5736 Biochemistry1999,38, 5736-5745

Binding of (6R,9-Methyltetrahydrofolate to Methyltransferase frabhostridium
thermoaceticum Role of Protonation of Methyltetrahydrofolate in the Mechanism
of Methyl Transfef

Javier Seravallf,Richard K. ShoemakérMelissa J. Sudbeckand Stephen W. Ragsdafe*

Department of Biochemistry, Beadle Center, Lémsity of NebraskaLincoln, Lincoln, Nebraska 68588-0664,
Department of Chemistry, Usrsity of NebraskaLincoln, Lincoln, Nebraska 68503, and Department of Chemistry,
Augustana College, Sioux Falls, South Dakota 57197

Receied October 16, 1998; Résed Manuscript Receed February 17, 1999

ABSTRACT. The methyltetrahydrofolate:corrinoid/irersulfur protein methyltransferase (MeTr) from
Clostridium thermoacetiurmatalyzes transfer of tHg¢>-methyl group of (&-methyltetrahydrofolate (CH
Hfolate) to the cob(l)amide center of a corrinoid/iresulfur protein (CFeSP), forming 4fblate and
methylcob(lll)amide. We have investigated binding*#-enriched (&,9-CHs-Hsfolate and (®)-CHs-
Hfolate to MeTr by3C NMR, equilibrium dialysis, fluorescence quenching, and proton uptake experiments.
The results described here and in the accompanying paper [Seravalli, J., Shoemaker, R. K., Sudbeck, M.
J., and Ragsdale, S. W. (199ipchemistry 385728-5735] constitute the first evidence for protonation

of the pterin ring of CH-Hsfolate. The pH dependence of the chemical shift in’#@& NMR spectrum

for the N>-methyl resonance indicates that MeTr decreases the acidity oferthary amine of CH
Hsfolate by 1 X unit in both water and deuterium oxide. Binding oR(&-CHszHfolate is accompanied

by the uptake of one proton. These results are consistent with a mechanism of activatioptbff@late

by protonation to make the methyl group more electrophilic and the prodifotaite a better leaving
group toward nucleophilic attack by cob(l)amide. When MeTr is present in excess dv&-18Hs-
H.folate, thelC NMR signal is split into two broad signals that reflect the bound states of the two
diastereomers. This unexpected ability of MeTr to bind both isomers was confirmed by the observation
of MeTr-bound (&)-13CHs-Hfolate by NMR and by the measurement of similar dissociation constants
for (6R)- and (65-CHs-Hsfolate diastereomers by fluorescence quenching experiments. The transversal
relaxation time [2) of 13CHs-Hsfolate bound to MeTr is pH independent between pH 5.50 and 7.0,
indicating that neither changes in the protonation state of boungHGfdlate nor the previously observed
pH-dependent MeTr conformational change contribute to broadening df@hessonance signal. The
dissociation constant for E§9-CHs-Hsfolate is also pH independent, indicating that the role of the pH-
dependent conformational change is to stabilize the transition state for methyl transfer, and not to favor
the binding of CH-H,folate.

The methyltetrahydrofolate:corrinoid/irersulfur protein acetyl-CoA.
methyltransferase (MeTrjrom Clostridium thermoaceticum
catalyzes the reversible methyl transfer from Mtemethyl _ ide MeTr
group of (6)-CHs-H4folate to the cob(l)amide center of a CHyH,folate + cob(l)amid _
corrinoid iron—sulfur protein (CFeSP) or to free cob(l)alamin H,folate + CH;-cob(lll)amide (1)
(eq 1). This reaction is a key step in the Wood-Ljungdahl
(1—3) pathway of acetyl-CoA synthesis. The methyl group ~ MeTr is a homodimeric enzyme of identical 28 kDa
is then transferred from cob(lll)amide to CO dehydrogenase/ subunits 4). The MeTr gene has been cloned, sequenced,
acetyl-CoA synthase (CODH/ACS), where it combines with and actively overexpressed ischerichia coli(5, 6). MeTr
CoA and a carbonyl group derived from CO to generate has also been crystallized)( The physiological acceptor
of the methyl group of CktH,folate is the corrinoid/iros
" This work was supported by NIH Grant GM39451 (S.W.R.). sulfur protein (CFeSP). This protein is composed of two

* Correspondence should be addressed to this author. Phone: 402, ; ;
472-2943. Facsimile: 402-472-7842. Internet: sragsdal@unlinfo.unl.edu. subunits with molecular masses of 33 and 55 kB The

ks Department Of Biochemistry’ University Of Nebras.“a'nccﬂn_ 33 kDa Subur"t COnta'nS the COI’rInOId COfaCtan&thoXy'
§ Department of Chemistry, University of NebrasKancoln. benzimidazolylcobamide; whereas a low-potential fgé "
" Department of Chemistry, Augustana College. cluster is located in the 55 kDa subur, (LO.. The cluster

1 i i N . = - . . . . . . . . .
amiﬁbgﬁy,ﬁ&g; '?;ﬂfﬁi&éf:;ﬁ%%?;ﬂ?:’CCFZBS%‘"ggm)r']'g%?ﬁlm is involved in reductive activation of the protein to maintain

sulfur protein; MeTr, methyltetrahydrofolate:corrinoid/iresulfur the cobalt center in the cob(l)amide staté)( Stopped-flow
protein methyltransferase; CODH/ACS, CO dehydrogenase/acetyl-CoA studies have shown that the methyl transfer reaction occurs

synthase; SHE, standard hydrogen electrode; MES8I-2grpholino)- i ;
ethanesulfonate; DEAE cellulose, diethylaminoethane cellulose; IPTG, through a nucleophilic attack by the cob(l)amide state of the

isopropylthiogalactoside; bis-ANS, 4-is-1-phenylamino-8-naphtha- ~ CFeSP on the_methy| group of6CHs-Hifolate (12). Thus, .
lenesulfonate. during catalysis, the CFeSP cycles between the cob(l)amide
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and the methylcob(lll)amide states. Control of cobalt coor-
dination chemistry by removing the lower axial cobalt ligand

Biochemistry, Vol. 38, No. 18, 199%737

pH independent. A surprising conclusion from these studies
is that MeTr interacts with both & and (6R) diastereomers

and imposing other subtle electronic changes on the cobaltof CHs-Hfolate.

center facilitates reductive activation and enhances its methyl

transfer ability 9, 13-15).

