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Coenzyme B12 (5′-deoxyadenosylcobalamin) is an essential co-
factor in a wide range of biochemical transformations.1 The major-
ity of B12-dependent reactions involve the vicinal interchange of
a group X and a hydrogen atom, via radical intermediates:

The coenzyme is thought primarily to act as a source of
5′-deoxyadenosyl radicals (Ado•), which serve to activate the
substrate (eq 1). This mechanism implies that a crucial step in
the transformation is the 1,2-shift of a migrating group X to an
adjacent radical center, a reaction known generally to be associ-
ated with a high activation energy. Previous work has shown that
this intrinsically difficult step can be facilitated when (a) the
migrating group is unsaturated,2a-c (b) the migrating group is
(partially) protonated,2b-d or (c) an adjacent substituent is
(partially) deprotonated.2e,f

In the present investigation, we turn our attention to a class of
B12-dependent enzymes which catalyze reactions involving a
migrating amino (NH2) substituent, namely the aminomutases.
These enzymes usually act on amino acids (e.g.,â-lysine) to
prepare the relevant carbon skeleton for subsequent cleavage into
easily metabolized products:3

The B12-dependent aminomutases also require pyridoxal 5′-
phosphate (PLP), a biologically active form of vitamin B6, for
their normal function. The main focus of the current investigation
is to probe the reason for, and the mechanism of, this requirement.

The B12-dependent reactions typically proceed with akcat

between 40 and 150 s-1.4 Experimental rate data for lysine 2,3-
aminomutase are consistent with this range.5 We estimate6 that
the barrier for the rate-limiting step in B12-catalyzed 1,2-amino
shifts should lie between approximately 50 and 75 kJ mol-1. The
barrier for the radical rearrangement step must therefore fall within
or below this range. Due to difficulties inherent in probing radical
mechanisms experimentally, it is advantageous to examine the
barriers associated with plausible pathways using quantum
chemical techniques.7

To determine the propensity of an amine group to migrate to
an adjacent radical center, we have initially examined the
degenerate rearrangement of the 2-aminoethyl radical (Figure 1).
Although a transition structure describing a concerted migration
between1 and 1′ could not be located, a stepwise pathway
(fragmentation-recombination) involving separation into the amino
radical and ethylene (2), followed by recombination of the
fragments, was characterized. This pathway is associated with a
barrier of 110.2 kJ mol-1. As with the fragmentation-recombina-
tion mechanisms of other B12-assisted rearrangements,2 this
mechanistic alternative appears to be associated with a barrier
too high to be considered biologically relevant. We have
previously found that protonation of the migrating group facilitates
many 1,2-shifts.2 However, the calculated barrier (118.7 kJ mol-1)
for the intramolecular rearrangement for a migrating protonated
amino substituent (3 f 3′, Figure 1) is even higher than that for
the fragmentation-recombination alternative. With the avenues of
both direct migration and migration assisted by protonation closed,
nature is forced to find another way to render the 1,2-shift of an
amino group feasible. This is apparently accomplished through
judicious use of vitamin B6.

PLP is thought to form an imine link with a reactive amino
group of the substrate.9 Experimental evidence supporting this
interaction has been obtained through electron spin resonance
studies.5,10 In the context of the B12-dependent aminomutases, the
mechanism of action proposed for PLP entails the introduction
of unsaturation to the migrating group, a characteristic known to
facilitate 1,2-shifts.2

We have examined the effect of formation of an imine with
PLP by considering the degenerate rearrangement of the 2-(N-
methylidine)ethyl radical (4):11

The introduction of imine functionality causes the reaction to
proceed via a three-membered cyclic intermediate (5), as discussed
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Figure 1. RMP2 (boldface) and G3(MP2)-RAD(p) relative energies (kJ
mol-1) for species involved in two pathways for the degenerate rear-
rangement of the 2-aminoethyl radical.
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for other unsaturated migrating groups.2 This intermediate lies
42.2 kJ mol-1 higher in energy than the open-chain reactant (4)
and the barrier to its formation is 76.2 kJ mol-1.12 While the
energy requirement for this reaction is significantly lower than
those described in Figure 1, it is still slightly larger than our
estimated suitable range. We have previously found that (partial)
protonation at a double bond reduces the barrier height in models
of several related reactions.2 However, protonation does not appear
to be the answer for the4 f 4′ rearrangement.8,13

