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The enzyme thymidylate synthase (TS) catalyzes a key step in
DNA biosynthesis, the conversion df@eoxyuridine-5phosphate
(dUMP) to thymidine-5phosphate (dTMP) using the cofactor
N5,10-methylene-5,6,7,8-tetrahydrofolate (Etfolate). This

highly conserved enzyme has been a target for the development

of anticancer drugs, including 5-fluorouracil and 5-fluore-2
deoxyuridine which are precursors to the mechanism-based
inhibitor 5-fluoro-2-deoxyuridylate (FAUMP). In addition,
detailed mechanistic and structural studies have provided con-
siderable insight into the mechanism of the methylation reaction
(Figure 1)? The first step involves Michael addition of an active
site cysteine to the C6 position of dUMP, as evidenced by tritium

exchange at the C5 position of the base in the absence of cofactor,

dehalogenation of 5-bromd-8eoxyuridine, and a crystal structure
of the enzyme covalently bound to dUMP through the conserved
active site cystein&® The second step of the reaction, attack
of C5 on CHHJfolate, is supported by the formation of a stable
covalent adduct between the 5-position of FAUMP and the one
carbon unit attached to N5 ofsfdlate and trapping of the steady-
state intermediat@ in Glu60 mutant$8 It has been proposed
that this covalent adduct breaks down to yield the exocyclic
methylene intermediat8, followed by hydride transfer from
5,6,7,8-tetrahydrofolate (ffblate) and subsequent elimination of
cysteine to produce dTMP and 7,8-dihydrofolatef(itate)?

To date, there is no direct evidence for the C5 exocyclic
methylene intermediat& in the TS reaction. However, its
formation is supported by nonenzymatic reactions of 5-(hy-
droxymethyl)uracil derivativésand mechanistic studies of-2
deoxyuridylate hydroxymethylasé. 5-(Hydroxymethyl)uracil
esters and ethers undergo facile substitution reactions as a resu
of addition of nucleophiles to the C6 position to form the C5
enolate which then undergoes a rapid eliminatiaddition
reaction at C7. The presence of an exocyclic methylene
intermediate in this substitution reaction is evidenced by its
trapping and formation of the C5 methyl derivative when
substitution reactions are carried out in the presence of sodium
borohydride® The enzyme 2deoxyuridylate hydroxymethylase
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Figure 1. A simplified mechanism for the reaction catalyzed by
thymidylate synthase includes the putative intermediate8 and the
new reaction product.

converts dUMP to 5-hydroxymethyl dUMP. Tritium exchange
experiments and the isolation of a FAUMP covalent adduct suggest
that this enzyme uses the same mechanism as thymidylate
synthasé® However, instead of hydride transfer from the-H
folate to the methylene group of intermediade Hifolate is
released from the enzyme and water is added to the putative C5
exocyclic methylene group. Here, we provide evidence for the
formation of the C5 methylene intermedidén the TS reaction
from trapping experiments using the Trp82Tyr mutant of the
Lactobacillus caseTS.

In the course of studying the kinetics of unnatural amino acid
mutants of TS containing tryptophan analogues at position 82, a
lhew product was discovered by reverse phase TLC analysis of
the products arising from [2/¢dUMP.1* To produce larger
amounts of this product for characterization, we screened a series
of natural amino acid mutants of Trp82 whose kinetics, but not
product composition, had been previously charactefizddnder
the assay conditions (23C, 300 uM CH,Hfolate, 13 mM
formalin, 50 mM MgC}, 2 mM EDTA, 150 mMg-mercaptoeth-
anol, 10uM dUMP, and 50 mM TES at pH 7.4), Trp82Gly
produced 9-fold more of this new product than dTMP, Trp82Met
and Trp82Tyr produced 4-fold more of the new product, and
Trp82Asp, Trp82Ser, Trp82Val, and Trp82Ala produced roughly
equal amounts of the new product and dTMP. Trp82His and
Trp82Phe produced small but detectable quantities of this product,
and Trp82Arg produced no new product or dTMP. Trp82Tyr,
which has &, of 0.034 s? for the production of dTMP (100-
fold slower than wild-type enzyme), was determined to be the
most efficient producer of the new product. The product was

(11) Aliguots of enzyme assays with dUMP {&]dUMP were quenched
with an equal volume of aqueous 1.5 M HCI and then spotted onto a C18
silica plate and developed for 30 min in a TLC chamber with aqueous 2 M
NaH,PO,. The plates were then dried and exposed overnight on phospho-
rimager plates for quantitation: dUMP had Bpof 0.7 and dTMP of 0.5.

