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ABSTRACT. N5-Methyltetrahydrofolate (CHHfolate) donates a methyl group to the cob(l)alamin cofactor

in the reaction catalyzed by cobalamin-dependent methionine synthase (MetH, EC 2.1.1.3). Nucleophilic
displacement of a methyl group attached to a tertiary amine is a reaction without an obvious precedent in
bioorganic chemistry. Activation of C3-Hjfolate by protonation prior to transfer of the methyl group has
been the favored mechanism. Protonation at N5 would lead to formation of an aminium cation, and
guaternary amines such as 5,5-dimethyltetrahydropterin have been shown to transfer methyl groups to
cob(l)alamin. Because GHHfolate is an enamine, protonation could occur either at N5 to form an aminium
cation or on a conjugated carbon with formation of an iminium cation. We d&%¥eddistortionless
enhancement by polarization transfer (DEPT) NMR spectroscopy to infer thatigfblate in aqueous
solution protonates at N5, not on carbon. £HHfolate must eventually protonate at N5 to form the product
Hfolate; however, this protonation could occur either upon formation of the binary erz@keH,-

folate complex or later in the reaction mechanism. Protonation at N5 is accompanied by substantial changes
in the visible absorbance spectrum of £Hyfolate. We have measured the spectral changes associated
with binding of CH-Hafolate to a catalytically competent fragment of MetH over the pH range from 5.5

to 8.5. These studies indicate that £Hyfolate is bound in the unprotonated form throughout this pH
range and that protonated gH.folate does not bind to the enzyme. Our observations are rationalized
by sequence homologies between the folate-binding region of MetH and dihydropteroate synthase, which
suggest that the pterin ring is bound in the hydrophobic core afigig barrel in both enzymes. The
results from these studies are difficult to reconcile with g& Sechanism for methyl transfer and suggest
that the presence of the cobalamin cofactor is important fog-Eifolate activation. We propose that
protonation of N5 occurs after carbenitrogen bond cleavage, and we invoke a mechanism involving
oxidative addition of C&" to the N5-methyl bond to rationalize our results.

Cobalamin-dependent methionine synthase fEsoheri- to a defined module of this 1227 amino acid polypeptide
chia coli (MetH or methyltetrahydrofolate:homocysteine (2), and the enzyme-bound cobalamin cofactor must interact
methyltransferase; EC 2.1.1.3) catalyzes the methylation ofwith each substrate in turn.

homocysteine with methyl groups derived from &£Hy- The N-terminal module binds homocysteine and activates
folate; its cobalamin prosthetic group serves as an intermedi-it for nucleophilic attack on methylcobalamir8)( This

ary in the methyl transfer. During turnover, the methylco- module, MetH(2-353), has been separately expressed and
balamin form of the enzyme is demethylated by homocysteine, pyrified. MetH(2-353) exhibits homology with betaine:
forming cob(l)alamin and methionine. The cob(l)alamin homocysteine methyltransferass, (4, an enzyme that
cofactor is then remethylated by GHifolate, forming  catalyzes methyl transfer from a quaternary amine to
methylcobalamin and ifblate (). Each substrate is bound  homocysteine without the assistance of any organic cofactor.

T This work was supported in part by National Institutes of Health Residues 353649 form a module that binds and activates

Research Grant GM24908 (R.G.M.) and Pharmacological Sciences CHs-Hafolate. This module shows  significant sequence
Training Grant T32 GM007767 (A.E.S.). homology to Acsk, a methyltransferase frabhostridium
* To whom correspondence should be addressed. E-mail rmatthew@ thermoaceticun(s). AcsE binds CH-H,folate and catalyzes

Unllgggglﬁtm Teenlt(334382?3%‘}5&;%%34) 764-3323. methyl transfer from CktHfolate to the corrin of a separate

s Department of Biological Chemistry and Biophysics Research Protein, AcsD, in the WoosLjungdahl CQ-fixation path-
Division. way 6, 7). MetH(353-649) also has sequence homology
1 Abbreviations: MetH, methionine Synthase; £H4f0|ate, 5-me- Wlth two Other methyl transfer enzymes MtrH from

thyltetrahydrofolate; kfolate, tetrahydrofolate; MES, 2N¢morpholino)- - -
ethanesulfonate; AMT, buffer containing acetic acidN2agorpholino)- Methanobacterium thermoautotrophicif&) and CmuB from

ethanesulfonate (MES), and triethanolamine; DEPT, distortionless Methylbacteriunsp strain CM4 Q). MtrH transfers methyl
enhancement by polarization transfer; DHPS, dihydropteroate synthasegroups from methyltetrahydromethanopterin to the cob(l)-

AcsE, methyltetrahydrofolate:corrinoid Fe/S protein methyltransferase; amide form of MtrA; both MtrH and MtrA form part of a
CHs-H4PteGlu, 5-methyltetrahydropteroyl monoglutamate; £iy- b . t, d i | ible f
PteGlu, 5-methyltetrahydropteroyl triglutamate;,PteGlu, tetrahy- membrane-assoclated multienzyme complex responsible for

dropteroyl triglutamate. methylation of coenzyme M (ethanethiol sulfonate) in support
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of methanogenesisl(). CmuB is a corrinoid-containing  that formation of an aminium or iminium cation at N5 could
protein that catalyzes methyl transfer from chloromethane serve to activate CHHfolate. CH-H,folate binds MetH in
to tetrahydrofolate {1). We expect that MetH(353649), its unprotonated form at pH 7.4, and the affinity of the
Acsk, MtrH, and CmuB have similar three-dimensional enzyme for CH-Hfolate does not decrease appreciably as
structures and employ similar mechanisms to activate theirthe pH is lowered to 5.52Q3). However, these studies do
methyltetrahydropterin substrates. not preclude an internal proton transfer between a general
The third module of methionine synthase, MetH(650 acid catalyst in the protein and bound €H.folate. While
896), binds the cobalamin prosthetic grod2)( An X-ray protonation at N5 is required to form thefidlate product,
structure of this module has been determinkg),(revealing it could occur either in the binary enzym€Hs-Hjfolate
that the dimethylbenzimidazole nucleotide substituent of the complex, during methyl transfer, or on departure of the H
corrin ring, which provides the lower axial ligand to cobalt folate product from the enzyme.
in free methylcobalamin, has been replaced by a histidine Protonation of ChHsfolate in solution is associated with
ligand from the protein. All of the corrinoid proteins involved a pK, of 5.05 as measured by fluorescence spectros@fy (
in the methyl transfer reactions discussed above, AcsD, However, since N5 is the nitrogen of an enamine, protonation
MtrA, and CmuB, bind cobalamin with the dimethylbenz- might occur either on the nitrogen (N5) or on carbon (C8a
imidazole ligand displaced. AcsD shows the spectral proper- or C2) (Chart 1). The position of GFHjfolate protonation
ties of a five-coordinate methylcobalamin, with no ligand
in the lower axial position3), while MtrA (14) and CmuB ~ Chart 1

