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Abstract
The interaction of 5-formyltetrahydrofolate analogs with murine methenyltetrahydrofolate
synthetase (MTHFS) was investigated using steady-state kinetics, molecular modeling, and site-
directed mutagenesis. MTHFS catalyzes the irreversible cyclization of 5-formyltetrahydrofolate to
5,10-methenyltetrahydrofolate. Folate analogs that cannot undergo the rate-limiting step in catalysis
were inhibitors of murine MTHFS. 5-formyltetrahydrohomofolate was an effective inhibitor of
murine MTHFS (Ki = 0.7 μM), whereas 5-formyl, 10-methyltetrahydrofolate was a weak inhibitor
(Ki = 10 μM). The former, but not the latter, was slowly phosphorylated by MTHFS. 5-
formyltetrahydrohomofolate was not a substrate for murine MTHFS, but was metabolized when the
MTHFS active site Y151 was mutated to Ala. MTHFS active site residues do not directly facilitate
N10 attack on the on the N5-iminium phosphate intermediate, but rather restrict N10 motion around
N5. Inhibitors specifically designed to block N10 attack appear to be less effective than the natural
10-formyltetrahydrofolate polyglutamate inhibitors.

INTRODUCTION
The polyglutamate forms of tetrahydrofolate (THF) are metabolic cofactors that carry and
chemically activate one-carbon units for the synthesis of purines and thymidylate, and for the
remethylation of homocysteine to methionine (Figure 1)[1]. Methionine can be adenylated to
form S-adenosylmethionine (AdoMet); AdoMet is a methyl donor for numerous cellular
reactions including methylation of histones, DNA, RNA, and phospholipids [2,3]. Disruptions
in this metabolic network can result from single nucleotide polymorphisms or from low
intracellular folate concentrations and/or other environmental factors. Aberrations in folate
metabolism increase risk for pathologies including epithelial cancers, developmental
anomalies, and cardiovascular disease[4]. This metabolic network has also been a successful
target for the development of antiproliferative agents, and a focus for the development of new
anticancer therapies [5,6].

Folate cofactors contain three chemical moieties: reduced pteridine, p-aminobenzoate and a
glutamate polypeptide that contains 1 to 9 glutamate residues linked through γ-peptide linkages
(Figure 2). Polyglutamylation serves both to retain folates within the cell and to increase the
affinity of folate derivatives for the enzymes that utilize them [1]. Folates serve as cofactors
by carrying and chemically activating one-carbon units on N5, N10 or both; the single carbons
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are carried at the oxidation level of formate (i.e., 10-formylTHF), formaldehyde (i.e., 5,10-
methyleneTHF) or methanol (5-methylTHF).

There are three naturally-occurring folate derivatives that carry the one-carbon unit at the
oxidation level of formate: 10-formylTHF, 5-formylTHF, and methenylTHF. 10-formylTHF
is the cofactor that supplies the #2 and #8 carbons of the purine ring; 5-formylTHF and
methenylTHF are also present in cells but are not metabolic cofactors (Figure 1). 5-formylTHF
is the most stable form of reduced folate and its polyglutamate derivatives are tight-binding
inhibitors of folate dependent enzymes including the serine hydroxymethyltransferase (SHMT)
isozymes, and phosphoribosylaminoimidazole carboxamide formyltransferase (AICARFT).
SHMT catalyzes the interconversion of serine and THF to glycine and methyleneTHF, a
reaction that generates one-carbon units for purine, thymidine and methionine biosynthesis.
AICARFT catalyzes the incorporation of formate into the C-2 position of the purine ring.
Therefore, intracellular 5-formylTHF concentrations are believed to regulate the flow of one-
carbon units through the folate-dependent one-carbon network [7].

