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Methenyltetrahydrofolate Cyclohydrolase Is Rate Limiting for the Enzymatic
Conversion of 10-Formyltetrahydrofolate to 5,10-Methylenetetrahydrofolate in
Bifunctional Dehydrogenase-Cyclohydrolase Enzymes
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ABSTRACT. The kinetic properties of three methylenetetrahydrofolate dehydrogenase-cyclohydrolase (D/
C) enzymes (the NADP-dependent bifunctional domain of the human cytoplasmic trifunctional enzyme,
the human mitochondrial NAD-dependent bifunctional enzyme, and the NAD(P)-dependent bifunctional
enzyme fromPhotobacterium phosphoreQnvere determined in both forward and reverse directions. In
the forward direction, the enzymes possess widely different ratiok.pC/ke.ar D, but all channel
methenylHfolate produced by the D activity to the C activity with approximately the same efficiency. A
deuterium isotope effect is observed with the human NADP-dependent enzyme in both forward and reverse
dehydrogenase assays, consistent with hydride transfer being rate limiting for the interconversion of
methenyl- and methylenefblate. However, no kinetic isotope effect is observed for the overall reverse
reaction (formylHfolate to methylenekfolate). We devised an assay to measure the reverse cyclohydrolase
activity independent of the dehydrogenase, and determined thit.tb@verall reverse) for each enzyme

is approximately equal to thie for its reverse cyclohydrolase activity. Therefore, the rate-limiting step

in the overall reverse reaction is not hydride transfer by the dehydrogenase, but the production of
methenylHfolate catalyzed by the cyclohydrolase. The reverse cyclohydrolase activities of the NADP-
dependent D/C and the. phosphoreunenzymes, but not the mitochondrial NAD-dependent enzyme,
can be stimulated 2-fold by the addition df®2-ADP. The results suggest that the cyclohydrolases of
the human NADP dependent aRdphosphoreurenzymes are optimized to catalyze the reverse reaction

in the presence of bound coenzyme. These results imply that essentially all of the meif@aigH
produced by the cyclohydrolase in the reverse reaction is channeled to the dehydrogenase.

One-carbon units necessary for biosynthetic processes suclg5), although they differ in nicotinamide adenine dinucleotide
as purine and thymidine biosynthesis are present in cellular cofactor specificity.
pools of which 5,10-methylenefblate’ and 10-formylH- The product of the dehydrogenase, 5,10-methesiglbte,
folate are major constituentq)( Interconversion between hydrolyses nonenzymatically to 10-formyfidlate at a
these forms is catalyzed by two enzyme activities: 5,10- significant rate at neutral pH, bringing into question the in
methyleneHfolate dehydrogenase (D) and 5,10-metherylH  vivo role of the cyclohydrolase activity. Strong and Schirch
folate cyclohydrolase (C) (Scheme 1). In many species, these(6) showed that it is possible to produce serine from formate
activities are encoded in a single polypeptide as a bifunctionalin vitro by using a coupled enzyme system, and recent work
D/C domain which has been shown to channel substrate fromin Saccharomyces cersiae established that one-carbon
the D to the C activities?). Recently, kinetic and ligand  units from the formylHfolate pool can be converted to
binding studies of the human cytoplasmic D/C domain have methyleneHfolate in vivo in yeast that express the wild-
shown that the two activities share a single active s3fe ( type cytoplasmic D/C/S enzym&)( These observations
4). As well, D/C domains from a diverse range of species suggest that a major role for the cyclohydrolase may be to
share a significant degree of amino acid sequence identitycatalyze the reverse reaction: the conversion of 10-formylH

folate to 5,10-methenylkolate.
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1 Abbreviations: Hfolate, tetrahydrofolate; D, methylenetetrahy- in the presence of NADF3]. In this report we examine the
drofolate dehydrogenase; C, methenyltetrahydrofolate cyclohydrolase; ability of three D/C enzymes to catalyze the reverse reaction
S, formyltetrahydrofolate synthetase; NAD(P), nicotinamide adenine i vitro: D/C301. the NADP-dependent bifunctional D/C
dinucleotide (2phosphate); '25'-ADP, 2-phosphoadenosine’-5 . ’ L .
phosphate; '5SAMP, adenosine ‘smonophosphate; MOPS, [3¥ domain of the human cytoplasmic trifunctional enzyre (
morpholino)propanesulfonic acid]; BSA, bovine serum albumin. 9), PPDC, the bifunctional D/C enzyme frofh phospho-
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Scheme 1. Reactions Catalyzed by Methylesfeldte Dehydrogenase (D) and Methenyfiblate Cyclohydrolase (C)
NADP  NADPH ,0 H* "

~n - H

wN P
H

5,10-methyleneH,folate 5,10-methenylH,folate 10-formylHfolate
reumwhich can use either NADP or NALS), and HMDC, Scheme 2: Reactions Involved in the Interconversion of
the NAD/Mg?*/phosphate-dependent human mitochondrial One-Carbon-Substituted Folates
D/C enzyme 10, 11). In this report, we examine in detalil F

the reverse reactions and channeling of intermediate.