(12) Kealey, J. T.; Echstein, J.; Santi, D. €hem. Biol.1995 2, 609-

614.
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isolated from a 30 mL reaction containing 500 (0.5uM) of site. Moreover, Glu60 mutants which are known to stall TS at
Trp82Tyr, 30QuM CH;Hsfolate, 13 mM formalin, 50 mM MgGJ intermediate2 do not produce detectable levels4f Thus, the

2 mM EDTA, 150 mMg-mercaptoethanol, 160M dUMP, and observation of trapped produet provides the first direct

50 mM TES at pH 7.4. The product was purified by reverse experimental evidence for the exocyclic methylene intermediate
phase C18 HPLC using a linear gradient of aqueous 0.1% TFA 3in the TS reaction. It rules out homolytic cleavage of the bond
and acetonitrile (0 to 100%), followed by purification on the same between N5 of the folate and the methylene in intermedate
column using a linear gradient of aqueous 10 mM acetic acid which has previously been proposed as a possible mechanistic

and acetonitrile (0 to 100%). pathway*®
NMR and electrospray mass spectroscopy were used to identify ~Wild-type thymidylate synthase does not produce detectable
the purified product as thg-mercaptoethanol addudt of the levels of produc#, while nine mutants at site 82 produce this

exocyclic methylene intermediaB The!H NMR spectrum in product. The tryptophan at position 82 in the active sitdof
D,0 reveals the presence of an anomeric proton at 6.39 ppm andcasei thymidylate synthase is conserved in all thymidylate
the C3, C4, C5 and C2 protons at 4.62, 4.24, 4.13, and 2.24 synthase enzymes characterized to date.crystal structures of
ppm, respectively? The C6 proton of the base at 7.96 ppm is the complex of the enzyme with substrate and cofactor this
shifted slightly downfield from that in dTMP due to the through tryptophan is in direct contact with C7 and C9 of the pterin moiety
o bond inductive effect from the substitution of one of the of the folate cofactof":'8 Kinetic analysis of Trp82 mutants
hydrogens on C7 with a sulfur. The singlet at 3.59 ppm suggested that this residue is not essential for catalysis, although
corresponds to the C7 methylene protons of the thymidine ring the mutants did have increaskg values for CHH folate of 2-

of 4 and the two triplets at 2.74 and 3.78 ppm correspond to the to >25-fold relative to WT enzym&. However, the above results
ethylene protons of the mercaptoethanol moiety. Electrospray suggest that the interaction of Trp82 with folate plays a key role
mass spectrometry reveals a peak at 399 corresponding to then the final transfer of hydride to intermediaBeto produce the
parent MH ion of structure4. A series of high-resolution = dTMP—enzyme adduct. In the tryptophan mutants, thioldte
electrospray experiments produced a mean mass of 399.0627 wittcofactor may be bound weakly or positioned suboptimally for
a standard deviation of 0.0015 (6 measurements), precisely inhydride transfer. Alternatively, Trp82 may play an electronic role
agreement with the calculated exact mass of 399.662De- in facilitating the redox reaction. In either case, the likely result
rivatization of the reaction product wit,O-bis(trimethylsilyl)- of mutations at Trp82 is premature release of unoxidizgfdlate
trifluoroacetimide (BSTFA) and 1% trimethylchlorosilane (TMCS) followed by binding of-mercaptoethanol in the active site and
resulted in a low-resolution FAB spectrum with an intense peak adduct formation with the exocyclic methylene group of inter-
at 615 and a weaker one at 687, corresponding to the addition ofmediate3. Surprisingly, we have found that substitution of close
three and four silyl groups to structudle respectivelyt®> High- steric analogues of tryptophan, such as 7-azatryptophan, into
resolution FAB of the 687 peak gave a mass of 687.2221, very position 82 results in the formation of significant amounts of
close to the predicted mass of 687.2208. Ths of 270 nm in product4. The role this tryptophan residue plays in catalyzing
the UV spectrum of the product is at a slightly longer wavelength the last, and least understood, hydride transfer step in the
than that of dTMP, consistent with enhanced hyperconjugation conversion of dUMP to dTMP by thymidylate synthase will be
of the C5 methylene group with the pyrimidine ring. The above the focus of future work.
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