MTHFS has been suggested as a target for the development of antiproliferative agents because
it affects 5-formylTHF concentrations [8,9]. Cellular concentrations of 5-formylTHF are
regulated by a futile cycle (Figure 1). 5-FormylTHF is synthesized from methenylTHF in a
second reaction catalyzed by SHMT. 5,10-Methenyltetrahydrofolate synthetase (MTHFS, EC
6.3.3.2), the only enzyme that metabolizes 5-formylTHF, catalyzes the ATP-dependent and
irreversible cyclization of 5-formylTHF to 5,10-methenylTHF. The MTHFS-catalyzed
reaction exhibits product inhibition; the product of the MTHFS reaction, methenylTHF, exists
in chemical equilibrium with 10-formylTHF, which binds to MTHFS tightly [10].

The MgATP-dependent MTHFS reaction is essentially irreversible (Keq = 66 to 500M). The
proposed mechanism proceeds with a nucleophilic attack by the 5-formyl oxygen on the γ-
phosphate of ATP, forming an N5-iminium phosphate intermediate (Figure 3, Intermediate 1).
This intermediate undergoes cyclization via nucleophilic attack by N10 to form a
phosphoimidazolidine tetrahedral intermediate (Figure 3, Intermediate 2); this has been
suggested to be the rate-limiting step in catalysis. Breakdown of this intermediate through
phosphate elimination, the only irreversible step in the reaction, generates the methenylTHF
product [8].

Previous studies have shown that MTHFS purified from rabbit liver is inhibited by the folate
analog, 5-formyltetrahydrohomofolate (5-formylTHHF) [8]. Furthermore, MCF-7 cells
exposed to 5-formylTHHF accumulate 5-formylTHF and are auxotrophic for purines [11]. 5-
formylTHHF contains an additional methylene group between the pterin and p-aminobenzoate
moiety of 5-formylTHF (Figure 2); the extra methylene group impairs N11 (corresponding to
THF N10) attack on the N5-iminium phosphate intermediate [8]. However, its clinical utility
is expected to be limited, as it has been shown to be slowly metabolized to 5,11-methenylTHHF
by MTHFS purified from rabbit liver [8]. In this study, the interaction of murine MTHFS with
5-formylTHF analogs that impair N10/N11 attack was investigated using steady-state kinetics,
molecular modeling, and site-directed mutagenesis.

METHODS
Materials

MES, HEPES, and Tris were purchased from Sigma. ATP was purchased from Roche. [6S]-5-
formylTHF (the natural isomer) and [6R,S]-5-formylTHF were a generous gift from Eprova
AG. 5-formyltetrahydrofolate triglutamate was from Schircks Laboratories (Switzerland).
Homofolate (NSC 79249) was the generous gift of Dr. Roy Kisliuk, Tufts University. All other
materials were of high quality and obtained from various commercial vendors.
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Synthesis of folate derivatives
5-formyl, 10-methylTHF was synthesized by incubating 5-formylTHF, formaldehyde and
sodium cyanoborohydride for 12 h as described elsewhere [12]. 5-Formyltetrahydrohomofolic
acid was synthesized from homofolic acid as follows: Homofolic acid was reduced to
tetrahydrohomofolic acid by reduction over palladium(II) oxide hydrate in water; formylation
at N5 was achieved by the immediate addition of formic acid and N-(3-dimethylaminopropyl)-
N′-ethylcarbodiimide at pH 4.0 as described previously [13]. All synthesized compounds were
purified by anion exchange chromatography and desalted by gravity filtration on a 0.5 in. × 64
in. G-10 Sephadex column using water as the mobile phase, as described elsewhere [14].
Samples were lyophilized and their identity verified by UV spectroscopy and 1H NMR.

Generation of mutant MTHFS enzymes
Three separate amino acid substitution mutants were generated using the Stratagene Quick
Change Site Directed Mutagenesis Kit, following the manufacturer’s protocol. The Y151A
mutant was prepared using the following primers: forward, 5′-GGG CGG GGT AAG GGG
GCA TAT GAC ACC TAC CTG-3′ and reverse, 5′-CAG GTA GGT GTC ATA TGC CCC
CTT ACC CCG CCC-3′. The Y152A mutant was prepared using the following primers:
forward, 5′-CGG GGT AAG GGG TAC GCG GAC ACC TAC CTG AAG-3′ and reverse, 5′-
CTT CAG GTA GGT GTC CGC GTA CCC CTT ACC CCG-3′. Finally the Y152F mutant
was created using the following primers: forward, 5′-GGG CGG GGT AAG GGG TAC
TTT GAC ACC TAC CTG-3′ and reverse, 5′-CAG GTA CCT GTC AAA GTA CCC CTT
ACC CCG CCC-3′. The underlined codon was targeted in the site directed mutation. All
mutated plasmids generated were sequence verified.