(9) have histidine ligands derived from the protein in the o CH3

H, CH 0 c|:H3 o}
lower axial position. N S I Nt | ,L+
The C-terminal module of methionine synthase, MetH-  "j_ | j/\N'R j‘\\ j/\N'R HN)\/’[ j/\N-R
(897—1227), is involved in reactivation of the enzyme when HN" N° N N HNT | NN

the cob(l)alamin prosthetic group becomes oxidized to cob-
(Ialamin during turnover 15—17). Activation requires a
reductive methylation of cob(ll)alamin, in which electrons
are provided by reduced flavodoxin and the methyl group is
donated by AdoMet, which is bound to the C-terminal
domain of MetH. Thus far, this module appears uniquely in
methionine synthase enzymes.

The two substrate-binding modules can be expressed as

N5 protonation C8a protonation C2 protonation

in solution had not been determined previously. DEPT NMR
experiments described in this paper show that protonation
does not occur at C8a or C2 in solution and support N5
protonation. Furthermore, we also show thats;@Hfolate
is not protonated in the binary enzym€Hs-Hfolate
E?:omplex, suggesting that protonation at N5 must occur at a

MetH(2-649) fragment Zf)' Although th_e I\/_Ietl_-|(2649_) .. later step in the reaction sequence. We present a mechanistic
fragment does not contain the cobalamin binding region, it proposal for the methyl transfer from Gfifolate to cob-
still is able to catalyze methyl transfer to homocysteine when ()alamin that is consistent with our observations

supplied with exogenous methylcobalamin and also catalyzes
methyl transfer from CktHfolate to exogenous cob(l)- EXPERIMENTAL PROCEDURES
alamin. The rate constants for catalysis of these reactions Materials.PteGly was purchased from Schircks Labora-
by MetH(2—649) are identical to those for the MetH{2 tories (Jona, Switzerland). §6-CHs-Hsfolate and (&)-Hg-
1227) holoenzyme, when the holoenzyme reacts with exog- folate were the kind gift of Eprova (Schaffhausen, Switzer-
enous cobalamin under the same conditid)slf addition, land). Phenol red dye was obtained from Sigma, as was
MetH(2—649) has recently been found to catalyze turnover chicken liver dihydrofolate reductase.
when supplied with separately expressed and purified MetH-  Synthesis and Purification of (6S)PteGlwy. CHs-H,-
(649-1227); the rate of turnover is first-order in each PteGly and HPteGly were synthesized from PteGlas
component and characterized by a rate constantsif 000 previously described§). The original procedure employed
M~1 s71 (Vahe Bandarian and Rowena Matthews, unpub- dihydrofolate reductase frobmactobacillus caseiwhich can
lished data). Thus MetH(2649) is highly active in catalysis  reduce PteGhidirectly to HyPteGly; the procedure was
of the homocysteine and methyltetrahydrofolate half-reac- altered slightly to allow for the use of chicken liver
tions. dihydrofolate reductase, which is commercially available but
The two methyl transfer reactions that comprise the which does not reduce PteGlto H,PteGly (26). The
turnover cycle of MetH have generally been assumed to PteGly was first reduced to #PteGly with sodium dithion-
proceed by §2 mechanisms. The overall methyl transfer ite (27). H,Pte(Glu} was precipitated by slow addition of 5
from CHs-Hifolate to homocysteine catalyzed by MetH mL of 1 M HCI, and the precipitate was collected by
proceeds with retention of stereochemistry at the transferredcentrifugation and redissolved in 10 mM Tris-HCI buffer,
methyl group, in agreement with the expectation for a double pH 7.2, containing 10 mM 2-mercaptoethanol. Chicken liver
displacement mechanism requiring two successive inversionsdihydrofolate reductase (5 units) was incubated overnight
of chirality (18). Cob(l)alamin is an excellent nucleophile, at room temperature with the;FteGly and 1 mM NADPH
some 40 000-fold more reactive toward methyl iodide than to form (69-H4PteGly. H4PteGly was purified as previously
benzylthiolate 19, 20. The Hjfolate anion is, however, an  described Z5).
extremely poor leaving group, so that &Hfolate must be Construction of Mutations of MetH{2649). Aspartate to
activated prior to nucleophilic displacement of the methyl asparagine mutations were introduced by overlap extension
group, presumably by protonation of N5. Model studies show PCR as previously describe®)( The primers used to make
that a 5,5-dimethyltetrahydropterin can serve as a methylthe mutation Asp399Asn were as follows: (codind} 5
donor to cob(l)alaminZ1, 22, and by analogy we expect GGCGCGCAGATTATCAATATCAACATGGATG-3 (nt
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1180-1210); (noncoding) SCATCCATGTTGATATTGA- concentration of 20 mM in 100 mM potassium phosphate
TAATCTGCGCGCC-3(nt 1216-1180). The nucleotide (nt)  buffer at pH values ranging from 4 to 8. The pH was adjusted
numbering is that shown in the GenBank sequence J04975as needed with HCI or NaOH. Approximately 4%@was

of metH(28). Altered bases are underlined. In the Asp399Asn included as the lock signalfC spectra were taken on a 300
mutation, the underlined base change at nt 1195 removedMHz Varian NMR spectrometer at 28C using the 13%

the Clal restriction site; loss of the site was used to screen DEPT pulse sequenc&@). Chemical shifts are expressed
the recombinant plasmids for the mutation. The primers usedin parts per million (ppm) relative to tetramethylsilane and
to construct the Asp434Asn mutation were as follows: were determined with reference to the internal standard
(coding) 3-GTGCCGATTATGATCAACTCCTCAAAATGG- methanol (10 mM CKEOH). The C6 and N5-Cklishift data

