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ABSTRACT. The methyltetrahydrofolate:corrinoid/irersulfur protein methyltransferase (MeTr) from
Clostridium thermoaceticuroatalyzes transfer of thid>-methyl group from (&)-methyltetrahydrofolate
(CHs-Hafolate) to the cobalt center of a corrinoid/irosulfur protein (CFeSP), forming methylcob(lll)-
amide and Hfolate. This reaction initiates the unusual biological organometallic reaction sequence that
constitutes the WoodLjungdahl or reductive acetyl-CoA pathway. The present paper describes the use
of steady-state, product inhibition, single-turnover, and kinetic simulation experiments to elucidate the
mechanism of the MeTr-catalyzed reaction. These experiments complement those presented in the
companion paper in which binding and protonation ofs&Hfolate are studied by spectroscopic methods
[Seravalli, J., Shoemaker, R. K., Sudbeck, M. J., and Ragsdale, S. W. (Ba89emistry 3835736

5745]. Our results indicate that a pH-dependent conformational change is required for methyl transfer in
the forward and reverse directions; however, this step is not rate-limiting:Hztdlate and the CFeSP

[in the cob(l)amide state] bind randomly and independently to form a ternary complex. Kinetic simulation
studies indicate that GiHifolate binds to MeTr in the unprotonated form and then undergoes rapid
protonation. This protonation enhances the electrophilicity of the methyl group, in agreement with a 10-
fold increase in the g, at N° of CHz-Hsfolate. Next, the Co(l)-CFeSP attacks the methyl group in a
rate-limiting Sy2 reaction to form methylcob(lll)amide. Finally, the products randomly dissociate. The
following steady-state constants were obtain&gd; = 14.7+ 1.7 s'1, K, of the CFeSP= 12 + 4 uM,

andKy, of (6S)-CHs-Hsfolate= 2.0 4+ 0.3uM. We assigned the rate constants for the elementary reaction
steps by performing steady-state and pre-steady-state kinetic studies at different pH values and by kinetic
simulations.

Clostridium thermoaceticurand other anaerobic bacteria pathway involve transfer of the methyl group to an enzyme
fix CO or CQO;, by the Wood-Ljungdahl pathway of acetyl-  called CO dehydrogenase/acetyl-CoA synthase (CODH/ACS)
CoA synthesis1—3). This pathway also is responsible for where it combines with CoA and carbon monoxide to
the ability of acetogenic bacteria to synthesize 3, instead of generate acetyl-CoA.

2, mol of acetyl-CoA per mole of glucose. A unique feature

of the Wood-Ljungdahl pathway is that it involves a series CHs-H,folate+ cob(l)amide=

of enzyme-bound organometallic intermediates. The first H,folate + CH,-cob(lIl)amide (1)
intermediate in this biological organometallic reaction se-

quence is a methylcobalt species, which is formed by transferMeTr has been purified to homogeneit) and crystallized

of theN>-methyl group from (6)-CHs-H,folate! to the cobalt  (5). The protein lacks metals or other prosthetic groups, and
center of a corrinoid irorsulfur protein (CFeSP) (eq 1). is one of the few oxygen-stable proteins in the Weod
This reaction, which is the focus of the present paper, is Ljungdahl pathway&). MeTr has a homodimeric structure
catalyzed by a methyltetrahydrofolate:corrinoid/iresulfur with two 28 kDa subunits4, 6). The corresponding gene
protein methyltransferase (MeTr). Subsequent steps in thehas been cloned, sequenced, and actively overexpressed in
Escherichia coli(7, 6). Location of the Hfolate binding
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* Correspondence should be addressed to this author. Phone: 402sequence homology with a region adjacent to the cobalamin

472-2943. Facsimile: 402-472-7842. Internet: sragsdal@unlinfo.unl.edu. binding site of methionine synthasé)(
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1 Abbreviations: CH-Bi,, methylcobalamin; CktH4folate, meth- H,folate is the CFeSP, an 88 kDa heterodimeric protein with
yltetrahydrofolate; CFeSP, corrinoid/ireisulfur protein; MeTr, me- subunit molecular masses of 33 and 55 kBag). The 55

thyltetrahydrofolate:corrinoid/ironsulfur protein methyltransferase; ; ; _ + e
CODH/ACS, CO dehydrogenase/acetyl-CoA synthase; SHE, standard!(Da subunit contains a [4Fe LFST cluster that is involved

hydrogen electrode; PCA, protocatechuic acid; PCD, protocatechuate!l reductive activation Qf t.he cobalt cent.dJO][. _The cobalt
dioxgenase; MES, 2N-morpholino)ethanesulfonate. center, 5methoxybenzimidazolylcobamide, is bound pre-
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dominantly to the 33 kDa subuniB( 11). Stopped-flow spectrophotometer (On-Line Instrument Systems Inc.) at 25
studies have shown that the methyl transfer reaction involves°C. The temperature of the reaction was controlled by a
a nucleophilic attack by the Co(l) state of the CFeSP on the circulating water bath. For initial rate studies, the concentra-
methyl group of (&)-CHs-Hsfolate (12). Thus, during tion of (6R9-CHs-Hsfolate was fixed at 5&M and the
catalysis, the CFeSP cycles between the cob(l)amide andCFeSP concentration was varied. The CFeSP was reduced
methylcob(lll)amide states. In approximately 1 in 100 to the cob(l)amide state by the procedure described above.
turnovers, cob(l)amide escapes from the catalytic cycle by The initial velocity was calculated based on a difference
oxidation to cob(Il)amide 13). Then, reductive activation  extinction coefficient A¢) between cob(l)amide and meth-

