amino group of the
substrate, is important for catalysis [76,77]. This supports the idea that the enzyme may fully
or partially (by hydrogen bonding) deprotonate the substrate to facilitate the rearrangement.

Important insights into the mechanism by which the protein activates the coenzyme bond
towards homolysis and achieves the remarkable stabilization of radical intermediates have
come from computational studies on the full glutamate mutase system using QM/MM
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methods. A particularly detailed study by Jensen and Ryde on glutamate mutase was one of
the first to explicitly include the protein in the calculations and obtain results that closely
matched experiments [78]. The study compared AdoCbl homolysis in ‘vacuum’ and in the
enzyme. In the protein environment the Co–C bond dissociation energy was only ~4 kcal/
mol, compared with 34 kcal/mol calculated in vacuum. When the energetics of the
subsequent hydrogen transfer step were considered, the overall energy for the reaction of
AdoCbl and glutamate to give glutamyl radical, Ado-H and Cbl(II) was favorable by ~2
kcal/mol—in good agreement with experimental data showing the equilibrium constant for
this reaction to be close to unity.

The study also provided some detailed analysis into how Co–C bond is cleaved
enzymatically. Some of the catalytic effect arises from the enzyme maintaining the Ado• in
close proximity to the corrin ring, essentially a caging effect. The largest effect is attributed
to distortion of the coenzyme by the protein, primarily through interactions with the ribosyl
moiety which distorts the Co–C5′– C4′ angle. This distortion could not be discerned from
the X-ray structure of GM as the Co–C bond is cleaved in the structure [10]. Further
stabilization is afforded by differential electrostatic interactions with the ribosyl group that
are present in the Cbl(II) state, but not in the ground state. Lastly, a minor component
appears to be stabilization of the protein structure itself in the Cbl(II) state from favorable
van der Waals and electrostatic interactions. Thus a subtle combination of factors appears to
explain the overall rather large, (~30 kcal/mol) stabilization of radical species by the
enzyme.

A subsequent study of the glutamate mutase reaction employed an all QM approach to a
truncated model system, without the protein [79]. It was found that a transition state
involving concerted Co–C bond homolysis and hydrogen transfer was more energetically
favorable than a step-wise mechanism, which appears more likely to occur in the enzyme. In
this case the overall energetics of the reaction are highly unfavorable; formation of substrate
radical, Ado-H, and Cbl(II) from AdoCbl and substrate requires 22 kcal/mol. This illustrates
the importance of the protein, both in influencing the reaction mechanism and energetics.

Most recently, the full glutamate mutase reaction pathway (but excluding AdoCbl
homolysis) has been modeled using the complete protein and compared to the reaction
occurring in the absence of protein [80]. The calculations identify the hydrogen atom
transfer steps as rate-determining in the overall rearrangement, and qualitatively reproduce
the free energy profile for the reaction determined experimentally [81]. The study also
investigated the role of a number of protein side-chains in the reaction, both at the active site
and further away, that appear to significantly alter the free energy profile of the reaction,
mainly though electrostatic effects. Some of these residues had previously been investigated
by mutagenesis, allowing the calculations to be compared with experimental data. In
particular, Glu-171, (discussed above) was found to assist in catalysis by deprotonating the
amino group of the substrate and thereby facilitate rearrangement of the substrate. This
nicely agrees with earlier mechanistic proposals based on the pH vs rate profile for the
enzyme combined with kinetic analysis of Glu-171 mutants [76,77].

Small molecule computational studies have been effectively used to investigate the
mechanism of methylmalonyl-CoA mutase [73,82]. One question is whether the
rearrangement of the substrate radical involves a fragmentation–recombination mechanism,
in which acrylate and a thioacyl-CoA radical would be intermediates, or an addition–
elimination mechanism, which involves the transient formation of a cyclopropyl
intermediate (Fig. 8). Neither species has been directly observed in the enzyme, although
studies on model compounds support the latter mechanism [23]. Using the rearrangement of
the 3-propanal radical as a minimal model for the methylmalonyl-CoA mutase reaction, the
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addition-elimination mechanism was found to be the more favorable mechanism by ~12
kcal/mol. The thioester carbonyl oxygen of methylmalonyl-CoA can potentially form a
hydrogen bond to the enzyme through His242 that may stabilize the cyclopropyl-radical
intermediate. In the model reaction, protonation of the migrating carbonyl group was found
to significantly lower the reaction barrier: with H3O+ as the protonating species (a strong
acid in the gas phase) the energy barrier for rearrangement was only 2.5 kcal/mol.

Various QM/MM computational studies have examined aspects of the methylmalonyl-CoA
mutase reaction using either the full enzyme structure or a truncated structure. Similar to
glutamate mutase, methylmalonyl-CoA mutase has been found to strongly stabilize the
dissociated form of AdoCbl in the conformation that binds substrate, with changes in
electrostatic interactions between substrate and protein appearing to play a significant role
[83,84]. Again a step-wise, rather than concerted pathway for coenzyme homolysis and/or
hydrogen abstraction appears most energetically feasible.