To investigate whether PLP has effects beyond the introduction
of imine functionality to the migrating group, the model system
was extended to include a simplified ring (6):

The substituted cyclic intermediate formed by this modification
(7) is stabilized to a greater extent than its unsubstituted
counterpart (5), relative to the appropriate reactant (Figure 2),
and the barrier to ring closure (6 f 7) is reduced to 61.3 kJ mol-1.
However, because the energy effect is small, it is tempting to
suggest that the dominant role of PLP is the introduction of a
double bond to the migrating group.

On the other hand, since pathways with barriers much less than
60 kJ mol-1 have been identified for many other B12-dependent
rearrangements,2 it is desirable to try to unveil a mechanism by
which the enzyme might further reduce the rearrangement barrier.
Led by these previous studies, we investigated protonation of the
substituent adjacent to the migrating group, specifically at the
nitrogen of the pyridin-3-ol ring (eq 4). Protonation at this site
extensively stabilizes the cyclic intermediate (7-H+), which is

found to lie 0.7 kJ mol-1 below the relevant reactant radical. As
a result of this stabilization, the barrier for ring-closure (6-H+ f
7-H+) is strikingly reduced to just 37.2 kJ mol-1 (Figure 2).14,15

Taken together, the above results suggest that the first important
contribution of B6 to facilitating high-energy 1,2-amino shifts is
the introduction of a double bond into the migrating group.
However, the rate of the ring-closing/ring-opening mechanism
that ensues is retarded by the relatively high energy of the three-
membered cyclic intermediate. Although effects such as electron
donation by the adjacent nitrogen lone pair or slight electron
withdrawal by the pyridine ring are expected to stabilize this cyclic
intermediate, these effects alone do not yield a reaction barrier
low enough to fully explain the observed catalysis. However,
when the electron-withdrawing capacity of the ring is increased
through protonation, the stability of the cyclic intermediate is
greatly enhanced and the reaction barrier is significantly reduced.

We propose that it is actually the cooperation of electron
donation (by the nitrogen lone pair of the three-membered ring)
and electron withdrawal (in particular by the protonated pyridoxal
ring) acting upon the radical center that causes the notable
stabilization predicted for the cyclic intermediate. This synergistic
combination of electron-donor and -acceptor substituents has been
observed in many other radicals and is commonly referred to as
captodative stabilization.16 Application of our previously proposed
partial protonation concept2 suggests that weak hydrogen bonding
to the pyridine ring (as an alternative to full protonation) may
also provide sufficient captodative stabilization of the cyclic
intermediate. The captodative stabilizing role of PLP supports
hypotheses that the pyridoxyl functionality acts as an “electron
sink”.9 On the other hand, recent theoretical studies found no
evidence that protonation at the pyridine ring increases the rate
of decarboxylation,17 suggesting that the responsibilities of the
pyridoxyl ring may vary with the nature of the reaction.18

Although the 1,2-shift of an amino group appears to be a
demanding task, our calculations show that the rearrangement may
be efficiently accomplished as a result of an intricate relationship
between the enzyme and its cofactors. Thus, we believe that
coenzyme B12 is responsible for activating the substrate by
removal of a hydrogen atom. Vitamin B6 (PLP) introduces a
seemingly essential double bond into the migrating group, as well
as imparting the potential for the reaction intermediate to be
captodatively stabilized. The enzyme itself holds all the compo-
nents in place and provides an environment in which the pyridine
nitrogen can be fully (or partially) protonated. This cooperative
action of the enzyme and cofactors is able to mediate an otherwise
difficult reaction.
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Figure 2. Schematic energy profile for the degenerate rearrangement of
substituted 2-(N-methylidine)ethyl radicals where X) H (4), Pyr (pyridin-
3-ol, 6) or Pyr-H+ (pyridin-3-ol protonated at the ring nitrogen).
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