Protein expression and purification
The MTHFS protein and mutants thereof (Y151A, Y152A, Y152F) were expressed and
purified as described elsewhere[15]. For the mutant proteins, all purification and dialysis
buffers contained 10mM MgATP to prevent denaturation of the protein.

Steady-State kinetics
MTHFS activity was monitored by measuring the increase in methenylTHF production with
time at 37°C in 1mL cuvettes using a spectrophotometer; methenylTHF has a unique
absorbance maximum at λ=355 nm (ε=25,100). When 5-formylTHHF was used as a substrate,
the absorbance of methenylTHHF at λ=320 nm was monitored. Reaction mixtures contained
100mM MES, pH 6.0, 20mM MgATP. Reactions were initiated by the addition of 70nM
MTHFS. Km and kcat values were determined from Lineweaver-Burke plots and reported
values are the average of three experiments. For all inhibition experiments, 70nM MTHFS was
preincubated with the inhibitors for 2–4 minutes in the reaction mixture; the reaction was then
initiated by adding [6S]-5-formylTHF. Ki values were determined from Dixon plots, and
reported values are the average of at least two independent determinations.

ATP utilization assay
MTHFS activity was also monitored by measuring the generation of ADP. The reaction buffer
contained 100mM MES pH7.2, 10mM MgATP, 1mM phosphoenolpyruvate, 200 μM NADPH,
3U/mL pyruvate kinase, 3U/mL lactate dehydrogenase, and 5U/ml C1 tetrahydrofolate
synthase purified from rabbit liver. This system generates 2 equivalents of NADP+ when 5-
formylTHF is converted to methyleneTHF, or 1 equivalent of NADP+ if the reaction is unable
to proceed beyond the formyl phosphorylation step. The folate or folate analog substrate was
added to a cuvette containing 1mL reaction buffer and allowed to incubate for 15 minutes at
37°C. The reaction rate was quantified by following A340 for 2 minutes following the addition
of 70nM MTHFS.
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Molecular modeling
A homology model of the mouse MTHFS protein was constructed using the crystal structure
of Mycoplasma pneumoniae MTHFS with ADP, phosphate, and 5-formylTHF bound and is
described elsewhere [10]. To visualize the MTHFS-mediated conversion of 5-formylTHF to
methenylTHF, a possible series of conformational intermediates in the reaction of ATP with
5-formylTHF, to produce first a phosphorylated THF intermediate and then the products, was
generated by molecular modeling. Several intermediate conformations of the ATP-THF
species were built manually, using the program O [16], keeping the protein atoms fixed except
for small side-chain motions. Energy minimization was performed on each of these
intermediates using CNS [17], allowing both protein and ligands to relax. Finally, transitions
between the intermediates were smoothed using the Indie morphing server
(http://molbio.info.nih.gov/structbio/indie_morph.html). The resulting series of structures was
used to generate images (using RasMol [18]), which were combined into a movie (Online
Supporting Material) using gifsicle (http://www.lcdf.org/~eddietwo/gifsicle/index.html).

Results and Discussion
Mechanism-based inhibition of MTHFS

The mechanism of MTHFS inhibition by 5-formylTHF analogs (Figure 2) was investigated
using recombinant murine MTHFS protein. The ability of folate analogs that cannot undergo
the rate-limiting nucleophilic attack by N10 on the N5-iminium phosphate intermediate to
inhibit MTHFS was investigated. Nucleophilic attack by N10 can be impaired by N10
substitution (i.e. methylation of N10) and/or by increasing the distance between the N5-
iminium phosphate and N10 (i.e. 5-formylTHHF)(Figure 2). As expected, [6R,S]-5-formyl,
10-methylTHF was demonstrated to be a competitive inhibitor of MTHFS (Ki=10 μM (Table
1)), but was not as effective as [6R,S]-5-formylTHHF (Ki = 0.7 μM). Surprisingly, N11
methylation of 5-formylTHHF diminished its effectiveness nearly 10-fold; [6R,S]-5-formyl,
11-methylTHHF was a competitive inhibitor with a Ki=6.0 μM (Table 1).