3' (nt 1285-1314); (noncoding) SCCATTTTGAGGAGT- were analyzed by plotting the change in chemical shift in
TGATCATAATCGGCAC-3 (nt 1314-1285) The base ppm (AJd) as the pH is lowered and fitting the data to eq 1
change at 1295 introduced a n®wll restriction site, which to obtain the K, associated with the shift. In this equation,
was used in screening recombinant plasmids for the mutation.by represents the maximum shift in ppm at low pBiLY

The Asp522Asn MetH(2649) was prepared with the

following primers: (coding) 5GCCAGAAGATATAATAT- b,,10PH-PKa)
TCAACCCAAACATCTTCGC-3 (nt 1546-1581); (non- AO =H—H_K 1)
coding) 3-GCGAAGATGTTTGGGTTGAATATTATA- 1+ 1¢PH-PRa

TCTTCTGGC-3 (nt 1581-1546). Two silent changes were

introduced at 1558 and 1561, which provided a screen for Determination of Proton Release/Uptake Associated with
the mutation by introducing aBsp restriction site. The third ~ Substrate BindingWe employed a previously described
mutation, at 1565, generated the Asp522Asn mutation. Oncemethod for detecting proton uptake or release on substrate
the desired fragment was produced by PCR, the fragmentbinding using the pH indicator dye phenol regP). These
was cloned into an expression plasmid pCWG-@ ( experiments were performed with a1 MetH(2—649) in
containing the wild-typenetHgene with dual stop codons 50 mM potassium phosphate buffer, pH 7.2, and 400

at 1270-1276. Both the PCR fragment and the expression KCl at 25°C. The K, for phenol red was determined to be
plasmid were cut with the unique restriction enzyrgsl 7.6 under these conditions. The experiments were performed
and Dralll to construct the Asp399Asn and Asp434Asn at pH 7.5-7.7 in order to observe maximal changes in the
mutations and withClal and Dralll to construct the absorbance of phenol red as the pH of the solution changed.
Asp522Asn mutation. The cut plasmids were gel-purified, Determination of the Absorbance Changes Associated with
combined with the cut PCR fragments, and ligated by Binding of CH-H4Folate and HFolate to MetH(2-649) or
previously described proceduré3.(Sequences of the mutant  Introduction of Folate Substrates into Hydrophobic Suits.
expression plasmids were confirmed with restriction enzyme Experiments were performed in matched Yankelov (double
assays and by DNA sequencing at the University of Michigan sector) cells and a double-beam Cary 300 Bio spectropho-
Sequencing Core Facility. tometer. All experiments were performed with MetHE&49)

Expression and Purification of MetH{Z649) Wild-Type and the pure 8isomer of either ChtHfolate or Hifolate.
and Mutant FragmentsConstruction and characterization The buffer used for these titrations, AMT (50 mM acetic
of the overexpression plasmid pCWGO02 for production of acid, 50 mM MES, and 100 mM triethanolamine), was
the wild-type MetH(2-649) has been described, as has the chosen because the ionic strength is constant over the pH
purification of the overexpressed recombinant fragment ( range from 5 to 9, as previously reporte2B). The pH of
However, a slightly altered enzyme purification method was the AMT buffer was adjusted with 10 M NaOH. Both
used in this study. The cells were grown, pelleted, and cuvettes contained enzyme,-1P0 uM, in the front sector
sonicated as described previously, but no protease inhibitorsand an equal volume of buffer in the back sector. A stock
were added to the sonicated cells. Only one column, an solution of CH-H,folate or Hfolate (3—10 mM) was added
anion-exchange Q-Sepharose gravity-flow column (Pharma-to the front compartment of the sample cuvette and the back
cia), was used for purification. MetH{z649) can be purified =~ compartment of the reference cuvette. An equal volume of
to apparent homogeneity in a single chromotographic stepbuffer was added to the front compartment of the reference
due to the very high expression level of this fragment. cuvette. Titrations were performed in air-saturated solutions.
Enzyme purity was determined by SBBAGE, and enzyme  Hfolate oxidation was not observed, as assessed by exami-
concentration was determined by a Bradford protein assaynation of UV spectra during the short time span (5 min) of
(Bio-Rad). these experiments.

Assays for Catalytic Actity of MetH(2-649). Methyl- Difference spectra were recorded for EHsfolate under
cobalamin:homocysteine and GHjfolate:cob(l)alamin acidic and neutral conditions in both aqueous and hydro-
methyltransferase assays were performed as previously dephobic solvents. The reference cuvette contained AMT
scribed R9). Briefly, methylcobalamin:homocysteine meth- buffer, pH 7.2, in both compartments, while the sample
yltransferase activity was monitored spectrophotometrically cuvette contained AMT buffer, pH 3, in both compartments.
at 37°C by following the demethylation of methylcobalamin Then CH-Hsfolate (10u«M final) was introduced into the
at 525 nm under anaerobic conditions. £Htifolate:cob- front compartment of both cuvettes and a spectrum was
(halamin methyltransferase activity was measured with taken. The stock solution of 3 mM GHH,folate was
radioactive fnethyl-1“C]CHs-Hfolate by monitoring forma- prepared in AMT buffer, pH 7.2. For the acetonitrile
tion of [methy} 1“C]cobalamin. difference spectra, the same method was followed, but 10

3C-DEPT NMR SpectroscopisS)-CHs-Hfolate, labeled uM CHs-Hfolate was mixed with 80% acetonitrile and 20%
with 13C at natural abundance, was dissolved to a final AMT buffer, pH 3 (sample) or 7.2 (reference).
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Spectral Simulations of MetH{Z649) Binding to CH-
HsFolate as a Function of pHDifference spectra were
simulated for CH-H,folate binding to MetH(2-649) at pH
values ranging from 5 to 9 to clarify the origin of the
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values, a3C-DEPT 135 NMR pulse sequence was usd) (
with a sample of ChtHfolate labeled at natural abundance
with 13C. In a DEPT 135 experiment, magnetization transfer
occurs between hydrogens and tf@ carbon to which they

observed absorbance changes. For these simulations, thare attached. Carbons lacking a hydrogen substituent are not

spectra for free CkHHjfolate in AMT buffer, pH 7.2 and 3,

seen in a DEPT 135 NMR experiment. The DEPT 135 pulse

were used in calculating the spectra for free unprotonated sequence results in an inversion of the methylene carbon

or protonated CktHfolate, respectively. We assumed that
the spectrum of bound GHH,folate was independent of the

signals with respect to the methyl and methenyl carbons.
The NMR spectra shown in Figure 1 were obtained with

solution pH and used the spectrum determined at pH 7.2 in (69-CHs-Hfolate in aqueous potassium phosphate buffer

