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ABSTRACT. Methionine synthase (MetH) is a modular protein with at least four distinct regions; amino
acids 2-353 comprise a region responsible for binding and activation of homocysteine, amino acids 345
649 are thought to be involved in the binding and activation of methyltetrahydrofolate, amino acids 650
896 are responsible for binding of the prosthetic group methylcobalamin, and amino acids22F7are
involved in binding adensylmethionine and are required for reductive activation of enzyme in the cob(ll)-
alamin form. Previous studies have shown that mutations of Cys310 or Cys311 to either alanine or serine
result in loss of all detectable catalytic activity. These mutant proteins retain the ability to catalyze methyl
transfer from methyltetrahydrofolate to exogenous cob(l)alamin, but have lost the ability to transfer methyl
groups from exogenous methylcobalamin to homocysteine [Goulding, C. W., Postigo, D., and Matthews,
R. G. (1997)Biochemistry 368082-8091]. We now demonstrate that both MetH holoenzyme and a
truncated MetH(2649) protein, which lacks a cobalamin prosthetic group, contain 0.9 equiv of zinc,
while the Cys310Ser and Cys311Ser mutant proteins contain less than 0.05 equiv of zinc. Addition of
L-homocysteine to MetH(2649) is accompanied by release of 1 equiv of protons/mol of protein, while
addition ofL-homocysteine to the Cys310Ser and Cys311Ser mutant truncated proteins does not result in
proton release. The Cys310Ala and Cys311Ala mutant methylcobalamin holoenzymes have completely
lost the ability to transfer the methyl group from methylcobalamin to homocysteine, suggesting that zinc
is required for this reaction. Further evidence that zinc is required for catalytic activity comes from
experiments in which the zinc is removed from MetH@227). Removal of zinc from methylated wild-

type holoenzyme by treatment with methyl methanethiolsulfonate and then with dithiothreitol and EDTA
results in loss of the ability of the protein to catalyze methyl transfer from methyltetrahydrofolate to
homocysteine. Reconstitution of the zinc-depleted holoenzyme results in incorporation of 0.4 equiv of
zinc/mol of protein and partial restoration of the ability of the protein to catalyze homocysteine methylation.

Cobalamin-dependent methionine synthase (MetH) from Methionine synthase is a monomeric protein containing
Escherichia colicatalyzes three different methyl transfer 1227 amino acids residues and has a modular construction.
reactions (Figure 1). In primary turnover, MetH catalyzes The N-terminal module containing residues353 can be
methyl transfer from enzyme-bound methylcobalamin to expressed independently, and retains the ability to catalyze
homocysteine to yield cob(l)alamin and methionine. Cob(l)- methyl transfer from exogenous methylcobalamin to ho-
alamin is remethylated by methyltetrahydrofolate to regener- mocysteine ). This fragment shows significant sequence
ate methylcobalamin and produce tetrahydrofoldle Every similarity to betaine-homocysteine methyltransferageA
100-2000 turnovers cob(l)alamin undergoes oxidation to the fragment containing residues-B49 catalyzes methyl transfer
inactive cob(ll)alamin form of the cofactor. Cob(ll)alamin from exogenous methylcobalamin to homocysteine and from
must be reductively remethylated to place the cofactor back methyltetrahydrofolate to exogenous cob(l)alamin. Residues
into primary turnover in the methylcobalamin form; i 354—-649 exhibit significant sequence similarity to a cor-
coli, reduced flavodoxin provides electrons, and adenosyl- rinoid/iron-sulfur protein methyltransferase frabhostridium
methionine (AdoMebis required as the methyl donor. The thermoaceticun5), and this similarity has led us to postulate
enzyme also catalyzes methyl transfer from exogenousthat this region contains the determinants for binding and
methylcobalamin to homocysteine and from methyltetrahy- activation of methyltetrahydrofolate. The third module,
drofolate to exogenous cob(l)alamin. These methyl transfer containing residues 65896, binds the endogenous cobal-
reactions are first-order in exogenous cobalamin and do not
involve the bound cobalamin prosthetic group-@). 1 Abbreviations: AdoMetS-adenosylmethionine; Hcy-homocys-
teine; Hfolate, 5,6,7,8-tetrahydrofolate; GHH.folate, 5-methyltet-
rahydrofolate; Tris, tris(hydroxymethyl)aminomethaneWPT, tet-
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Hey (RSH) Met (RSCH) required specifically for the binding and activation of
homocysteine. We have used inductively coupled plasma
emission spectroscopy (ICP) to demonstrate that both wild-
type MetH holoenzyme and the truncated MetHG29)

CHs Primary Turnover ' fragment contain 1 equiv of enzyme-bound zinc/ mol of

E G protein, whereas the Cys310Ala and Cys311Ala mutant
T . proteins contain no significant enzyme-bound zinc. Our
N

studies suggest that zinc is required for binding of homocys-
teine as a thiolate anion and for catalysis of methyl transfer
from methylcobalamin to homocysteine and support the idea

Hafolate CHyH folate that the catalytic strategies employed by cobalamin-
AdoHoy independent and cobalamin-dependent methionine synthase
' for activation of homocysteine are remarkably similar.
AdoMet ﬂ e~
+er ,ll MATERIALS AND METHODS

