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Methionine synthase is a cobalamin-dependent enzyme that
catalyzes the conversion of homocysteine to methionine.1 This
requires a methyl group, which is taken from the cofactor
methylcobalamin (Scheme 1). Methylcobalamin is a six-coordinate,
low-spin cobalt complex, with a unique Co-C bond and a histidine
from the enzyme constituting the trans axial ligand.2 Upon transfer
of the methyl cation, the cofactor is converted to a d8 square-planar
Co(I) intermediate.3 Hence, methylcobalamin loses both its axial
ligands during the reaction. In a remethylation step, cob(I)alamin
obtains a methyl group from 5-methyltetrahydrofolate, returning
to the resting state. The way in which the enzyme activates the
Co-C bond for methyl transfer is not yet known, but the overall
retention of methyl configuration indicates that a double SN2
reaction may be active.4

We present here a theoretical study of this reaction, including a
characterization of the transition state (TS). The results are based
on density functional calculations with large basis sets, and they
include thermodynamic, relativistic, and solvent effects. We find
that the suggested SN2 mechanism explains well the experimentally
observed reaction rate. The results show that the reaction is highly
polar, as reflected in the change of charge density along the reaction
coordinate. It is enhanced in the protein by deprotonation of the
substrate and desolvation.

The calculations were performed with the B3LYP method, which
gives geometries in good agreement with experiment for model
complexes of cobalamins. For methylcobalamin models in particu-
lar, calculated metal-ligand bond distances5-8 agree with X-ray
structures9 to within 0.03 Å, except for the very flexible Co-Nax

bond, which is∼0.1 Å too long. All geometries were optimized
with the 6-31G(d) basis set.10 We used the Turbomole 5.311 and
Gaussian9812 software. The chemical model (63 atoms) included a
corrin ring,13 an imidazole as the axial ligand modeling histidine,
methyl as the other axial ligand, and CH3S- as the substrate. The
latter was assumed to be deprotonated by binding to a zinc ion, in
accordance with experimental data.4

The optimized structures are shown in Figure 1. Accurate
energies were calculated with the large triple-ú 6-311+G(2d,2p)
basis set.14 This is important for the energy profile, increasing the
barrier by 7 kJ/mol and making the reaction 10-12 kJ/mol less
exothermic. The authenticity of the TS was confirmed from
vibrational analysis: It displayed only one imaginary frequency of
94.3i cm-1. The vibration coincided with a clean, axially directed
SN2 reaction coordinate, containing significant amounts of sulfur,
methyl, cobalt, and axial nitrogen atom displacements.

The energies of the reaction are collected in Table 1. We
estimated the solvent effect on the reaction profile from a conductor-
like screening model both in water (ε ) 80) and a more proteinlike
environment (ε ) 4). In a vacuum (ε ) 1), the reaction is strongly
exothermic (-408 kJ/mol for separated species) as would be
expected for a charge neutralization reaction, but it is much less so
in aqueous solution (-47 kJ/mol). The free energy of activation

was calculated from the vibrations of reactants and TS by applying
an ideal gas approximation; the entropy of activation at room
temperature (T∆Sq) is 12 kJ/mol relative to the reactant complex
or -19 kJ/mol counting from separated reactants. This gives a total
barrier ∆Gq ) 104 kJ/mol at 298.15 K and 1 atm in aqueous
solution (including zero-point energies). The experimental rate of
product formation is 140 s-1 at 298 K in the enzyme,15 which
corresponds to a barrier of 61 kJ/mol. In aqueous solution, the
reaction is 6× 106 times slower,16 implying a barrier of 100 kJ/
mol, in excellent agreement with the calculated value.

Some structural parameters are collected in Table 2. They indicate
that the TS is very early, i.e., similar to the reactant complex.
Moreover, as the Co-C bond is stretched along the reaction
coordinate, the Co-Nax bond is also elongated by a strong trans
electronic effect. This means that the proposed SN2 reaction will
lead to the experimentally observed square-planar d8 Co(I) inter-
mediate.3 The corrin fold angle is similar in all three species. This
indicates that there is no distortion of the corrin ring in the TS,
which could be enhanced by the enzyme, as is suggested by the
mechanochemical trigger mechanism.17,18 A main feature of the
reaction is the polarity and the large transport of charge along the
z-axis, as seen from the atomic charges in Table 3. Already in the
reactant complex, 0.37 e has been transferred from the substrate,
explaining the strong electrostatic perturbation of the corrin and
the long Co-Nax bond. The imidazole group accepts 0.17 e during
reaction, whereas the major part, 0.86 e, passes through the methyl
and into the corrin ring.

