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ABSTRACT: Cobalamin-dependent methionine synthase (MetH) catalyzes the transfer of methyl groups
between methyltetrahydrofolate (CH3-H4folate) and homocysteine, with the enzyme-bound cobalamin
serving as an intermediary in the methyl transfers. An MetH fragment comprising residues 2-649 contains
modules that bind and activate CH3-H4folate and homocysteine and catalyze methyl transfers to and from
exogenous cobalamin. Comparison of the rates of reaction of cobalamin, which contains a dimethylben-
zimidazole nucleotide coordinated to the cobalt in the lower axial position, and cobinamide, which lacks
the dimethylbenzimidazole nucleotide, allows assessment of the degree of stabilization the dimethylben-
zimidazole base provides for methyl transfer between CH3-H4folate bound to MetH(2-649) and exogenous
cob(I)alamin. When the reactions of cob(I)alamin or cob(I)inamide with CH3-H4folate are compared, the
observed second-order rate constants are 2.7-fold faster for cob(I)alamin; in the reverse direction,
methylcobinamide reacts 35-fold faster than methylcobalamin with enzyme-bound tetrahydrofolate. These
measurements can be used to estimate the influence of the dimethylbenzimidazole ligand on both the
thermodynamics and kinetics of methyl transfer between methyltetrahydrofolate and cob(I)alamin or cob-
(I)inamide. The free energy change for methyl transfer from CH3-H4folate to cob(I)alamin is 2.8 kcal
more favorable than that for methyl transfer to cob(I)inamide. Dimethylbenzimidazole contributes∼0.6
kcal/mol of stabilization for the forward reaction and∼2.2 kcal/mol of destabilization for the reverse
reaction. Binding of methylcobalamin to full-length methionine synthase is accompanied by ligand
substitution, and switching between “base-on” and “base-off” states of the cofactor has been demonstrated
[Bandarian, V., et al. (2003)Proc. Natl. Acad. Sci. U.S.A. 100, 8156-8163]. The present results disfavor
a major role for such switching in catalysis of methyl transfer, and are consistent with the hypothesis that
the primary role of the ligand triad in methionine synthase is controlling the distribution of enzyme
conformations during catalysis.

Cobalamin-dependent methionine synthase (MetH1) cata-
lyzes the terminal step in the de novo biosynthesis of
methionine inEscherichia coli. As shown in Figure 1, the
cobalamin prosthetic group serves as an intermediary in the
reaction. Methionine is generated by a methyl transfer to
homocysteine from methylcobalamin (structure shown in
Figure 2), yielding methionine and cob(I)alamin. To regener-
ate methylcobalamin, a methyl group is transferred from

CH3-H4folate to cob(I)alamin, forming methylcobalamin and
H4folate. Methionine synthase is a modular enzyme (7-9);
the enzyme binds each substrate and the metallocofactor in
distinct regions, as shown in Figure 3. The first two modules
bind CH3-H4folate and homocysteine, the third module binds
methylcobalamin, and the fourth module binds AdoMet and
is responsible for reductive methylation of enzyme in the
cob(II)alamin form. This C-terminal module contains deter-
minants for the binding of flavodoxin, the electron donor to
cob(II)alamin during reductive activation (10).

The chemical mechanism that has been commonly pro-
posed for the methyl transfer reaction is a proton-assisted
SN2 mechanism, shown in Figure 4. Stereochemical studies
(11) of the oVerall methyl transfer from CH3-H4folate to
homocysteine demonstrated retention in configuration of the
transferred methyl group, consistent with two successive
methyl transfers each occurring with inversion, e.g., two SN2
transfers. Chemical precedent studies for this mechanism
demonstrate that quaternary amines will react with cobalamin
analogues such as cob(I)aloxime (14). Cob(I)alamin also
reacted in these studies, but only in low, unquantified, yield.
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Methyl transfer from dimethylaniline to a cob(I)yrinate model
has recently been demonstrated under acidic conditions,
where the amine would be protonated (15), or by using Zn2+

as a Lewis acid (16). The only kinetic measurement of a
methyl transfer involving cobalamin is the reaction of the
quaternized trimethylphenylammonium cation, PhNMe3

+,

with cob(I)alamin, which is characterized by a second-order
rate constant ofk2 ) 2 × 10-3 M-1 s-1 (17). All of these
model studies are consistent with SN2 mechanisms in which
the amine leaving group is activated by protonation at
nitrogen, by quarternization, or by coordination to a Lewis
acid.

FIGURE 1: A schematic representation of the catalytic cycle of methionine synthase. The substrates homocysteine and methyltetrahydrofolate
are bound to separate sites within the holoenzyme. Homocysteine is deprotonated upon binding to the enzyme (6) and is, therefore, represented
here as a thiolate anion. During catalytic turnover, the cobalamin cofactor cycles between base-off histidine-on methylcob(III)alamin and
base-off cob(I)alamin. In the first half-reaction, methylcobalamin formally transfers a methyl cation to the homocysteine thiolate, generating
methionine and cob(I)alamin. In the second half-reaction, the methyl cation is transferred from methyltetrahydrofolate to cob(I)alamin,
generating methylcobalamin and tetrahydrofolate. Periodically, cob(I)alamin is oxidized to inactive cob(II)alamin, which is then converted
to methylcobalamin by a reductive methylation involving electron transfer from reduced flavodoxin and methyl group donation from
S-adenosylmethionine.

FIGURE 2: Structures of methylcobalamin and methylcobinamide.