Deactivation/activation Expression and Purification of Wild-Type and Mutant

Ficure 1: Schematic summary of the reactions carried out by M_ethlonlne Synthas_e Holoenzymes and Met-HS(Qg) Pro-
methionine synthase. In the catalytic cycle, cobalamin-dependentt€ins. The recombinant wild-type methionine synthase
methionine synthase transfers a methyl group from methylcobalamin MetH(2—1227) fromE. coli K-12 strain XL1-Blue/pMMA-

to homocysteine, forming methionine and cob(l)alamin; the cob- 07 was overproduced and purified as described previously
(Dalamin is remethylated by Gi-Hfolate to produce kfolate. (13). Construction, expression, and purification of mutant

Every 106-2000 turnovers, the cob(l)alamin species becomes L .
oxidized to the inactive cob(ll)alamin form (deactivation). En methionine synthase proteins, MetH(@49) and mutant

coli, return of the cob(ll)alamin form to the catalytic cycle requires I\_/IetH_(2—649), were previously d?scr_ibeﬂ)( For prepara-
a reductive methylation to regenerate methylcobalamin (activation), tions in metal-supplemented media, zinc chloride or cadmium

in which an electron is supplied by reduced flavodoxin and a methyl chloride was added to a final concentration of 0.5 mM.
group by AdoMet. Metal Content Determination by ICPSamples were
prepared as described earliek2?( and were sent to the
University of Michigan Department of Geological Sciences
or the Garratt-Callahan Company (Millbrae, CA) to deter-
mine the metal content by ICP.

amin cofactor §), while the fourth module, comprising
residues 89+1227, binds adenosylmethionine and is re-
quired for reductive activation7f. The X-ray crystal
structures of the cobalamin-binding regioB) (and the

AdoMet binding domain ¢ have been solved recently, Spectroscopic Me_tal Content Determiqatioﬁ.he zinc
whereas the structure of the 71 kDa N-terminal substrate- content was determined from the absorption change at 500
binding region has yet to be elucidated. nm associated with a zinc complex formed with 4-(2-

Since fragments of MetH that lack a binding site for the PYridylazo)-resorcinol (PAR) as enzyme-bound zinc was
cobalamin prosthetic group retain the ability to transfer reléased from the enzyme by the additiorpdiydroxymer-
methyl groups to and from exogenous cobalamin, one maycunp.henylsulfomc acid (PMPS) according to the p_rotocol
infer that homocysteine and methyltetrahydrofolate must be Of Giedroc et al. 14). A 15 uM sample of enzyme in 50
activated for methyl transfer by residues contained in the MM Tris chloride buffer, pH 7.2/0.4 M NaCl/0.1 mM PAR,
71 kDa N-terminal substrate-binding regiof. coli cells ~ Was titrated with 1 mM PMPS in the same buffer/NaCI/PAR
produce a second enzyme that catalyzes methyl transfer frond© release all cysteine-bound metal. The titrant was added
methyltetrahydrofolate polyglutamates to homocysteine, co- USing plastic pipette tips and not a metal syringe needle, as
balamin-independent methionine synthase, or Metf).(  divalent metals in the syringe needle complex with PAR and
This enzyme exhibits no sequence similarities with MetH perturb the result. The titration was judged to be complete
(11), but has been shown to require 1 equiv of zinc for When no further change at 500 nm was observed. The
catalytic activity (2). Fourier-transformed EXAFS spectra concentration of the Zn(PAR)complex was determined
are best fitted on the assumption that the zinc is coordinated@SSUming an extinction coefficient for Zn(PAR3t 500 nm
to two sulfur ligands and two oxygen or nitrogen ligands in of 66 000 M* cm* (15).
the MetE enzyme as isolated. Addition of homocysteine to  Determination of Proton Release in Equilibrium Titrations.
the enzyme results in a change in the coordination of the Proton release accompanying the binding or reaction of
zinc (12), and the spectrum is best fitted on the assumption homocysteine with MetH(2649) protein was monitored by
that the zinc is now coordinated to three sulfur ligands. titration in the presence of phenol red. The methods used
Mutation of the conserved cysteine residue Cys 726 to serinefor the proton-release experiments and for the calculation
leads to loss of catalytic activity and of enzyme-bound zinc. of results have been reported in the preceding paper in this
Given the observation of conserved cysteines in the N-issue (6). When truncated MetH proteins, lacking a
terminal module of MetH, Cys310, and Cys311, which when cobalamin binding region, are used, the analysis of proton
mutated result in loss in catalytic activityl)( it seemed release is simplified because the absorbance changes due to
possible that the two enzymes might employ similar catalytic proton release do not have to be corrected for changes in
strategies to activate their homocysteine substrate for methylthe cobalamin spectra.
transfer, even in the absence of detectable sequence similar- Homocysteine-Methylcobalamin Methyltransferase Assay
ity. in the Presence of EDTAThe reaction rates were monitored

In this paper, we investigated whether zinc is required for spectrophotometrically in the dark at 32 using a procedure
catalytic activity of MetH, and if so, whether the zinc is modified from an earlier paperl). The MetH(2-353)
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protein (500uM) was preincubated with-01.2 mM EDTA anaerobic conditions, as described earl3)( The meth-
(pH 7.2) for 10 min at 37°C before initiating the methyl  ylcobalamin holoenzyme was reacted with homocysteine
transfer reaction with the enzyme/EDTA solution instead of (100u«M) and (6R,9-CHs-Hsfolate (1 mM) at 25°C, with
with homocysteine. both the enzyme and the substrates in 50 mM Tris chloride,