The influence of hydrogen tunneling in the methylmalonyl-CoA mutase reaction has also
been addressed computationally [85]. The very large KIEs observed for hydrogen
abstraction in methylmalonyl-CoA mutase could be successfully modeled using a
multidimensional tunneling model that emphasizes the coupling of hydrogen tunneling to
active site motions of the protein. In this enzyme, tunneling appears to increase the rate of
hydrogen transfer by two orders of magnitude.

The reaction catalyzed by diol dehydrase involves the energetically unfavorable 1,2-
migration of a hydroxyl group to for a gem-diol intermediate (Fig. 3). Computational studies
on the rearrangement of the ethylene glycol radical suggested that protonation (or partial
protonation by hydrogen bonding) of the migrating hydroxyl would lead to significant
decrease in the barrier height for this step [86]. It was subsequently found that the energy
barrier could be lowered further by (partial) deprotonation of the spectator hydroxyl to only
~2 kcal/mol [87]. The synergistic effect of protonation with deprotonation has been referred
to as a “push–pull” mechanism with protonation of the migrating –OH providing the “push”
and deprotonation of the spectator –OH providing the “pull”.

The diol dehydrase reaction mechanism has also been computationally modeled using the
complete structure of the enzyme [88,89]. The studies provide a nice illustration of the
usefulness of computational studies to inform the design of experiments; in this case leading
to a re-evaluation of the role of essential metal ions in the reaction. The enzyme requires
potassium ions for activity and the crystal structure revealed two metal ions bound at the
active site [42]. One K+ ion is bound close to the adenine moiety of the coenzyme, and may
be important for activating the coenzyme towards homolysis. The other metal ion
coordinates the two hydroxyl groups of the substrate. Other important substrate-protein
interactions are made by the carboxylate of Glu170, which forms a hydrogen bond to the
C-1 (spectator) –OH, and His143 and Asp335 that hydrogen to the C-2 (migrating) –OH.

The relative energies and structures of the radical intermediates and transition states for the
reaction were calculated for diol dehydrase using QM/MM methods [88,89]. The
calculations appear to qualitatively reproduce experimentally determine features of the
reaction mechanism; importantly, the highest energy transition state is associated with
abstraction of hydrogen from the substrate by adenosyl radical, which is consistent with a
large deuterium kinetic isotope effect for the overall reaction. The calculations also
evaluated the role of the active site residues in catalysis. Calculations on enzyme indicated
that Glu170 appears to facilitate –OH migration by deprotonating the spectator –OH,
consistent with it providing “pull” and also with mutagenesis studies indicating its important
role in catalysis. On the other hand, calculations predicted that protonation of the migrating
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–OH by His143 (to provide some “push”) would lead to its loss as water from the substrate
and direct formation of a propanalyl radical. This result contradicted labeling studies that
require 1,1-propanediol to be formed as an intermediate [90]. Interestingly, the propanalyl
radical is calculated to be too stable to re-abstract hydrogen from Ado-H, so the enzyme
could not complete the catalytic cycle. Presumably the enzyme has learned not to push too
hard!

Although it was generally accepted that K+ was the only metal required by diol dehydrase,
the metal-oxygen bond lengths determined from the crystal structure were significantly
shorter than those calculated from the QM/MM model of diol dehydrase. The
crystallographic bond lengths averaged 2.4 A as opposed to 2.7 A obtained by calculation,
assuming K+. To investigate this discrepancy computational modeling was used to replace
K+ in-silico with other metals and the structures re-calculated [91]. Using Na+, K+, Mg2+

and Ca2+, only calcium resulted in metal–oxygen bond lengths that were in agreement with
the experimental data. Subsequent biochemical investigations determined that Ca2+ is
indeed required for activity [32]. The metal is tightly bound by the protein and its removal
with chelating agents results in unfolding of the protein. Because of this, the essential role of
Ca2+ in catalysis had been over-looked for more than 40 years. K+ is still required for
activity and is presumably bound at the other metal site.

6. Conclusions
Although restricted in their biological functions, AdoCbl enzymes serve as a paradigm for
understanding how enzymes generate and control highly reactive free radicals. The
remarkable stabilization of radical species by these enzymes is central to their catalytic
efficiency and has proved challenging to explain. Despite the fact that free radicals are
electrically neutral species, various lines of experimental and theoretic evidence now point
to the importance of electrostatic interactions between the protein, substrate and coenzymes
in stabilizing radical intermediates. As in other enzymes, hydrogen tunneling has emerged as
dominant mechanism by which the hydrogen atom moves between substrate and coenzyme.
Computer modeling of AdoCbl-enzymes, using either the complete structure of the enzyme
or a structure truncated around the active site, has provided new insight into their
mechanisms and allowed detailed predictions to be made as to the role of specific protein–
substrate and protein–coenzyme interactions in catalyzing the reaction; in the case of diol
dehydrase, modeling led to a reevaluation of the metal requirements for the enzyme. It
should now be possible to test experimentally, e.g. by kinetic analysis of mutant enzymes
and/or modified substrates and coenzymes, the importance of protein–coenzyme and
protein–substrate interactions identified by QM/MM simulations, many of which are non-
obvious from inspection of the structure.