AMT buffer for binding of 12uM CHs;-H,PteGly, which
binds more tightly than the monoglutamate, with 28l
MetH(2—649). Difference spectra were calculated for the

ranging in pH from 3.9 to 8.0. At neutral pH, th&€C
chemical shifts compared well with the published chemical
shifts for CH-H4PteGly (36). Changes in the resonances

pH values 5.4 and 5.7. Under these conditions, it has been(Ad in ppm) were plotted versus pH for analysis (Figure 2).

determined that 95% of GFH,PteGly is enzyme-bound
(data not shown). Thely of 5.05 for protonation at N5 of
CHs-H,folate was used to determine that 36% of freesCH
Hsfolate would be protonated at pH 5.4 and 18% of free
CHs-Hsfolate would be protonated at pH 5.7. With these

A downfield shift of 2.4 ppm for the CEHN5 signal was
observed as the pH was lowered, indicating development of
positive charge near the methyl group, e.g., due to protona-
tion of N5. The X, for this shift is 5.3+ 0.1, which is close

to the published K, value (5.05) for protonation of CH

assumptions, we were able to calculate the spectra of theHfolate @4). A similar downfield shift was observed for

bound and free CHHfolate in the sample cuvette and
subtract the calculated spectrum of the free;&tffolate in

the C6 signal, which is also consistent with protonation at
N5. We would expect protonation on C8a or C2 to result in

the reference cuvette to obtain the difference spectrum forthe appearance of a methine peak with a chemical shift of

CHs-Hgfolate binding to MetH(2-649) at pH 5.4 and 5.7.
Determination of CHHFolate Binding by Equilibrium
Centrifugation AssayRapid centrifuge filtration was used
to measure &4 for CHs-Hfolate binding to MetH(2-649)
(34) at pH 7.2. A stock solution of {®,9-[methyl-*C]CHs-
Hsfolate was dissolved in 8 mM sodium ascorbateethyl
-14C]CHas-H4Folate (0-300 uM) was mixed with 20uM
enzyme, and the mixture was centrifuged in a Microcon
filtration unit (Millipore) with a cutoff of 50 kDa. This
filtration unit allowed unboundrpethyl-1“C]CHz-Hfolate
to pass through the filter, but all the enzyme was retained.
Aliquots of the top and bottom solutions were taken and the
concentration oft“C in each fraction was measured in a
scintillation counter. The concentration of bound substrate

40—90 ppm relative to tetramethylsilang?). Therefore, if
C8a or C2 were protonated at low pH, a methine signal
would be detected that would disappear as the sample pH
was raised. No new signal was seen even at pH 3.9,
indicating that neither C8a nor C2 was being protonated
under these conditions. These results indicate that g
folate in aqueous solution protonates primarily at N5 rather
than at C8a or C2. The next question we wanted to address
was whether ChtHjfolate was protonated upon binding
MetH, and conversely, whethersdlate was deprotonated
upon binding.

HsFolate Does Not Release a Proton to Solution When
Binding to MetH(2-649). CHs-H4Folate must protonate at
N5 during its conversion to kblate. This protonation could

([ES]) was determined by subtracting the counts per minute occur either upon binding to MetH to form an enzyme

(cpm) due to free substrate in the bottom fraction from the
cpm due to free and bound substrate in the top fraction. A
control experiment lacking enzyme was performed in order
to establish that the njethyl?*C]CHs-Hsfolate was not
retained by the filter. The data were analyzed by plotting
[ES] vs [S], the total substrate concentration, and fitting the
curve to the quadratic binding eq 35) to obtain aKy for
CHs-H,folate binding:

[ES]=
(E], + [S], + K9 — {([E], + [S], + K9? — 4[ELIS],
2
)
RESULTS

Determination of the Site of Protonation of GH4Folate
by DEPT NMR Spectroscop¥Hs-HiFolate in agueous
solution has a I§, of 5.05 associated with the protonation

CHs-Hfolate binary complex, during methyl transfer, or
upon release of Holate to solution. By use of the pH
indicator dye phenol red and a weakly buffered enzyme
solution, it is possible to detect micromolar changes in proton
concentration as a folate substrate is titrated into a solution
containing MetH. It has previously been shown that binding
of CHs-Hafolate to MetH at pH 7.6 does not result in proton
uptake from or release to solutioB2).

We have now examinedfblate binding to MetH(2-649)
using the same method. In this experiment, the enzyme was
titrated with (6)-H4PteGly in the presence of phenol red
at pH 7.6. No proton release to or uptake from solution was
detected as HPteGly was titrated into a solution containing
MetH(2—649) (data not shown). The results from these
experiments show that neither gHfolate nor HPte(Glu}
releases or takes up a proton from solution upon binding to
MetH at pH 7.6. Protonation of bound GHifolate or
deprotonation of bound Mblate could, however, occur by
proton transfer within the enzyme active site without release

of N5, as detected by measurement of fluorescence changesr uptake of a proton to/from solvent. The next series of

as the pH is lowered?d). Since N5 of CH-Hfolate is the
nitrogen of an enamine, protonation could occur either on
the nitrogen or on a conjugated carbon (C8a or C2). To
determine where free GHHfolate protonates at low pH

experiments was designed to assess this possibility.
UV/Visible Absorbance Changes Associated with Binding

of CHs-H,Folate to MetH(2-649).When CH-H,folate binds

MetH(2—649) at pH 7.2, there is a slight red shift in the
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pH 3.9
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FiIGURE 1: 13C-DEPT-135 NMR spectra at pH 7.2 (top) and pH 3.9 (bottom), with thg-Bifiolate numbering system shown above the
spectra. Peaks are reported as chemical shifts in parts per million (Ypmith respect to tetramethylsilane, and positions were assigned
by comparison with the internal standard methanol. Assignments at pH 7.2 were made by comparison with previous publig®d data (
while the assignments at pH 3.9 could be inferred from incremental shifts as the pH was lowered.

