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Solvent oxygen is not incorporated into N'°-formyltetrahydrofolate in the
reaction catalyzed by N'°-formyltetrahydrofolate synthetase
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The mechanism of the reaction catalyzed by N'*-formylietrahydrofolate synthetase involves the formation of formyl phosphate as an intermediate
which then formylates tetrahydrofolate at the N-10 position. Previous studies demonstrated that the non-enzymic formylation of tetrahydrofolate
by formyl phosphate occurs exclusively at the more nucleophilic 5-nitrogen in the reduced pyrazine ring. The experiments described in this report
were designed to determine whether A°-formyltetrahydrofolate might be the first product to be formed on the enzyme, followed by formyl transfer
to the 10-nitrogen via the cyclic intermediate N*'°-methenyltetrahydrofolate. If this were the case, oxygen from solvent H,O would be incorporated
into the formyl group of the N'®-derivative. By conducting the reaction in a 1:1 mixture of ["*OJH,0 and ['*O]H,0 and using *C NMR spectroscopy
we show that no '®0 is incorporated into the product and conclude that the reaction proceeds via a direct formylation of the N-10 position by
formy! phosphate,

Formyltetrahydrofolate synthetase; Formyltetrahydrofolate; *O incorporation

1. INTRODUCTION

The mechanism of the formylation of tetrahydro-
folate catalyzed by N'°-formyl-tetrahydrofolate synthe-
tase, EC 6.3.4.3, involves the formation of enzyme-
bound formyl phosphate from ATP and formate, fol-
lowed by transfer of the formyl group to tetrahydro-
folate [1,2].

o
I
HCOO + ATP = HCOPO,” + ADP M

I
HCOPO," + H,folate = N-CHO-H,folate + P, (2)

Based on relative nucleophilicities alone, the pre-
ferred formylation site should be the 5-nitrogen in the
tetrahydropyrazine ring rather than the 10-nitrogen
which is part of the p-aminobenzoic acid moiety. Non-
enzymic formylation of tetrahydrofolate by methyl for-
mate [3], formic acid [4] and formyl phosphate [5] occurs
exclusively at the 5 position.

One possible mechanism of the formyl transfer reac-
tion which has not been considered previously, involves
the formation of N°-formyltetrahydrofolate on the en-
zyme, followed by a transfer to the N-10 position. The
interconversion of N°- and N'-formyltetrahydrofolate
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through N*'°-methenyltetrahydrofolate is a well studied
pH-dependent reaction sequence [6].
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If the steps shown in Eqn. 3 do participate in the
reaction, incorporation of oxygen from solvent H,O
should occur in the N'-formyl group. By conducting
the reaction in 50% [**O]H,0, equal amounts of [*°O]
and ['*O)N"-formyltetrahydrofolate should be formed.
Bonding of an '®0-oxygen to a carbon causes an upfield
shift of 0.02 ppm in the *C NMR spectrum [7]. Thus,
if solvent H,0 were incorporated into the product, two
signals should be evident in the *C NMR spectrum of
the formyl carbon in the reaction product.

2. MATERIALS AND METHODS

N'".Formyltetrahydrofolate synthetase was purified from Clostri-
dium cylindrosporum [2,8] and tetrahydrofolate was prepared by cata-
lytic reduction of folic acid [9]. [*C]Formic acid (99%), ['*O]H,O
(98%) and [*HJH,O (99%) were purchased from Cambridge Isotope
Laboratories.

[PCIN*-Formyltetrahydrofolate was synthesized by incubating
10 mM (6R,5)-tetrahydrofolate with 100 mM [“*C}formic acid at pH
3.8 and room temperature in a 0.5 ml solution which also contained
20% D,0, 150 mM 2-mercaptoethanol, 20 mM sodium phosphate and
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33 mM l-ethyl-3-[3-(dimethylamino)propyljcarbodiimide [10]. After
10 to 15 min, the pH was brought to 8.5 with 10 M KOH. To prepare
['*C} N**-formyltetrahydrofolate 12 N HCl instead of 10 M KOH was
added to adjust the pH to 1 after the reaction. This step converts the
N°-derivative to N*'°-methenyltetrahydrofolate. After 1 h the pH was
adjusted to 7.8 with 10 M KOH, converting the cyclic derivative to
N'%formyltetrahydrofolate. The progress of these interconversions
was followed by monitoring the UV spectra.