FIGURE 3: Modular domains of methionine synthase. MetH(2-649), the enzymatic fragment used in this work, is a 71 kDa fragment of
MetH containing the modules that bind Hcy and CH3-H4folate (8).
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The group transfer from CH3-H4folate to cob(I)alamin
shown in Figure 4 would be expected to be accompanied by
changes in the bonding of the dimethylbenzimidazole base
as the reaction progresses. Cob(I)alamin prefers to be four-
coordinate, while methylcobalamin shows strong coordina-
tion of its nitrogeneous axial dimethylbenzimidazole ligand.2

If a bond between cobalt and the nitrogeneous axial ligand
develops in the transition state, then the prediction is that
the transition state will be stabilized in the presence of a
dimethylbenzimidazole ligand. If, however, cobalamin is
replaced by cobinamide, with its relatively weak axial
ligation to a solvent molecule, then there can be no Co-N
bond formation and thus little resultant stabilization of the
transition state by the lower axial ligand. The predicted net
result will be alower ∆Gf

q value for the reaction of cob(I)-
alamin as compared to that for cob(I)inamide.

When the reaction is measured in the reverse direction,
namely, attack of H4folate on methylcobalamin, bonding to
dimethylbenzimidazole is predicted to stabilize the ground
state of methylcobalamin more than the transition state,
which is moving toward the base-off cob(I)alamin form. If
methylcobalamin is replaced by methylcobinamide, the
weaker axial ligation in the ground state is predicted to result
in less ground-state stabilization. The predicted net result
will be ahigher∆Gr

q value for the methylcobalamin reaction
compared to that for methylcobinamide. If all bonding to
the axial ligand were lost in the transition state, the decrease
in the rate of reaction of methylcobalamin as compared to
methylcobinamide should be directly related to the∆∆Grxn.
Any bonding in the transition state will lead to a diminished
slowing of the reaction of methylcobalamin as compared to
methylcobinamide. In summary, comparing the rates of
reaction of folate substrates bound to MetH with exogenous
cobalamin or cobinamide allows us to probe the involvement
of the axial base in the transition state for the reaction. Is
stabilization by the axial base critical for methyl transfer?

Reaction of full-length MetH with its folate substrates
involves methyl transfers to and from the bound cobalamin
cofactor, and does not require added cobalamin because the
cofactor is tightly bound and does not dissociate. Although
the full-length enzyme retains the ability to catalyze methyl
transfers between bound folate substrates and exogenous
cobalamin (8), the absorbance of the bound cofactor com-

plicates measurements of these reactions using UV-vis
absorbance spectroscopy. Therefore, we have found it
convenient to employ a fragment of the enzyme, MetH(2-
649), which lacks the cobalamin-binding module of the full-
length protein but retains the ability to bind both CH3-
H4folate and H4folate, and to catalyze methyl transfers
between these substrates and exogenous cob(I)alamin and
methylcobalamin (8). These reactions are first-order in
exogenous cobalamin and in enzyme concentration, and the
second-order rate constants can be compared with those for
model chemical reactions.

MATERIALS AND METHODS

Materials. MeCbi+BF4
- was synthesized as previously

described (3), and stored in the dark at 0°C. K2HPO4‚3H2O,
KH2PO4, guanidine, 4-(hydroxymercurio)benzoic acid, so-
dium salt, 5,5′-dithiobis(2-nitrobenzoic acid) (Ellman’s re-
agent), and 4-(2-pyridylazo)resorcinol (PAR) were obtained
from Sigma and stored at room temperature. Titanium(III)
chloride, a 30% w/v solution in 2 N HCl, was obtained from
Acros and stored at room temperature. Pyridine (99.8%,
anhydrous) was obtained from Aldrich and stored at room
temperature. Trimethylphenylammonium chloride and iodide
were obtained from Aldrich and recrystallized from hot
acetonitrile before use. (6S)-Tetrahydrofolic acid, sodium salt,
and (6S)-methyltetrahydrofolic acid, sodium salt, were gener-
ous gifts from Eprova, and were stored at 0°C. All water
was purified by Barnstead NANOpure filtration prior to use,
to yield a resistivity ofg18 MΩ/cm.

Instrumentation.UV-vis spectra were obtained on an HP
8452A diode array spectrophotometer attached to an HP
Vectra computer, and equipped with an HP89090A peltier
temperature controller set to maintain the internal cell
temperature at 37( 0.1 °C.

MetH(2-649). The 71 kDa N-terminal fragment of me-
thionine synthase was overexpressed and purified to apparent
homogeneity as previously described (8). Enzyme purity was
determined to be>95% by SDS-PAGE. Enzyme concen-
tration was determined by measuring the zinc content as
described previously (18), except that 4-(hydroxymercurio)-
benzoic acid, sodium salt, was used instead ofp-(hy-
droxymercurio)phenylsulfonic acid in the zinc assay, since
the latter compound is no longer commercially available. Use
of 4-(hydroxymercurio)benzoic acid gives the same final zinc
concentration as the earlier compound within experimental
error, as determined by control experiments using both
reagents on samples from the same enzyme preparation.

2 The preferred coordination states for methylcobalamin and cob-
(I)alamin have been extensively discussed in the literature (1). Oc-
cupancy of the dz2 orbital in cob(I)alamin leads to a Co-N(bzm)
σ-antibonding interaction which disfavors coordination of the base (2).

FIGURE 4: A proton-assisted SN2 mechanism for methionine synthase. We have shown methyltetrahydrofolate as protonated prior to group
transfer since the unprotonated form is an ineffective leaving group, and since studies herein and elsewhere (12) are consistent with this
hypothesis, but the exact timing of proton vs group transfer is not definitively known. The stereochemistry at N5 is drawn on the basis of
an X-ray structure of the Hcy-binding and folate-binding domains of MetH fromThermatoga maritimawith CH3-H4folate bound that was
recently determined in the laboratory of Martha Ludwig (13).
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Titanium(III) Citrate Preparation.Titanium(III) citrate was
prepared as described in the literature (19) by degassing 2
mL of TiCl3 (in 2 N HCl) by repeated cycling between argon
and a vacuum, followed by addition of 18 mL of degassed
0.5 M sodium citrate using an airtight syringe. The resulting
solution was stirred at room temperature under argon for 30
min; 6 mL of degassed, saturated NaHCO3 solution and 14
mL of degassed, 1 M Tris base solution were then added to
the original solution using an airtight syringe. The resulting
solution was stirred at room temperature overnight under
argon. The titanium(III) citrate solution was stored at room
temperature under argon and protected from light; lightening
of the dark brown color during storage indicates degradation,
at which point the titanium(III) citrate was discarded.