is required to regenerate cob(l)amide. These features of theylcob(lll)amide of 17 mM?* cm™ (12). Values ofk. and
catalytic mechanism are reminiscent of those of the cobal- k../Kr for CFeSP were calculated from the dependence of
amin-dependent methionine synthase, which, however, hadnitial rates on CFeSP concentration at each pH as shown in
a more complicated reductive activation mechanism involv- Figure 1. The steady-state traces at several pH values, which
ing adenosylmethionine1§). Changes in coordination were used for simulations, were obtaineda 2 mmcell
chemistry-removing the lower axial cobalt ligand and path at 390 nm at constant concentrations ofiKD(6RS-
imposing other subtle electronic changes on the cobalt CHs-Hjfolate, 74uM CFeSP, 31 nM MeTr, and 50 mM MES
center-enhance the methyl transfer properties of the CFeSPbuffer at an ionic strength of 0.1. Other conditions are
(9, 15-17). provided in the Figure 4A legend.

The focus of the studies described in this paper was to Product Inhibition StudiesThe CFeSP was methylated
elucidate the kinetic mechanism of the MeTr reaction. It has as previously described1®). All solutions were made
been proposed that protonation of thé &t C group of anaerobic either by bubbling withNr by preparing in the
CHs-Hfolate could facilitate the methyl transfer reaction by anaerobic chamber. The cuvettes with red-rubber stoppers,
making the bound methyl group more electrophilic and, and a cell path of 1 or 0.2 cm, were placed in a Schlenk
hence, more subject to the nucleophilic attack by cob(l)- line, and the atmosphere was exchanged by flushing with
amide (8, 19. The rate of the MeTr reaction increases as nitrogen for 20 min. In one set of experiments, the
the pH is lowered (K. ~ 5.0) (12), following a pH profile concentration of CFeSP was fixed at 20 and the
that is similar to that observed for ionization of thé gtoup concentrations of §-CHs-Hsfolate (the substrate) and either
of (69-CHs-Hsfolate. Protonation of MeTr-bound GHH,- Hfolate or CH-CFeSP (the product inhibitors) were varied.
folate has been recently demonstrated by NMR stud@s ( In another set of experiments,6CHs-H,folate was fixed
However, a conformational change in MeTr, not substrate at either saturating (5:M) or unsaturating (0.8uM)
protonation, appears to be responsible for the pH dependenceoncentrations and the CFeSP concentration was varied in
of the reaction 21). the presence of one of the products. The CFeSP was reduced

The results described in this paper include single-turnover, by Ti(lll) citrate. The initial velocity was obtained by
initial velocity, product inhibition, and kinetic simulation  monitoring the absorbance decrease at 390 nm.
experiments that have allowed us to describe and assign rate Single-Turneer Studies of the Methylation of the CFeSP.
constants for the elementary steps in the MeTr-catalyzedThe study of the forward reaction was performed in a
reaction. Overall, the reaction was defined as a random Bi- DX.17MV Sequential stopped-flow ASVD spectrophotom-
Bi mechanism, and the methy! transfer step is rate-limiting. eter from Applied Photophysics (Leatherbarrow, England).

Preparations to make the stopped-flow instrument anaerobic,
MATERIALS AND METHODS using protocatechuic acid (PCA) and protocatechuate dioxy-

Materials. (6S)-CHs-Hfolate was a generous gift from genase (PCD), were performed as describ&g). (The
SAPEC S.A. in Switzerland. & 6R)-Hjfolate was purchased  experiments were conducted at 26 at a constant ionic
from Dr. B. Schircks Laboratories in Switzerland."Gl; strength of 0.1. The CFeSP«8 uM) was reduced to cob-
was purchased from Aldrich. Methylcobalamin (€Bi) (Damide by incubation with ZM CODH/ACS and 1uM
and protocatechuic acid (PCA) were purchased from Sigma.Fdll in 2 mM Tris-HCI, pH 7.6, under an atmosphere of
Protocatechuate dioxygenase (PCD) was a generous gift fromcarbon monoxide for 30 min. The resulting reduced CFeSP,
Dr. David P. Ballou (The University of Michigan) and Dr. containing 0.1 M NacCl, was rapidly mixed with 32(M
John Lipscomb (The University of Minnesota). Other (6RS-CHs-Hjfolate and 20.7«M MeTr dimers in 50 mM
reagents were of analytical grade from either Sigma or MES buffers of the appropriate pH. The absorbance decrease
Aldrich and were used without further purification. at 390 nm, due to cob(l)amide depletion, and increase at