Methyltetrahydrofolate-Homocysteine Methyl Transferase pH 7.2, and 100 mM KCI. The reaction was followed at
Assay Methionine synthase activity was determined using 525 nm to observe the demethylation of methylcobalamin.
a nonradioactive assay that measures the conversion 8f CH The initial rate of cob(l)alamin formation and the turnover
H, folate to Hifolate by derivatization of the latter to form  number were calculated as previously descriti22] 5.
CH*=H,folate. This assay has previously been described The rate of demethylation of methylated holoenzyme by
a7 homocysteine was determined at 28 under aerobic

Zinc Remoal from MetH(2-1227). The preparation of  conditions. Methylcobalamin enzyme (1M) in 50 mM
zinc-depleted methylated MetH(A227) protein was modi-  Tris chloride buffer, pH 7.2, 100 mM KCI was reacted with
fied from a method described by Qui et alg|, which homocysteine (102M) in 50 mM Tris chloride buffer, pH
consists ofSmethylation of the cysteine residues of the 7.2, 100 mM KCI. The formation of cob(l)alamin and
protein, removal of zinc with EDTA, and then removal of subsequent oxidation to cob(lll)alamin were observed at 386
the Smethyl groups with dithiothreitol. The cobalamin of nm. The data points were fitted to an equation with two
MetH(2—1227) protein was methylated as previously de- exponential terms (eq 1), wheke is the rate constant for
scribed (9, 20. Methylated MetH(2-1227) protein was
exchanged into 50 mM Tris chloride buffer, pH 7.2, and was AA =A+B k)¢ exd—kzt)
incubated with 20 equiv of MMTS at 2C. After 1 h, the 386 nm exp
Smethylated protein was dialyzed against 50 mM Tris
chloride, pH 7.2, and 1 mM EDTA at 4C for 24 h, and the
protein was then dialyzed against 2 mM DTT and 50 mM
Tris chloride buffer at pH 7.2 to remove the methyl groups . L ; . .
from the cysteines and to ensure that they were fully reducedﬁ:g gg{:Sted in stimulations to obtain the values that best fit
(21, 29. The zinc-depleted methylated MetH{2227) was '
then washed three times with metal-free Tris chloride buffer, RESULTS
pH 7.2, using Centricon 30 concentrators.

Zinc Reconstitution of the Zinc-Depleted MetH({227) Determination of the Zinc Content of Wild-Type and
Protein. Zinc chloride (1.5 M equiv) was added to a zinc- Mutant MetH Proteins. Recent studies on cobalamin-
depleted methylated MetH{21227) protein solution (100 independent methionine synthase (MetE) have shown that
uM) containig 1 M urea and 2 mM dithiothreitol. The  zincis required for catalytic activity and have suggested that
enzyme solution was dialyzed against 50 mM Tris chloride homocysteine is activated for nucleophilic attack on meth-
for 48 h. To ensure that all nonspecifically bound zinc was Yyltetrahydrofolate by coordination to zinc in its thiolate form
removed, the enzyme solution was passed through a400 (12). At physiological pH, homocysteine, which has a
Chelex 100 column (Bio-Rad) that had been equilibrated with microscopic K, of 10.0 for the thiol group46), is largely
50 mM Tris chloride buffer, pH 7.2. The enzyme solution present in the thiol form, so the deprotonation of the thiol to
was eluted with the same buffer, and the pink fractions were form a thiolate coordinated to zinc should enhance the
collected and concentrated in a Centricon 30 concentrator.nucleophilic character of homocysteine. In cobalamin-
The concentration of methylated MetH{2227) was deter-  dependent methionine synthase (MetH), homocysteine could
mined spectroscopically by monitoring the absorbance of the possibly be activated in the same manner to accept a methyl
enzyme-bound methylcobalamin at 525 nm using the extinc- group from endogenous methylcobalamin. Therefore, the
tion coefficient of 8910 M! cm™ (23). The amount of  zinc content of MetH(21227) and MetH(2649) protein
enzyme-bound zinc was determined using the colorimetric were determined by ICP (Table 1). For cells grown in
PMPS/PAR assay described earlier in this section. unsupplemented medium, holoenzyme MetH{227) and

Quantitation of Thiols. The number of sulthydryl groups  MetH(2—649) contain 0.70.8 M equiv of zinc/mol of
in MetH(2—1227), zinc-depleted MetH(21227), and re- protein present. When cells are grown in ZnaGupple-
constituted MetH(21227) were determined by a modifica- mented media, as described in Materials and Methods,
tion of the method described by Guo and co-workers, using holoenzyme MetH(21227) and MetH(2 649) contain 0.9
a colorimetric assay2@). In a cuvette, 40QcL of protein 1.0 M equiv of zinc/mol of protein. In contrast, the
samples (1615 4M) in 50 mM Tris chloride buffer, pH Cys310Ser and Cys311Ser MetH{(2227) and MetH(2
7.2, containig 5 M urea/2.5 mM EDTA/100 mM KCI, were  649) mutant proteins contaig0.06 equiv of zinc/mol of
mixed with 10uL of 8 mM DTNB. The reaction of DTNB protein, as does the wild-type MetH{353) truncated
with the denatured protein was monitored at 412 nm for 10 protein.
min. The concentration of 2-nitro-5-thiobenzoate anions Measurement of Proton Release Associated with Binding
released on reaction with reduced thiol groups on the proteinof Homocysteine to Wild-type and Mutant MetH-@49)
was determined using the extinction coefficient at 412 nm Proteins. When homocysteine is added to MetH(@49)
of 14 150 Mt cm2 (24), after subtraction of the absorbance protein in the presence of phenol red, there is a decrease in
obtained for the buffer/urea/EDTA/KCI mixture alone. absorbance at 560 nm due to proton release from the enzyme:

Stopped-Flow Studies of Turper and Demethylation of  homocysteine complex and the subsequent protonation of
Methylated MetH(21227) by HomocysteineThe rate of phenol red. Averaging data from four experiments conducted
approach to steady state and the turnover number wereat pH ~7.7 with enzyme from cells grown in zinc-
determined by stopped-flow spectroscopy at°Z5under supplemented medium, this change in absorbance corre-

the formation of cob(l)alamin, ankh is the rate constant
for the oxidation of cob(l)alamin to cob(lll)alamin. The
assigned rate constanks,andk,, and constanté, B, andC



15752 Biochemistry, Vol. 36, No. 50, 1997 Goulding and Matthews

Table 1: Results of ICP and Colorimetric Assays of MetH Zinc Content

Zn per Zn per
holoenzymes mol of protein truncated enzymes mol of protein

MetH(2—1227) holoenzyme 0.69 MetH{®49) protein 0.82
MetH(2—1227) holoenzynfe 0.89 MetH(2-649) proteifi 0.97

MetH(2—1227) Cys310Ser 0.06 MetH(549) Cys310Ala 0.01

MetH(2—1227) Cys311Ser 0.05 MetH{®B49) Cys311Ala 0.01
zinc-depleted MetH(21227) 0.04 zinc-depleted MetH(549) 0.02
MetH(2—353) protein 0.04

2 |solated from cells grown in glucose minimal MOPS medium supplemented witiB0BNCl, ° Isolated from cells grown in Luria-Bertani
medium supplemented with 5QM ZnCls.

1 T T T T T T T, 0.20 T T T T T
0.8 f . . g
§ ] g oasf .
n o 1 «©Q
cE 0.6 ] 2
Q25 oE
oN 4 @c 0.10 - ]
“c g4k J o
o 7 1 <
§¢ £3
BE oz2f . ol 0.05 | h
= =]
(= c o
0o F h.p--@-E-E--N--R--B-8-8--H--H--8 g L
o 0.00 [ . .
Ll 1 L 1 1 | EPETEE T R :
0 8 16 24 32 40 48 656 [ 2 ) g o u
0.001 0.01 0.1 1 10 100 1000
{Hey] (uM)

time (s
FiIGURE 2: Proton release associated with binding of homocysteine )

to wild-type and mutant MetH¢2649) proteins at pH 7.7. Titration ~ FIGURE 3. Stopped-flow measurements of methyl transfer from
of wild-type MetH(2-649) withL-homocysteine is depicted by the methylatedoMetH(’allZZ?_) toL-homocysteine under aerobic condi-
filled circles and resulted in release of 1.0 equiv of protons/mol of tions at 25°C. Enzyme in the methylcobalamin form-10 uM)
protein. The data points were fitted to a quadratic binding curve Was mixed with 10Q«tM homocysteine. The cob(l)alamin concen-
with the enzyme concentration fixed at 281 and gave an apparent tration Was_monltored at 386 nm; the absorbance increases as the
Kq of 9 uM. When homocysteine was titrated into solutions of the demethylation of methylated enzyme to cob(l)alamin enzyme
Cys310Ala (large solid square) and Cys311Ala (small solid square) OCcurs, and then the ox.ldatlon of cob(.l)alamln enzyme to cob(lll)-
mutant proteins, no proton release was observed. EnzymeM25 alamin enzyme results in a decrease in absorbance at 386 nm. The
in 50 «M potassium phosphate buffer, initially at pH 7.2/100 mM  Plack curve shows the demethylation of MetH{227) grown in
NaCl/404M phenol red, was transferred to an anaerobic cuvette, Zinc-supplemented glucose minimal MOPS medium; the data have
degassed, and then titrated with a homocysteine solution in the samdeen fitted to a biexponential rate equation as described in the text.
buffer. The release of protons was determined from the increase in | Ne two curves that show no demethylation present data recorded
absorbance of phenol red at 560 nm, as described in the precedind' the Cys310Ala (lower trace) and Cys311Ala mutant MetH(2
paper in this issuelf). The actual pH range during the titration ~1227) (Upper trace) proteins.

e e o 1 abscrbance of e Rhen) 6: M e putants of Metr(2.1227) in which Cys310 or Cys3i1 are
replaced by either alanine or serine are not catalytically active
sponds to the release of (90.2 protons, and the quadratic (1). We now show that the rate of demethylation of the
binding curve fits yield &Kg(observed) of~7 + 3 uM, in methylcobalamin prosthetic group of MetH{2227) protein
good agreement with measurements of homocysteine bindingby homocysteine is affected by the Cys310Ser and Cys311Ser
to MetH(2-1227) (L6). The observed release of a proton mutations.
suggests that the enzyme-bound zinc binds the homocysteine By stopped-flow analysis, we followed the demethylation
thiolate anion at pH 7.7, despite the relatively high micro- of the wild-type methylcobalamin form of MetH{21227)

scopic X, of 10.0 measured for the homocysteine thR8)( by homocysteine under aerobic conditions (Figure 3). We
The apparenKy for homocysteine is also very similar to  monitored the reaction at 386 nm in a stopped-flow spec-
that observed for MetH(21227) holoenzyme at pH 7.86). trophotometer after mixing 8M methylated enzyme with