Spectrophotometric CH3-H4folate:Cob(I)alamin Methyl
Transfer Assay.This assay was performed as described
previously (8). The CH3-H4folate solution was prepared in
air by dissolving the solid in 50 mM potassium phosphate
buffer, pH 7.2, to give a 20 mM stock solution. In a 0.4 cm
path length anaerobic cuvette equipped with a side arm,
hydroxocobalamin and MetH(2-649) at the indicated con-
centrations were combined. The CH3-H4folate solution was
loaded into the side arm. The solution was made anaerobic
by 4 series of 10 cycles of exposure to a vacuum, followed
by replacement with argon, over a period of 20 min. After
degassing, 100µL of the titanium(III) citrate solution was
added to the cuvette with an airtight syringe through a
septum. The solution changed color from pink to brown-
black, indicating the formation of cob(I)alamin. The cuvette
was warmed at 37°C in the cell holder for 10 min, and the
reaction initiated by tipping the CH3-H4folate solution into
the cuvette. The reaction was followed at 520 nm, theλmax

for methylcobalamin using the differential extinction coef-
ficient (methylcobalamin- cob(I)alamin) of 6045 M-1 cm-1.
The initial rate of methylcobalamin formation and its
associated standard error were determined by graphing the
raw absorbance data, fitting a line to the initial points
(typically 4-5), and then importing the data points used for
the fit into Excel. The linear least-squares tool in Excel was
used to determine the errors associated with that rate
measurement. The initial rate of methylcobalamin formation
was converted to a second-order rate constant by dividing
by the initial concentrations of HOCbl and enzyme.

Spectrophotometric CH3-H4folate:Cob(I)inamide Methyl
Transfer Assay.This assay was similar to the cobalamin
assay described above, except that the starting solution
(containing methylcobinamide and MetH(2-649) in the main
cuvette and CH3-H4folate in the side arm) was exposed to
laboratory light while being degassed, photolyzing methyl-
cobinamide to cob(II)inamide. Once cob(II)inamide was
completely formed (as followed by the increase in absorbance
at 468 nm, theλmax for cob(II)inamide), 60µL of degassed
titanium(III)citrate solution was added using an airtight
syringe to generate cob(I)inamide. After CH3-H4folate was
tipped in, the reaction was followed at 462 nm, theλmax for
methylcobinamide, using a differential extinction coefficient
(methylcobinamide- cob(I)inamide) of 7740 M-1 cm-1. The
initial rate of methylcobinamide formation was converted
to a second-order rate constant by dividing by the initial
concentrations of cob(II)inamide and enzyme. Determination
of the standard errors was performed as described for the
CH3-H4folate:cob(I)alamin methyl transferase assay.

Spectrophotometric Methylcobalamin:H4folate Methyl
Transfer Assay.This assay was performed as described
previously (8). A H4folate stock solution (40 mM) was
prepared by dissolving the solid H4folate in degassed 50 mM
potassium phosphate buffer, pH 7.2, under argon in a Schlenk
tube (a vessel equipped with a side arm and a stopcock for
anaerobic work (20)). The assay was carried out in a
darkened room under anaerobic conditions using a quartz
0.4 cm path length Schlenk cuvette equipped with a side
arm. The initial reaction mixture, placed in the cell of the
Schlenk cuvette, contained methylcobalamin and MetH(2-
649) at the indicated concentrations in 50 mM potassium
phosphate buffer, pH 7.2, and the cuvette was degassed by
repeated evacuation/equilibration with argon over 20 min.
The degassed H4folate solution was then transferred using
an airtight syringe from the Schlenk tube through a septum
into the side arm of the Schlenk cuvette. The cuvette was
warmed at 37°C in the cell holder for 5 min before the
reaction was started by tipping the H4folate solution from
the side arm into the main cuvette. The reaction was
monitored at 538 nm, the isosbestic point between cob(I)-
alamin and cob(II)alamin, to make the analysis insensitive
to oxidation of cob(I)alamin to cob(II)alamin. A differential
extinction coefficient of 4540 M-1 cm-1 at 538 nm (meth-
ylcobalamin - cob(I/II)alamin) was used to convert the
change in absorbance to moles of methylcobalamin formed
per second. The initial rate of disappearance of methylco-
balamin was converted to a second-order rate constant by
dividing by the initial concentrations of methylcobalamin and
MetH(2-649). Determination of the standard errors was
performed as described for the CH3-H4folate:cob(I)alamin
methyl transferase assay.

Spectrophotometric Methylcobinamide:H4folate Methyl
Transfer Assay.This assay was similar to the methylcobal-
amin:H4folate assay described above. Initial rates, associated
errors, and second-order rate constants were derived as
described above, using a differential extinction coefficient
at 462 nm (methylcobinamide- cob(I)inamide) of 7740 M-1

cm-1.
Addition of Pyridine to the Methylcobalamin:H4folate,

CH3-H4folate:Cob(I)alamin, Methylcobinamide:Hffolate, and
CH3-H4folate:Cob(I)inamide Methyl Transfer Assays.To test
the effects of added exogenous bases on enzyme stability in
the methyl transfer assays, aliquots of neat pyridine (62, 124,
185, 247, and 309 mM final concentrations) were added to
solutions of MetH(2-649) and cobalamin or cobinamide at
the indicated concentations. The initial rates were measured
as described for the corresponding assays in the absence of
pyridine and converted into second-order rate constants.