Enzyme Preparation. C. thermoaceticumas grown as 450 nm, due to methylcob(lll)amide formation, was moni-
described 22). All proteins were purified at 18C under tored in a cell with a path of 1 cm, and the stopped-flow
strictly anaerobic conditions in either a Vacuum Atmospheres traces were fit to a single-exponential equation using the
or a Coy Laboratory Products anaerobic chamber. The CFeSPsoftware from Applied Photophysics. Other details are
(9), MeTr (8), ferredoxin 1l (Fdll) 3), and CODH/ACS described in the legend to Figure 3A. The dissociation
(24) were purified to homogeneity as described. A CFeSP constant for the CFeSRMeTr complex was measured also
stock solution was desalted using an Amicon Mirocon by single-turnover experiments, with the MeTr concentration
concentrator (Model 30) by washing with 3 volumes of 1 varied at a constant (10M) CFeSP concentration, so that
mM Tris-HCI, pH 7.6, containing 0.1 M NaCl. The concen- the absorbance changes due to methylation of cob(l)amide
tration of protein was determined by the Rose Bengal methodwere identical for all traces. The CFeSP was reduced as
(25). described above and rapidly mixed at 25 with 200uM

Determination of k: and k./Kn, for the CFeSPSteady- (6R9-CHs-Hfolate and MeTr (5.2, 10, 20, 41, 82, and 124
state experiments were performed on a modified Cary-14 uM, expressed as the dimeric unit) in 0.2 M MES, pH 5.1,
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a A = CHs-Hsfolate; B= CFeSP; P= CH;-CFeSP; Q= Hjfolate;
HExx = protonated active MeTr, Exx unprotonated inactive MeTr.

2 mM DTT. The traces at 390 nm with a cell path of 1 cm
were fit to single-exponential decay equations, and the
average of 510 traces was plotted versus the final MeTr
concentration as shown in Figure 2.

Simulation of Pre-Steady-State and Steady-State Traces
Pre-steady-state kinetic data obtained with CFeSP and CH
Hsfolate at 25°C and at different pH values were fitted by
the program FITSIM 26) using the mechanism described
in Scheme 1A. Similarly, the pre-steady-state kinetic data
with CHs-CFeSP and KHolate were fitted using the mech-
anism shown in Scheme 1B. This allowed us to test the
validity of the mechanism and to derive rate constants for
steps that we could not determine experimentally. The
resulting rate constants were then used to simulate the stead
state reaction progress curve with the KINSIRFY program
and to fit the rate constants by FITSIM using the mechanism
shown in Scheme 1C. To allow an unrestrained evaluation
of all parameters, the program was used in the steady-stat
mode, so that the equilibrium constants for individual steps
were calculated from the fitted microscopic rate constants.
Therefore, errors in individual equilibrium constants were
calculated from the estimated errors on the fitted microscopic
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mization using different initial estimates. The valuekof

for CFeSP was set at @M, and theKq for CHs-Hsfolate

was set at 1..xM. Other details of the single-turnover and
steady-state experiments are described in the legends of
Figures 3 and 4, respectively.

RESULTS AND DISCUSSION

pH Dependence of the MeTr Reactiolhe MeTr-
catalyzed reaction is pH dependent. The pH dependencies
for keof K for each of the four substrates of MeTr (CFeSP,
CHs-H,folate, CH-CFeSP, and Holate) increase as the pH
is lowered with K, values ranging from 5.0 to 5.3 (with
uncertainties of~0.1 K unit in each case) [Table 1 in
reference12)]. If ionization of the substrate is rate-limiting,
protonation of CH-Hsfolate should increase the rate of the
forward reaction, while protonation of Jblate should
decrease the rate of the reverse methyl transfer reaction.
Furthermore, the I9, of MeTr-bound CH-Hafolate is 5.80
(20), which differs significantly from the correspondingp
(5.10) for thek../Kn, for CHs-Hafolate. These data strongly
suggest that a rate-limiting ionization of MeTr, not of &H
Hfolate, is responsible for the pH dependence of the methyl
transfer reaction. This hypothesis was consistent with
fluorescence quenching studies that revealed a pH-dependent
conformational change in MeTr with a characteristic, pf
5.0+ 0.1 (21). It was proposed that at lower pH, the protein
shifts to a conformation in which hydrophobic regions are
exposed to solvent, favoring binding of the substrates-CH
Hsfolate and Hfolate to MeTr. However, the dissociation
constant for ChH-Hfolate from MeTr was, surprisingly,
found to be pH independen2@). We hypothesize that the
unprotonated substrate, the major form of £htfolate in
solution where MeTr is most active, is the preferred substrate,
and upon binding to the enzyme, it undergoes protonation.
Proton uptake experiments are consistent with this proposal
(20).

To further test the concept that ionization of the enzyme
leads to the observed pH dependence of the MeTr reaction,
we performed the steady-state kinetic experiments shown in
Figure 1. These experiments were performed by varying the

y[CFeSP] at saturating concentrations o0& H;-H,folate

(Kg = 1.5uM). Under these conditions, the apparent values
of keat and keof Ky correspond to thekey for the forward
reaction and thek../K,, for CFeSP, respectively. The pH

glependence fokea/Kn for the CFeSP reproduces the pH

profile previously obtained by steady-state first-order kinetics
(12). Moreover, these results also show that kaefor the
CFeSP is pH independent between pH 4.9 and 7.6, which
includes the physiological pH~6) and the region of

rate constants. The pH was set as a constant based on thE@ximum enzyme activity. The valueslef: andke/Kn are

concentrations of protonated and unprotonated MES buffer
at each pH and thely for the buffer (K, = 6.10). The
rates for protonation of MES, free GHH.folate, and free
H.folate were all set to be diffusion-controlled {2