The Cys310Ala MetH(2649) and Cys311Ala MetH(2 100 uM homocysteine. At 386 nm, we observed the
649) mutant proteins do not catalyze methyl transfer from formation of cob(l)alamin and then oxidation of cob(l)alamin
exogenous methylcobalamin to homocysteitg and by to cob(lll)alamin. The spectrum of the final product was
metal analysis they contain only 0.05 equiv of zinc/mol of that of MetH(2-1227) in the cob(lll)alamin form. The rate
protein. Due to the lack of enzyme-bound zinc in the MetH- constant for the demethylation of methylcobalamin by
(2—649) Cys310Ala and Cys311Ala mutant proteins, one homocysteine in this experiment is 11.3'sand ap-
might expect that there would be no proton release upon proximately 85% of the methylated holoenzyme was dem-
homocysteine binding to these mutant proteins. Indeed, uponethylated before cob(l)alamin began to oxidize to cob(lll)-
addition of homocysteine to the Cys310Ala and Cys311Ala alamin. The rate constant varies somewhat from one
MetH(2—649) mutants, no proton release is observed (Figure experiment to another, with a range of values-8l5 s*
2). seen with five different enzyme preparations. We observed
Effect of Cys310Ser and Cys311Ser MetH[227) Mu- no demethylation of the methylated Cys310Ser and Cys311Ser
tants on the Demethylation of Methylated Enzynie. MetH(2—1227) mutant proteins with homocysteine over 30
previous work, we have shown that the methyl transfer from min, confirming that the cysteine mutations abolish the
exogenous methylcobalamin to homocysteine is not catalyzeddemethylation of the endogenous methylcobalamin cofactor,
by Cys310Ala and Cys311Ala MetH{b49) mutants and  as well as the demethylation of exogenous methylcobalamin.
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The rate constant for demethylation of the wild-type 20000 \ T T T 8
enzyme measured in these experiments19-fold slower i~
than the rate constant of 140'seported by Banerjee et al. g :’; 15000 s =
(27). In that study, the stopped-flow experiments were o T T w
carried out in 10 mM potassium phosphate buffer, pH 7.2, 8= 1° 3 3
and 25 mM dithiothreitol, under anaerobic condtions. Due Q & 10000 N 1+ 3%
to high zinc contamination in potassium phosphate buffer, 59 ) Js .8
all our samples were exchanged into metal-free Tris chloride 2 8 440 b 1.8 %
buffer, pH 7.2, in the absence of dithiothreitol. The buffer = AN ==
exchange does not result in loss of zinc, since all the protein "\\ £l
samples analyzed for zinc content in Table 1 had undergone ° 5 ” 5 === 5"

a similar exchange procedure. To ensure that the slow rate log [EDTA]

constants observed in Tr.IS bl_Jffer were .not simply a Ficure 4: The effect of EDTA on the rate of methyl transfer from
consequence of the use of inactive preparations of enzyme exogenous methylcobalamin to homocysteine catalyzed by MetH-
samples of the same batch of MetH(®227) were ex- (2—353) and on the specific activity of wild-type MetH{2227).

changed either into 10 mM phosphate buffer/25 mM dithio- (a) The demethylation of methylcobalamin (0.25 mM) by homo-

threitol or into Tris chloride buffer/200 mM KCl and then ~ cYSteine (0.5mM) washcatalyzed by MeLH(273?3) with ?_10 .
were demethylated. The rate constant for demethylation of: M EDTA present In the assay mixture. The Inital rates of reaction
y : y were calculated as described previously, (and the observed

methylated MetH(21227) by homocysteine in phosphate second-order rate constants are plotted versus the log of the
buffer was 127 s!, in good agreement with the previous concentration of EDTA in the assajl Assays were carried out
study @7), while the rate constant for demethylation in Tris USINg 4'6antegz'yTr$ as descnb%;i?;)n '\l/\l/latl(EaIrDIGsz aan? Methqgs and

1 were conducted in the presence m . The specific
buffer Was 8.55". ltshould be noted that phosphate buffgr activity of wild-type MetH(2-1227) is plotted versus the log of
also stimulates the rate of methyl transfer to homocysteine the concentration of EDTA in the assay.

in cobalamin-independent methionine synthak@ (1.