Under steady-state conditions, the MeTr reaction is

strongly pH dependent with aKp of 5.1 in the forward
(methylation of CFeSP) and reverse (methylation gbldte)
directions (2). These findings led to the conclusion that an
ionization in MeTr, not in the substrates, was primarily

MATERIALS AND METHODS

Materials.(6R,9-Hfolate, MES free acid and sodium salt,
DEAE cellulose, and cellulose were purchased from Sigma.
(6R,9-CHs-H folate for proton uptake studies was from
Schirck’s Laboratories (Jona, Switzerland)R(@Hfolate was
a generous gift from Dr. Rudolf Moser at EPROVA AG

responsible for the pH dependence. Studies with model (Switzerland), (&,9- “CHs-H4folate was purchased from

compounds for CktHfolate indicate that protonation afN
or coordination to an electrophilic center can activate;CH
H.folate (16, 17. Such activation would render the methyl
group more electrophilic andfblate a better leaving group.
Activation of CHs-Hsfolate by protonation has been consid-

Amersham Pharmacia Biotech, and5€CHs-H,folate was

a gift from SAPEC SA (Lugano, Switzerland). Deuterium
oxide was purchased from Isotec; 99.9% label&C]f
formaldehyde was purchased from Cambridge Isotopes.
Acetone and TiCl; were purchased from Aldrich. IPTG was

ered to contribute to catalysis by MeTr; however, this does obtained from GibcoBRL. Phenyl Sepharose (6 Fast Flow

not appear to be a rate-limiting step in the reactib?, (L8.

low sub) was from Pharmacia-Biotech. All other chemicals

Studies of the pH dependence of tryptophan intrinsic are from either Sigma or Aldrich and were used without

fluorescence in MeTr (. of 5.10) led to the proposal that

a hydrophobic region of the protein containing at least one

further purification.
Substrate Synthesi€R,9-CHs-Hfolate enriched with3C

tryptophan residue becomes more solvent exposed at lowerat theN>-methyl group was prepared by reductive alkylation

pH, which facilitates binding of CkHHfolate and Hfolate
(18). Using the extrinsic fluorescence probe '4b-1-

of Hjfolate with [Clformaldehyde and NaBHby a
modification of the method of Gupta and Huennekezi.(

phenylamino-8-naphthalene sulfonate (bis-ANS) to monitor The reaction was carried out at 18 for 3 h, instead of at

the exposure of hydrophobic residues to solvent, a pH-

37 °C for 1 h, and at a pH of 8.0 instead of 7.50, to avoid

dependent conformational change in MeTr was observed thatthe formation ofN'%-CHs-Hfolate, as has previously been

is fast enough (4073) to be kinetically competent for the
transmethylation reaction. Furthermore, binding of bis-ANS
to MeTr is strongly pH dependent, and it is an inhibitor of
the methyl transfer reaction. These observations indid&e (
that CH-Hsfolate binding itself may be pH dependent.
However, direct measurement of the pH dependence gf CH
H,folate binding is difficult because MeTr is unstable at pH
values below its isoelectric point of 4.80. Since th&, pf
CHs-Hfolate is 4.82 19), data acquisition is limited to a
pH region where the predominant species of;&tHfolate

is the inactive unprotonated form.

reported 22). The synthesis and purification were done in
an anaerobic glovebox from Coy Laboratories (Ann Arbor,
MI). Tetrahydrofolic acid (500 mg, 70% pure, 0.65 mmol)
was dissolved, with additionfd M sodium hydroxide, into
11 mL of 0.5 M potassium phosphate (KBuffer, pH 8.0,
containing 1 mL of 20% FCHO (6.45 mmol) and 1 mL of
20 mM mercaptoethanol. After cooling to°€, 300 mg of
NaBH, (7.9 mmol) was added and stirred for 2 h. The
reaction mixture was diluted to 110 mL with icgvater and
loaded onto a DEAE column (256 25 cm) equilibrated with
0.1 M ammonium acetate (N\®Ac), pH 7.0. The column

Knowles has pointed out that studying the pH dependencewas washed with 500 mL of 0.1 M N)@Ac followed by a

of kinetic parameters is meaningful only if there is one

1 L linear gradient from 0.1 to 0.4 M NMAc, pH 7.0,

ionization state of the active site that catalyzes conversion containing 20 mM mercaptoethanol, and finally washed with
of substrate to product, if there are no parallel pathways 500 mL of 0.4 M NHOAc, 20 mM mercaptoethanol.
during the reaction over the entire pH range, and if the Fractions were collected during the NBAc gradient and
elementary step affected by the ionization is rate-determining the final wash and analyzed by their UVisible spectrum

over the entire pH range(). That there is a pH-dependent

using 0.1 M KPR buffer, pH 8.0. The crude product had an

conformational change in the protein that matches the kinetic Axgd/Azss ratio of 3.60 (76% crude yield). After lyophilization,
pKa adds ambiguity to any interpretation of pH-dependent the solid was rechromatographed on DEAE cellulose using

kinetics of MeTr. In summary, it is difficult to extract the
ionization state of bound G#H,folate from kinetic studies.
The best way to obtain reliable information on the ionization

a 1 L gradient from 0.1 to 0.4 M NiDAc. The pooled
fractions were lyophilized, and the off-white solid was then
dissolved in 5 mM mercaptoethanol and chromatographed

of a substrate or an enzyme active site is to directly observeon a cellulose column (2.5 50 cm) using 5 mM mercap-
the titrating group. In the present work, we address this toethanol in water for elution. The UWisible spectrum of
question using nuclear magnetic resonance (NMR) spectrosthe final product, after cellulose chromatography and lyo-

copy to examine the binding &¥C-enriched*CHs-Hfolate

to MeTr. The K, of the bound substrate increases by a full
pH unit in both HO and DO relative to the value in solution.
This result implies that, at equilibrium, MeTr binds the

philization, had anAx/Az4s ratio >3.6. The degree of
methylation of Hfolate was estimated from the integration
of the'H NMR resonances foK®-CH; (doublet centered at
0 = 2.56 ppm,Jcy = 138 Hz), and the integration of the

protonated form of the substrate 10-fold stronger than the aromatic resonances of tipeaminobenzoyl moiety of i

unprotonated form. Titrations of MeTr with R§9-CHs-H,-
folate show that the increase in basicity oR(§-CHs-H,-

folate upon binding is manifested by the uptake of a proton.

The dissociation constant for GHHsfolate is, nevertheless,

folate (doublets centered @b = 6.70 ppm anddz 5 =
7.60 ppm), and found to be80%. The'3C NMR spectrum
(128 scans) of a 6.0 mM solution of th&-enriched Cht
Hsfolate in DO, pD 5.10, exhibited a single resonance at
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44.0 ppm, indicating that methylation occurred at a single
site in Hifolate. This chemical shift value agrees with the
previously reported valueg3, 24). The proton-coupledfC

Seravalli et al.

Co. (Buena, NJ). These experiments employed a T1IR.S
pulse sequence (1807—90°—observe). The 180nversion
pulse was determined to be 45, the spectral width was

NMR spectrum of the same sample exhibited a single quartetset at 9520 Hz, and the pulse delay was set at 15.0 s. Two

with Jcn = 130 Hz.