s 1), while the rates for deprotonation were calculated from
the corresponding rates of protonation and tkg yalues.
The K, values for free ChtHjfolate and Hfolate were set

at 4.82 £8), while the K, values for bound CEH,folate
and Hifolate were set at 5.8020). The default limits of
FITSIM were used for all other rate constants {0zero-
order rate constant 10'°s™1). The values of all final fitted
rate constants were tested by repeating the FITSIM mini-

pH-dependent, with I, values of 5.6 and 5.1. Therefore,
the binding of both substrates for the forward reaction is pH
independent, and the pH dependence of this reaction must
originate in ionizations occurring in the ternary complex,
which affectk.s: We propose that a similar behavior operates
for the reverse methyl transfer, and our simulations (vide
infra) are consistent with pH-independent binding of £H
CFeSP and Holate.

Initial Velocity and Product Inhibition Studies of CFeSP
Methylation.Previous work established that transfer of the
methyl group from ChHH,folate to the CFeSP occurs by a
direct §y2-type mechanisml@). Thus, catalysis must occur
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Ficure 1: Dependence d{;,;andk../Ky, for CFeSP on pH. Initial
rates were measured at 390 nm for the forward reaction of MeTr
at 25°C in 0.1 M MES at the appropriate pH and at an ionic
strength of 0.1. The concentration oR§-CHs-H folate was held
constant at 6QuM. The data at each pH were then fit to the
Michaelis—=Menten equation, yielding values kf;: andK, for the
CFeSP. The pH dependencekgf; for CFeSP was then fitted to a
single ionization pH dependence, yielding valuekgf= 14.7 +
1.7 stand K, = 5.43+ 0.11. The same analysis fkga/Kn, for
CFeSP yieldedafKm = 1.6 + 0.6 uMt st and K, = 5.3+
0.2. Inset: Dependence Kf, for the CFeSP on the pH. The average
Km value is 12+ 4 uM.
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Ficure 2: Dependence of the initial turnover rates on the MeTr
concentration. CFeSP (1M initial concentration) was reduced
as described under Materials and Methods and rapidly mixed with
100 uM (B6R9-CHs-Hsfolate and MeTr (as the dimer) at the
following final concentrations: 5.2, 10, 20, 41, 82, and 124 in

0.2 M MES, pH 5.1, 2 mM DTT, at 25C. The traces at 390 nm
with a cell path of 1 cm were fitted to single-exponential decay
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_ Ksat
Kobs [Al[B] + oK,[B] + aKg[A] + aK,Kg

(2)

To establish whether substrate binding is ordered or
random, we performed product inhibition experiments. The
results are summarized in Table 1. The product inhibition
data were fitted to eq 3a with A (GHH,folate) varied and
Q (H4folate) as the inhibitor, eq 3b with A varied and P (£H
CFeSP) as the inhibitor, or eq 3c with B (CFeSP) varied
and Q as the inhibitor:

1 _ K Ke E))L A( &)
s Kl I Kol Tt R Y
1 _ oK Ke B))i i( ﬁ)
PSS L 7] R YRS ST B
1 _oKef L Ka @))A L( ﬁ)
e el A KB T )

In these equation&,, Kg, Kp, andKq are the dissociation
constants for ChtH,folate, CFeSP, CHCFeSP, and K
folate from free MeTr, respectively, and a valuecof= 1.0
(above) was assumed. Withfidlate as the product inhibitor
at varying concentrations of §-CHs-H,folate and constant
unsaturating CFeSP concentrations, the lines in the double-
reciprocal plots converge on thgaxis. This indicates
competitive inhibition by Hfolate with respect to (§-CHs-
Hsfolate Ko = 16 £ 6 uM). When CH-CFeSP is used as
the product inhibitor at varying @-CHs-Hjfolate and
constant unsaturating CFeSP, the lines in the double-
reciprocal plots again converge on fraxis, indicating that
the CH-CFeSP is a competitive inhibitor with respect to
CHs-Hsfolate Kp = 5.2 &+ 1.5 uM). With Hgfolate as the
product inhibitor at varying CFeSP and constant unsaturating
CHs-Hgfolate, Hifolate is a competitive inhibito{g = 430
+ 130 uM) with respect to the CFeSPWhen Hjfolate is
used as the product inhibitor at varying concentrations of
CFeSP and constasaturatingCHs-H,folate concentrations,
very slight product inhibition was observeld = 1.3 £+
0.8 mM)2 These four experiments, as shown by Table 1,
rule out, from the common two-substrate reaction mecha-

2 The equilibrium constant was calculated uskagK., for CFeSP

equations. Data are the average of at least 5 traces, and the curvél.6 M~ s™), K, for CHg-Hafolate (1.5uM), KealKm for CHsCFeSP

is the fit to a saturation curve witkhax= 50+ 3 s andKy =8
+ 1 uM. Assuming K, = 5.70, the maximal value dénaxis 63
s,

in a ternary complex. To obtain further evidence supporting

(60 st divided by 95uM), and Kq for Hifolate (11 uM). The
equilibrium constant is 14. Under conditions of high buffer concentra-
tion (50 mM), it is not necessary to include the contribution of the
proton substrate.