Kinetic Studies on Reactions of Cob(I)alamin and Cob-
(I)inamide with PhNMe3+ Salts. In a 0.4 cm path length
Schlenk cuvette, a solution of cob(I)alamin in 50 mM
potassium phosphate buffer, pH 7.2, was prepared by
photolyzing methylcobalamin and then reducing the resultant
cob(II)alamin with titanium(III) citrate). Portions of a 2.5
M stock solution of PhNMe3+Cl- in 50 mM KPi buffer, pH
7.2, were placed in the side arm, and the solutions were
degassed. The reaction was initiated at 25°C by tipping the
PhNMe3

+Cl- solution into the main cuvette. The reaction
was followed by UV-vis spectroscopy at 386 nm, theλmax

for cob(I)alamin, and 520 nm, theλmax for methylcobalamin.
Similar experiments were conducted using PhNMe3

+I- to
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test the effect of changing the counteranion, except that the
highest final concentration of PhNMe3

+I- employed was 0.5
M, rather than 1 M, due to the lower solubility of the iodide
salt in 50 mM phosphate buffer.

RESULTS

Methyl Transfer from CH3-H4folate to Cob(I)alamin
Catalyzed by MetH(2-649). We followed the methylation
of cob(I)alamin with (6S)-CH3-H4folate catalyzed by MetH-
(2-649) by UV-vis absorbance spectroscopy, observing the
increase in absorbance at 520 nm associated with methyl-
cobalamin formation (Figure 5). The final concentration of
methylcobalamin, as assessed using an extinction coefficient
of 9100 M-1 cm-1 at 520 nm (21), indicated 100%( 10%
conversion of the intial hydroxocobalamin to product. The
overall reaction is first-order in both cob(I)alamin and MetH-
(2-649), as previously reported (8). Previous studies of April
Smith have shown that the reaction exhibits a saturable
dependence on CH3-H4folate, with an apparentKm of 60µM
(12), so the experiment shown in Figure 5 was conducted in
the presence of a saturating concentration of CH3-H4folate.
The calculated second-order rate constant for this reaction
at 37 °C, averaged from five independent experiments, is
620 ( 40 M-1 s-1 , in good agreement with the published
value of 590 M-1 s-1 (8).

Methyl Transfer from CH3-H4folate to Cob(I)inamide
Catalyzed by MetH(2-649).The rate of reaction of cob(I)-
inamide with (6S)-CH3-H4folate catalyzed by MetH(2-649)
was monitored by UV-vis absorbance spectroscopy, observ-
ing the increase in absorbance associated with methylcobi-
namide formation at 462 nm (Figure 6). In these experiments,
methylcobinamide was initially added to the cuvette, and cob-
(II)inamide was generated by photolysis during degassing.
The cob(II)inamide was reduced to cob(I)inamide on addition
of titanium citrate. The final concentration of methylcobi-
namide, as assessed using an extinction coefficient of 11100
M-1 cm-1 at 462 nm (12), indicated 85%( 10% conversion
of the intially added methylcobinamide to product. Titanium
citrate has a broad absorbance peak, complicating assessment
of the extent of reaction from the final spectrum. We
estimated the initial concentration of methylcobinamide (prior
to photolysis and reduction) in our experiments by diluting

an identical aliquot of methylcobinamide into buffer lacking
titanium citrate and measuring the absorbance. However, the
extent of reaction could only be determined from the change
in absorbance at 462 nm, and because the reaction requires
only ∼100 s, the yield will be decreased by any reaction
that has occurred between mixing and the initiation of data
collection. While experiments with cob(I)alamin and CH3-
H4folate also are conducted in the presence of titanium
citrate, the reactions are slower, and the estimated yield is
approximately stoichiometric.

The reaction was shown to be first-order in both cobina-
mide and MetH(2-649) by showing a linear dependence of
the initial rate of product formation on [cob(I)inamide]
(Figure A, Supporting Information) and [MetH(2-649)]
(Figure B, Supporting Information). The rate constants
determined from these plots were 183 M-1 s-1 (A) and 220
M-1 s-1 (B). The calculated second-order rate constant for
this reaction averaged from five independent experiments
conducted under identical conditions is 230( 10 M-1 s-1,
approximately 3-fold less than the rate constant for reaction
of cob(I)alamin.

Methyl Transfer from Methylcobalamin to H4folate Cata-
lyzed by MetH(2-649).The reaction was followed by UV-
vis spectroscopy, observing the decrease at 520 nm (theλmax

of methylcobalamin), and the increase at 474 nm (theλmax

of cob(II)alamin), as shown in Figure 7. In the presence of
H4folate, cob(I)alamin is initially formed, but rapidly oxidizes
(8); the observed reaction is the conversion of methylcobal-
amin to cob(II)alamin. The second-order rate constant for
CH3-H4folate formation was derived from data taken at 538
nm, the isosbestic point between cob(I)alamin and cob(II)-
alamin. The calculated second-order rate constant, averaged
from five independent experiments, is 81( 10 M-1 s-1, in
excellent agreement with the value of 80( 13 M-1 s-1

determined previously (12).
Methyl Transfer from Free Methylcobinamide to H4folate

Catalyzed by MetH(2-649). The analogous reaction with
methylcobinamide was monitored by observing the decrease
in absorbance at 462 nm (theλmax of methylcobinamide),
and the increase at 386 nm (theλmax of cob(I)inamide), and
is shown in Figure 8. In this reaction, the formation of cob(I)-

FIGURE 5: Absorbance changes associated with the conversion of
cob(I)alamin to methylcobalamin upon the addition of CH3-H4folate
in the presence of MetH(2-649). The initial concentrations of the
components after mixing were CH3-H4folate, 1 mM; MetH(2-649),
3.3 µM; and hydroxocobalamin, 180µM. The cob(I)alamin
spectrum below 400 nm is partially obscured by the absorbance of
excess titanium citrate, the added reducing agent. The experiment
was conducted in a 0.4 cm path length cell.