(6R)-13CHz-Hfolate was synthesized by the same proce-
dure described above, except that 100 mg &){Bfolic
acid, 0.35 mL of 20% MCHO (2.1umol), and 80 mg of
NaBH; (2.1 umol) were used. The final yield of the
methylated substrate was 33% with/dAq4s ratio of 3.65.
The'3C NMR spectrum of a 1.25 mM solution in 20%0/
80%H,0, pH 7.6, exhibited a single resonance at 42.2 ppm.
The *H NMR spectrum of a sample in  exhibited a
doublet centered at 2.60 ppm willpy = 140 Hz. Based on
the ratios of integration for this signal and that of the aromatic
p-aminobenzoyl moiety, the product was judged tc-199%
methylated.

Enzyme PreparatiorMeTr expressed from a recombinant
E. coli strain containing the MeTr gené)(was purified in
an anaerobic glovebox from Vacuum Atmospheres (Haw-
thorne, CA) at 18°C using a protein purification liquid
chromatography system from Waters & L culture of the
recombinante. coli strain was grown in LB medium in a
shaker oven at 37C for 4 h until it reached an Odg, of
0.70. The medium contained 40 mg/L methionine, 50 mg/L
ampicillin, and 35 mg/L chloramphenicol. Isopropylthio-

hundred scans were collected for free £LHHfolate at each
relaxation delay (0.1, 0.25, 0.5, 1, 2, 5, and 15 s), while 400
scans were collected for MeTr-bound &Hsfolate at each
relaxation delay (0.005, 0.1, 0.2, 0.5, 1, 2, and 5 s). Samples
for T, experiments were prepared in 0.4 M MES in@

pD 6.60. MeTr buffer exchange was performed by 3 cycles
of concentration and dilution with MES buffer using
Nanosep-10 microcentrifuge concentrators (Pall Filtron).
BCHs-H4folate was dissolved in MES buffer in,D. To
measure the chemical shift and the line widths of free and
MeTr-bound CH-Hfolate, the samples were prepared in 5
mm glass tubes (Wilmad) in 0.4 M MES buffers in@ or

in 15% D,0/85% HO. Acetone {150 mM) was added as

a chemical shift reference reageidt € 29.8 ppm) to all
samples. The pH or pD values were measured anaerobically
with a portable glass electrode. In some cases, the pH was
adjusted with a few microlitersfd M HCl and 5 M NaOH.

A total of 2400 scans were collected for frE€Hs-H,folate

and 3600 scans for the MeTr-bound form with an acquisition
time of 0.43 s and a pulse delay of 1.0 s. Line shape analysis
was performed by fitting theé*CHs-Hjfolate signals to
Lorentzian functions with the program Win-NUTS (Acorn

galactoside (IPTG) was then added to a concentration of 0.8NMR Inc., Fremont, CA). The pH and pD dependencies of

mM. The induced cultures were grown for 3 h, and the cells
were harvested by centrifugation at 10 000 rpm for 15 min
at 4°C. ThekE. colicells (25 g) were then suspended in 100
mL of lysis buffer (50 mM Tris, pH 7.60, containing 2 mM
DTT, 1 mg/mL lysozyme, 1 IU/mL DNase I, 0.1 mg/mL
phenylmethylsulfonyl fluoride) at 18C for 1 h. After
sonication for 15 min at 4°C, the broken cells were
ultracentrifuged for 90 min at 32 000 rpm at°€ using a
Type 35 rotor from Beckman. The cell-free extract was
decanted, solid (N|,SO, was added to a concentration of
0.9 M, and the solution was then heated for 45 min at®5

the chemical shift resonances were fitted according to eq 2,
wheredow andonigh are the limiting chemical shift resonances
for protonated and unprotonated-RHs-Hfolate, and pL

is either pH or pD.

O d0 P+ 8y, 107
obs ™ 10 Pt 4+ 107PKa

(@)

Proton Uptake ExperimentBroton uptake titrations were
performed on a modified Cary-14 spectrophotometer from
OLIS (On-Line Instrument Systems Inc., Bogart, GA) at 25

in a shaking water bath. After centrifugation at 10 000 rpm °C. The temperature of the reaction was controlled by a
for 15 min, the supernatant was immediately loaded onto acirculating water bath. The titrations were performed fol-
500 mL Phenyl Sepharose column that had been equilibratedowing the procedures previously outlined for cobalamin-

with 0.9 M (NHg)>SO, in 50 mM Tris-HCI, pH 7.60, 2 mM
DTT. A linear 2.5 L gradient from 0.9 to 0.3 M (NSO,
was developed at a flow rate of 5 mL/min. Fractions
containing MeTr were identified by Western hybridization
using anti-MeTr antibodies5] and SDS-PAGE electro-
phoresis using Coomassie Brilliant Blue 250 for staining.
MeTr eluted at~0.5 M (NH,),SO, and was>95% pure as

dependent methionine synthas24)( and p-amino acid
oxidase R5). All titrations were performed anaerobically
using a slight overpressure of nitrogen gas in order to avoid
absorption of carbon dioxide. MeTr was dialyzed 2 times
with 300 volumes of 0.2 M NaCl containing 5M MES,

pH 6.10. An aliquot of the dialyzed MeTr stock solution
was added to 500L of a mixture of buffer and pH-indicator

judged by SDS electrophoresis. The purified enzyme (300 dye containing 5uM MES (pK, 6.1) and 30uM Chlo-

mg) had a specific activity of 130 nmol mihmg™? in the
standard assay at 3& with methylcobalamin and jblate
as substratesl8). The concentration of protein was deter-
mined by the Rose Bengal metha2i3).

NMR Sample Preparation and NMR Experimerad.
NMR spectra were acquired on a GE Omega 500 MHz NMR
spectrometer at 25C. The'3C NMR spectra were acquired
at 125.75 MHz using a 45lip observe pulse (7.2bs pulse
width) with broadband proton decoupling using the GARP1-6
modulation scheme at a power of 60 dB. The acquisition

rophenol Red (g = 5.90,Amax= 575 NM,A¢es75= 46 mM*
cm 1) (26). The pH was adjusted with 10 mM NaOH or 10
mM HCI, and the initial absorbance atax (575 nm) was
used to calculate the initial pH for each titrated sample.
Identical samples were titrated in parallel either with 10 mM
NaOH or with 3.0 mM CH-Hfolate. The solution containing
MeTr, MES, and Chlorophenol Red was titrated with NaOH
to determine the proton uptake stoichiometry. The values
for AAszsmM H* were 4.50 and 7.5 with 3gM MeTr
monomers at pH 5.80 and pH 5.40, respectively. Stock

time was 0.54 s, and the relaxation delay was 1.0 s per scansolutions of (R,3-CHs-Hjfolate were prepared by dissolving