3 The experiments with Holate as the product inhibitor yielded two
different values for its dissociation constant. With £Hufolate as

(or otherwise) this mechanistic class and to determine if the substrate and the CFeSP concentration set-akd, Ko (16 + 6 uM)
reaction is ordered or random, we measured the dissociationggrees well with the independently estimated value from the simulations

constant for the CFeSP by single-turnover stopped-flow

of steady-state traces (step 6 in Table 2,,M). With CFeSP as a
substrate and unsaturating (@/8) or saturating ClH,folate (50uM),

experiments (Figure 2). The value of the dissociation constantihe calculated values oo are 460+ 120 and 430+ 380 uM,

Kg is 8 uM, and the maximal rate constant is 50t.sThe

respectively. This could reflect two different binding modes of H

general form Of the type Of Steady_state klnetlc mechanlsm folate to MeTr. Indeed, fluorescence studies showed thatlﬂl}fbh’:lte

is given in eq 2. The value dK, for the CFeSP is very
close to theKg value. In addition, thé&,, for CHs-Hfolate

binds to MeTr with two dissociation constants differing by 30-fold (1.5
and 50uM) (20), which most likely reflect nonequivalent binding sites
for CHs-Hafolate. Similar behavior is observed foufdlate. When the

determined previously equals the dissociation constantdata are fit to a dual competitive inhibition modkl, values of 8+ 3

measured by fluorescence in the binary compleg, 27).
Therefore Kg ~ aKg andKa ~ aKa, and the CFeSP and
CHs-Hsfolate must bind independently.

and 850+ 120 uM are obtained. The slight inhibition observed is
presumably due to binding of #blate to the second binding site of
MeTr. The value oKp for CHs-CFeSP agrees well with the simulated
dissociation constant (step 5 in Table 2).
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Table 1: Predicted Product Inhibition Patterns for Two Substrate Mechahisms

varied substrate

(6S)-CHs-Hgfolate C/Fe-SP
product unsaturated  saturated unsaturated saturated
mechanism inhibitors C/Fe-SP C/Fe-SP CHs-H,folate CHgs-Hyfolate
ordered Bi-Bi CH-C/Fe-SP MT uc MT MT
Hjfolate C C MT -
Theorel-Chance CH-C/Fe-SP MT - C C
Hjfolate C C MT -
ping-pong CH-C/Fe-SP MT - C C
Hfolate C C MT -
rapid equilibrium CH-C/Fe-SP - - - -
ordered Bi-Bi Hfolate C — C -
random Bi-Bi CH-C/Fe-SP MT MT MT MT
Hafolate MT MT MT MT
rapid equilibrium CH-C/Fe-SP C - C -
random Bi-Bi Hifolate C - C -
rapid equilibrium
random Bi-Bi CH-C/Fe-SP MT - C C
with dead-end MeT+CHs;-Hfolate—CHs-C/Fe-SP Hfolate C — C -
rapid equilibrium
random Bi-Bi ChH-C/Fe-SP C - C -
with dead-end MeT+C/Fe-SP-Hfolate Hifolate C C MT -
our studies CHC/Fe-SP C nd nd nd
Hjfolate C nd C -

a Abbreviations: C, competitive; MT, mixed-type; UC, uncompetitive; nd, not determirredio inhibition.

nisms, all but the rapid equilibrium random Bi-Bi mecha- Scheme 2

nism# The product inhibition results further indicate that F

dead-end complexes, MeTCHs;-Hfolate—CHs-CFeSP and

MeTr—CFeSP-Hfolate, are not formed. Equations-3g, It pra=s0

the velocity equations for the random Bi-Bi mechanism, gave F“‘

good fits to the product inhibition data. These combined CFeSP CHyH,folate

results are consistent with the mechanism shown in Scheme 40s* lf K =2 uM pKa=65

2, in which the two substrates bind and form a ternary EH EC;eSP LAY E?;eSP

complex where catalysis occurs, and products randomly CHLH.folate [CH,H,folate]*

dissociate. K,=8 uM o
Pre-Steady-State Kinetic Measurements and Simulation of CH,H,folate CFeSP

the MeTr ReactionSteady-state kinetics can reveal the 6051 || 635

overall kinetic mechanism, but cannot identify the intermedi- CH,CFeSP  H,folate

ates and the rates of elementary reaction steps. Pre-steady-

state kinetic experiments can identify intermediates and allow e
direct measurement of the rate constants for most of the steps. E
Solution of the entire kinetic mechanism requires integration

of all the steady-state and pre-steady-state kinetic data by

simulating the reaction progress curve. This final step is
important because the cell operates primarily under steady-
state conditions.