FIGURE 6: Absorbance changes associated with the conversion of
cob(I)inamide to methylcobinamide on the addition of CH3-H4folate
in the presence of MetH(2-649). Before initiation of the reaction,
methylcobinamide was converted to cob(I)inamide by photolysis
and reduction with titanium(III) citrate. The initial concentrations
of the components after mixing were CH3-H4folate, 1 mM; MetH-
(2-649), 3.3µM; and methylcobinamide, 150µM. The cob(I)-
inamide spectrum below 400 nm is partially obscured by the
absorbance of excess titanium citrate, the added reducing agent.
The experiment was conducted in a 0.4 cm path length cell.
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inamide is much faster than subsequent oxidation to cob(II)-
inamide; hence, a clean conversion is seen from methylco-
binamide to cob(I)inamide, with isosbestic points at 421 and
525 nm. Following formation of cob(I)inamide, slow oxida-
tion to cob(II)inamide is observed over about 2000 s. The
reaction was shown to be first-order in both methylcobina-
mide (Figure C, Supporting Information) and MetH(2-649)
(Figure D, Supporting Information). The second-order rate
constant determined from the data in Figure D is 3170 M-1

s-1. The second-order rate constant averaged from four
independent experiments conducted under identical condi-
tions is 2800( 400 M-1 s-1, 35-fold higher than the rate
constant for reaction of methylcobalamin. The second-order
rate constants for the methyl transfer reactions involving
cobinamide and cobalamin are summarized in Table 1.

Effect of Pyridine on Methyl Transfers to and from
Cobalamin and Cobinamide.Addition of pyridine to the
methylcobalamin:H4folate methyltransferase assay leads to
substantial inhibition of activity (Figure E, Supporting
Information), despite the fact that pyridine would be expected
to compete poorly with the intramolecular dimethylbenz-
imidazole ligand for occupancy of the lower axial position
of methylcobalamin. However, inhibition of enzyme activity
is commonly seen in organic solvents (22, 23). When

pyridine was added to the methylcobinamide:H4folate meth-
yltransferase assay, the observed inhibition at any of the
pyridine concentations examined was greater than that seen
in the methylcobalamin:H4folate methyltransferase assay
(Figure E, Supporting Information). These observations
suggest an additional inhibitory effect of pyridine in binding
to the lower axial position of methylcobinamide and decreas-
ing the rate of reaction. The second-order rate constant for
the methylcobinamide:H4folate methyltransferase assay is
2800 M-1 s-1, while that for the methylcobalamin:H4folate
methyltransferase assay is 81 M-1 s-1, so the effect of
pyridine binding to methylcobinamide on the reaction rate
is expected to be substantial, even after correction for the
inhibition observed in the methylcobalamin:H4folate meth-
yltransferase assay. Measurements of the binding of pyridine
to methylcobinamide under the conditions of the methylco-
binamide:H4folate methyltransferase assay are shown in
Figure F (Supporting Information) and yield an association
constant of 6.2( 0.6 M-1. Figure G (Supporting Informa-
tion) shows a plot of the corrected second-order rate constant
measured for the methylcobinamide:H4folate methyltrans-
ferase assay in the presence of pyridine vs the percent base-
on methylcobinamide calculated from the data in Figure F
of the Supporting Information. The observed inhibition is
roughly proportional to the percent base-on methylcobina-
mide at that concentration of pyridine.

Comparison of Solution Rate Constants with Enzymatic
Rate Constants for Model Reactions InVolVing Cob(I)alamin/
Cob(I)inamide and PhNMe3+. While the rates of reaction of
methylcobalamin and methylcobinamide with alkanethiolates
have been compared (5), model studies comparing the rates
of reaction of cob(I)alamin and cob(I)inamide with alkylating
agents have not been performed. We compared the rates of
reaction of cob(I)alamin and cob(I)inamide with trimeth-
ylphenylammonium cation, PhNMe3

+. For these studies we
used both the chloride and iodide salts of PhNMe3

+. We
found that cob(I)alamin reacted with PhNMe3

+ in 50 mM
potassium phosphate buffer at 25°C to generate methylco-
balamin and PhNMe2. The reaction is first-order in both
cob(I)alamin and PhNMe3+ (Figure H, Supporting Informa-
tion), allowing calculation of the second-order rate constants
shown in Table 2. Similar reactions carried out with cob(I)-
inamide were also second-order (Figure I, Supporting
Information). The rate constant difference between the
cobalamin and cobinamide systems in this model reaction
is small (1.2-fold for PhNMe3+Cl-, 2.4-fold for PhNMe3+I-),
in good agreement with the small differences observed for
reaction of cob(I)alamin and cob(I)inamide with CH3-H4-
folate bound to MetH(2-649).

DISCUSSION

Calculation of the Free Energy Profiles for the CH3-
H4folate:Cob(I)alamin and CH3-H4folate:Cob(I)inamide
Methyltransferase Reactions. The∆Gq values for the forward
and reverse methyl transfer reactions involving cobalamin
and cobinamide can be derived from the rate constants listed
in Table 1 using eq 1

from transition-state theory (25, 26). In this equation,h is

FIGURE 7: Absorbance changes associated with the conversion of
methylcobalamin to cob(II)alamin on the addition of H4folate in
the presence of MetH(2-649). The initial concentrations of the
components after mixing were H4folate, 3 mM; MetH(2-649), 25
µM; and methylcobalamin, 400µM. In experiments previously
performed by April Smith, the rate of reaction was shown to exhibit
a saturable dependence on H4folate, with an apparentKm of 400
µM at pH 7.2 (12). This experiment was conducted in a 0.4 cm
path length cell.

FIGURE 8: Absorbance changes observed for the conversion of
methylcobinamide to cob(I)inamide on addition of H4folate in the
presence of MetH(2-649). The initial concentrations of the
components after mixing were H4folate, 3 mM; MetH(2-649), 10
µM; and methylcobinamide, 200µM. The experiment was con-
ducted in a 0.4 cm path length cell.