2.5 at pH 7.2 was determined by equilibrium centrifugation
binding to be M, and because this value is smaller than
20 the concentration of enzyme (20/1) used in measuring the
g_ absorbance changes associated with binding, binding is
=15 almost stoichiometric in the initial stages of the reaction.
3 The absorbance changes associated with introduction of
Lo neutral aqueous solutions of GHfolate into acidic or
hydrophobic solutions were used as references in determining
0.50 the origin of the spectral changes seen ag-Blfolate binds
o MetH(2—649). The CH-Hfolate spectrum at pH 3 is very

similar to the spectrum previously reported fosfélate at
pH 3 38). When CH-H,folate is protonated at N5, a large
shoulder appears at 264 nm and there is a decrease in
Ficure 2: Chemical shift changes associated with protonation of absorption at 290 nm (Figure 5a). The spectra of-Elt
glgg,—H4folate.13C-DEPT NMR spectra of CiiH,folate at pH 3.9- folate in increasing concentrations of acetonitrile were

.0 show a downfield shift of 2.4 ppm for the N5 methyl group as . . .
CHa-H.folate protonates) (pKa of 5.3+ 0.1). The chemical shift ~ €xamined to determine changes in the spectrum of8H
of C6 (@) also shifts downfield by 2.4 ppm as the pH is lowered. folate upon transfer from an aqueous to a hydrophobic
By comparison, there is no change in chemical shift for the peak environment. When CiiHsfolate was transferred from
associated with C3and C5 as the pH is lowered®). aqueous solution to 80% acetonitrile and 20% AMT, pH 7.2,

the spectrum was red-shifted, resulting in a difference

UV absorption spectrum of GiH,folate, giving rise to a  spectrum (hydrophobic solvent aqueous control) with an
difference spectrum (boune- free) with an absorbance absorbance maximum at 306 nm and an extinction coefficient
maximum at 308 nm and a molar absorbance coefficient of of 3800 M cm™ (Figure 4b). We also determined the
4300 Mt cm™ (Figure 3). The absorbance at 308 nm absorbance changes associated with protonation gftGH
increases with increasing GHH,folate concentration in a  folate in a more hydrophobic solvent, 80% acetonitrile and
saturable fashion. Th€, for CHs-Hafolate binding to MetH 20% AMT, pH 3, to establish the spectral changes expected

pH
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Ficure 3: Difference spectra associated with £Hifolate binding b. 04

to MetH(2—649) at pH 7.2. The initial trace, shown by the solid
line with the lowest absorbance at 300 nm, is the difference
spectrum seen before any substrate has been added and shows that
equal concentrations of enzyme (2®1) are in the front compart-
ments of the sectored sample and reference Yankelev cuvettgs. CH
H,Folate was titrated into the front compartment of the sample
cuvette and the rear compartment of the reference cuvette and
spectra were measured after addition of 5, 10, 15, 20, and5
CHs-Hfolate. The absorbance increase at 308 nm was plotted versus
CHs-H,folate concentration (inset). These data were fitted with the
assumption of stoichiometric binding of Gisfolate to the enzyme
during the initial phases of the titration. The slight absorbance 01 |
increase at 308 nm after addition of 281 CHs-Hsfolate is an . .
optical artifact seen at highCHs-Hfolate absorbances. 250 300 350 400
Wavelength

for CHs-H.folate protonation while bound in a hydrophobic FI%JF;)E 4&_ COTF&?_VI:SHW} Olf tJVt/ViI\S/IibLa ?Zlisgé{g;iorl é:han_g(tas SSS?Ciated
: H H H ; H : Wi Inaing o -Hglolate 10 vVie ana on introauction
gnzyme active site. Again, protonation is associated with of CHs-H,folate into 80% acetonitrile. The solid line in both panels
increased absorbance at 264 nm and decreased absorbangg.-presemS the spectrum for &8 CHa-Hafolate in AMT buffer,
at 290 nm (Figure 5b). pH 7.2. (a) Absorbance changes associated with binding of CH
In summary, the difference spectrum observed for:CH Hafolate to bMetHc(12-?149)-lgwhec Soﬁes Ilmeb!sdthe absorbance
Hifolate binding to MetH(2-649) at pH 7.2 most closely ~ SPectrum obtained when LM CHa-Hgfolate binds to an excess
L . . . of MetH(2—649) after subtraction of the absorbance due to MetH-
mimics the dl_fference speptrum as;ouated with transfer of (2—649). The difference spectrum (bound - free £HHfolate) is
CHs-Hgfolate into acetonitrile, consistent with the observed jndicated by the dashed line. This difference spectrum has an
changes in the CHH.folate spectrum as it binds to MetH-  absorbance maximum at 308 nm with an extinction coefficient of
(2—649) being due to transfer to a more hydrophobic 4300 M™ts™ (b) Absorbance changes associated with introduction

; ; f an aqueous solution of GHHfolate into 80% acetonitrile. The
environment. Furthermore, the spectral changes aSSOCIate(gotted line shows the UV/visible absorption spectrum fors &t

with prOton,at'on O,f free Cl;4H4f0Ia'te, in both agueous and folate in 80% acetonitrile/20% AMT buffer, pH 7.2. The difference
hydrophobic solutions, are opposite to the observed spectralspectrum (acetonitrile - buffer) is shown by the dashed line and is
changes at 264 and 308 nm associated with binding to thecharacterized by an absorbance maximum at 306 nm with an
enzyme. From these data, it is clear thatsGHfolate is not ~ extinction coefficient of 3800 M* s™%.

being protonated upon binding MetH{B49) at pH 7.2.

HaFolate binding to MetH(2649) also resulted in similar  with binding of CH-H,folate to MetH become even more
changes in UV absorption, although the difference absor- prominent. Simulations of spectral changes were used in
bance maximum was at 313 nm and the extinction coefficient order to predict and explain the changes in UV spectra that
was 5300 M cm™ (data not shown). The 15 nm red shift were experimentally observed; the protocol for these simula-
in the absorbance maximum associated wiifoldte binding tions is described under Experimental Procedures. Figure 6b
to the enzyme (from 298 to 313 nm) is similar to the 18 nm shows the predicted difference spectra at pH 5.4 and 5.7
red shift seen for CHH4folate binding (from 290 to 308  calculated with the assumption that MetH{@49) binds only
nm). These spectral changes can also be explainedsby H unprotonated CkHfolate. The observed spectral changes
folate moving from an aqueous environment to a more in Figure 6a match the simulated spectra in Figure 6b quite
hydrophobic environment as it binds to MetH{@49). well. The simulations reproduce the increased magnitude of