We performed single-turnover stopped-flow experiments
at different pH values in the forward direction, following
the decay of the cob(l)amide form of the CFe3P+ 390
nm), and in the reverse direction, following the decay of the
methylcob(lll)amide statel(= 450 nm). After fitting each

H
E CH,-CFeSP

H,folate
K=95 uM

H,folate CH,- CFeSP

data set to a single-exponential decay equation and plotting
the average rate constant at each pH, we obtained values
for the maximal rate constants andqralues that reproduce
the pre-steady-state values determined by a previous stopped-
flow study (Figures 4 and 6 in referend®). We then
simulated the single-turnover traces with the programs
FITSIM and KINSIM (Figure 3) using the mechanisms
4There are four additional combinations of substrate and product shown in SChem-eS 1A (for the forward rea(-:tlon) a-nd ;LB (for
inhibitors; however, these would have been extremely difficult experi- the ‘Te"erse r(_aactlon). In these schemes -doitse IOnlzat!OnS
ments to perform. Since th&, value for the CFeSP is 1@M, are included in the ternary complexes (steps 7 and 8 in Table
performing product inhibition experiments at saturating concentrations 2). These results suggest that a pH-dependent protein
of CFeSP would have requires100 «M protein in each reaction — conformational change in the ternary complex is linked to
mixture. Even if we achieved this technically difficult task, there would deprotonation of the active complexes HEHAB and HEPQ
have been a huge background absorbance. Similarly, usigg>EEISP ) 8 . ' :
as a product inhibitor at high concentrations is difficult because its This leads to formation of the dead-end inactive EHAB and
overlapping absorbance at 390 nm would have dwarfed the relatively EPQ complexes. This conformational change in the free
Sl sbcrbance changes of the reaction, Hotever, suffcient ata WefGonzyme (depicted in Scheme 2) was previously observed by
mechanisms, which strongly suggests that the reaction follows a randomfluorescence studies. The work described here suggests that

Bi-Bi mechanism. substrate binding slightly elevates thK dfor this confor-
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Table 2: Summary of Microscopic Rate Constants for the MeTr Mechanism

CHs-Hsfolate H* CFeSP  methyl CH3-CFeSP Hjfolate EHAB + H™ EPQ+H*" HEAB+H" HEPQ+ H"
process binding binding binding transfer binding binding  kinetic pKa  kinetic pKa  amplitude Ko amplitude K
step no. 1 2 3 4 5 6 7 8 9 10
Kon (uM~1 571 11° 6504+ 600 2.74+0.05 63s! 83+4.0¢ 15413 9.5+ 0.8 600+ 300 1300+ 1300 64+ 40
Kott (S71) 16 15004+ 1500 22.0+ 0.4 6042 34+ 15 1.4+ 0.3 98+ 8 1600+ 800 4004 400 604+ 40
Kg (uM) _1_ 23+31 8 41+26 11+9 10.3+1.2 27+19 0.31+£ 0.44 0.94+ 0.80
pK constant 5.4 0.6 5.00+ 0.05 5.6+ 0.3 6.5+ 0.6 6.0+ 0.4

a All second-order rate constants are givenuds ! st, the maximum limit was set at 10QM~* s~%. P Underlined values were set constant
during the simulations. For G#Hfolate, Ky was set at 1.M. ¢ For CFeSPKg was set at &M while k; was simulated? Values ofks andk_s
are the average of the rate constants obtained from simulation of the steady-state for the forward direction data shown in Figure 4A,B.

0.055 — . . T v ; + H* — HEHAB), and deprotonation of boundfdlate
(HEHPQ— HEPQ++ HY) in the reverse direction.

Our results indicate that the unprotonated form of;CH
Hfolate (A) binds MeTr and then undergoes protonation in
the ternary complex. First, if the protonated form (HA) were
the substrate, a strong pH dependenceKafwould be
expected. In contrasK, is pH independent. Second, thg/

Km for CHs-Hfolate matches thel, of the MeTr confor-
mational change, not theKp of the free substrate. Third,
the unprotonated form of G3Hjfolate is the predominant
form at pH values higher than 5.6-60%). We fitted the
forward single-turnover traces using a fixed valueKar=
0018 =28 oz o o o o 1.5uM, as determined by fluorescence quenching, and fixed
time , sec. values ofKg = 8 uM andkmax= 50 s'1, as determined from
0.025 — . i . . i single-turnover experiments at pH 5.1 (Figure 2), and both
were assumed to be pH independent. The maximal forward
rate constantly = 63 s'1) was calculated from the value of
kmax after extrapolation to limiting low pH using a previously
established i, value of 5.8 (Figure 4 and Table 1 in
referencel?). A similar mechanism (shown by Scheme 1B)
was used for the reverse reaction. From these two sets of
experiments, we derived the following rate constants: bind-
ing and release of CFeSR;(= 2.7uM 1 st andk_3 = 22
s1, respectively); reverse methyl transfédr { = 60 s%);
and proton binding and release for the complexes EHAB
(k7 andk_7, respectively) and EPQxd andk_g). The resulting
. ) X . . fitted rate constants are given in Table 2. The rate constants
0.0 0.5 10 15 20 for the pH-dependent amplitude changes could not be
time , sec. estimated by using FITSIMk§ throughk_,0), presumably
FiIGURE 3: (A) Simulation of MeTr single-turnover forward reaction. because they constitute dead-end complexes in the mecha-
Traces at the indicated pH values were obtained by rapidly mixing nism, but the g, values for HEHAB and HEHPQ are around
20.7uM MgeTr monomers and 160M (6RS-CHs-H,folate (final 6.5 and 6.0, respectively.
concentrations) with 3.2M reduced CFeSP (trace at pH 5.0 has . . .
4.0uM CFeSP final concentration) in 50 mM MES, ionic strength ~ The rate constants obtained from single-turnover experi-
of 0.1 at 25°C. Fits correspond to the simulations to the partial ments were then used to simulate and fit the steady-state
?:bclg%”izw :Q%V(\:/QO'R focehfﬁé?eentlg r‘/‘tlgg :Qgcrt?éﬁ i(isogztf?ts shown intraces. To simplify the simulation of the steady-state traces,
at 390 nm. (B) Simulation of MeTr single-turnover revers?r%action. a mechf;_mlsm with only one of the branches of the ra_ndom
Traces were obtained by rapidly mixing 2M MeTr and 10QuM mechanism was used, as shown by Scheme 1C. This does
H,folate with 10.0uM CH3-CFeSP in 50 mM MES, ionic strength ~ not alter any of the derived rate constants, since the substrates
of 0.1 at 25°C. The curves are fits to simulations of the mechanism and products bind and dissociate independently. Traces at
shown in Scheme 1B using the rate constants in Table 2. The ggyerg| pH values undég. conditions (74«M CFeSP, 70