∆Gq ) -RT ln(kcat

Km
) h
kBT

(1)
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Planck’s constant andkB is Boltzman’s constant. These
values are shown in Table 3. From the values obtained in
the forward and reverse directions of a reaction, the∆Grxn-
(Cbl) and∆Grxn(Cbi) can be calculated using eq 2. Using
eqs 3 and 4,

we can calculate∆∆Gf
q and∆∆Gr

q. The free energy profiles
derived from these values are shown in Figure 9. The value
of 0.6 ( 0.1 kcal/mol for ∆∆Gf

q corresponds to the
accelerationof methyl transfer from CH3-H4folate to cob-
(I)alamin due to the presence of dimethylbenzimidazole
rather than the weaker water axial base. The positive value
indicates that reaction of cob(I)alamin is characterized by a
smaller activation energy than that of cob(I)inamide. In the
ground state of the forward reaction, neither the intramo-
lecular base dimethylbenzimidazole nor the exogenous base
water is expected to be coordinated to the cobalt due to the
Co-N(bzm) σ-antibonding interaction associated with oc-
cupancy of the dz2 orbital,2 so the effect of the base is

presumably due to the formation of a stabilizing partial Co-
N(bzm) bond in the transition state for the reaction.

The value of-2.2( 0.2 kcal/mol for∆∆Gr
q corresponds

to thedecelerationof methyl transfer from methylcobalamin
to H4folate due to the presence of the Co-N(bzm) bond from
the intramolecular axial base dimethylbenzimidazole in
methylcobalamin. The negative value indicates that meth-
ylcobalamin encounters a 2.2 kcal/mol higher energy barrier
than methylcobinamide. This difference is consistent with
decreased strength of the Co-N(bzm) bond in the transition
state for the reaction as compared to the methylcobalamin
ground state and with the stablization of the ground-state
methylcobalamin by bonding to dimethylbenzimidazole.

As expected for a reaction in which the product methyl-
cobalamin is stabilized by axial ligation, but the reactant cob-
(I)alamin is not,∆Grxn(Cbl) is estimated to be-1.3 kcal/
mol, while ∆Grxn(Cbi) is + 1.5 kcal/mol. The value of 2.8
cal/mol for the differential free energy∆∆Grxn can be
compared with the value of 3.3 kcal/mol determined inde-
pendently by Kra¨utler from measurements of the equilibrium
constant for methyl transfer between methylcobinamide and
cob(I)alamin shown in eq 5 (27).

Table 1: Second-Order Rate Constants for Methyl Transfers between Folate and Cobalamin/Cobinamide Catalyzed by MetH(2-649)

reaction

kcat/Km

(cofactor)
(M-1 s-1) source reaction

kcat/Km

(cofactor)
(M-1 s-1) source

Co(I)Cbl- + CH3-H4folate 590( 60a 8 MeCbl + H4folate 80( 13 24
Co(I)Cbl- + CH3-H4folate 620( 40b this work MeCbl+ H4folate 81( 10d this work
Co(I)Cbi + CH3-H4folate 230( 10c this work MeCbi+ + H4folate 2800( 400e this work

a Standard errors were determined by averaging repetitive experiments.b Measured at 37°C with the following initial concentrations of reagents:
CH3-H4folate, 1 mM; MetH(2-649), 6µM; hydroxocobalamin, 100µM. Cob(I)alamin was generated by reduction with titanium citrate prior to
initiation of the reaction. Results from five experiments were averaged to obtain the standard error.c Measured at 37°C with the following initial
concentrations of reagents: CH3-H4folate, 1 mM; MetH(2-649), 6µM; methylcobinamide, 65µM. Cob(I)inamide was generated by photolysis of
methylcobinamide followed by reduction of the resultant cob(II)inamide to cob(I)inamide with titanium citrate. Results from five experiments were
averaged to obtain the standard error.d Measured at 37°C with the following initial concentrations of reagents: H4folate, 4 mM; MetH(2-649) 9.6
µM; methylcobalamin, 330µM. Results from five experiments were averged to obtain the standard error.e Measured at 37°C with the following
initial concentrations of reagents: H4folate, 4 mM; MetH(2-649), 12.5µM; methylcobinamide, 125µM. Results from four experiments were
averaged to obtain the standard error.

Table 2: Comparisons of the Reactivity of Cobalamin and Cobinamide in Model Reactions

reaction k (M-1 s-1) source reaction k (M-1 s-1) source

Co(I)Cbl- + PhNMe3
+Cl- 1.3× 10-3 this work Co(I)Cbi+ PhNMe3

+I- 1.0× 10-3 this work
2 × 10-3 17 a MeCbl + RS- (Hcy) <0.1× 10-3 5b

Co(I)Cbl- + PhNMe3
+I- 2.4× 10-3 this work MeCbi+ + RS- (Hcy) 1.5× 10-3 5b

Co(I)Cbi + PhNMe3
+Cl- 1.0× 10-3 this work

a The buffer was not specified. The rate of reaction was said to be independent of pH between 4 and 10.b Reactions were conducted under
anaerobic conditions at pH 12 in the presence of 1 mM EDTA and NaBH4.

Table 3: Forward and Reverse∆G and∆Gq Values Calculated from the Observed Rate Constants at 37°C

reaction
coordinate

kinetic
value

(kcal/mol)
reaction

coordinate

kinetic
value

(kcal/mol)
reaction

coordinate

kinetic
value

(kcal/mol)

∆Gf
q(Cbl) 14.2( 0.1a ∆Gf

q(Cbi) 14.8( 0.1 ∆∆Grxn 2.8( 0.2
∆Gr

q(Cbl) 15.5( 0.1 ∆Gr
q(Cbi) 13.3( 0.2 ∆∆Gf

q 0.6( 0.1
∆Grxn(Cbl) -1.3( 0.1 ∆Grxn(Cbi) 1.5( 0.2 ∆∆Gr

q -2.2( 0.2
a While the error bars reported in the Supporting Information were derived from least-squares analysis of the initial rates ofindiVidual reactions,

the variations in values associated with repetitive determinations of the rate constants are greater (see Table I). Here we report 2σ standard errors
derived from repetitive experiments.