Samples for'3C NMR used forT; measurements were
prepared in 10 mm wide glass tubes from Wilmad Glass

the calcium salt of CktHfolate into 1 mL of the solution
containing Chlorophenol Red and MES buffer. A few
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microliters d 1 M HCI were added to adjust the pH so that Binding of CH-Hjfolate to MeTr at pH 7.60.The

the absorbance values at 575 nm of the MeTr and-BHH determination of the dissociation constants db{6(6R)-,
folate solutions were identical. Then, aliquots of thes€H  and (&R,9-CHs-Hfolate was performed in a Olis RSM-1000
H,folate solution were used to titrate MeTr. The amount of (Bogart, GA) spectrophotometespectrofluorometer, equipped
proton uptake associated with @H,folate binding to MeTr with a Scandisk operating at 60 Hz for rapid scanning.
was calculated from the extinction coefficients determined Solutions of 2.80uM MeTr monomers were prepared
from the NaOH titration. Since the R§9-CHs-Hjfolate anaerobically under argon in 2.0 mL of 0.1 M Tris buffer,
concentration ranged from the same to about 4-fold higher pH 7.60. The excitation wavelength was 295 nm, and 125
than the MeTr concentration, the titration curves were fit to scans of emission spectra were collected between 300 and

a quadratic saturation function, as shown by eq 3: 450 nm for each successive addition of substrate. The
fluorescence scans were averaged, and the average at 360
A[H +] —b — v/b? — 4ac nm was corrected for dilution, normalized, and plotted versus
E, = 2 total CHs-Hsfolate added (shown in Figure 6). Equation 6
was used for fitting the fluorescence titrations with two
[H+] + KaB 5 hyperbolic dependencies.
LI+ Ky [L]+ Ky
[HT+K, o
—b=(1+L/E) + Bm_dmg of _(6R,_S)—Cl;4H4foIate to MeTr Measgre_d by
H] Equilibrium Dialysis. The measurement of the binding of
K. +[H'] CHs-Hsfolate to MeTr was carried out in the anae_rob_ic
(Ky [E)(K, /K.) % glovebox by the method used by Jarrett for methionine
dy % 9 [H*] synthaseZ4). In a typical set of experiments at a given pH,
a solution of 3740 uM MeTr monomers was prepared in
c=L/E 3 the inverted cap of a 0.5 mL microfuge tube. This was then
covered with a small piece of dialysis tubing (124 kDa
where E; is the total MeTr concentratiorl,; is the total cutoff, Spectra/Por, Spectrum Medical, Laguna Hills, CA),

concentration of (R,9-CHs-Hjfolate,Kgy, is the dissociation ~ which was previously soaked in the same buffer used later
constant for unprotonated GHHjfolate, K, andK,, are the for dialysis. The bottom part of the microfuge tube, from
acid dissociation constants for free and MeTr-bounds-CH which a small hole was previously cut, was put on the
Hfolate, andA[H*]/E; is the ratio of proton uptake per MeTr  microfuge cap with the dialysis tubing and MeTr solution.
monomer. Data analysis for all the experiments was per- Then buffer and radiolabeled RG3-CHs-Hifolate were
formed with the program Sigmaplot for Windows (Jandel added on top of the dialysis tubing (2@Q.). The stock
Scientific, San Rafael, CA). Our titration data cannot substrate solution was a mixture #C- and 2C-labeled
determine which protonation state at df CHs-H,folate in (6R,9-CHsHJfolate with a specific radioactivity of~5000
solution is the preferred substrate. Due to the required weakdpm/nmol. The assumption was made tH&iHs-H,folate,
buffering conditions, proton uptake could either arise from which was chemically prepared, consisted of equal amounts
protonation of unprotonated GHHsfolate bound to MeTr  of the two diastereomers. The samples were then covered
or from binding of protonated C§H,folate, which causes  with Parafilm paper and incubated for-284 h, after which
the protonation equilibrium of free GHHfolate to shift the Parafilm paper was removed and the microfuge tubes
toward the free protonated form. We therefore fitted the were inverted into the bottom part of 1.5 mL microfuge tubes.
titration data to a mechanism where both protonated and The solution containing free GHHfolate was removed by
unprotonated CkHgfolate are assumed to bind to MeTr as centrifugation for 30 s at 7000 rpm, and %0 of this
shown by eq 4: solution was transferred using a Hamilton syringe into a
scintillation vial. The solution containing free plus MeTr-
MeTr—CHg-Hgfolate + H" bound CH-Hfolate (still inside the cap of the 0.5 mL
v microfuge tube) was removed by puncturing the dialysis
(4) membrane with the syringe and transferring /80 of this
.\ solution into a separate scintillation vial. The radioactivity
e MeTr-ChgHjfolate-H of the solutions was measured in a Packard Tri-Carb
Scintillation Analyzer. The concentrations of free and free
This treatment, which was used in the derivation of eq 3, plus bound CH-Hfolate were calculated according to eqs
can also be applied to the case where only one of the two7 and 8:
protonation states of Ci-Hfolate is the favored substrate.
The dissociation constant for protonated £Htfolate from [CH,-H,folate},. = dpmy @)
MeTr can thus be calculated from the relationship shown in 30 '*¢ SA(0.050 mL)
eq 5, which is derived from eq 4:

MeTr + H" + CHgz-H folate

Ky

Kag Keg

MeTr + CHy-Hyfolate-H*

dpm — dpmy
CH..-H,folat - TS 8
L o [CHH Moo= 50050 m) @
do — "N
P Ky where SA is the specific activity (5006200 dpm/nmol
P ty ( P )
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of (6R,9-CHs-Hfolate, dpng are the counts for the side
without MeTr, and dpma are the counts for the side with
MeTr. The dissociation constant was obtained by plotting
the concentration of MeTr-bound GHHfolate versus free
CHs-H folate and fitting to simple dissociation curves at each
pH (Figure 6).

RESULTS

3C NMR of Free ChHfolate. The position and line
width of the 13C resonance for thé®-methyl group of
13CHs-H.folate are pH dependenT). We recorded the
spectrum of*C-enriched ChtH folate at pD values between
3.4 and 6.8 to assess the feasibility of using NMR to diagnose
the protonation state of enzyme-bound £HHfolate. The
pD dependence (not shown) was fitted to a single titration
curve (eq 2), which gave the following valuedy,, of 44.53
+ 0.06 ppm,dnigh of 42.41+ 0.07 ppm, and K4(D-0O) of
5.324 0.06. Since the Ig, in H,O for the N>-amine group
of (6R,9-CHs-Hjfolate is 4.82-4.88 (19, 12, this result
indicates that the protonated amino group is 3 times less
acidic in D,O than in HO. This is consistent with proton
transfer from protonated GHHfolate to water forming a Y P R E A T T T AT T RS N Rt SR TR ]
hydronium ion. The calculated fractionation factor for Egure1: 13C NMR spectrum of the titration of @,9-13CHs-H.-
protonated ChtHjfolate is then~1.0 (28). Protonation of folate with MeTr. Samples were prepared in 20%0I80% HO
CHs-Hgfolate shifts thé*CH; resonance downfield by about with 0.05 M, Tris buffer, pH 7.60. Spectra were collected with a

260 Hz, presumably due to an inductive effect and a decreasé]'af]la ?hcqul_isitionhtime of 0-|43.5 and a p”:‘se de(ljay Qtfhli?m S per scan,
. . . . . an € line shape analysis was pertormed wi € program
in electron density at N which leads to deshielding of the  \\inNUTS. The ratios of (B,9-1*CHz-H.folate to MeTr and the