Previously, we have shown that MTHFS exhibits increased affinity for the polyglutamate forms
of the substrate [10]. The Km of [6R,S]-5-formylTHFGlu3 (Km=0.4 μM) is decreased by over
96% compared to [6R,S]-5-formylTHF (Km= 10 μM) [10]. However, the Ki of [6R,S]-5-formyl,
10-methylTHFGlu3 (Ki=20 μM) was 2-fold higher than for the monoglutamate (Table 1). This
is unusual as the addition of polyglutamates to natural and unnatural folate derivatives generally
increases their affinity for folate-dependent enzymes [1]. Tight binding of the polyglutamate
moiety may make it difficult for 5-formyl,10-methylTHFGlu3 to occupy the active site because
of a steric clash between its 10-methyl group and ATP’s γ-phosphate. The model with 5-
formylTHF in position to react with ATP places N10 only 2.8 A from one of the γ-phosphate
oxygens, suggesting that insertion of the N10-methyl group would require movement of THF
somewhat out of the binding pocket.

The role of N10 substitution on formation of the N5 iminium phosphate
Structural modeling studies revealed that the MTHFS active site can accommodate a number
of natural and synthetic folates, including folic acid, 5-formylTHHF,11-formylTHHF, and 5-
formyl, 10-methylTHF (Figure 4). The site is not tightly constricted, so a variety of folate
analogs can be positioned to form favorable interactions between the pterin moiety and residues
lining the binding site, and between the glutamate moiety and surface hydrophilic residues. In
agreement with aforementioned kinetic data, 5-formyl, 10-methylTHF was not predicted to
bind to the active site as tightly as 5-formylTHF in the presence of ATP, due to interference
between the methyl group and the ATP γ-phosphate. Therefore, 5-formyl, 10-methylTHF may
not be able to form the iminium phosphate intermediate. To test this prediction, the ability of
recombinant mouse MTHFS to phosphorylate its inhibitors (form Intermediate 2 in Figure 3)
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was examined by monitoring the generation of ADP from ATP using a coupled enzymatic
assay (Materials and Methods). This assay yielded a similar Km for 5-formylTHF (10.5±2.5
μM) as previously obtained using the standard spectrophotometric assay (Km=10±2 μM)(Table
2). The inhibitors 10-formylTHF and 5-formyl,10-methylTHF did not form the N5-iminium
phosphate, as evidenced by the lack of ADP generated above background (Table 2). This result
affirms the modeling predictions described above, and previous structural modeling studies
that indicated that the formyl group of 10-formylTHF does not assume proper orientation for
nucleophilic attack on ATP γ-phosphate[10]. When 5-formylTHHF was incubated with
MTHFS and MgATP, ADP formation occurred at a rate 5% of that observed for 5-formylTHF,
suggesting that 5-formylTHHF is slowly phosphorylated to form the N5-iminium phosphate.
Since 5-formylTHHF is not a substrate for mouse MTHFS (as described below), this indicates
that the conversion of 5-formylTHHF to 5,11-methenylTHHF by MTHFS is impaired by an
inability of N11 to attack the N5-iminium phosphate. Although both mouse MTHFS and rabbit
liver MTHFS are capable of phosphorylating 5-formylTHHF, only rabbit liver MTHFS can
also slowly metabolize 5-formylTHHF to 5,11-methenylTHHF [8].