wn m 5 |
extinction coefficient at 450 nm was 0.006 QIM™. 1M CHa-Hjfolate, and 108 nM MeTr monomers) were used

mational change, which would enhance the reactivity of the in the simulation. From the corresponding simulations, we
enzyme, since it is the protonated form that is most active. could derive the rate constants for binding and release of
The amplitudes of the forward and reverse reactions (not Methylated CFeSP and.dlate (s, k-s, ks, andk-e) and
shown), which reflect the amount of cob(l)amide and for the proton requwed for the forward reaction. The results
methylcob(lll)amide formed during the reaction, are pH @are tabulated in Table 2.

dependent. The amplitudes of the forward reaction decrease Ouverall MeTr MechanismBased on the combined results
and those of the reverse direction increase with increasingdescribed above, we propose the following catalytic mech-
pH. These dependencies are consistent with protonation ofanism for MeTr (Scheme 2). The first, which could be
boundCHs-Hsfolate (HEAB) in the forward direction (HEAB  considered to occur prior to the catalytic cycle, is a

0.050

0.045

T

0.040 |

0.035

0.030 |

Absorbance at 390 nm

0.025 |

0.020 -
® pH=5.00 (4 uM CFeSP)

0.020

0.015

o010 ¥

Absorbance at 450 nm.

0.005 F &

0.000
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0.55 (7 ' T v T T - manner. The product inhibition studies rule out all possible
: A mechanisms but the random Bi-Bi mechanism. This is not a
PH=7.00 rapid equilibrium mechanism sinde (Table 2) is rate-

limiting under keo/Km conditions for the CFeSP and is
rate-limiting undek../Kr, conditions for CH-H,folate. There
pH=6.60 are some striking mechanistic differences between MeTr and
1 methionine synthase. In this enzyme, methylcobalamin is a
tightly bound prosthetic group, and its substrates bind by an
ordered mechanism, with GHH,folate binding first, fol-

Absorbance at 390nm

pH=5.55 ] lowed by homocysteine2@). The methyl transfer step and
s, PH=5.35 the overall forward reaction occur at similar rates in MeTr
.. PH=5.05 and methionine synthase; however, the methyl transfer step
: " p pm - o~ o 00 and th_e oyerall regctl_on of methionine formation are ir-
time - sec reversible in methionine synthase. SeveSsddenosyl:-

methionine-dependent methyltransferases follow Bi-Bi ran-

0124 ' ] dom mechanisms including the methyltransferase from
B Euglena gracilis (30), the DNA methyltransferase from
010 - 1 bovine thymus 31), catechol©O-methyltransferase3@), L-
B> N 6.57 isoaspartylp-aspartyl proteir@-carboxymethyl transferase
so8r v o1e | (83), and S-adenosyk-methionine glutamylmethyl trans-

£
{=
(=
3
5 ol c08 ferase fromSalmonella typhimuriuni34).
:‘é ' Cess An important result of our studies and those described in
2 ool the accompanying pape2@) is that protonation of CkHH4-
2 ) ST folate is a key step in the MeTr reaction mechanism. This
Y"1 S N a 557 4 step has been proposed based on chemical princip&s (
o eevrververs 5.36 Chemical modeling studies also indicate that quaternization
oo} . ‘ . : . - PH=S4 of the N group by protonation or electrophilic coordination
0 25 50 75 100 125 150 175 can activate CktHfolate 35, 39. The pH dependence of
time , sec. the amplitudes for the forward and reverse reactions of MeTr

FiGure 4: (A) Simulation of the forward MeTr reaction at constitutes t_he first experlmental evidence that this proto-
saturating conditions. The experimental data were obtained by Nation reaction occurs in a methyltransferase. Some of the
following the methylation of the CFeSP by G folate (shown error limits are relatively high, because the simulations are
in symbols). The reaction consisted of 62 nM MeTr monomers, 74 global analyses that include multiple data sets collected at

uM CFeSP, and 7@M (6RS-CHs-Hfolate in 50 mM MES at the
appropriate pH, ionic strength 0.1 at 25. The absorbance decrease PH values between 5 and 7. However, the exa yalue

at 390 nm fe = 0.0034 ODuM—1) was monitored. The data are is not so important. The important conclusion is that an

offset for clarity. Curves are fits to the mechanism shown in Scheme iOnization in the ternary complex with &g of around 6.0
1C with the rate constants shown in Table 2. (B) Simulation of the is required to give satisfactory fits to all the data over this