N°-methyl carbon. concentrations of (®,9-*CHs-H,folate added were as follows:
The line width of the resonance broadens significantly ED%CgumdAi lggnltiﬁ(ng |\£/|1%Tf) 3”{13422 I\TME BZ' g-l %nil 3923 mMF
: ,6.0and 1.93 mM; D, 4.0 and 1.34 mM; E, 2.6 and 1.09 mM; F,
upon Iowgrlng the pD, from_ 4 Hz "flt pD 6.8 0 47.5 Hz at 1.80 and 1.10 mM; G, 1.25 and 0.83 mM. Other conditions are
pD 3.5. Line shape analysis of this signal shows that the yoscribed under Materials and Methods.
peaks are Lorentzian, indicating that the line width is not

affected by field inhomogeneities. Thus, the line width can

be used as a measure of the transversal relaxationTdme znd has the same line width-& Hz) as the signal for the
(Avyz = 1nT) for the methyl group, which varies from 80 free 13CH,-H,folate (spectrum A). When the MeTr concen-
ms at pD 6.8 to 6.7 ms at pD 3.5. The value of the tration is increased to approach the total concentration of
longitudinal relaxation time T,) at a pD of 6.6 was (gR,g-13CHs-H.folate, the signal for freé3CHs-Hfolate is

i

determined to be 0.7% 0.01 s. replaced by a broader signal (line width 22 Hz) centered at
13C NMR of MeTr-Bound CkHfolate. Previous equi- 0 = 42.0 ppm (spectrum G).
librium titrations of MeTr with (65)-CHs-Hsfolate showed Folate-dependent enzymes typically bind only one of the

that upon binding, this substrate quenches the fluorescencealiastereomers of dblate [usually the (6) form]. Since these

of MeTr at pH 7.60 {8). Figure 1 shows the results of the experiments were performed with tt{@éR,S)mixture, we
titration of (6R,9-1°CHsz-Hfolate with MeTr at pH 7.60,  expected to observe tHéC resonance for free F§-13CHs-
using acetone as a chemical shift reference standard in 20%Hfolate as a constant background at 42.2 ppm. Instead, as
D,O in water. When the ratio ofC-labeled substrate to  the relative concentration of MeTr toR6S-13CHs-Hfolate
enzyme monomers varied from infinite (no MeTr present) approaches a 1:1 ratio, two broad signals are observed
to 9:1, only one signal was detected (after 2400 scans) at(spectrum G), and the peak assigned to the free cofactor
the chemical shift of freé3CHs-H,folate (0 = 42.24 ppm) decreases and finally disappears. Thus, we hypothesized that
(spectrum A). Although this signal does not broaden (line MeTr can bind both stereoisomers. To test iR(83CHz-
width 4—5 Hz), the signal intensity decreases significantly Hsfolate binds to MeTr, we performedC NMR spectros-

as the relative amount of MeTr is increased, suggesting thatcopy of samples with ratios of B§-3CHs-Hsfolate to MeTr
binding to MeTr is occurring. This is independently con- monomers of 3:1 (Figure 2A), 2:1 (Figure 2B), and 1:1
firmed by measuring, at the same pH, the dissociation (Figure 2C), respectively. The signal is much broader (line
constant of (R,9-13CHz-H.folate by equilibrium dialysis (9  widths between 37 and 41 Hz) than that of freR)(6*CHs-

uM) and fluorescence quenching (&B1) (vide infra). When Hsfolate (4 Hz, not shown). The signal also moves away
more MeTr is added tdCHsz-Hjfolate, a second signal from the chemical shift of freé€*CHs-Hfolate (42.20 ppm)
appears with chemical shifts ranging frain= 42.80 ppm as more MeTr is added. The spectrum for the sample with
(spectrum B) ta) = 42.61 ppm (spectrum F) and line widths a one-to-one ratio (spectrum C in Figure 2) could be fitted
ranging from 25 to 40 Hz. The signal centeredat 42.2 assuming that there are two peaks centered at 41.75 and 42.23
ppm, which we assume corresponds to the free cofactor,ppm with relative areas of 4 to 1, respectively. The peak at
decreases in intensity, but remains at the same chemical shifd2.23 ppm is at the same chemical shift as freR,$
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44 43 42 41~ PPM

FiGuRE 2: 13C NMR spectrum of the titration of @-13CHz-H4-
folate with MeTr. Samples were prepared in 20%4080% HO D
in 0.05 M Tris buffer, pH 7.60, at 23C. Spectra were collected

with a data acquisition time of 0.43 s and a pulse delay of 1.0 s

per scan, and the line shape analysis was performed with the

program WIinNUTS. The ratios of B§-13CHs-Hfolate to MeTr

and the (R)-13CHz-Hfolate concentrations used were as follows: E

spectrum A, 3.0 and 1.77 mM; B, 2.0 and 1.20 mM; C, 1.0 and

0.62 mM. Other conditions are described under Materials and

Methods. a4 43 22 a PPM

FiGurE 3: 13C NMR spectrum of MeTr with (R,9-13CHs-H,folate.
Mixtures of 1 mM 3C-enriched (&,9-CHs-Hsfolate and 1 mM
13CH,-H,folate and free (B)-13CHs-Hfolate @ = 42.2 ppm). MeTr were prepared in 0.2 M MES buffers inO. A total of 3600

P 0 scans were collected per spectrum with a data acquisition time of
The observed peak ratio indicates that 80% of the) (6 0.43 s and a pulse delay of 1.0 s per scan &3ther conditions

diastereomer is bound: thus, its dissociation constant from e gescribed under Materials and Methods. The spectra correspond
MeTr is about 2QuM. At higher concentrations of the i) to the following pD values: A, 7.60; B, 7.00; C, 6.50; D, 6.00; E,

diastereomer, only one signal is observed, in stark contrast5.30.
with the spectra in Figure 1. Since the spectra for Figures 1

and 2 were acquired under nearly identical conditions, the 430
observed signals in Figure 2A,B must be comprised of both
the free and MeTr-bound B§-13CHz-Hsfolate. Moreover, the
signals for the sample with 830M (6R,3-1°CHs-H,folate

and 670uM MeTr monomers, shown in Figure 1G, must
correspond to MeTr-bound 85-'3CHz-Hfolate (0 = 42.58
ppm) and MeTr-bound @)-3CHz-H.folate © = 42.0 ppm).
That the (®) isomer binds to MeTr is confirmed by
equilibrium dialysis and fluorescence quenching experiments
(vide infra). 422}