Role of the MTHFS active site in the conversion of the N5-iminium phosphate (intermediate
1) to the phosphoimidazolidine (intermediate 2)

The role of the MTHFS active site in facilitating N10 movement was investigated. The 5-
formylTHF binding site consists of residues 58-64, 97-105, 133-136 and 144-152 [10].
Glycines at positions 148 and 150 allow proper folding of the 147-150 loop which defines one
side of the 5-formylTHF-binding cavity. The tyrosines at positions 151-152 (shown in green
in Figures 4 and 5) appear to be important in defining the shape of the active site and are
conserved as Y or F in all MTHFS primary sequences. The position of these residues indicates
that they are likely to play a role in the conversion of intermediate 1 to intermediate 2 (Figure
3). A tyrosine could direct the nucleophilic attack of N10 on the N5-iminium phosphate through
ring stacking interactions with the pABA moiety of the substrate, as is the case with 5-
formylTHF bound to cSHMT, a reaction that also involves an N10 nucleophilic attack [19].
Previous studies have shown that the pABA moiety of the substrate is essential for binding to
MTHFS (5-formyltetrahydropterin does not inhibit mouse MTHFS). However, the homology
model clearly shows that there is no ring stacking interaction with either of these tyrosine
residues and the pABA moiety (Figure 5).

Alternatively, tyrosines 151 and 152 may facilitate N10 attack on the N5-iminium phosphate
by forming a pocket that constrains the motion of N10. The position of the Y152 side-chain is
well-determined by hydrophobic interactions with a number of neighboring residues; the Y151
side-chain is more exposed, but a possible H-bond from its OH to the main chain oxygen of
residue 102 may help secure it in place. The tyrosines were changed by site-directed
mutagenesis to investigate the effects of altering the integrity of the active site on substrate
binding and catalysis. The Y151A mutant protein exhibited similar Michaelis-Menten kinetics
parameters as the wild-type MTHFS (Table 3), indicating that this side-chain does not make
major contributions to substrate binding or catalysis. The Y152A mutant protein, however,
was impaired in both binding and catalysis; Km for 5-formylTHF was elevated 300-fold and
kcat reduced by greater than 99% (Table 3). To ascertain whether the pABA ring or the hydroxyl
of the tyrosine side-chain was required for effective substrate binding and catalysis, Y152 was
changed to a phenylalanine. The Y152F mutation increased the Km by only 4-fold and did not
affect kcat (Table 3), indicating that the hydrophobic/aromatic properties of Y152 are essential
in defining the architecture of the active site and for effective substrate binding and catalysis.

The effect of reduced active site integrity on N10 attack was investigated using the MTHFS
inhibitor 5-formylTHHF. The MTHFS-catalyzed conversion of 5-formylTHHF to 5,11-
methenylTHHF requires the formation of a six-membered ring rather than the five-membered

Field et al. Page 5

Arch Biochem Biophys. Author manuscript; available in PMC 2007 April 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ring present in methenylTHF. 5-formylTHHF is slowly metabolized by rabbit MTHFS; the
kcat is one-thousandth of that observed for 5-formylTHF[8]. As previously stated, this reduced
rate of catalysis has been attributed to steric constraints that impair nucleophilic attack by N11
of 5-formylTHHF (corresponding to N10 of 5-formylTHF) on the iminium phosphate
intermediate. In contrast to the rabbit enzyme, 5-formylTHHF is not a substrate for wild-type
murine recombinant MTHFS, but does inhibit MTHFS and MTHFS Y151A (Ki=0.7 μM and
0.3 μM respectively) (Table 3). Surprisingly, 5-formylTHHF was a substrate for the Y151A
mutant (Km=31 μM and kcat=0.2 min−1), but not the Y152A mutant (Table 3,Figure 6). The
differences in the Km and Ki values for 5-formylTHHF with Y151A MTHFS are explained by
the strong product inhibition by 11-formylTHHF (Ki = 0.2 μM), which is a product of 5,11-
methenylTHHF nonenzymatic hydrolysis [10]. Modeling 5-formylTHHF into the binding site,
with the formyl group positioned for attack on ATP γ-phosphate (to create Intermediate 1 in
Figure 3), reveals a steric clash between N11 of 5-formylTHHF and the side-chain of Y151,
as shown in Figure 5. Mutation of tyrosine to alanine removes this obstacle, thereby permitting
5-formylTHHF phosphorylation and subsequent cyclization to create product. We conclude
that steric restriction of N11 motion in the wild-type enzyme prevents 5-formylTHHF
metabolism, suggesting that the MTHFS active site functions to constrain the movement of
N10 (or N11 of THHF) near the N5-iminium phosphate during catalysis. Modeling of reaction
intermediates (supplementary material) showed that the conformational changes to ATP and
5-formylTHF during the reaction can be accommodated with small adjustments to MTHFS.
Much of the 5-formylTHF molecule is solvent-exposed, and so can flex freely without
interacting with the protein. Energy-minimized structures showed backbone motions of 1 Å or
less, concentrated in the region of residues 146-151. The glycines in this region (positions 146,
148, 150), which form one face of the 5-formylTHF binding site, facilitate adjustments to main-
chain torsion angles without producing long-range disturbances. This model indicates that
MTHFS does not have to undergo large-scale conformation changes during catalysis, and
further supports the observation that the MTHFS active site mediates cyclization of 5-
formylTHF by limiting, but not directing, the motion of N10.