The enzyme-catalyzed formation of N'%-formyltetrahydrofolate was
conducted at 37°C in a 0.5 ml volume containing 25 mM ATP, 27 mM
6(R,S)-tetrahydrofolate, 100 mM [*C]formic acid, 10 mM MgCl,,
50 mM KCl, 100 mM triethanolamine - HCI, 56 mM Tris-HCl, 280
mM 2-mercaptoethanol, 20% D,0, and 450 ug of enzyme. The pH was
adjusted to 7.8-8.0 with 10 M KOH. Reaction solutions contained
either 100% ['*OJH,O or equal proportions of ['°0]- and [**0JH,0.
NMR spectra were taken on a Varian XL-300 spectrometer at
75 MHz. Spectrometer conditions included the following: sweep
width, 2,400 Hz; pulse width, 3.5 us; tip angle, 18.5°; number of
transients, 2,000; acquisition time, 2 s. Chemical shifts are reported
relative to sodium 3-(trimethylsilyl) propionate d, at 0.00 ppm.

3. RESULTS AND DISCUSSION

The N°- and N'-formyl derivatives of tetrahydro-
folate, in which the formyl carbon was enriched with
1BC, showed '*C signals at 164.562 and 165.461 ppm,
respectively, at pH 7.8. To demonstrate that we could
detect the presence of N'-formyltetrahydrofolate con-
taining either °O or *0 in the formyl oxygen we con-
verted N>'°-methenyitetrahydrofolate to the N'*-formyl
derivative in a 1:1 mixture of ['*0]- and [*O]JH,0. The
BC NMR spectrum showed that the formyl carbon sig-
nal was split into two, at 165.469 and 165.446 ppm (Fig.
1). The 0.02 ppm difference is what would be expected
for a *C-carbon bonded to either 'O or 0 [7].

Because of the interconversions which exist between
N°-formyl-, N'-formyl- and N*!°-methenyltetrahydro-
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Fig. 1. ®C NMR spectrum of N'-formyltetrahydrofolate formed
from N*'“-methenyltetrahydrofolate in 50% ['*OJH,0. N°-For-
myltetrahydrofolate was formed from [*CJformic acid and tetrahy-
drofolate, converted to N*!°.methenyltetrahydrofolate with HCI,
which upon neutralization, was converted to the N'°-formyl deriva-
tive. Details are given in section 2.

folate we were concerned that 'O from solvent could
exchange with the formyl oxygen in N'°-formyltetrahy-
drofolate in a non-enzymic process. To test this possibil-
ity [CIN"-formyltetrahydrofolate was incubated in
50% ['®*OJH,0. Such an exchange did occur but not
within the time periods that were used in the enzyme
reaction. After 1.5 h only one signal was observed at
165.465 ppm, but after 30 h two signals were evident,
165.464 and 165.443 (Fig. 2). Because the time neces-
sary for complete formation of product in the enzyme-
catalyzed reaction was about 1 min, the slow non-en-
zymic exchange did not present a problem.
N'".Formyltetrahydrofolate was formed in the en-
zyme-catalyzed reaction in ['*OJH,O and in a 1:1 mix-
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Fig. 2. Non-enzymic exchange of ['*O]H,O with N'-formyltetrahydrofolate. [*CJN'-Formyltetrahydrofolate was synthesized in ['OJH,O as
described in section 2. An equal volume of ['*OJH,O was added and incubation was continued at room temperature for 1.5 h (A) and 30 h (B).
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Fig. 3. ®C NMR spectra of N'%formyltetrahydrofolate formed in the enzyme-catalyzed reaction. (A) Spectrum taken immediately after completion
of the reaction (1 min). (B) Spectrum taken after a further 45 min incubation at room temperature. Details are given in section 2.

ture of ['°0] and ["*OJH, 0. The *C spectrum was exam-
ined immediately after the reaction was completed (1
min) and after 45 min. There was no difference in these
two spectra. Fig. 3 presents the results of this experi-
ment. Only one signal was observed for the formyl car-
bon and no difference could be detected in the two
spectra, both singlets were at 165.369.

The results of these experiments demonstrate that
solvent oxygen is not incorporated into the formyl
group of the product, indicating that a direct formyla-
tion at the N-10 position occurs. As pointed out previ-
ously [5], this suggests that the enzyme may enhance the
reactivity of the 10-nitrogen as well as hinder the acces-
sibility of the 5-nitrogen to formylphosphate.
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