MATERIALS AND METHODS

D¢ Ct

NADP, NADPH, NADH, and MOPS were purchased from N . R . e
Boehringer Mannheim. NAD and B-ADP were obtained =~ """/ — methenHfolate — i

r

from Sigma. R 9S-MethenylHifolate was purchased from
B. Schircks Laboratories (Switzerland)R,§)-Hfolate was
synthesized according to the protocol of Drury et 4R)(
and stored in sealed glass vials &Gl All other chemicals R
and reagents were of analytical grade and purchased frpm aF = overall forward reaction, R= overall reverse reaction,;B=
BDH. _D/('?SOJ", HMDC’, ,and PPDC V,Vere all e_xpressed n forward dehydrogenase reaction,’=€forward cyclohydrolase ref;lction,
Escherichia coliand purified as described previousB, D: = reverse dehydrogenase reaction,=€reverse cyclohydrolase
13). Protein concentrations were determined using the reaction.
Bradford assay (Bio-Rad) with BSA as the standard.
Specific activities of the enzymes used in this study were Forward Dehydrogenase AssayethyleneHfolate de-
equivalent to those reported previously. proR-NADPD was hydrogenase activity in the forward direction was assayed
prepared according to Jeong and Great¥) (ising PH]2- according to Tan et al.1{¢), with the following changes.
propanol &99% in PH], Fluka) and a thermostable alcohol Assays were performed in a buffer consisting of 25 mM
dehydrogenase frofthermoanaerobium brocki{iSigma). MOPS (pH 7.3), 2 mM potassium phosphate, and 36 mM
This reaction was allowed to proceed until enzymatic 2-mercaptoethanol; for assays involving the NADAg
conversion to proR-NADPD was observed to exceed 98%. dependent mitochondrial enzyme, the assay mix was supple-
Enzymatically produced proR-NADPD was then purified on mented with 5mM MgGl. For a typicaK v, vs [S]} curve,
a MonoQ column (Pharmacia) by FPLC using a linear salt five reaction vessels were prepared, containing increasing
gradient. Oxidized and reduced dinucleotide are completely concentrations of the varied substrate as well as a fixed
resolved by this system. concentration of the second substrate. In assays where NAD-
Enzyme Assays and KineticsAll spectrophotometric  (P) was the second substrate, its concentration was fixed at
measurements were performed on a Beckman DU-640a level 10-fold higher than thK, for the dinucleotide; in
spectrophotometer. Dinucleotide concentrations were de-assays in which methylengidlate was the second substrate,
termined spectrophotometrically using appropriate molar it's concentration was fixed at 2Q¢M (once again, greater
extinction coefficients 15, 16). MethenylHfolate concen-  than 10 times the methylengldlate K, for each enzyme).
trations were determined spectrophotometrically,= 24.9 Assay mixtures prepared in this manner were preincubated
mM~tcm™Y). Enzymatic reaction rates were determined at at 30°C. Diluted enzyme was then added to each mixture,
30° C. Generally, substrate concentrations used to determineand aliquots were withdrawn at 10 s time points and added
Michaelis-Menten kinetic constants ranged from 0.5 to 5 to an equivalent volume of 0.36 N HCI. This acidification
times theK,, value for a given substrate. In some instances performs a number of functions: enzyme inactivation, the
the range used was limited by the extinction coefficients of conversion of all 10-formylkfolate produced in the reaction
the substrates. to 5,10-methenylkfolate, and the destruction of NADPH,
The term forward is used to describe reactions assayed inwhich absorbs maximally at 340 nm. After a 10 min period
the direction toward formylifolate (Scheme 2): the forward  of acidification, the absorbance at 350 nm of each sample
dehydrogenase reactiongs the conversion of methylengH was measured and the concentration of 5,10-methgnylH
folate to {methenylHfolate + formylHfolate}, and the folate (representing [methenyjfélate + formylH,folate])
forward cyclohydrolase reaction {Gneasures the conversion was calculated. Initial rates were determined from linear
of methenylHfolate to formylHfolate. The term reverse is  plots of [methenylHfolate] vs time.
used to describe the reactions assayed in the direction toward Forward Cyclohydrolase AssayMethenylHfolate cy-
methyleneHfolate: the reverse dehydrogenase reactiah (D clohydrolase activity was assayed according to Tan et al.
is the conversion of methenyjflate to methylenekiolate, (17) in a buffer consisting of 25 mM MOPS (pH 7.3), 2
the reverse cyclohydrolase reaction)(3 the conversion =~ mM potassium phosphate, and 36 mM 2-mercaptoethanol.
of formylHfolate to methenylkfolate, and the overall Initial rates were measured continuously by following the
reverse reaction (R) measures the conversion of formylH disappearance ofR(S)-5,10-methenyllfolate substrate at
folate to methyleneklolate. 355 nm and corrected for the nonenzymatic rate of 5,10-
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methenylHfolate to 10-formylHfolate conversion under the
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of an acidified aliquot of the reaction mixture. The,%)-