AdoCbl provides an elegant method of generating reactive radicals at the enzyme active site
in response to substrate binding. Moreover, there are many reactions, both enzymic and non-
enzymic, that proceed through radical mechanisms that could in principle be catalyzed by
AdoCbl. Advances in our understanding of the principles by which these enzymes generate
and control free radicals holds forth the prospect of re-designing them to catalyze a broader
range of free radical chemistry.
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Fig. 1.
The structure of AdoCbl. The adenosyl moiety is highlighted in red; the corrin ring and
nucleotide tail are in blue. Free radicals are generated by homolytic cleavage of the bond
between the adenosyl group and the central cobalt atom.
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Fig. 2.
The reactions catalyzed by carbon skeleton mutases. The migrating hydrogen is shown in
red and the migrating carbon fragment in blue.
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Fig. 3.
The reactions catalyzed by AdoCbl-dependent eliminases and class II ribonucleotide
reductase. The migrating hydrogen is shown in red and the migrating –OH or NH3 + groups
in blue. After rearrangement, the intermediate amino alcohols or 1,1-diols undergo enzyme-
catalyzed elimination. For ribonucleotide reductase, the C–H bond (red) on the carbon
adjacent to the 2′-OH (blue) is transiently cleaved and the 2′-OH eliminated, followed by
reduction of the 2′-carbon.
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Fig. 4.
The reactions catalyzed by aminomutases. The migrating hydrogen is shown in red and the
migrating amino group in blue.
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Fig. 5.
Generation of 5′-deoxyadenosyl radical can be accomplished either by homolysis of
AdoCbl (left) or reductive cleavage of S-adenosylmethionine (right).
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Fig. 6.
A minimal mechanistic scheme describing the 1,2-rearrangement reactions catalyzed by
AdoCbl-dependent isomerases. X may be –OH, NH3 + or a carbon-containing fragment.
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Fig. 7.
In the reaction catalyzed by AdoCbl-dependent ribonucleotide reductase the 3′-hydrogen is
abstracted through an intermediate cysteinyl radical. This activates the substrate towards
elimination of the 3′-OH group; subsequent reduction of the 2′-carbon and replacement of
the 3′-hydrogen generates the reduced nucleotide.
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Fig. 8.
The mechanisms for the carbon skeleton rearrangements catalyzed by methyleneglutarate
mutase and the acyl-CoA mutases most likely proceed through an associative addition–
elimination mechanism involving a cyclic intermediate, whereas the rearrangement
catalyzed by glutamate mutase proceeds through a dissociative fragmentation–
recombination mechanism involving a glycyl radical and acrylate as intermediates.
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Fig. 9.
The role of pyridoxal phosphate in facilitating the rearrangements of amino groups in the
aminomutase-catalyzed reactions.
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Fig. 10.
The mechanism for the migration of –OH groups catalyzed by diol and glycerol dehydrases
involves polarization of the C–O bond by an active site metal ion.
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Fig. 11.
A: Structure of diol dehydrase (PDB 1EEX) with adenylpentanyl-cobalamin bound in ‘base-
on’ mode. The catalytic subunit is shown in blue and the B12-binding subunit in green (the
purely structural γ-subunit is in gold); the adenylpentanyl ligand is in yellow and the
cobalamin portion in red. B: Structure of glutamate mutase (PDB 1I9C) with AdoCbl bound
in ‘base-off’ mode. The catalytic E subunit is in blue and the B12-binding S subunit, with
Co-coordinating histidine side-chain shown, is in green; the adenosyl ligand is in yellow (the
bond between the ligand and cobalt is broken in the structure) and the cobalamin portion in
red.
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Fig. 12.
Distinction between a concerted mechanism for AdoCbl homolysis and hydrogen transfer
from the substrate (top) and a kinetically coupled mechanism for AdoCbl homolysis and
hydrogen transfer from the substrate (bottom). In the latter mechanism, an isotope effect on
the second, slower step results in a slower apparent rate constant for Co–C bond cleavage in
the first step.
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Fig. 13.
Epimerization of stereospecifically deuterated AdoCbl by a catalytically crippled
ribonucleotide reductase mutant provides evidence for the transient cleavage of the Co–C
bond in the absence of hydrogen transfer.
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Fig. 14.
Illustration of the coupled motions of primary (red) and secondary (blue) hydrogen atoms
involved in the transition state for hydrogen transfer between 5′-dA radical and glutamate,
as deduced from secondary isotope effect measurements.
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Scheme 1.
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