To study the importance of zinc activation (partial deprotonation)
of homocysteine,19 we optimized the reactant complex and TS of

Scheme 1. Reaction Investigated in This Work

Table 1. Relative Energies (kJ/mol) of Species Involved in the
Reaction Mechanism (Corrected for Scalar Relativistic Effects)

system E (ε ) 1) E (ε ) 4) E (ε ) 80)

separated reactants 217.8 27.4 -47.9
reactant complex 0 0 0
transition state 20.5 29.1 34.5
product complex -192.5 -123.0 -72.0
separated products -190.3 -127.1 -94.7
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a smaller (still fully conjugated) model with a protonated CH3SH
substrate. This gave a much higher activation barrier of 197 kJ/
mol; therefore, deprotonation of homocysteine is a primary and
necessary step to obtain the favorable energies encountered both
in the enzyme and in solution. This is in accordance with kinetic
experiments in solution.20 Moreover, it shows that an important
role of the protein is to lower the acid constant of the bound
substrate. This effect is not included in the 6× 106 enhancement
of the reaction because the solution reaction was measured at pH
) 11,20 i.e., with a fully deprotonated substrate. However, the
present calculations may underestimate the barrier in the enzyme
since a free CH3S- anion is probably more nucleophilic than when
bound to a zinc ion.

A second role of the enzyme is seen directly from the energies
in Table 1. In aqueous solution, half of the activation energy comes
from the unfavorable formation of the reactant complex. However,
in a vacuum, the formation of this complex is exothermic, and the
rate-determining step is the conversion of the reactant complex into
product complex. This barrier is 13 kJ/mol with all corrections.
Thus, the enzyme may in principle enhance the reaction rate by
1014 (-80 kJ/mol) by lowering the effective dielectric constant in
the active site. This idea is confirmed by the crystal structure,2 where
hydrophobic residues gather around theâ-side of the cofactor. Thus,
the present study suggests a dual catalytic strategy of methionine
synthase: Deprotonation of the homocysteine substrate and hy-
drophobic stabilization of the TS. It is likely that other cobalamin-
dependent methyl transferases19 employ similar mechanisms.21

Supporting Information Available: A text file of optimized
coordinates of all species. This material is available free of charge via
the Internet at http://pubs.acs.org.
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(11) Alrichs, R.; Bär, M.; Häser, M.; Horn, H.; Ko¨lmel, C.Chem. Phys. Lett.
1989, 162, 165.

(12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith,
T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.;
Challacombe, M.; Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M.
W.; Andres, J. L.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A.Gaussian
98, revision A.9; Gaussian, Inc.: Pittsburgh, PA, 1998.

(13) Recently, it has been suggested that side chains must be included in
modeling cobalamins, based on calculation of the electronic spectrum:
Ouyang, L.; Randaccio, L.; Rulis, P.; Kurmaev, E. Z.; Moewes, A.; Ching,
W. Y. J. Mol. Struct. (THEOCHEM)2003, 622, 221. However, other
investigations have found no important role of side chains, either for
corrins or for porphyrins, e.g., Jensen, K. P.; Mikkelsen, K. V.Inorg.
Chim. Acta2001, 323, 5 and Sigfridsson, E.; Ryde, U.J. Biol. Inorg.
Chem.2003, 8, 273.

(14) For cobalt, we used the basis set in ref 10 with one additionals function
(0.0145941) and twof functions (exponents 2.8 and 0.8).

(15) Banerjee, R. V.; Frasca, V.; Matthews, R. G.Biochemistry1990, 29, 11101.
(16) Matthews, R. G.Acc. Chem. Res.2001, 34, 681.
(17) Hill, H. A. O.; Pratt, J. M.; Williams, R. P. J.Chem. Ber.1969, 5, 169.
(18) Grate, J. H.; Schrauzer, G. N. J. Am. Chem. Soc.1979, 101, 4601.
(19) Peariso, K.; Goulding, C. W.; Huang, S.; Matthews, R. G.; Penner-Hahn,

J. E.J. Am. Chem. Soc.1998, 120, 8410.
(20) Jarrett, J. T.; Amaratunga, M.; Drennan, C. L.; Scholten, J. D.; Sands, R.

H.; Ludwig, M. L.; Matthews, R. W.Biochemistry1996, 35, 2464.
(21) Other reaction mechanisms have also been suggested (see ref 4) and cannot

be discarded by the present calculations. However, the fact that our results
are in accordance with experimental data gives support to the SN2
mechanism.

JA034697A

Figure 1. Optimized geometries. From left: separated reactant, reactant complex, transition state, product complex, and separated product.

Table 2. Bond Distances (Å), Corrin Fold Angle (deg), and
C-Co-Nax Angle (deg) of Species Involved in the Reaction
Mechanism

Co−C Co−Nax Co−Neq (av) C−S S−Co
fold

angle C−Co−Nax

separated reactants 1.97 2.25 1.92 5.3 177.5
reactant complex 2.01 2.57 1.91 3.13 5.08 5.0 177.7
transition state 2.08 2.70 1.91 2.88 4.96 5.1 177.6
product complex 4.38 4.59 1.89 1.83 6.18 5.5 133.4
separated products 1.88 1.83 5.8

Table 3. Mulliken Charges of Species Involved in the Reaction
Mechanism

Nax Co CH3 SCH3

corrin
ring Im

Neq

(av)

separated reactants-0.39 0.54 -0.01 -1.00 0.30 0.17 -0.46
reactant complex -0.37 0.47 0.11 -0.63 -0.06 0.11 -0.47
transition state -0.37 0.49 -0.15 -0.62 0.19 0.09 -0.48
product complex -0.41 0.40 -0.02 0.02 -0.43 0.03 -0.50
separated products-0.59 0.56 (0.00) (0.00)-0.56 0.00 -0.53
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