same conditions. During the continuous spectrophotometric 10-formylH,folate concentration was corrected for the pres-

assay, the cuvette holder was constantly heated ttC30

ence of unconvertedR(S)-5,10-methenylfolate by mea-

Substrate ChannelingSubstrate channeling is defined as suring the ORss of an unacidified aliquot. At pH 8.8, 98.5%

the rate of formylHfolate production divided by the rate of
[formylIH sfolate + methenylHfolate] production over a linear

of the initial methenylHfolate was converted to formylH
folate. FormylHfolate was prepared at millimolar concen-

time course. Channeling was determined by monitoring the trations such that small volumes could be added to the assay

rate of production of 5,10-methenyjfdlate from R 9)-5,-
10-methyleneklfolate at 355 nm in a continuous spectro-
photometric assay at 3QC; for this assay the extinction
coefficient used in the calculation of methenylblate
production was 29.8 mM, which includes the extinction
coefficient of NADPH at 355 nm (4.9 mM). This rate

mixture; this ensured that the pH of the assay mixture was
not affected.

The reverse cyclohydrolase assay buffer consisted of 25
mM MOPS (pH 7.3), 2 mM potassium phosphate (and 5
mM MgCl, in the case of the mitochondrial enzyme), and
36 mM 2-mercaptoethanol. Diluted enzyme was added first

was then subtracted from the rate of production of to this mixture and the reaction was initiated by the addition

[methenylHfolate + formylHfolate] measured in acidified

of formylHsfolate. The production of methenyjfélate was

aliquots at 350 nm over the same time course to obtain measured at 350 nm in a continuous spectrophotometric assay

d[formylHfolate]/dt. Both reactions were performed in the
presence of dinucleotide cofactor atkip

Deuterium Isotope Effect on the Forward Reaction
[methyleneH]-(R,S)-5,10-Methylenekfolate was produced
by the chemical reaction ofHi]-formaldehyde £99% in
[2H], Cambridge Isotope Laboratories, Inc.) witR,$)-H4-
folate in the D reaction buffer at room temperature. Kinetic

performed at 30°C. Reactions were performed in the
presence or absence of 0.25 mM and 1 n\&'2ADP. All
enzymatic rates determined in this manner were corrected
for the rate of nonenzymatic production of methenytiate
observed under the same conditions.

Reverse Dehydrogenase Assagonversion of methenyl-
folate to methylenekiolate was measured as a decrease in

isotope effects were determined by measuring the initial rate the 0D, of aliquots taken from the reaction mixture at 10
of the forward dehydrogenase reaction in the presence ofg time points and acidified. Reactions progressed C30

(R,S-5,10-methylenelfolate and dividing this by the initial

in a mixture containing 25 mM MOPS (pH 7.3), 36 mM

rate of the dehydrogenase reaction in the presence ofy.mercaptoethanol, 250\ NADPH, and 2 mM potassium

[methyleneH]-(R,9-5,10-methylenelfolate; the dinucle-

phosphate. Initial methenylfblate concentrations were

otide cofactor concentration in these assays was fixed atyaried between 50 and 100M. This assay is complicated

25Km. As well, keosandK, values for the DC301 reaction
in the presence ofnfiethyleneH]-(R,9-5,10-methyleneld

by the concurrent conversion of some methenjdtate to
formylHfolate by the cyclohydrolase; this obviates the ability

folate were determined in order to calculate deuterium isotopetg determineK,, values for the reverse dehydrogenase

effects onk.o and V/IK.
Assay of the @erall Reverse Reaction Assays of the

overall reverse reaction were initiated by the addition of
enzyme to an assay mix containing 25 mM MOPS (pH 7.3)
36 mM 2-mercaptoethanol, 2 mM potassium phosphate