To determine the protonation state of the MeTr-bound
substrate, we acquiret®C NMR spectra (Figure 3) of 42.0
samples containing 1 mM F§9-13CHs-H.folate and 1 mM
MeTr monomers, since such samples must exhibit the two ) . .
signals for bound*CH-Hyfolate, and subjected the data to gf;ﬁ: SH Eﬁé’ggo_'epﬁ;ngt&%Ostgﬁ;\fg?o?hﬁgﬁosuhrﬁ ;g’sst))_nance
line shape analysis. As the pH is lowered, the two signals 13cH, H,folate were fitted using the program Win-NUTS and
shown in Figure 3 move closer to each other, and, below a plotted here. Closed circles are for the fitted chemical shifts for
pD of 6.0, they coalesce into a broad signal. Such Samp|eshigh-field_and Io_w—field13C si_gnal_s in RO. Open circle_s are for
containing 15% BO in water exhibit only one broad signal  the chemical shifts for the high-field signal in 15%®in H;0,

closed circles for the high-field signal in,D, and closed squares
at pH values below 5.90 (not shown). The pD and pH o the low-field signal in DO.
dependencies of the chemical shift for the resonances are
shown in Figure 4 (closed circles,D; open circles, kD),
and the parameters obtained from the line shape analysis werghe (6R) and () diastereomers exhibit this elevate#p
fit to eq 2. The results in Table 1 clearly show that binding upon binding to MeTr (Table 1).
of 3CHs-H,folate to MeTr increases theKp for the N The T, values for the two signals for bourddCHz-H4-
tertiary amine by 1 i unit in D,O. Since the K, for free folate at a pD of 6.6 were 0.9% 0.05 s for the low-field
13CHs-Hfolate is raised by 0.5k unit in D,O as compared  signal and 0.75 0.04 s for the high-field signal. The line
with 15% D,O in water, then the I, for 13CHz-H,folate in widths of the MeTr-bound signals are pH-independent, unlike
15% D,O is a full pK unit higher than free in solution. Both  those for free’®*CHs-Hsfolate. The average line widths for

i

<

428 F

426 |

424

Chemical shift, ppm

pD or pH
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Table 1: pH and pD Dependencies of the NMR Resonance of Free and 6.00 and a stoichio_metric binding of m_ﬂate per MeTr
and MeTr-Bound3CHa-Hgfolate® monomer. Thus, MeTr increases the basicity of batfoldte
substrates upon binding.

Fluorescence Quenching Titrations of MeTr with £H
Hfolate.Given the unusual finding that both diastereomers
Free CryHafolat of CHs-Hjfolate bind to MeTr, we determined the relative

ree -Hglolate . - . -
D,O signal 44535006 42.41£0.07 5.32+0.06 affinity of MeTr for (69- and (&)-CHs-Hfolate by titrating
MeTr with the individual diastereomers and with the mixture

D,0 low-field SignaIMezrz-%%in&%H-Hﬁf;?; 004 6.26L 0.25 of (6R,9-1°CHs-H.folate. The titration was followed by

DO high-field signal 42.8@- 0.03  42.11+0.03 6.28+ 0.08 measuring the quenching of intrinsic tryptophan fluorescence

H-O signal 43.05+ 0.05 42.05:0.03 5.80+ 0.09 (Figure 6), and the data were fitted to a two binding site
aThe concentrations used were 1 mM SHifolate in DO and 1 equation. The titration with §-CHs-Hfolate yielded dis-

mM CHs-H.folate both in 15% BO in H,O and in RO. Below a pD sociation constants (2.1 and &aVl) similar to those

or a pH of 5.9, only one broad resonance is observed (Figure 3), which previously measured in our laboratoryg]. The titrations

can, nevertheless, be fitted to two signals for the samples@ Din with (6R,9-CHs-H.folate yielded similar dissociation con-

H,0, the two signals were assumed to be at the same chemical shift .
below pH 6.0, but only the upfield signal was plotted against pH in stants as with (§)-CHs-H.folate alone. When the fluores-

Figure 4.°The calculated solvent isotope effect for the upfield Cence quenching data for theRjediastereomer were fitted
resonance is 3.01. to the same equation, the dissociation constants were nearly

identical (26 M), but the error was higher than 100%,
the MeTr-bound3CHs-Hafolate signals, over the pD range indicating identical binding sites. When the data were fit to
covered in Figure 3, are 28 7 Hz for the high-field signal & One-site binding curve, the dissociation constant was 26
and 22+ 7 Hz for the low-field resonance. This corresponds #M and the error significantly improved. These results clearly

chemical shift (ppm)

protonated unprotonated
CHs-Hsfolate CHs-Hsfolate Ka

to 5- and 6-fold broadening relative to free GHsfolate, ~ Show that MeTr possesses equivalent binding sites for the

respectively. (6R) diastereomer and nonequivalent binding sites for the
Proton Uptake upon CkH.folate Binding to MeTrThe (65 diastereomer, and they suggest that two isomers bind

13C NMR experiments demonstrate that binding of £H- independently. _ o

folate to MeTr increases the basicity of GH,folate by 10- Equilibrium Dialysis Experiments$:luorescence titrations

fold (K4/Ks = 10, Table 1). This suggested that binding of cannot yield the pH dependence of the dissociation constants
CHa-H.folate to MeTr could result in proton uptake. When for CHs-Hafolate, because the protonated form of £lit-

we added ChtH.folate to MeTr in the presence of the pH foIatg is much more fluorescent than the unprotonated form
indicator Chlorophenol Red, we observed an increase inand interferes with the fluorescence of MeTB). Thus, we
absorbance at 575 nm, which indicates proton uptake as thelétermined the dissociation ofReS-CHs-H.folate from the
binary complex MeT#CHs-Hafolate is formed. The value binary complex Wlth MeTr by equnlbrl_um d|a_IyS|_s at several
of pK,, (acid dissociation constant for the binary complex) pH values, and fitted the. results to single binding curves at
was calculated from the initial slope of proton uptake €ach pH (Table 3). As Figure 7 clearly shows, the binding
(protons per ChtH,folate bound) and from the amplitude dgta_ at four dlfft_erent pH values could be fitted to a single
of the full titration (protons per MeTr sites) (Table 2). The binding curve with &g of 10+ 1 4M. If the fluorescence
obtained X, values are between 5.50 and 6.00, in agreement itration data with (&,9-CHs-Hfolate are also fitted to a
with the 3C NMR results. The titrations were fitted to the Single binding curve, an appareK of 9.6 & 0.8 uM is
quadratic binding eq 3, and the data for three of the titrations 0btained (not shown), thus showing close agreement between
are shown in Figure 5. These experiments also demonstratdhese two different exper.lments. Proton uptake experiments
that both monomers in the MeTr homodimer are able to bind &t PH 7.60 are not possible to perform because the bound
(6R,9-CHs-Hafolate and that the proton that is taken up Substrate remains unprotonated, butkhealues (Table 2)
causes development of positive charge at tReghoup of are in agreement with those from equilibrium dialysis (Table
the pterin ring. Presumably protonation occurs directly at 3).

the NP position; however, scenarios in which protonation at

another site, e.g., C-8, leads to positive charge developmentDISCUSSION

at N° are also possible. Titrations withR63-H,folate (not The studies described here provide strong evidence that
shown) also yielded i, values for Hfolate between 5.50  binding of CH-H.folate to MeTr result in transfer of a proton