MetH(2—649) Preferentially Binds Unprotonated GH the dip in the difference spectrum at 264 nm as the pH is
HsFolate.Measurements of the difference spectra associatedlowered from pH 7.2 to 5.4. The change in absorbance at
with CHs-Hjfolate binding to MetH were made over the pH 264 nm was measured in the presence of saturating CH
range where the enzyme is stable, from 5.4 to 9. Figure 6aHsfolate and MetH(2-649) for pH values from 5.3 to 9.0
shows the observed changes in the difference spectra forand plotted versus pH in Figure 6¢c. The estimat&d pf
CHs-H4PteGly binding MetH(2-649) as the pH is lowered 5.1 closely matches thep for N5 of CHs-H,folate. Such a
from pH 7.2 to 5.4. As the pH is lowered, the decrease in decrease at 264 nm would be expected if there were a higher
absorbance at 264 nm and the increase at 308 nm associatecbncentration of protonated GHHjfolate in the reference

Absorbance
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Ficure 5: UV/visible absorption changes associated with proto- ¢, 0.2s
nation of CH-Hsfolate in aqueous buffer (a) or in 80% acetonitrile
(b). (a) The solid line shows the UV absorption spectrum for 10 .
uM CHa-H,folate in AMT buffer at pH 7.2. The dotted line shows 02 a
the spectrum for CkHfolate in AMT buffer at pH 3; this spectrum
is characterized by increased absorbance at 264 nm and decreasedg .15
absorbance at 290 nm relative to the spectrum at pH 7.2. The dashed §
line shows the difference spectrum associated with protonation of 2
CHa-H,folate in aqueous solution (3:07.2). (b) The solid line is < U
the same as in panel a and shows the UV absorption spectrum for g
10 uM CHgs-H4folate in AMT buffer at pH 7.2. The dotted line E 005
shows the spectrum for GHHfolate in 80% acetonitrile and 20% =
AMT buffer, pH 3.0. This spectrum exhibits a prominent shoulder ~
at 264 nm. The difference spectrum (pH 3.0, 80% acetonitrile 0
pH 7.2, aqueous) is shown with a dashed line. Note that the decrease
in absorbance at 290 nm is much greater for protonation in aqueous 05 1 L L L 1 1 1
solution than for protonation in 80% acetonitrile. 2 3 4 5 6 7 8 9 10
pH

cuvette than in the sample cuvette, as would occur if MetH-
(2—649) preferentially bound unprotonated &Hfolate
even at pH 5.3. This experiment indicates that binding of
CHs-Hfolate to MetH(2-649) is associated with a decrease
in the K, for protonation at N5, as expected on transfer of
this substrate into a hydrophobic environment.

Homology of MetH(353649) to Dihydropteroate Syn-
thase Indicates That the MetH Binding Site for £Folate
Is in a Hydrophobic Pocket in angfs Barrel. Significant
homology between the microbial enzyme dihydropteroate
synthase (DHPS) and the GHisfolate binding region of
MetH (residues 353649) has been found by use of the PSI-
BLAST search progranB9). PSI-BLAST gives a probability
(E value) of 1.0x 107! that MetH (353-649) and DHPS
from S. aureusare related by chance. DHPS catalyzes the
condensation of 6-hydroxymethyldinydropterin pyrophos-
phate andp-aminobenzoate to form dihydropteroate and
pyrophosphate and thus shares with MetH(3639) the

Ficure 6: Comparison of observed and calculated difference spectra
for binding of CH:-Hafolate to MetH(2-649) as a function of pH.
CHs-H4PteGly was used for these titrations, because it binds to MetH
more tightly while exhibiting very similar absorbance changes. (a)
Observed spectra: pH 7.2, dashed line; pH 5.7, dotted line; pH 5.4,
solid line. (b) Calculated spectra. Experimentally observed difference
spectrum for binding 1M CH3z-H4PteGly to 10 mM MetH(2-

649) in AMT buffer at pH 7.2 is shown (dashed line). At pH 5.7
(dotted line) and 5.4 (solid line), difference spectra have been
calculated by assuming that only protonateds@HPteGly binds

to the enzyme, so that binding of GH4sPteGly is associated with
spectral changes due to deprotonation of the substrate on binding.
Details of calculations are presented under Experimental Procedures.
(c) Plot of calculated decrease in absorbance at 264 nm associated
with binding of CH-Hfolate to MetH(2-649) vs pH is shown (solid
line), and observed changes in absorbance at 264 at each pH are
shown with filled circles. In these experiments @ CHs-HsPteGly

was mixed with 2quM MetH(2—649). Under these conditions the
absorbance changes due to binding are nearly maximal, even at the
lowest pH value. For the calculated absorbance changes we again
assumed that only unprotonated £Hufolate binds to MetH.
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Ficure 7: Sequence alignment of the @H folate-binding module of cobalamin-dependent methionine synthase with dihydropteroate
synthase (DHPS), and AcsE by Clustal0). From top to bottom the sequences shown are residues @83 of methionine synthase
from E. coli (msEc), GenBank accession number JO4@Z%); residues 367653 for methionine synthase fromiomo sapiengmsHSs),
GenBank accession number NM_000258); DHPS fromS. aureugdhpsSa), GenBank accession number 2848243 DHPS fromE.

coli (dhpsEc), GenBank accession number X687 7);, and AcsE fromC. thermoaceticunfmtCt), GenBank accession number L34780
(5). The secondary structure prediction for coli MetH obtained by use of the PhD progrg#8) is shown above the top sequence, and
the secondary structure determined from $heaureuDHPS crystal structurétl) is shown below the bottom sequence in the alignment.
a-Helices ang3-strands are symbolized by their Greek letters. Residues shown in boldface type were identical in all the aligned sequences
and those numbered were determined to be in the active site in botB. thereusand E. coli DHPS crystal structure&l, 42) The
numbers on the top of the alignment correspond to residues iE.theli MetH sequence, and the numbers on the bottom correspond to
the corresponding residues in tBeaureuPDHPS sequence. The crystal structure for AcsE fonthermoaceticurMeTr has been recently
solved and has been determined to be homologous to the DHPS crystal strug8ire&¢hpwn below the alignment is a cartoon of the
amino acid hydrogen-bonding interactions with the DHPS substrate analogue HMPPP, as determined S8oauteesDHPS crystal
structure (Protein Data Bank file 1ad4il). Conserved residues frof aureuDHPS are numbered with plain text, with the corresponding
residue numbers frork. coli MetH shown in boldface type below.

