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Methylamine dehydrogenase (MADH) (EC 1.4.99.3) catalyses
the oxidative demethylation of methylamine to formaldehyde and
ammonia.1-2 Recent stopped-flow kinetic studies2 of this enzyme
have shown an unusually high, temperature-independent primary
deuterium kinetic isotope effect (KIE) of 16.8( 0.5, but strongly
temperature dependent reaction rates that were interpreted as
indicating a thermally induced vibrationally driven extreme
tunneling mechanism for the rate-limiting hydrogen abstraction
step (Figure 1). Here we present hybrid quantum mechanical and
molecular mechanical (QM/MM) computational studies of this
reaction step, with canonical variational transition-state theory
incorporating multidimensional tunneling effects to predict reac-
tion rates. We find an unusual reaction free energy profile which
indicates that a combination of quantum tunneling (>90%) and
classical protein motion is responsible for the large KIE.

There is currently great interest in the possibility of enhanced
hydrogen tunneling arising from protein flexibility, particularly
in the case of the alcohol dehydrogenase family of enzymes.3-6

Perhaps the most studied enzyme in this series, both experimen-
tally7,8 and theoretically,9,10 is liver alcohol dehydrogenase
(LADH) where it has been shown that protein flexibility correlates
with hydride tunneling for thermophilic and mesophilic enzymes,
although the measured KIEs are quite small (2-3), in contrast to
the value for the proton shift in MADH studied here. Hybrid QM/
MM methods11,12are well suited to the study of enzyme reaction
paths since they include an accurate quantum mechanical descrip-
tion of the active site, where the electronic structure is important
and bonds are broken and formed, while approximating the
surrounding effects of the enzyme framework with a molecular
mechanical potential. Such hybrid QM/MM methods have recently
been combined with semiclassical variational transition-state
theory methods9,12 to study hydride shift reactions and their
associated KIEs.

An initial iminoquinone reactant structure was constructed from
the crystal coordinates of MADH taken fromMethylophilus
methylotrophus13 by replacing the carbonyl oxygen of the
tryptophan tryptophylquinone (TTQ) cofactor with methylamine
as shown in Figure 1 (the two tryptophan residues of TTQ are
labeled separately as TRP1 and TRP2). The entire dimer was then
protonated, solvated, and then minimized using the AMBER
molecular mechanics force field.14 For the hybrid calculations,
the QM region was limited to 31 atoms (see Figure 1) which
includes the catalytic base, Asp428, and the catalytically active
rings of one tryptophan (TRP2) of the TTQ cofactor after reduction
with methylamine. This QM region was subsequently minimized
to find an optimized reactant complex, using our QM/MM
program which utilizes the Gaussian9415 and AMBER16 codes
and keeping the link atoms and MM regions fixed.17 In this study
we have used the PM3 semiempirical Hamiltonian which has
proved reliable to study other enzyme mechanisms,11,12 and
enables the large number of second derivatives required for the
direct dynamics calculation to be evaluated along the reaction
path.

Product and transition-state structures, corresponding to proton
transfer from the methylamine to Asp428, were also found, starting
with the reactant enzyme structure but only optimizing the QM
region. The potential energy barrier to reaction was found to be
9.1 kcal/mol which is lower than the experimentally determined
enthalpic barrier of reaction (10.7 kcal/mol) determined from the
temperature dependence of the rates.2 A reaction path profile was
generated using the Page and McIver intrinsic reaction coordinate
(IRC) algorithm18 as implemented within the POLYRATE19 code
and interfaced to our QM/MM program. This reaction profile (see
Figure 2a) shows a narrow potential energy (PE) barrier (the
transition state having an imaginary frequency of 1997i cm-1)
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Figure 1. Active site of MADH. QM region is shown unshaded with
link atoms circled.
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with a rapid drop in potential on the product side (corresponding
to positive mass-weighted reaction coordinate,s) as the proton
bonds to the aspartate oxygen.

The vibrationally adiabatic potential energy surface (Figure 2b)
was generated by inclusion of the zero-point energies (ZPEs) and
has two definite shoulders. The reactant side feature, which has
been previously suggested for aromatic alcohol dehydrogenase,5

is the result of coupling between the C-H stretch and the reaction
coordinate causing the ZPE to change rapidly between the reaction
coordinate value,s ) -0.40 a0 ands ) -0.23 a0. This region of
the PE surface corresponds to C-H lengths of 1.15 to 1.22 Å,
and the reaction coordinate from here through the transition state
(1.33 Å) corresponds to mostly hydrogen motion. In this region,
the distance between the oxygen of Asp428 and the methylamine
group (O-C) is effectively constant at 2.64 Å compared to values
of 2.75 and 2.73 Å in the reactant and product, respectively. Such
conformational compression through concerted motion of the
H-bond donors has been noted in previous dynamical studies of
other hydrogen-transfer reactions.20

The predicted primary deuterium KIEs for this hydrogen shift
are summarized in Table 1. Transition-state theory (TST) and
canonical variational TST (CVT) predict relatively large KIEs
but we see the importance of inclusion of quantum mechanical

tunneling from the large transmission coefficients,κ: For
hydrogen and deuterium, the optimized multidimensional tun-
neling (OMT) transmission coefficients are predicted to be 23.1
and 12.6 respectively and are considerably larger than the simpler
Wigner (W) tunneling corrections21 (κ ) 4.9 and 3.1, respec-
tively). The CVT/OMT method predicts a KIE of 11.1 at 298 K
which is in good agreement with experimental observations. Here
the OMT method is the small curvature tunneling (SCT) ap-
proximation22 which incorporates the curvature of the adiabatic
potential curve, and we can see from the variation in the
transmission probability along the reaction path coordinate (Figure
2c) a sharp increase at the strong coupling region of closest C-O
approach. This region also corresponds to a sharp reduction in
the effective reduced mass of the proton, resulting in the large
KIE.

To bring the proton to a position where it can tunnel
significantly, approximately 3.7 kcal/mol below the classical
barrier, there is a region of classical atomic motion within the
active site. We would suggest that these changes in structure may
be achieved through thermal vibrations within the system and
protein scaffold, although in this static model the groups must
approach by some relaxation within the active site. In contrast to
proton transfer in MADH, the reaction coordinate for hydride
transfer in horse LADH, using the same methodology, involves
heavy atom motion to within approximately 0.2-0.4 kcal/mol of
the transition state and thus promotes a more classical hydrogen-
transfer mechanism and results in a smaller KIE. This is consistent
with ∼40% of the reaction predicted to occur classically in
LADH9 compared with only∼4% in MADH.

These results provide a consistent and interesting interpretation
of experimental observations that C-H bond breakage in me-
thylamine by MADH involves extensive proton tunneling.
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Figure 2. Energetics and tunneling probabilities along the reaction
coordinate. (a) Potential energy relative to reactant. (b) Vibrationally
adiabatic potential energy relative to reactant. (c) Tunneling transmission
probability.

Table 1. Calculated KIE for Proton Transfer in MADH

T/K TST CVT TST/W CVT/OMT

273 7.2 7.2 11.5 13.2
298 6.1 6.1 9.6 11.1
323 5.3 5.4 8.2 9.5
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