This study advances our understanding of the mechanism of inhibition by 5-formylTHHF and
further informs the design of MTHFS inhibitors. Huang and Schirch showed that rabbit
MTHFS phosphorylated and very slowly converted 5-formylTHHF to 5,11-methenylTHHF.
They inferred that the observed inhibition by 5-formylTHHF resulted from the phosphorylated
intermediate remaining tightly bound to the enzyme [8]. Here we show that 5-formylTHHF is
also phosphorylated by mouse MTHFS and that removal of the Tyr 151 side-chain is necessary
for metabolism of 5-formylTHHF. These data suggest that 5-formylTHHF, once
phosphorylated, remains bound due to hindered N11 attack. Mechanistically, MTHFS-
mediated catalysis appears to be the result of restricted, rather than directed, N10 motion. This
study also indicates that synthetic 10-methyl substituted folates are not viable in vivo MTHFS
inhibitors, since occupation of the polyglutamate binding site forces the N10-methyl into a
sterically unfavorable position relative to ATP. As indicated previously [10], synthetic analogs
of the natural feedback inhibitor 10-formylTHF (Ki=30 nM as a tri-glutamate), rather than
inhibitors designed to block N10 attack, may prove to be the most effective MTHFS inhibitors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
MTHFS  

methenyltetrahydrofolate synthetase

THF  
tetrahydrofolate

THHF  
tetrahydrohomofolate

SHMT  
serine hydroxymethyltransferase

AICARFT  
phosphoribosylaminoimidazole carboxamide formyltransferase

GARFT  
glycinamide ribonucleotide formyltransferase

FPGS  
folylpolyglutamate synthetase

PBS  
phosphate-buffered saline

AdoMet  
S-adenosylmethionine

pABA  
p-aminobenzoate

pABG  
p-aminobenzoylglutamate

NMR  
nuclear magnetic resonance
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Figure 1.
The folate-dependent one-carbon metabolic network in the cytoplasm. Folate cofactors and
derivatives are indicated in boxes, and the products of one-carbon metabolism are underlined.
Folate-mediated one-carbon metabolism is emphasized, highlighting the 5-formylTHF futile
cycle. MTHFS, methenyltetrahydrofolate synthetase; cSHMT cytoplasmic serine
hydroxymethyltransferase; AdoMet, S-adenosylmethionine. GARFT, glycinamide
ribonucleotide formyltransferase; AICARFT, phosphoribosylaminoimidazole carboxamide
formyltransferase; TS, thymidylate synthase; AdoMet, S-adenosylmethionine.
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Figure 2.
Structure of the substrate, 5-formyltetrahydrofolate, and MTHFS inhibitors described in the
text. pABA, p-aminobenzoate; glu, glutamate.
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Figure 3.
Reaction intermediates of MTHFS catalysis. The iminium phosphate (Intermediate 1) results
from the transfer of the ATP γ-phosphate to 5-formylTHF; the phosphoimidazolidine
(Intermediate 2) results from N10 nucleophilic attack to form a species with a tetrahedral
carbon, which then breaks down rapidly to eliminate phosphate and form product,
methenylTHF. pABG indicates p-aminobenzoylglutamate.
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Figure 4.
Stereo figure modeling of inhibitors bound in the active site of MTHFS in the presence of ATP.
Inhibitors include: 5-formyl,10-methylTHF (red), 5-formyl,11-methylTHHF (light red), 10-
formylTHF (green), 10-formyl THHF (light green), folic acid (yellow). MTHFS is shown in
semitransparent spacefilling form, colored gray, except for residues coordinating the pterin
ring, which are partially blue, those which potentially make H-bonds to the glutamate moiety,
whose side-chains are magenta, and tyrosines 151 and 152, whose side-chains are green. Of
the blue residues, it appears that Glu 64 and the main chain O of Asp 59 (on the right side of
the figure) can interact with all the inhibitors, while Ser 97 and Gln 58 only coordinate some
of them. The figure was rendered using Molscript [20] and Raster3D [21].