(R,S-10-formylHsfolate, and NADPH; in the case of the
mitochondrial enzyme, 5 mM Mgehnd NADH were used.
(R,S-10-FormylH,folate was prepared by dissolving,§)-
5,10-methenylfolate in a buffer containing 100 mM

potassium phosphate (pH 7.3) and 36 mM 2-mercaptoethanol
and incubating at room temperature with stirring for 1 h.
Initial rates were measured as the rate of disappearance o

[methenylHfolatet+formylHfolate] upon acidification of
aliquots at given time points.
Deuterium Isotope Effects on the /Rese Reaction

Kinetic isotope effects on reverse reactions were determined

by dividing the rate of conversion of eitheR,§-10-
formylHfolate or R,S-5,10-methenylkfolate to 5,10-
methyleneHfolate in the presence of NADPH by the rate

of the same reactions in the presence of an equivalent
concentration of NADPD. Dinucleotide concentrations were

fixed at 25 times the NADK, for D/C301.

Reverse Cyclohydrolase AssayR,S)-10-FormylHfolate
was prepared by dissolvingrS)-5,10-methenylkfolate in
a buffer consisting of 25 mM alanine (pH 8.5) and 36 mM

activities, and observed rates are likely to be minimal values.

Kinetic Analysis Initial rates were determined for all
enzymatic reactions as the slopes of linear portions of

' progress curves. These data were fitted to the Michaelis
' Menten equation by nonlinear regression using the program

Enzfitter (18), and standard errors of the fit were less than
25% forKn, andVmax values; for the Cassay, curves with a
standard error of the fit of 35% were accepted. Tabulated
data represent the averages and standard deviations of
experiments performed at least in triplicate. Errors given
or ratios of values already possessing standard deviations
Ei.e., keaf Kim) Were calculated using the formula of propaga-
tion of probable errors for the ratio of two independent
variables 19). Vmax values for the reverse dehydrogenase
reaction were obtained from double reciprocal plots of rates
measured at near-saturating concentrations of methgnylH
folate.

First-Order Rate ConstantsNonenzymatic conversion of
either R9-5,10-methenylfolate to R,S)-10-formylH;,-
folate orvice versawas monitored at 355 nm in continuous
spectrophotometric assays performed at@@inder standard
assay conditions. Data were plotted as log [S] vs time and
the first-order rate constantk, were calculated from the
slope where slopes —(ky/2.3).

2-mercaptoethanol. The reaction vessel was flushed withpegy TS

N, and the reaction incubated at room temperature fer 90

120 min with constant stirring. The mixture was then titrated

to pH 8.8 with 10 N KOH. RYS-10-FormylHfolate
prepared in this manner was quantitated by measuringOD

Catalysis in the Forward Direction Three bifunctional
D/C enzymes were characterized for their ability to catalyze
reactions in the forward direction; all enzymes were assayed
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Table 1: Kinetic Parameters of the Forward Dehydrogenase Activities for D/C301, PPDC, and HMDC

Km kcat Df Km
enzyme Keat D 2 (579 methylenekfolate M) K (ST uM™Y) dinucleotidé («M) vnlvp?
D/C301 10+ 1 9+1 1.1+ 0.2 22+ 3 2.8+ 0.5
PPDC 71+ 2 10+1 7.5+ 0.9 38+ 6 3.6t 04
HMDC 35+3 12+1 28+04 507+ 49 2.3+ 0.3

aD; = forward dehydrogenase reactidrCalculated using methylenefdlate K, values.c NADP for D/C301 and PPDC, NAD for HMDC.
dDeuterium isotope effects determined from reactions in which [NADEPY]Ox to 25x K.

Table 2: Effect of inethylen€H]MethyleneHfolate on the P Reaction of DC301

substrate varied substrate constant Keat Km VIK

NADP [*H]methyleneHfolate 10+ 1.0 224+ 3 0.50+ 0.08

NADP [2H]methyleneHfolate 3.8+£04 20+ 2 0.20+ 0.03

[*H]methyleneHfolate NADP 9.4+ 0.8 11+ 1 0.85+ 0.11

[*H]methyleneHfolate NADP 3.2+ 0.2 8+1 0.40+ 0.06

Table 3: Substrate Channeling in the Forward Direction Does Not Correlatekit®/k.: D Ratios
Km Keat Gt Keat G %

enzyme keat C2 (579 methenylHfolate (M) Km (stuM™) Keat Ds channeling
D/C301 142+ 8 43+ 4 3.3+04 14+ 1 51+5
PPDC 152+ 2 38+2 4.0+£0.2 22+0.1 58+ 1
HMDC 145+ 22 85+ 19 1.7+ 0.5 42+1.0 57+ 3

aCy = forward cyclohydrolase reactioh% channeling= [{ d(formylH,folate)/d} /{ d(formylH.folate + methenylHfolate)/d}]100.