Effect of EDTA on the Methyl Transfer from Exogenous
Methylcobalamin to Homocysteine Catalyzed by MetH(2
353) Protein. The proton release experiments with MetH-
(2—649) protein and Cys310Ser and Cys311Ser MetH(2
649) mutant proteins imply that zinc is required for
deprotonation of homocysteine on binding to the enzyme.
Furthermore, the Cys310Ala and Cys311Ala MetH{227)
mutant proteins do not undergo demethylation in the presence
of homocysteine, and they both lack enzyme-bound zinc. o
MetH(2—353) protein has been shown previously to catalyze §
methyl transfer from exogenous methylcobalamin to ho- 0 10 20 30 40 50 60 70
mocysteine, yielding methionine and cob(lll)alamin under [Hey] (uM)

aerobic conditions1). The ICP resuits show that purified Ficure 5. Proton release associated with binding-tlomocysteine
MetH(2—-353) contains 0.04 equiv of zinc/mol protein (Table MetH(2—353) protein ®). MetH(2—353) protein, 2M, in 50

1). Since MetH(2-353) is the module required for ho- ;M potassium phosphate, pH 7.2/100 mM NaCli4@ phenol red,
mocysteine binding, we suspected that its activity measuredwas degassed in an anaerobic cuvette and then titrated with

under assay conditions was achieved by scavenging zinc fromhomocysteine made up in the same buffer. The release of protons
the assay solution. The zinc content of our methylcobalamin- was determined from the increase in absorbance of phenol red at

. . 560 nm as described in the preceding paper in this iskbje The
homocysteine methyl transfer assay solutioni$3M, as final concentration of protons released wagM. Proton release

measured using PAR, while the concentration of enzyme in due to the titration of 25M MetH(2—649) with homocysteine is
these assays isggM. If zinc is weakly bound to MetH(2 shown for comparisonx).

.35:.3)1 then one would expect the mgtal chelator EDTA 10 10 Release Associated with the Addition of Homocys-
inhibit the ability of MetH(2-353) protein to catalyze methyl teine to MetH(2-353). Although no zinc is bound to MetH-

transfer from exogenous methylcobalamin to homocysteine.(2_353) if MetH(2—353) is scavenging zinc from the

A series of experiments were carried out using:@ surrounding solution, one should observe proton release upon
MetH(2—353) protein to catalyze methyl transfer from addition of homocysteine to MetH{853). However, if the
exogenous methylcobalamin (0.25 mM) to homocysteine (0.5 concentration of MetH(2353) is greater than the concentra-
mM) in the presence of-©10 uM EDTA, as described in  tion of zinc in the assay mixture, only substoichiometric
Materials and Methods. As the amount of EDTA increased proton release should be observed. The proton release
in the assay mixture, the second-order rate constant for theexperiment shown in Figure 5 was performed with,22
demethylation of methylcobalamin decreased (Figure 4). At MetH(2—353). Initial aliquots of homocysteine added
10 uM EDTA, the methyl transfer reaction rate of MetH- resulted in proton release, but after the addition ofub
(2—353) is reduced 10-fold. We infer that EDTA is homocysteine, proton release was no longer observed. The
chelating any zinc in the reaction solution, and therefore decrease in absorbance at 560 nm, due to the change in
preventing the binding of zinc to MetH{B53) and render-  absorbance of phenol red, was equivalent Vb protons
ing MetH(2—353) inactive. MetH(2-353) appears to bind  being released into solution, indicating that MetH@53)
zinc more weakly than MetH{2649) so that enzyme-bound had scavenged &M zinc. Analysis of several buffer
zinc is lost during purification. samples used for proton release experiments, using PAR,

25 T T T T T T

20fF x" X ]

101 x 3

[protons released] (uUM)
x
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indicated 6+ 2 uM zinc was present. 0.20 A g y y
Effect of EDTA on the Specific Adtly of Holoenzyme. 3

Since EDTA inhibited the catalytic activity of MetH{353), g oasf :

we wanted to determine whether EDTA would also inhibit §§

the holoenzyme in primary turnover. The standard meth- §§ o.10 | — ]

yltetrahydrofolate-homocysteine methyltransferase assay con- ] 7/ N\

tains 4.6 nM MetH(2-1227) holoenzyme and this assay was % 0.05 F s .

performed in the presence of@ mM EDTA. The specific 3] e <

activity of MetH(2—1227) is decreased as the concentration .00 L L L L

of EDTA in the assay increases, and the specific activity of oor oot ol (s; e 1o

MetH(2—1227) in the presence of 1 mM EDTA is reduced o ¢

55-fold (Figure 4). = [B ' ' )
Isolation of MetH(2-1227) from Cells Grown in Medium 13

Supplemented with Cadmium Chlorid€he overexpressing g

strain XL1-Blue/pMMA-07 was grown in B-supplemented =

minimal medium {3) containing 500uM CdCl,. Metal E

determination by ICP showed that MetH{2227) isolated s

from cells grown in cadmium-supplemented medium con- g

tained 1.1 equiv of cadmium/mol of protein, and it also =

contained 0.1 equiv of zinc/mol of protein. The specific o 01 0.2 03 04 05

activity of MetH(2—1227) purified under these conditions time (s)

was 4.6umol min~* mg™*, which is a 60% reduction in  Feure6: Stopped-flow studies of methyl transfer from methylated
specific activity compared to MetH{21227) grown in zinc- MetH(2—1227) toL-homocysteine under aerobic conditions at 25
supplemented medium. °C. Enzyme in the methylcobalamin form-{0 uM) was mixed

: _ with 100 uM homocysteine. (A) The cob(l)alamin concentration
Effect of EDTA on the I_Demethylanon of Methylated M.e tH was monitored at 386 nm; absorbance at 386 nm is plotted versus
(2—1227) by Homocysteine and the Effect of Cd-Substitutedime, one observes an increase in absorbance as the demeth-
Enzyme. We observed the rate of demethylation of meth- ylation of methylated enzyme to cob(l)alamin enzyme occurs, and
ylated MetH(2-1227) by monitoring the reaction at 386 nm then the oxidation of cob(l)alamin enzyme to cob(lll)alamin enzyme