forward MeTr reaction ate.{Km for CFeSP conditions. The reaction pH range. Thesely, values yielded by the simulations also
mixture contained 2.2M CFeSP, 12(tM CHs-Hfolate, 2.1 mM are in complete agreement with th&pvalues previously

titanium(lll) citrate, and 108 nM MeTr in 806L of 50 mM MES - - L
buffer (I(= )0.1) at various pH values as shgwn. The reaction was d€termined by steady-state and transient kinefigs (n the

followed to completion at 25C, and the absorbance decrease at accompanying paper, it is shown that a proton is taken up
390 nm was monitored. The data were plotted using offset values as CH-Hfolate binds MeTr and that thé<p for bound CH-

gf3%22-5g351’7 2.254’83?.2626!?%44’, Oaiﬁg’GOSl?&r :Qdegt-&/f‘e lfOfClij';'Vg-Slg? Hafolate is 1 pH unit higher than that for free substra&t@)(
fits tb the’mecﬁanisrﬁ shdvvn in Schemé 1Cpand raﬁe constantseThIs proton tr_ansfer step T““Sft ocpur much faster th&_m. the
shown in Table 2. transmethylation step, which is primarily rate determining
for the overall reaction. This is consistent with the absence

pH-dependent conformational change of the protein. This of a solvent isotope effect on the pre-steady-state reaction
step rationalizes the pH dependencies of all the first-order (12). If the rate constants for protonatiok, and deproto-
kinetic parameters and the pH independence of the dissociahation k-,) for the binary complex in Scheme 1A are
tion constants and the Michaelis constants for CFeSP andconstrained with a lg, value of 5.80, which gives Ky for
CHz-Hfolate. The conformational change does not occur at the proton of 1.6QuM, the protonation rate constark, (in
each cycle of catalysis, but is an activation/deactivation Table 2) is 45+ 5 uM~1 s™. The correspondingky, value
phenomenon. In the present set of experiments, we observdor the amplitude for the ternary complex HEHAB is 6.5,
the conformational change as dead-end ionizations of thewhich indicates that binding of CFeSP to HEHA further
complexes HEHAB and HEPQ, with &pbetween 5.0 and  increases thel, of MeTr-bound CH-Hfolate. Protonation
5.7. Previous fluorescence studies of the pH-dependentof Hifolate inhibits the reverse reaction, but the binding of
conformational change were performed with the free enzyme CHs-CFeSP to HEQ does not significantly perturb the, p
and indicated a I, of 5.0 (12). These ionizations are not of MeTr-bound Hfolate, which is around 5.8@®0).
rate-limiting as previously proposed3), but are essential The dissociation constant forfdlate, obtained by simula-
for the increased activity of the enzyme at low pH. tions Ko = 11 uM) and product inhibition studiexg =

The catalytic cycle begins with substrate binding. MeTr 16 £ 6 uM), is higher than that for CkHJfolate, as
binds CH-H,folate and the CFeSP in a completely random estimated from simulation&g = 1.54M) and fluorescence
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measurements2(0). Using the Haldane equation for the
random mechanisrhyve obtain an equilibrium constant for
the overall reaction of 14. These results also indicate that
MeTr preferentially catalyzes the forward methylation of
CFeSP over the reverse reaction.

The products of the reaction rapidly dissociate from MeTr
to close the catalytic cycle. When GIE€FeSP dissociates
from MeTr, it interacts with and donates its methyl group
to CODH/ACS for the final steps in the WoedLjungdahl
pathway. The NiFeS cluster at the ACS active site must have
access to the same upper face of the cobamide cofactor (that
earlier interacted with CHH folate) to perform a nucleo-
philic attack on the methylcobalt species. There is evidence
that the FeS cluster in the CFeSP interacts with the CODH
component and that the Co center interacts with the ACS
component of the CODH/ACS bifunctional proteit0j. In
methanogens, a complex of five proteins appears to be
required to convert acetyl-CoA to a methyl-pterin, carbon
monoxide, and CoA (the reverse of acetyl-CoA synthesis)
(37—39). In C. thermoaceticumnthese proteins separate easily
during the early steps of protein purification; however, it is
likely that the CFeSP, MeTr, and CODH occur in a
supermolecular complex in the cell. Clearly, methylation and
demethylation of the CFeSP must be finely orchestrated so
that CH-Hsfolate and MeTr bind the cob(l)amide form of
CFeSP and that CODH/ACS binds the methylated CFeSP
after MeTr has dissociated.

CONCLUSIONS

The major findings of the present study are the following:

The MeTr reaction follows a random order kinetic mech-
anism.

The rate-limiting step in the forward and reverse directions
underk., conditions is the methyl transfer step. Undtey/

Km conditions for each substrate, binding of that substrate is
rate limiting.

The pH-dependent protein conformational change, which
interconverts active and inactive states of the protein, is not
a rate-limiting step or required for each cycle of catalysis.

The amplitude for single-turnover experiments in the
forward and reverse directions reflects the protonation of the
pterin ring of CH-Hsfolate and Hfolate when bound to
MeTr. This generates a positive charge at thephisition,
which enhances the electrophilicity of the methyl group, thus
activating it for nucleophilic attack by cob(l)amide.
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