ability to bind pterin substrates. By use of ClustalWoy (41) andE. coli (42) have recently been solved. Although
seven MetH sequences, 12 DHPS sequences, and the AcsBnly seven residues are absolutely conserved in this align-
methyltransferase sequence fr@n thermoaceticunwere ment, the amino acids that are conserved are adjacent to the
aligned. A subset of these aligned sequences is shown inpterin ring in the DHPS crystal structures. The conserved
Figure 7. This alignment is particularly useful since crystal aspartic acids Asp 84 and Asp 167 (in the numbering system
structures of DHPS enzymes fro8taphylococcus aureus for DHPS fromS. aureuy shown in boldface type in the
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Table 1: Properties of Wild-Type and Mutant MetH(@49) accept the electrons from the i\_ﬂf'ne_thyl bond. Alternatively,
Enzymes either one- or two-electron oxidation of G#fisfolate could
Kq for K., for ke Kon fOT activgte CH-Hjfolate for participatio_n in the methyl transfer
CHgsHifolate  CHgHaifolate  cob(l)alamirt reaction. In other words, protonation or oxidation to form
MetH(2—649) (uM) (uM) (M~1s) an aminium or iminium cation at N5 could facilitate the
wild type 9+ 5 60 430 reaction. Methyl transfers from the aminium cation 5,5-
Asp399Asn 70t 20 200 9 dimethyltetrahydropterin to cob(l)alamin have been docu-
Asp434Asn 155 nc nd mented, but these methyl transfers occurred in low y2R). (
Asp522Asn >300 nd nd

“The rate constari was determined by the GrHAfolate:cob() Our studies suggest that activation of £Hufolate does
bs 4] . - . _ . . _
alamin methyl transfer assay in the presence of saturating-Gldlate. not occur in the ground-state binary complex with MetH

The observed rate of methylcobalamin formation was divided by the (2—649). CHE'HJOlate is not protonated in the binary
concentration of MetH(2649) and that of cob(l)alamin to obtain the =~ complex with MetH(2-649) throughout the pH range where
second-order rate constahfNot detectable. the enzyme is stable. It is also clear from these studies that

CHs-Hfolate is not activated by oxidation in the binary

alignment are involved in hydrogen bonding with the pterin €nzyme-CHs-H,folate complex. Oxidation would also lead
ring of the DHPS substrate analogue, hydroxymethylpterin to distinctive changes in the UWisible absorption spec-
pyrophosphate, as also shown schematically in Figure 7. Intrum. For instance, two-electron oxidation of &Hafolate
addition, secondary structure predictions for the ;& to 5-methyl-7,8-dihydrofolate is associated with a blue shift
folate-binding region of MetH43) align with the known in the absorbance maximum4). Alternatively, oxidation
secondary structure of DHPS. DHPS binds its substrate in ato quininoid 5-methyldihydrofolate is associated with a slight
hydrophobic active site in the center of ags barrel, with red shift, as seen here, but also with a significant decrease
the side chain at C6 projecting out of the center of the barrel. in the molar extinction coefficienég), which is the opposite
Recently, the crystal structure for AcsE was solved by Of the spectral changes observed in our experiments. An
Doukov et al., and this protein was also shown to begth interpretation that is consistent with our current data is that
barrel 68). CHs-Hsfolate is introduced into a more hydrophobic environ-
To probe the predicted homology to DHPS, each con- ment on binding to the protein, which would be expected to
served aspartic acid residue shown in the alignment in Figurelower the K, associated with protonation of N5. The crystal
7 was mutated to an asparagine residue in MetH#9). structure of DHPS, which is homologous to the £if:-
The mutant enzymes were analyzed for their ability to bind folate-binding module of MetH, is consistent with our
CHa-Hfolate and to determine their catalytic activity (Table interpretation of the binding environment of GHafolate
1). Each mutant enzyme was fully active in the homocys- in MetH.
teine:methylcobalamin methyltransferase assay. However, we Our experiments do not exclude the possiblity that
found no detectable catalytic activity in the @Hfolate: protonation of CH-Hjfolate occurs only in the ternary
cob(l)alamin methyltransferase assay for Asp434Asn MetH- complex with cob(l)alamin, but we know of no precedent
(2—649) and Asp522Asn MetH(2649) and a 40-fold  for an S2 reaction in which group transfer is concerted with
reduction in activity for Asp399Asn MetH(2649). When proton transfer. We are therefore driven to propose an
these mutants were analyzed for their ability to bindsCH  alternate mechanism for methyl transfer to cob(l)alamin
Hjfolate, a drastic reduction in binding affinity was seen in enzymes.
Asp522Asn MetH(2-649); no binding_could be detected and In methanogenic Archaea, a wide variety of compounds
the Kq for CHs-Hafolate was determined to be300uM. — serye as methyl donors to corrinoid proteins, including
An 8-fold decrease in affinity for CkiH.folate was observed methanol, mono-, di-, and trimethylamines, dimethy! sulfide,
for the Asp399Asn mutation. The properties of the mutant 5.4 chloromethane( 46-50). In these systems, activation

enzymes support the notion that the pterin ring ofs@H3- by ground-state protonation of the methyl donors is not
fol_ate b_mds the folate-activating module_of_MetH in an appealing, because th&pvalues for protonation of these
orientation that resembles that of the pterin ring of DHPS. methyl donors range as low asl.5 for methanol. An

One of the seven conserved residues in the alignment ofyiyractive mechanism for methyl transfer in MetH@49)
DHPS and MetH is Met128 of DHPS frof. aureuswhich 414 also be applicable to all of these methyl donors.

makes a hydrophobic contact with the pterin ridg)( Thus,
we expect binding of CkHfolate to MetH to result in
absorbance changes characteristic of transfer gfidjfblate
to a more hydrophobic environment and in a loweréd p
for protonation at N5.

A possible mechanism for methyl transfer from £Hl-
folate is shown in Figure 8. This mechanism does not require
protonation or oxidation of CiHifolate in the binary
enzyme-substrate complex and might be applicable to all
of the substrates that serve as methyl donors to cobalamin.
DISCUSSION In this oxidative addition mechanism, the cob(l)alamin

In this paper, we describe experiments to probe the role cofactor is proposed to form a three-centered bond with
of methionine synthase in activating @Hgfolate for enzyme-bound methyltetrahydrofolate: the empty 4s orbital
participation in methyl transfer reactions. Two modes of of the cobalt hybridizes with the orbital of the N5-methyl
ground-state activation of GFHifolate can be envisioned.  bond, while the occupied 3dor 3d,, orbital of the cobalt
The methyl group is formally transferred as a carbocation. hybridizes with the symmetry-matchet orbital of the N5
Protonation at either the N5 or C8a position of the tetrahy- methyl bond. These interactions would weaken the-N5
dropterin ring could serve to labilize the methyl group by methyl bond of CH-Hsfolate, and the cobalt would serve
providing the tetrahydropterin with an “electron sink” to as a Lewis acid to stabilize thesfdlate leaving group.
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Ficure 8: Proposed mechanism for oxidative addition of cob(l)alamin to the &thyl bond of CH-Hfolate.