under the same standard conditions. Reactions involving of Dy activity (at saturating methylengfélate and dinucle-
HMDC were supplemented with 5 mM Mggtiue to the otide concentrations) to see whether the three enzymes would
enzyme’s requirement for Mg; the presence or absence of catalyze the overall reverse reaction at the same rate. Under
MgCl, has no effect on D/C301 or PPDC.; R4 values these conditions, the following rates for the reverse reaction
were observed to vary significantly among the three enzymeswere observed: DC301, 0.15 nmol/s; PPDC, 0.03 nmol/s;

(Table 1); in terms ok../Kn (folate), PPDC has the most
efficient Dr activity. Although significant differences were
observed in the Pk, values (Table 1), the three enzymes
have essentially the same Kz values (Table 3), resulting
in widely different kear Ci/kear Dr ratios. Notwithstanding

and HMDC, 0.04 nmol/s. Inthe second experiment, overall
reverse reactions were performed at equimolar enzyme
concentrations, and the following reverse reaction rates were
observed: DC301, 0.15 nmol/s; PPDC, 0.12 nmol/s; HMDC,
0.05 nmol/s. Therefore, at equimolar enzyme concentrations,

these different ratios, the three enzymes channel substratéboth DC301 and PPDC catalyze the overall reverse reaction
in the forward direction to approximately the same efficiency at approximately the same rate, even though theikR

(between 50 and 60%) (Table 3).
Experiments usingifiethyleneH]-(R,9-5,10-methyleneld

values differ 7-fold.
Kinetic Isotope Effects on the Rerse Reactions To

folate showed that all three enzymes share dehydrogenasefurther investigate whether hydride transfer is rate limiting
catalyzed hydride transfer as the rate-limiting step in the in the reverse direction, assays of the overall reverse reaction
forward direction, and that all three enzymes exhibited a as well as the reverse dehydrogenase (@action were
kinetic isotope effect of approximately 3. As well, kinetic performed on D/C301 using deuterated reduced dinucleotide

parameters for DC301 in the presence of [methyle-
(RS-5,10-methylenekfolate were determined (Table 2).
DC301 has approximately the sarig for the deuterated
folate substrate as that for nondeuterated methylghoédte,
and no significant effect on the,, for NADP was observed
in the presence of the deuterated substrate. KEhéd/Keat
D ratios from these data, 2.6 0.4 (NADP as varied
substrate) and 2.9+ 0.3 (methylenekfolate as varied
substrate), compare favorably with thg'vp values quoted
in Table 1.

Overall Reverse Reactions Given that theKeq for the
reaction 5,10-methylenefblate + NADP < 10-formyl-
Hsfolate+ NADPH is 16 at pH 7.34), we determined that

cofactor (NADPD). It has already been established that the
dehydrogenase activity of the porcine trifunctional enzyme
catalyzes the addition of hydride to the pro-R face of NADP
(20); therefore, enzymatically prepared proR-NADPD was
used in this experiment. The NADPK, of D/C301 was
determined to be 1M, approximately the same as the
NADP K, (data not shown). Kinetic isotope experiments
were performed with reduced dinucleotide cofactor levels
at 250uM; considering that this is approximately 25 times
the Ky, of NADPH, it is extremely unlikely that an increase
in Kn, for the deuterated cofactor would contribute to the
observed isotope effect. When the reverse dehydrogenase
assay was performed (using methenytithte as the sub-

it was experimentally feasible to study the reverse reactions strate), a kinetic isotope effect was observed in the presence
of the D/C domains in vitro without a requirement for a of NADPD [vy/vp (Mmethenyl— methylene)= 2.39+ 0.65],
coupling system to remove methylenddlate. Reverse  consistent with the isotope effect observed in the forward
assays were performed for D/C301, PPDC, and HMDC under dehydrogenase assay usingdthylenéH]methylenek}-