∆Grxn ) ∆Gf
q - ∆Gr

q (2)

∆∆Gf
q ) ∆Gf

q(Cbi) - ∆Gf
q(Cbl) (3)

∆∆Gr
q ) ∆Gr

q(Cbi) - ∆Gr
q(Cbl) (4)

Keq )
[cob(I)alamin][methylcobinamide]

[methylcobalamin][cob(I)inamide]
(5)
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The measurements of Kra¨utler were quite precise;Keq is
reported to be 0.004( 0.003 from equilbria reached starting
with methylcobalamin and cob(I)inamide or methylcobina-
mide and cob(I)alamin. However, the limits on∆∆Grxn would
thus range from 2.9 to 4.1 kcal/mol. The equilibrations were
performed in 20 mM phosphate buffer, pH 7, at room
temperature, while our kinetic measurements have been
performed in 50 mM potassium phosphate buffer, pH 7.2,
at 37 °C. Given these differences, we think the agreement
between our values and Kra¨utler’s is quite good. Our work
allows the insight that the forward reaction provides 0.6 kcal/
mol or 21% of the energetic difference, while the reverse
reaction provides 2.2 kcal/mol or 79% of the energetic
difference.

Mechanistic Implications of the Reaction Profiles.The
salient finding of this study is that the strength of ligation
of the axial base has only asmall effecton the rates of group
transfer from methyltetrahydrofolate to cob(I)alamin or
cob(I)inamide. These findings have the important implication
that the replacement of dimethylbenzimidazole by imidazole
associated with binding of methylcobalamin to full-length
MetH is not primarily a strategy for accelerating the rate of
methyl transfer between the cofactor and the folate substrate.
Instead, this axial base replacement has other roles, primarily
in controlling the distribution of enzyme conformations
during catalytic turnover (28).

When the ligand replacement associated with binding of
methylcobalamin to MetH was first reported (29), our

laboratory and many others speculated that the histidine
ligand might modulate the stability and reactivity of cobal-
amin in methionine synthase. The observation that the His759
ligand is connected by a hydrogen bond network to conserved
residues Asp757 and Ser810 (29), and that this “ligand triad”
is protonated when the enzyme is in the cob(I)alamin form
(6), suggested involvement of the ligand triad in facilitating
the change between base-off cob(I)alamin and base-on
methylcobalamin during catalytic turnover. Indeed, replace-
ment of the histidine ligand by glycine in MetH leads to
abolition of catalytic activity (30). Since that time, a growing
body of indirect evidence against a major role in catalysis
for ligand replacement has been accumulating. Resonance
Raman measurements showed that the Co-C stretching
frequencies of methylcobalamin were unaffected by thetrans
ligand substitution induced by protonation of the dimethyl-
benzimidazole ligand (31). More recently, computational
analysis of the spectra of alkylcobalamins using density
functional theory has shown that removal of the dimethyl-
benizmidazole base from methylcobalamin to generate meth-
ylcobinamide hardly alters the Co-methyl bond at least in
the ground state (2). Mounting evidence accumulated to
suggest that the primary effect of removal of the histidine
ligand is on the distribution of conformers of methionine
synthase; the His759Gly mutant protein exists largely as a
conformer in which the B12 has access to adenosylmethionine
but not to Hcy and CH3-H4folate and is therefore inactive
because it does not contact its substrates (28, 30, 32).

FIGURE 9: Calculated free energy profiles for methyl transfer between cob(I)alamin (left) or cob(I)inamide (right) and CH3-H4folate. The
calculations, and the kinetic parameters on which they are based, are described in detail in the text.
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The present studies provide direct evidence that the rates
of methyl transfer between exogenous cobalamin cofactor
and folate substrate bound to MetH(2-649) are little
influenced by the strength of axial ligation to the cobalt. The
results are consistent with an SN2 mechanism for methyl
transfer from CH3-H4folate to cob(I)alamin, but one in which
coordination of the dimethylbenzimidazole nitrogen to cobalt
lags behind formation of the carbon-cobalt bond. Our studies
suggest that the Co-N bond is relatively weak in the
transition state as compared to the methycobalamin ground
state, thus accounting for the relatively small effect of axial
ligation on the reaction rate in the reverse direction.

One published study compares the rates of reaction of
methylcobalamin and methylcobinamide with alkanethiolates
(5), and the rate constants obtained are provided in Table 2.
The measurements were conducted at pH 12 in the presence
of EDTA and NaBH4. Under these conditions methylcobal-
amin reacted with homocysteinethiolate at least 1500-fold
more slowly than methylcobinamide, a much larger decelera-
tion than we have observed. The large difference in rate
constants observed in this model reaction suggests that all
bonding to the dimethylbenzimidazole nitrogen must be lost
in the transition state. This observation contrasts with the
MetH-catalyzed transition state, with its apparent partial
bonding to dimethylbenzimidazole and much smaller dif-
ferences (35-fold) in the rates of reaction of methylcobalamin
and methylcobinamide.