Table 2: Proton Uptake Titrations for MeTr with Gl folate

slope, H calculatel uptake, H calculated CHas-Hfolatef calculated
pH?2 per CH-Hfolate PKag per MeTr PKag bound per MeTr Kdy, uM
6.80 0.150+ 0.013 5.85 0.25@- 0.010 6.14 1.2:0.2 19+ 7
6.50 0.150+ 0.015 5.75 0.24@& 0.020 6.00 1.06: 0.1 9+ 5
5.80 0.42+ 0.08 5.65 0.36@& 0.002 5.55 0.8 0.06 5+ 2
5.40 0.68+ 0.13 5.74 0.665 0.002 5.72 0.93 0.05 11+ 2
5.20 0.73£ 0.15 5.63 0.84t 0.14 5.92 1.2Gt 0.05 58+ 10

2 Refers to the initial pH of the titration; during a given titration, the pH did not increase by more than 0.25 pk\Malites of K, Shown in
the third column are calculated from the proton uptake peg-Bifolate from the first data points in the titration, while those shown in the fifth
column are calculated from the limiting value of proton uptake at saturatingHldlate per MeTr monomef. The last two columns were calculated
from eq 3 in the text.
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Table 3: Equilibrium Dialysis Experimerits

maximal ligand

binding per dissociation
pH MeTr monomer constantuM
4.85 0.84+ 0.06 2.1+ 0.7
5.20 1.15+ 0.10 2.1+ 0.7
5.90 1.10+0.10 3.0+ 0.80
6.20 1.07+ 0.10 4.7+£19
6.60 1.30+0.10 6.2+ 1.7
7.60 0.86+ 0.11 9.0+ 4.38
8.50 1.22+0.05 52+1.2

H* uptake per MeTr monomer

a Equilibrium dialysis determinations were carried out using,®-
CHsHsfolate with 2CH; and “CH; (as tracer) bound to N See
Materials and Methods for details.

o 1 2 3 n s p
(6RS) CH3-Hyfolate added per MeTr monomer
FIGURE 5: Proton uptake by MeTr upon titration withR69-CHs-
H,folate. Absorbance changes were monitored at 575 nm for the
acid—base dye Chlorophenol Red, and converted to proton uptake
per MeTr monomer as outlined under Materials and Methods. Data
are for titrations at an initial pH of 5.40 (closed circles), 5.80 (closed
squares), and 6.60 (close triangles). Curves are fits to eq 3 using
the parameters shown in Table 2.

Fluorescence at 360 nm

L N 2 L
100 150 200 250

[CH3-Hgfolate added] , uM
Ficure 6: Binding of CH-H,folate to MeTr at pH 7.60. The
substrate was anaerobically added to a solution of 2MeTr
monomers in 100 mM Tris, pH 7.60. The tryptophan fluorescence
was obtained by exciting the sample at 295 nm and measuring the
emission intensity at 360 nm. Data foigj6CH;-Hfolate are shown
as closed circles, for ©-CHs-Hfolate as open circles, and for
the mixture of both diastereomers (equal concentrations of each)
as open triangles. Curves are fits to eq 8 in the text with following
the parameters for -CHs-Hsfolate: AF; = 1.78+ 0.06,Kg,
2.1+ 0.18uM, AF; = 1.314 0.05,Kg, = 65 + 11 uM, F;
—0.26 £ 0.05; for (6R)-CHs-Hsfolate: AF; = 3.01+ 0.03,Ky, =
26.2 £ 1.2 uM, F; = —0.26 + 0.05 (a single-site titration
hyperbola); for (R,9-CHs-Hsfolate: AF; = 1.65+ 0.24,Ky, =
3.6+ 0.9 uM, AF, = 1.37 + 0.19,K4, = 50 &+ 18 uM, F; =
—0.17+ 0.05. Data for the (B) diastereomer and F§9 mixture
are shifted upward along theaxis by 0.50 and 0.25 unit, for the
purpose of clarity.

300

from solvent to the pterin ring. This step has been hypoth-

0.8}

0.6 |

04

0.2}

0.0 |
N

Bound (6RS) CH,-H folate per MeTr monomer

n 4

2 . 1
o 20 40 80 80 100

[Free (6RS) CH-H folate] , uM
Ficure 7: Determination of the binding constant ofRf5-CHs-
Hsfolate to MeTr by equilibrium dialysis. The concentrations of
free and MeTr-bound CiHHfolate were calculated as described
under Materials and Methods and normalized with respect to the
MeTr monomer concentration for each determination. Data cor-
respond to the following pH values: closed circles, 5.20; open
circles, 5.90; triangles, pH 6.60; squares, 8.50. The curve is the fit
to a simple binding equation with maximal binding of 1.3 £H
Hfolate per MeTr monomer andky = 10 + 1 uM.

exchange with bountfCHz-Hfolate. Second, the dissocia-
tion constants for (§), (6R), and a mixture of both diaster-
eomers (K S) are much lower than the MeTr concentration
present in this sample (670M) (as well as all other samples
for which spectra are included in Figures 1 through 3). Thus,
most of the substrate is bound (see spectra in Figure 3). Third,
the chemical shifts and line widths for the signals that we
assign as freé&*CHs-Hfolate in spectra 1B through 1E are
identical to those of3CHs-H.folate alone (spectrum A), but
the upfield signal in spectrum G is centered at 42.0 ppm.
Fourth, the pD dependencies for the two signals (Figure 3
and Table 1) yield i, values that are 1K unit higher than
the (K, for free 3 CHs;-Hfolate.

The observation of two signals for MeTr-bound €H,-
folate in both protonated and unprotonated states indicates
that there are two distinct bound environments. Since all of

esized to enhance catalysis because it would lead to a positiveahe (6R,9-13CHs-H.folate present was bound to MeTr, we

charge on R thus enhancing the electrophilicity of the bound
methyl group. The first line of evidence supporting this
hypothesis is provided b$*C NMR studies of'3CHz-Hy-
folate bound to MeTr. We observe two peaks (Figure 1G)
that we assign to two forms of MeTr-bouftCHs-Hfolate
based on the following reasoning. First, these signals are
5-fold broader than the signal of frééCHs-H,folate, and

the signal for free'®CHs-Hjfolate is not broadened by

suspected that MeTr was resolving the signals of the two
diastereomers upon interaction with the active site. Under
the conditions of the NMR titration shown in Figure 1,
binding of the natural isomer 8-13CHs-H folate is favored
over binding of the unnatural B§ diastereomer, as indicated
by the values oKy, (2.1 uM) and Ky (26 uM) (Figure 6).
Therefore, the downfield signal must correspond to the MeTr-
bound (6)-CHs-Hsfolate. The chemical shift of this species