two experimental conditions. In the first experiment, enzyme folate. However, in the overall reverse assay, using NADPD
concentrations were fixed at levels that yielded identical units and formylHfolate as substrates, the isotope effect is not
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A L L L AL L B | Table 4: Effect of 25'-ADP on the Reverse Cyclohydrolase
2 - Reaction
T 1s —_ > : Keat G2 (s71) Km formylH.folate («M)
§ L | enzyme +b - + -
22| . - D/C301  14+1 51+ 1.3 564 17 51+ 24
& | ] PPDC 16+ 2 8.0+ 1.2 35+ 17 30+ 12
Eé s L | HMDC  6.2+1.2 51+0.8 45+ 14 45+ 11
-% ' L aC, = reverse cyclohydrolase reactidh-/— 1 mM 2,5-ADP.
€ o4 | —
. after approximately 2 min. By reducing the amount of
0 T enzyme used in the reaction, it is possible to measure initial
0 20 40 60 80 100 120 rates and therefore determine kinetic parameters for the
time (sec) reverse cyclohydrolase activity.
The Effect of 25-ADP on the Reerse Cyclohydrolase
B T Activity. We were interested in determining if the binding

of dinucleotide affects the reverse cyclohydrolase reaction.
Since addition of NADPH would prevent us from studying
the reverse cyclohydrolase independent of the reverse de-

I

1.6

1 mM 2,5-ADP. It is apparent that'LE'-ADP is a strong
activator, increasinfi.;: While not significantly affecting the
Km for 10-formylH,folate. Kinetic parameters for the reverse
002 0 0'?2 1 0.04 cyclohydrolase activity were determined for all three en-
(10-formylH, folate] "[uM] zymes in the presence and absence of 1 ni\g-ADP
FiIGURE 1: Enzymatic catalysis of the production of methenylH  (Table 4). Addition of the nucleotide diphosphate to the
folate from R,9)-10-formyl-Hifolate (A) Rates of methenylifblate — re5ction results in an approximately 2-fold activation for both

production in the presence of excess D/C38), &nd in the absence : o
of enzyme 4). (B) Double-reciprocal plot of the reverse cyclo- D/C301 and PPDC. For both enzymes, this activation is due

TTT T T T T T T[T T T[T TT[TT

g 7 hydrogenase, we used,2-ADP, which is an analogue of

s 12 ] the nicotinamide-dinucleotide cofactor yet not a substrate for

g ] the dehydrogenase. Figure 1B shows a double reciprocal

> 08 t plot of reverse cyclohydrolase activity of D/C301 as a
e ] function of [formylHfolate] in the presence and absence of

hydrolase activity of D/C301; initial rates with varying,6)-10- to an increase in the reverse cyclohydrol&sg with no
formylHfolate were measured in the presenii ¢r absence®) significant decrease in th€, observed for formylfolate.
of 1 mM 2,5-ADP. In contrast, 25-ADP has no effect on the reverse cyclo-

observed §u/vp (formyl — methylene)= 1.05 £+ 0.06]. hydrolase activity of HMDC, which is NAD dependent but
Therefore, in the overall reverse direction, it appears that ahas low activity with NADP. Furthermore, addition of-5
step prior to dehydrogenase hydride transfer must be rateAMP to the assay does not affect the reverse cyclohydrolase
limiting. activity of HMDC (not shown). In terms ok.a C/Kn
Reverse Cyclohydrolase Acity. Due to the fact that (folate), HMDC clearly has the least efficient reverse
equilibrium between 5,10-methenyfidlate and 10-formylizt cyclohydrolase activity whereas PPDC and D/C301 Haye
folate lies strongly in the direction of formylffblate at C/Kn, (folate) values on the same order of magnitude (Table
neutral pH R1), it is difficult to experimentally examine 5). The activation effect of'5'-ADP on D/C301 and PPDC
reverse cyclohydrolase activity under the standard assaywas also examined at 4 2-ADP concentration of 250M
conditions. However, the equilibrium position between and found to be the same as at the higher concentration (not
methenylHfolate and formylHfolate is highly dependenton  shown). This indicates that thec for 2',5-ADP of these
pH; we experimentally determined that, at pH 8.8, the enzymes must be well below 2%0M.
proportion of substrate aR(S)-10-formylH,folate is 98.5%, Efficiency of Channeling in the Rerse Direction A
and at pH 7.3, the proportion dR(S)-10-formylHsfolate falls comparison of the reverse kinetic parameters of the three
to approximately 90% (data not shown). It is therefore enzymes reveals that thg;values for overall reverse activity
possible to rapidly initiate 10-formyliblate to 5,10- is approximately the same as tkg; values for the reverse
methenylHfolate conversion at neutral pH by introducing cyclohydrolase (Table 5). In order for this to occur,
(R,S-10-formylHsfolate produced at high concentration and essentially all of the 5,10-methenyidlate produced by the
high pH to a reaction buffer at pH 7.3. As the reaction reverse cyclohydrolase activity must be channeled through
approaches equilibrium, approximately 10% of the total folate the dehydrogenase (in contrast with channeling in the forward
substrate is converted to 5,10-methengtithte. Figure 1A direction where only approximately half the intermediate is
shows both the nonenzymatic and enzymatic conversion ofchanneled). This result also shows that the reverse cyclo-
(R,S-10-formylH,folate to 5,10-methenyMolate. Under the hydrolase activity is rate limiting for the overall reverse
experimental conditions used, it would take approximately reaction. In support of thik. values were determined for
3 h for the reaction to reach equilibrium at neutral pH in the the D reactions of D/C301 and PPDC and found to be
absence of enzyme. However, the introduction of excessapproximately 3-fold greater than their respective kG
D/C301 to the reaction allows equilibrium to be achieved values (Table 5).
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Table 5: Kinetic Parameters for Overall Reverse, Reverse Cyclohydrolase, and Reverse Dehydrogenase Reactions