; : : the demethylation of MetH(21227) isolated from cells grown in
methylated enzyme with 2Q0M homocysteine under aerobic zinc-supplemented medium-j, MetH(2—1227) from cells grown

conditions (Figure 6A). When. 300M EDTA iS_ added to in cadmium-supplemented medium ¢ —) and MetH(2-1227)

the methylated holoenzyme mixture, the maximum concen- incubated with EDTA (30Q«M) (:++). The data points have been
tration of cob(l)alamin formed is reduced (Figure 6A), but fitted to a bi-exponential rate equation as described in Materials
the rate constant for its formation is approximately the same and Methods. (B) Comparison of the initial rates of demethylation

. . of methylated enzyme by homocysteine. The observed changes in
(Figure 6B). These results suggest that EDTA removes zinc absorbance at 386 nm under aerobic conditions were normalized

from the holoenzyme, but does not significantly affect the ysing the absorbance increase at 386 nm determined by complete

rate constant for demethylation of residual zinc-replete demethylation of the methylated enzyme to cob(l)alamin enzyme

methylated holoenzyme by homocysteine. under anaerobic conditions; absorbance at 386 nm is plotted as a
The holoenzyme isolated from cells grown in cadmium- linear function of time. The curves show the demethylation of

. . s MetH(2—1227) isol fi I in zinc- I
supplemented medium shows different characteristics thanmggiu(m 6) ),\,,'ZSHE(‘t;dlerO?; ?r%rf] %ﬁﬁ“é?ovzv'ﬂciﬁ“"c’gdﬂﬁﬁ? d

the holoenzyme from cells grown in zinc-supplemented supplemented medium-(— —), and MetH(2-1227) after incuba-
medium. The cadmium-substituted holoenzyme contains 1.1tion with 300uM EDTA (:++). The normalized data were fitted to

equiv of cadmium and 0.1 equiv of zinc/mol of protein. The Single exponential equations.

rate of formation of cob(l)alamin in MetH(Cd) (rate constant . o N
of 0.84 s1) is considerably slower than that of methylated  Effects of Zinc Remal and Reconstitution on the Specific
MetH(Zn) in the presence of homocysteine (Figure 6B). The Activity of MetH(2-1227). The addition of MMTS to MetH-
rate constant for the demethylation of methylated MetH(Cd) (2—1227) was followed by dialysis with EDTA and dithio-
is sufficiently slow that oxidation of cob(l)alamin to cob(lll)- ~ threitol, resulting in a zinc-depleted MetH{2227) enzyme.
alamin (rate constant of 0.15% competes with formation ~ Metal determination by ICP showed only 0.06 equiv of zinc/
of cob(l)alamin, which explains why one observes only 50% Protein. The specific activity of zinc-depleted MetH(2
cob(l)alamin during the demethylation of methylated MetH- 1227) in the standard enzyme assay is reduced by 80% from
(Cd) protein (Figure 6A). The final spectrum of the 10.1umolmin~tmgto 2.1umol min~* mg™ for the zinc-
methylated MetH(Cd) enzyme reacted with homocysteine depleted MetH(_21227)_. Residual activity is assumed to
is ~85% cob(lll)alamin, indicating that at least 85% of reflect scavenging of zinc from the assay mixture. Recon-
methylated MetH(Cd) undergoes demethylation by homocys- Stitution of zinc-depleted MetH(2-1227) by dialysis against
teine. Sulfur ligands bind cadmium more tightly than zinc; Zinc Chlorlde,_urea, and dithiothreitol r_esulted in incorporation
one may assume that the dissociation of the homocysteine®f 0-37 equiv of enzyme-bound zinc/mol of protein, as
thiolate ion from cadmium is slower than that from zinc and determined by the PMPS/PAR colorimetric assay. The
gives rise to the observed 12-fold reduction in the rate SPecific activity of reconstituted MetH{21227) was 4.3
constant for demethylation of methylated MetH(Cd) by Mol min~* mg™*, which is approximately 40% of the
homocysteine. There is no fast phase in the demethylation0riginal specific activity of MetH(2-1227).

of MetH(Cd), indicating that the 0.1 equiv of zinc detected  Effect of Zinc Remal and Reconstitution on Enzyme-
by ICP are not bound at the active site of the enzyme. Monitored Steady-State Turper of MetH(2-1227) and on
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time (s) Ficure 8: Stopped-flow measurements of the rate of methyl transfer