Many corrinoid-dependent enzymes retain the ability to
react with exogenous cobalamin as well as with their
physiological substrates, which are proteins containing bound
corrinoids.3 In regimes where these reactions are first-order
in the corrinoid cofactor, the second-order rate constants for
the reactions can be compared with the second-order rate
constants for the corresponding chemical model reactions.
The one published study in which second-order rate constants
for reactions involving methylcobalamin and methylcobina-
mide have been compared is of acetyl-CoA synthase (4).
Acetyl-CoA synthase utilizes a methylated corrinoid/iron-
sulfur protein as a methyl donor to an enzyme-bound
metallocofactor in the synthesis of acetyl-CoA; the corrinoid
cofactor is 5-methoxybenzimidazolylcobamide. Acetyl-CoA
synthase can also use exogenous methylcobalamin or meth-
ycobinamide as a substitute for the methylated corrinoid
iron-sulfur protein. The rate constant for methyl transfer
from exogenous methylcobinamide of 200 M-1 s-1 is more
than 2000-fold faster than that for methyl transfer from
methylcobalamin of<0.12 M-1 s-1, a much greater differ-
ence than the 35-fold difference that we found for MetH in
this study, but comparable to the rate constant differences
seen in the model reactions.4

The methylated corrinoid iron-sulfur protein which is the
physiological methyl donor for acetyl-CoA synthase shows
the spectral properties of a “base-off corrinoid”, indicating
that the nucleotide substituent is not coordinated to the cobalt
of the corrin (33). In fact, the protein remains “base-off” in
all cobalt oxidation states (34). Methyl transfer from exog-
enous methylcobalamin to acetyl-CoA synthase also appears

not to involve any stabilization of the transition state by
bonding of an axial base. In contrast, the intrinsic methyl-
cobalamin cofactor of full-length MetH is base-on as is the
cob(II)alamin form of the bound cofactor, so the observation
of partial bonding of the dimethylbenzimidazole of the
exogenous cofactor in the transition state for the CH3-H4-
folate:cob(I)alamin methyltransferase reaction is not surpris-
ing.

When the rate constants for the enzyme-catalyzed reactions
of exogenous cobalamin and cobinamide cofactors are
compared with those of the model systems, the most striking
feature is the large rate acceleration characteristic of the
reactions with enzyme-bound substrates. Thus, the rate
constant for reaction of exogenous cob(I)inamide with CH3-
H4folate bound to MetH(2-649) is 2800 M-1 s-1, while the
rate constant for reaction of cob(I)inamide with PhNMe3

+I-

is 2 × 10-3 M-1 s-1, slower by a factor of 1.4× 106.
Although the methyl donor substrates are very different (CH3-
H4folate vs PhNMe3+), the intriguing point here is that the
kinetic advantage is to the nominally uncharged poorer
methyl donor CH3-H4folate rather than to the intrinsically
better cationic methyl donor PhNMe3

+. The enhanced
reactivity of enzyme-bound CH3-H4folate is consistent with
kinetic evidence that protonation of CH3-H4folate occurs in
the enzyme‚CH3-H4folate‚cob(I)alamin ternary complex (12).
The increased rate of enzymatic methyl transfer also is likely
to reflect desolvation of the polar reactants in the enzyme-
catalyzed reaction, as in simple solution analogues (35).

The folate-binding module of MetH shows sequence
similarity with the methyl transferase subunit AcsE of acetyl-
CoA synthase, which is responsible for the methylation of
the corrinoid/iron-sulfur subunit of acetyl-CoA synthase
(36). The structure of AcsE has been determined; CH3-H4-
folate is bound in the inside of aâ8R8 barrel (37). Binding
of cob(I)alamin would be expected to cover the top of the
barrel, shielding the reactingâ-face of the cobalamin and
the folate substrate from solvent. SN2 reactions involving a
pair of polar reactants are greatly accelerated in media with
low dielectric constants (35), and the environment of the
transient complex formed between the CH3-H4folate bound
to MetH(2-649) and cob(I)alamin would be expected to be
characterized by a greatly reduced dielectric constant as
compared to the aqueous solvated compounds in the model
reactions.

Conclusions. The second-order rate constant for reaction
of cob(I)alamin with CH3-H4folate bound to MetH(2-649)
is 2.7-fold faster than that for reaction of cob(I)inamide; in
the reverse direction, methylcobinamide reacts 35-fold faster
with enzyme-bound H4folate than methylcobalamin. These
measurements allow a detailed analysis of the reaction
profiles for both species, resulting in the conclusion that the

3 Corrinoids are corrin cofactors that contain a variety of nucleotide
substitutents, and include cobalamins with the dimethylbenzimidazole
nucleotide substituent as a special case. The nucleotide substituent may
or may not coordinate to the cobalt atom.

4 The measured values for∆∆Grxn range from 2.8 to 4.0 kcal/mol,
as discussed in the text. If there were no bonding to the base in the
transition state for methyl transfer, we would expect that methylco-
balamin would react∼100-1000-fold more slowly than methylcobin-
amide. The 1500-2000-fold decreased rates of reaction of methylco-
binamide as compared to methylcobalamin reported in the literature
may reflect the presence of impurities in methylcobinamide (3) and/or
differences in the reaction conditions employed for these experiments.
In particular, experiments probing methyl transfer to CO dehydrogenase
were performed at 55°C and pH 7.6 (4), while experiments probing
the reactivity of methylcobamides with thiols were performed at pH
12 (5).
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axial base provides a 0.6 kcal/mol stabilization in the forward
reaction, 22% of the total possible stabilization, implying a
partial Co-N(bzm) bond in the transition state. The mag-
nitude of the effect of the axial base on the rate constant for
the forward reaction is small (∼3-fold) compared to the
overall activation of methyl transfer to cob(I)alamin (∼106-
fold), implying that the appended histidine ligand in the
holoenzyme is not primarily involved in accelerating an
elementary step in the catalytic cycle. These results are
consistent with the hypothesis that the ligand triad in
methionine synthase is not primarily involved in accelerating
the rate of methyl group transfer, but rather is important for
controlling the distribution of enzyme conformations during
catalysis.
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SUPPORTING INFORMATION AVAILABLE

Two figures demonstrating first-order dependence of CH3-
H4folate:cob(I)inamide methyltransferase activity on the
concentrations of cob(I)inamide and enzyme, two figures
demonstrating first-order dependence of H4folate:methylco-
binamide methyl transferase activity on the concentrations
of methylcobinamide and enzyme, three figures documenting
the effect of pyridine on methyltransferase reactions, and two
figures documenting the dependence of PhNMe3

+Cl---
cob(I)alamin/cob(I)inamide methyltransferase activity on
PhNMe3

+Cl-. This material is available free of charge via
the Internet at http://pubs.acs.org.
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