Km kcat C;I'
enzyme Keat R (s71) Keat Cr (571) Keat Dr (573 formylH,folate® (uM) Km (st uM™Y)
D/C301 15+ 2 14+1 36+ 4 56+ 17 0.25+ 0.08
PPDC 17+ 3 16+ 2 37+ 2 35+ 17 0.45+ 0.23
HMDC 74+0.8 6.2+ 1.2 n/d 45+ 14 0.144+ 0.05

2R = overall reverse reactiorkdy determined from a 10-formylifblate curve in which [NAD(P)H]= 10x to 25x Kp). P Determined from

reverse cyclohydrolase assays.

Nonenzymatic First-Order Rate Constantsrst-order rate
constants K,) for the nonenzymatic conversion of 5,10-
methenylHfolate and 10-formylkfolate were measured
under standard assay conditions. kfof (7.08 + 0.07) x
10 % s was determined for the conversion &,9-5,10-
methenylHfolate to R,S)-10-formylHsfolate. The conver-
sion of R,9-10-formylHsfolate to R,S-5,10-methenylit
folate had &, value of (3.21+ 0.09) x 10°°s™%

DISCUSSION

The kinetics of conversion of methylengblate to
formylH folate by D/C enzymes have been well characterized
and support the concept of a single or shared site for the
two activities @, 4). However, catalysis of the reverse
reactions involved in the production of methylenéitate
from formylH,folate has not been examined in great detail,
due primarily to the difficulty in measuring the conversion
of formylH folate to methenylkfolate since the equilibrium
of this reaction at neutral pH lies strongly in the direction
of formylHfolate 21). Since cellular methenyliblate
concentrations are low, it is highly unlikely that it is a
significant substrate for the production of methylegfetate.

How, then, do D/C domains catalyze the conversion of
formylHfolate to methylenel{olate? Recent work per-
formed in mutanS. cereisiaestrains shows that in strains
deficient in cytoplasmic D/C/S activity, one-carbon units
from formate do not flow to the products of biosynthetic
reactions that require methylengblate as a precursor;
furthermore, expression of the cytoplasmic monofunctional

proportional to their forward dehydrogenakg; values,
which would have been expected if hydride transfer was also
rate limiting for the overall reverse reaction. Furthermore,
although D/C301 exhibits a kinetic isotope effect in the
presence of NADPD in the conversion of methenytiate

to methylenelfolate, such an effect is not seen in the
conversion of formylifolate to methylenekdolate, indicat-

ing a different rate-limiting step in the overall reverse
direction. There are two major candidates for this rate-
limiting step: the cyclohydrolase reaction itself, which
involves the dehydration of formylifblate to produce
methenylHfolate, or the efficiency of channeling methenylH
folate from the cyclohydrolase to the dehydrogenase. Be-
cause thek.: values of the overall reverse reaction are
approximately the same as those of the reverse cyclohydro-
lase, the cyclohydrolase reaction must be rate limiting. These
observations have two important implications. Since forward
and reverse reactions have different rate-limiting steps, it is
not appropriate to consider the reactions catalyzed by the
D/C domain as a single enzymatic mechanism. As well,
since the overall reverse reaction has approximately the same
turnover number as the reverse cyclohydrolase, essentially
all of the methenylkfolate produced by the cyclohydrolase
must be channeled to the dehydrogenase.

Forward and Reerse Channeling The ability of D/C
enzymes to channel substrate in the forward direction has
already been established, ©, 11). In all cases, between
50 and 60% of the methenylfdlate produced by the
dehydrogenase is channeled directly to the cyclohydrolase.