FIGURE 7: Enzyme-monitored turnover of untreated, zinc-depleted, from methylated MetH(21227) to homocysteine under aerobic
and zinc-reconstituted methylated MetH—(2227). Enzyme- conditions at 25C. Demethylation by homocysteine is shown for
monitored turnover was observed under anaerobic conditions in aMetH(2—1227) (), zinc-depleted MetH(21227) ¢ — —), and
stopped-flow spectrophotometer at 5. Enzyme in the methyl- zinc-reconstituted MetH(21227) ¢-+). Enzyme in the methylco-
cobalamin form €10 xM) was mixed with 10 equiv of homocys-  balamin form ¢10 uM) was mixed with 10QuM homocysteine;
teine and 50 equiv of methyltetrahydrofolate (where both solutions both enzyme and substrates were dissolved in 50 mM Tris chloride,
are in 50 mM Tris chloride, pH 7.2, and 100 mM KCI) as described pH 7.2/100 mM KCI. These experiments differ from those shown
in Materials and Methods. The cob(l)alamin concentration was in Figure 7 in that Ch-Hfolate is not present. As noted in the
monitored at 525 nm and normalized using the absorbance changedext, the observed rate constant~4.0-fold slower for untreated
at 525 nm determined by complete demethylation of the methylated enzyme equilibrated in Tris/KCI buffer than for enzyme in
enzyme to cob(l)alamin enzyme using excess homocysteine. Dataphosphate/dithiothreitol buffer.

are shown for MetH(21227) (), zinc-depleted MetH(21227)

(= — ), and zinc-reconstituted MetH(21227) ¢--) . activity in turnover may be due to irreversible damage caused
to MetH(2—1227) by treatment whit 1 M urea.

The effect of zinc-reconstitution on the initial rate of
demethylation of methylated enzyme may be better studied
by observing the demethylation of reconstituted methylco-
balamin MetH(2-1227) by homocysteine in the absence of
N . “ methyltetrahydrofolate. Stopped-flow analyses of the dem-
1227) with limiting but saturating amounts of homocygtelne ethylation of the methylated enzymes by homocysteine in
and an excess of methyltetrahydrofolate; the formation of o 'apsence of methyltetrahydrofolate were performed under
cob(l)alamin and its remethylation are monitored at 525 Nm gjmilar conditions as the experiment shown in Figure 3 and
under anaerobic conditions. Initially, the untreated meth- 5 shown in Figure 8. Zinc-depleted methylated MetH(2
ylated enzyme is rapidly demethylated by homocysteine, a1227) does not demethylate in the presence of homocysteine
slight overshoot of steady state cob(l)alamin levels is seen, ynder aerobic conditions. With zinc-reconstituted methylated
and then steady state-85% cob(l)alamin] is achieved. After  \MetH(2—1227) containing 0.37 equiv of zinc/mol of protein,
limiting homocysteine has been exhausted, the cob(l)alaminthe rate constant for demethylation of reconstituted meth-
is remethylated by the excess methyltetrahydrofolate to ylated MetH(2-1227) is approximately the same as that for
regenerate methylated MetH{2227). Analysis of the  the wild-type enzyme. These results suggest that zinc is
approach to steady state gives a rate constant for demethrequired for catalytic activity, and in particular, that zinc is
ylation of methylated MetH(21227) by homocysteine of  required for the methyl transfer reaction from enzyme-bound
125 s, which is similar to previously observed rate methylcobalamin to homocysteine.
constants43, 27. Zinc-depleted methylated MetH{2227)
which has been treated with MMTS and then with dithio- DISCUSSION
threitol and EDTA to remove enzyme-bound zinc, does not
turn over under these conditions (Figure 7). Titration of the

the Rate of Demethylation of Methylated MetH({227) by
Homocysteine. The primary turnover reactions involve
methyl transfers that occur in a ternary complex of the
enzyme with both of its substrate®7j. In Figure 7, one
can observe steady state turnover of methylated MetH(2

These studies strongly support the concept that two
zinc-depleted enzyme with DTNB under denaturing condi- €NZYMes with no detectable homology, cobalamin-indepen-
tions established that all thiols had been unblocked. den.t and cpbglamm-dependent methlo_nlne synthase, emp"’y
_ o ) i basically similar strategies for the binding of homocysteine,
Zinc reconstitution of zinc-depleted MetH2227), which o ' they both coordinate the homocysteine thiolate to
incorporates 0.37 equiv of zinc/mol of protein, restores enzyme-bound zinc. Recent work in other laboratories
approximately 35% of primary turnover as determined by syggests that this strategy for binding and activation of
the steady state concentration of cob(l)alamin produced. Thethjolates is employed by a variety of other proteins, and the
turnover number is reduced from 26.2'svith MetH(2— role of zinc in thiol activation has recently been the subject
1227) to 2.1 s* with reconstituted MetH(21227). This  of a review @8). The precedent for thiol activation by
represents a 5-fold reduction in activity if we take into protein-bound divalent zinc comes from studies on the
account that only 37% of reconstituted MetH(2227) is  mechanism of methylthioether formation at a specific cys-
zinc-replete (Figure 7). The rate constant for the approachteine residue during the repair of DNA methylphosphotri-
to steady state associated with demethylation of zinc- esters by the Ada protein frof. coli (29, 3Q. In the Ada
reconstituted methylated MetH{2227) is also reduced by  system, spectroscopic evidence shows that zinc is ligated to
5-fold, from 125 s! to 27 s, again taking into account the thiolate of cysteine 69, activating this residue for
that only 37% of the enzyme is zinc replete. The loss in nucleophilic attack on the methyl group of a DNA meth-
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ylphosphotriester. The divalent zinc ion in the Ada protein is critical for maximal thiolate reactivity. These predictions
is coordinated to four thiolate ligands, and this coordination can now be tested by mutagenesis of cobalamin-dependent
is postulated to enhance the nucleophilicity of cysteine 69 methionine synthase, with substitution of histidine residues
at neutral pH 31). for the cysteine ligands to zinc.
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