Field et al. Page 12

Arch Biochem Biophys. Author manuscript; available in PMC 2007 April 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
5-formylTHHF, in position to attack the γ-phosphate of ATP. THHF and ATP are shown with
dark CPK coloring and MTHFS with lighter CPK coloring, except for Y151 (on the left) and
Y152 (at the top), whose side-chains are colored green. The THHF formyl group is shown in
magenta. The distance between THHF N11 and Y151 Cδ1 is shown to indicate that this
placement of THHF is only possible if the side-chain of Y151 is removed. The figure was
rendered using Molscript and Raster3D.
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Figure 6.
MTHFS-mediated catalysis of 5-formylTHHF. The MTHFS-catalyzed conversion of 5-
formylTHHF to methenylTHHF was investigated by monitoring the increase in absorbance at
λmax=320nm as described in Materials and Methods. (■) Y151A-MTHFS, (♦) Y152A-
MTHFS, (▲) wild-type MTHFS, (●) control (no enzyme).
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Table 1
Inhibition of MTHFS by 5-formylTHF analogs. All reactions were carried out at 37°C in 100mM MES, pH6.0.

Folate analog Ki(μM)

[6R,S]-5-formyl,10-methylTHF 10 ± 1
[6R,S]-5-formyl,10-methylTHFGlu3 20 ± 2
[6R,S]-5-formylTHHF 0.7 ± 0.3
[6R,S]-5-formyl,11-methylTHHF 6.0 ± 3
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Table 2
MTHFS catalyzed formation of the N5 iminium phosphate intermediate. The ability of MTHFS to catalyze
formation of the N5 iminium phosphate was determined as described in Materials and Methods. Results shown
as average and standard deviation of three experiments. The reaction buffer consisted of 100mM MES pH7.2,
10mM MgATP, 1mM phosphenolpyruvate, 200 μM NADPH, 3U/mL pyruvate kinase, 3U/mL lactate
dehydrogenase, and 5U/ml C1 tetrahydrofolate synthase purified from rabbit liver. Activity is expressed as μM
NADPH consumed per minute.

Substrate [S] (μM) Activity (μM/min)
5-formylTHF 10 0.99 ± 0.03

5-formylTHHF 10 0.05 ± 0.02
10-formylTHF 10 < 0.01

80 < 0.01
5-formyl, 10-methylTHF 10 < 0.01

80 < 0.01
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Table 3
Steady-State Kinetic Parameters for MTHFS Mutants. All reactions were carried out in 100mM MES, pH 6.0 at
37°C.

[6S] 5-formylTHF [6R,S]-5-formylTHHF
Km (μM) kcat (min−1) Km (μM) kcat (min−1) Ki (μM)

WT-MTHFS 10 ± 3 200 ± 50 nd nd 0.7 ± 0.3
Y151A 9 ± 2 55 31 ± 2 0.2 0.3 ± 0.1
Y152A 3000 ± 500 1.2 ± 0.4 nd nd --
Y152F 47 ± 15 258 ± 50 -- -- --
nd – no activity detected
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