NAD-dependent dehydrogenase in these deficient strainsHowever, the result is somewhat surprising since different

does not alleviate this conditio2?), although it is unclear

D/C enzymes vary a great deal in thijg; Ci/kea: Dy ratios.

whether this is due to an absence of the Cyc|0hydro|ase OrSUCh a variation SuggeStS that the ablllty to channel substrate

to the change in dinucleotide cofactor specificity. However,
it is likely that the cyclohydrolase activity is required to

catalyze the overall reverse reaction in vivo. As well, Strong
and Schirch §) have shown that it is possible to convert

formate to serine in vitro via a coupled system involving a
mammalian D/C/S enzyme and serine hydroxymethyltrans-
ferase. Although informative, such a system is not ideal to
examine the kinetics involved in these enzymatic conver-

in the forward direction is not simply determined by the
kinetic efficiency of the cyclohydrolase relative to the
dehydrogenase. It is likely that the uniform channeling
efficiencies among these enzymes is due to conserved
structural homology at the D/C active site.

In the context of cellular metabolism, the partial channeling
observed in the forward direction is probably not of
significance since unbound methenyfiblate can hydrolyze

sions. To better understand these reverse reactions, we havaonenzymatically to formylkfolate. If, however, methenylH
focused on elucidating the mechanisms of enzymatic conver-folate produced by the reverse cyclohydrolase were to

sion of formylH,folate to methylenekiolate by the bifunc-
tional D/C enzyme without the use of a coupled system.
Rate-Limiting Steps in the Forward and#Rese Reactions
Green et al. Z3) have shown that the hydride transfer step
of the dehydrogenase reaction is rate limiting for the porcine
D/C/S enzyme in the forward direction. Here, through
experiments with deuterated methylenfdtate, we confirm
that this step is also rate limiting in the dehydrogenase
activity of the three D/C enzymes examined. However, the

channel poorly to the dehydrogenase, most of the methgnylH
folate produced by the cyclohydrolase would nonenzymati-
cally hydrolyze back to formylkfolate, and the production
of methyleneHfolate would become very inefficient. By
facilitating highly efficient channeling in the reverse direc-
tion, the D/C domain circumvents this problem by keeping
the methenyllfolate bound to the enzyme throughout the
conversion of formylHfolate to methylenekolate; the
dissociation of the methenylftlate produced by the cy-

enzymes do not catalyze the overall reverse reaction at rateslohydrolase is much slower than its conversion to methyl-
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eneHfolate by NADPH and the Pactivity.

The Role of Dinucleotide in the Rerse Cyclohydrolase
Reaction Previous work on D/C301 has shown that the
forward cyclohydrolase activity can be stimulated by about
30% with the addition of 25-ADP (3). We observed a
pronounced stimulatory effect of,3-ADP on the reverse
cyclohydrolasek.4 (but not on the folat,) for both D/C301
and PPDC. This observation and the fact that the 10-
formylHfolate Ky is approximately 25-fold lower in the
presence of NADP demonstrate that the activities interact
significantly and also suggest that a conformational change
in the enzyme is induced by the binding of dinucleotide.

The reverse cyclohydrolase activity of the mitochondrial
NAD-dependent enzyme, HMDC, is not stimulated by the
presence of either' 5-ADP or 3-AMP. As well, HMDC
has a very lowk.s: C/K, (folate) relative to D/C301 and

PPDC. These results are consistent with the proposed 10.

metabolic role of HMDC: providing formylkfolate for

processes such as mitochondrial protein synthesis. The 11.

mitochondrial ratio of NAD to NADH is quite high24),
which supports this hypothesized role. In contrast, the high
ratios of NADPH to NADP in the mammalian cytoplasm

(25) suggest that D/C enzymes in these compartments are
better poised to catalyze the reverse reactions. As well, these

cellular compartments have a number of metabolic require-
ments for methylenelfolate which are not shared with the
mitochondrion (for a review, see réj.

In summary, we have demonstrated that the bifunctional
D/C domain optimizes the conversion of formyl- to
methylenetfolate, where the cyclohydrolase is the rate-
limiting step. With NADP-dependent enzymes that are
found in cellular compartments where the reverse reaction
is physiologically important, the rate-limiting cyclohydrolase
activity is enhanced by the binding of the®-ADP portion
of NADP. The design of the bifunctional site enables
essentially complete channeling of intermediate in the reverse
direction. The “incomplete” channeling in the forward
direction is a consequence of the optimization of the enzyme
to maximize the efficiency of the reverse reaction.
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