Salient features of this proposal are the parallel orientation
of the N—C bond of CH-H,folate with the plane of the corrin
ring, and the requirement for dissociation of the lower axial
ligand to permit cis addition of tetrahydrofolate to the upper
face of methylcobalamin in the reverse direction. In this
context, the fact that AcsD lacks a lower axial ligand, while
the lower axial ligand in MetH, MtrA, and CmuB is a

between its substituents and gH,folate. However, obser-
vations of Silverman and Dolphirb§) are encouraging in
this respect. These authors obtained evidence for formation
of & complexes between cob(lll)alamins and olefins as
intermediates in cobalamin-catalyzed solvolysis reactions,
suggesting that the corrin ring can distort sufficiently to form
cis complexes.

ligand replacement facilitates the dissociation of the lower
axial ligand to allow cis addition to the upper face of the
corrin. Crystal structures of complexes in which &£Hi-
folate is positioned for productive interaction would be of
great interest because they should reveal theCN;—Co
bond angle.

Methyl transfer by an oxidative addition mechanism would
be expected to occur with retention of configuration at the
transferred methyl groub(). Our earlier observation that
the methionine synthase reaction occurs with overall retention
of stereochemistry in the transfer from gHjfolate to
homocysteine 18) would then require that methyl transfer
from methylcobalamin to homocysteine also occur with
retention of stereochemistry, presumably also by an oxidative
addition mechanism. Alkylation of cob(l)alamin by quater-
nary ammonium salts has been proposed as a model for th
methionine synthase-catalyzed methyl transfer froms-CH
Hifolate to homocysteine2(, 22, and cob(l)alamin is
methylated by 5,5-dimethyltetrahydropterin in low yieR1).

The reactions of cobalamin with quaternary ammonium salts
are inhibited by bulky substituents, suggesting that they
proceed by § mechanisms. One may now question whether

to homocysteine may occur after\C bond cleavage and
require partial proton transfer to the BllRaving group. Since
the (K, of the coordinated NR should increase drastically
as the N-C bond is cleaved, protonation by a general acid
catalyst on the enzyme may occur by the “libido effe&3)(
namely, proton transfer would occur spontaneously at that
point in the reaction sequence where th& pf N5 of H,-
folate becomes greater than th&,pof the general acid
catalyst.

Ragsdale and his colleagu@4l)( have conducted extensive
kinetic analysis of the methyl transfer between#Htfolate
and exogenous cob(l)alamin catalyzed by AcskE. These
studies demonstrate thiat, for methyl transfer increases as
the pH is lowered from 8.4 to 6.3. At pH 8.K.,:approaches
0, while at 6.3 k.ot approaches 1.5°§ and the data can be

it to an apparent g, of 7.0. Similar profiles were observed

for the reaction between GHH,folate and the corrinoid of
AcsD catalyzed by Acsk. Thus their results provide strong
evidence for proton transfer in the transition state of the
methyl transfer catalyzed by AcsE.

More recent studies on Acsk from the Ragsdale gréap (

such reactions are indeed appropriate models for the enzymehave used*C NMR to probe the protonation state oR(-

catalyzed reaction.

[methyH3C]CHs;-Hsfolate on binding to Acsk. When GH

Our proposed mechanism has precedence in the oxidative«folate binds to AcsE, the resonance of the methyl carbon

addition to the N-H bond of ammonia observed with €o
in the gas phase5p), where a transient [HCo—NH] "

broadens and shifts downfield approximately 0.7 ppm as the
pH is lowered from 7.6 to 5.1, with an appareit,wf 6.28

adduct can be detected by guided ion beam mass spectrom® 0.08. This shift is small compared with the 2.4 ppm

etry. The bond between nitrogen and cobalt in this interme-
diate is surprisingly strong, with an estimated bond disso-
ciation energy of 62 kcal/mol, and further decomposition of
this intermediate by expulsion 6NH,~ only occurs at very
high energies. In proposing similar mechanisms of oxidative
addition for gas-phase cobalt(l) and for cobalamin, one must

downfield shift observed on protonation of GH,folate in
solution, as determined in our studies and in their experiments
(55). Although they interpreted their data as indicating
protonation of bound CHH_ folate, the small chemical shift
might also reflect hydrogen-bond donation to the pterin on
binding to the enzyme.

of course be concerned about steric problems that might be No proton uptake is associated with EHgfolate binding
encountered in forming a three-centered bond between theAcsk at pH 7.6 §5), nor do we see proton uptake when

C—N of CHs-Hsfolate and the cobalt of cobalamin. It is not

clear whether the dissociation of the lower ligand could
permit the cobalt to move out of the plane defined by the
equatorial ligands contributed by the corrin ring or whether
the corrin ring could distort to reduce steric hindrance

CHs-Hfolate binds MetH(2-649) at pH 7.6 82). As the

pH is lowered, increasing proton uptake is associated with
CHs-Hsfolate binding to AcsE until 0.84 equiv of protons is
taken up on binding at pH 5.5%). However, theKq for
CHs-Hfolate binding to AcsE is independent of pH over
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the

pH range from 5.5 to 7.05%), an observation that

conflicts with their proton uptake measurements.
The proposed oxidative addition mechanism for the;CH
H,folate:cob(l)alamin methyl transfer reaction catalyzed by

MetH is consistent with the data presented here and with
much of the mechanistic data for AcskE. This mechanism also

provides a common mechanism for cob(l)alamin methyl

transfer enzymes that utilize methanol or methylamines as
substrates. In the case of methanol, oxidative addition would
produce hydroxide coordinated to the cobalt and thus neatly

avoid the necessity of protonating methanol, withka, pf
—1.5. The results of ongoing structural and kinetic studies
of MetH and other corrinoid methyltransferases will be
important in probing this proposed mechanism.
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