5744 Biochemistry, Vol. 38, No. 18, 1999 Seravalli et al.

moves upfield as more MeTr is added, moving closer to the rium dialysis experiments, using a mixture of botts(6and
chemical shift for the resonance for fr€Hs-Hfolate. This (6R)-CHs-Hjfolates. Since both diastereomers undergo an
is the opposite direction of changes as predicted by a simpleincrease in their corresponding pK, values (as determined
exchange mechanism between free and protein-bound ligandby the NMR experiments) and, consequently, lead to proton
However, the signal for bound R§-13CHs-H,folate (Figure uptake upon binding to MeTr, the pH dependencies of their
2) moves downfield in chemical shift upon titration with  dissociation constants must be very similar. We find that
more MeTr, and away from the resonance for fté@H;- the K4 for (6R,9-CHs-Hsfolate is pH independent (Table 3
Hfolate. This observation implies that free and MeTr-bound and Figure 7). We have demonstrated that the dissociation
(6R)-*CHs-Hfolate are in rapid exchange. The lower degree constant for the methyl acceptor substrate, CFeSP, is also
of affinity of the enzyme for the unnatural R relative to pH independent30). The results shown in Table 2 show
the (65 substrate allows this exchange to be observed (low- that the ratios of proton uptake per MeTr monomer and per
field shoulder in Figure 2C). However, the same exchange CHs-Hfolate at a given initial pH are very similar. Thus,
mechanism cannot be observed with the mixture of diaster-the extent of proton uptake upon formation of the binary
eomers (Figure 1B through 1F). When both diastereomerscomplex is determined solely by the ionization state &t N
are present, the exchange mechanism involves MeTr-boundof CHs-Hafolate, and not by the ionization states at other

(69)-1°CHs-Hsfolate (0 = 42.8-42.6 ppm in Figure 1) with
MeTr-bound (&)-*CHs-Hfolate or exchange with the 8

remote sites either in GHafolate or in MeTr. The pH-
dependent conformational change of MeTr cannot, therefore,

diastereomer bound to the second MeTr site, which has aplay a role in protonation of CHHfolate at the active site.

higher dissociation constant (between 50 angBh Figure
6).

The 13CHj; resonances for protonatédCHs-Hsfolate are
shifted downfield by~200 Hz upon interaction with MeTr.
This is probably due to delocalization of the positive charge
on the N of the pteridine ring through a hydrogen (or
deuterium) bond with the protein. In contrast, the signals
for unprotonated MeTr-bounéPCHs-Hjfolate are shifted
downfield by just 26 Hz (low-field signal) and upfield by
just 31 Hz (high-field signal), which suggests a weaker
interaction between C§H,folate and the protein active site
when unprotonated than when protonated.

MeTr from Clostridium thermoaceticuntatalyzes the
methyl transfer from ChktHsfolate to cob(l)alamin32) or
to the cob(l)amide form of the CFeSR5 16) by an $2
mechanism X2). While both of these cobaltbase species
are strong nucleophiles, MeTr must still activate the tertiary
amine at N of CHs-Hsfolate in order for nucleophilic
displacement to occur. One likely mechanism for activation
is protonation at R of CHs-Hjfolate to a quaternary

We conclude that the unprotonated state ofs;&tffolate
must be the substrate of MeTr, since it is the predominant
form within the pH range at which MeTr is active.
Furthermore, there is close agreement betweeKdhealues

for unprotonated (B,9-CHs-Hsfolate (Table 2) and th&q
values from equilibrium dialysis experiments at variable pH
(Table 3). We also conclude that the conformational change
of MeTr does not modulate the binding of the substrates in
the forward direction, and presumably the same must follow
for the substrates in the reverse direction. This is in sharp
contrast with the mechanism of binding of the extrinsic
hydrophobic probe bis-ANS18), which is strongly pH
dependent and modulated by the protein conformational
change.

The stereochemical requirements of th 8Sisplacement
mechanism require that the proton at of protein-bound
CHs-Hsfolate be on the opposite side of the pteridine plane
from where the nucleophilic cob(l)amide approaches the
methyl group. The enzyme can achieve this by binding the
unprotonated form, followed by protonation at the correct

ammonium ion, which is characterized by an increase in the grientation. Another mechanism, which was suggested to us

basicity of CH-HJfolate upon interaction with MeTr2Q).

by Rowena Matthews, is to protonate the substrate®at C

Indeed, 5,5,6,7-tetramethyl-5,6,7,8-tetrahydropteridinium tet- Delocalization of electron density would still generate

rafluoroborate, a model for protonated EHfolate, is able
to react with cob(l)alamin to form methylcob(lll)alamin and
the corresponding trimethylated produdi6( 17. Kinetic
studies with MeTr, primarily of the pH dependencies of the

positive charge at & which would be entirely consistent

with our spectroscopic and kinetic results. Stabilization of
the protonated form of the substrate could be achieved by
interactions with one or more polar groups in the enzyme.

rate constants, were unable to establish to what extent theCandidates would include an ionized carboxylic acid moiety,

pKa for the NP of CHz-Hfolate was increased by binding to
MeTr. The experiments usingC-enriched ChHfolate

the K, of which would be also increased upon substrate
binding.

presented here demonstrate that there is an increasetof 1 p  tare are several implications of the present work on the

unit in both HO and BO. Upon titration of MeTr with CH
Hifolate or Hifolate, proton uptake was observed (Figure

5); this is consistent with an increase in the basicity at the CHs-

NS-amine in both substrates.

The results described above indicate that elevation of the

pKa might result from formation of a H-bonding interaction
with the protein. We hope that the crystal structure of MeTr,
which is near completion, will reveal interactions with the

mechanism of methyl transfer. First, although MeTr binds
protonated CktH folate 10-fold stronger than unprotonated
Hfolate, the unprotonated state is the preferred sub-
strate. Second, proton uptake occurs in the ternary complex

2Since the protonated state of @Hfolate is the most likely
substrate, it must undergo protonation during the cycle of catalysis.
This protonation must occur prior to methyl transfer, since it is observed

substrate that are responsible for this key step in catalysis.in the MeTr-CHs-Hafolate binary complex. Therefore, our observations

The fact that MeTr increases th&pof the N° of CHs-
Hafolate by 1 K unit implies that, at equilibrium, MeTr must
bind protonated CHHafolate 10-fold tighter than unproto-
nated CH-Hafolate. This expectation was tested by equilib-

of proton uptake, with alf, value identical to that determined BSC
NMR, indicate that the event that triggers protonation is substrate
binding and that protonation occurs after formation of the binary
complex. Similarly, if the proton were to be provided by MeTr, no
proton uptake is expected when MeTr is titrated withs&Hfolate.
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during catalysis. Third, binding of unprotonated £Hfolate

and the proton must follow a strictly ordered pathviay.
Fourth, MeTr inactivates the reverse reaction by protonation
of MeTr-bound Hfolate due to the increase in the basicity
at N°. Fifth, the proton taken up by the MeTr-bound &€H
Hfolate must originate in solvent, not in MeTr. These results
differ from the previous studies with methionine synthase
(24), which concluded that binding of GHH,folate occurred
without the uptake of a proton, but agree with the previous
observation that it&y is pH independent31).
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