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(E)-2'-Fluoromethylene-2deoxycytidine, E)-FMC, has potent
antiproliferative activity against a wide range of tumor cell lihes.
Its cytotoxicity is thought to arise from a synergistic effect
between its triphosphate, a DNA chain termindtand its
diphosphate (FMCDP), a stoichiometric inactivator of ribonucle-
otide reductase (RNR). RNRs catalyze the conversion of
nucleotides to deoxynucleotides, the rate-determining step in DNA
biosynthesis. The class | RNRs are composed of two subunits:
R1 and R2. Initiation of the reduction process is thought to
proceed via a thiyl radical on R1 abstracting thagdrogen atom
from the nucleotide. While much indirect evidence supports this
proposal, direct evidence for &8ucleotide radical intermediate
has been elusive. Our recent studies indicate that FMCDP is a
mechanism-based inhibitor of RNR. The inactivation is ac-
companied by loss of fluoride ion, stoichiometric alkylation of
the R1 subunit, loss of the essential tyrosyl radical) @h the
R2 subunit, and formation of a new nucleotide-based radi¢al.
To establish the structure of this radical-f&C]-(E)-FMCDP was
synthesized and incubated with RNR. EPR studies of the resulting
radical establish that it is allylic, requiring that RNR catalyzes
3'-hydrogen atom abstraction.

On the basis of biochemical and EPR data, two mechanisms
for nucleotide radical generation from FMCDP have been
proposed® The initial step in both is ‘3hydrogen atom abstrac-
tion to generate a fluorinated allyl radical (Scheme 1). This
radical can be reduced by hydrogen atom transfer from one of
the three cysteine residues in the active site. Reduction from the
o-face or thepg-face of the nucleotide (pathways A and B,
respectively), followed by loss of fluoride ion, results in the
generation ofl and a cysteinyl radical. In pathway A, Glu441
adds to the exocyclic methylene @fto generate2 which is
converted to allyl radicaB via hydrogen atom abstraction by a
thiyl radical on thea-face of the nucleotide. In pathway B, the
thiyl radical of Cys439 adds directly th resulting in formation
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Figure 1. (A) 9.39 GHz EPR spectrum of a sample containing RNR
(50 uM), [6'-13C]-(E)-FMCDP (0.5 mM), and ATP (1.6 mM) frozen 30
s after addition of the inhibitor (solid line) overlayed with the spectrum
of Y122 (- - -). The intensity of the Ysignal was normalized to reflect
the radical concentration &= 30 s as quantitated by the absorbance at
410 nm% (B) New radical signal at = 30 s after subtraction of the
Y122 signal. Instrument settings: power A8V, modulation amplitude
0.39 mT,T = 109 K. The overlaid +¢-) spectrum derives from [62C]-
(E)-FMCDP, showing that the peaks marked with an asterisk most likely
arise from residual unlabeled material. (C) Family of 10 best-fit
simulations of the [613C] spectrum using the parameter set given in Table
1.

Table 1. Hyperfine Values for thé3C-Labeled Radical As
Determined by the Simulations in Figure 4C
H* HA 8C
A 2.1(0.2) 1.3(0.3) 1.1(0.4)
A 0.7(0.3) 1.4(0.3) 0.2(0.3)
1.4(0.3) 1.4(0.3) 5.5(0.2)
Aiso 1.4(0.3) 1.4(0.3) 2.3(0.2)

2The numbers in parentheses are estimated uncertaigties.
2.0030,9; = 2.0042, andy; = 2.0018. For principal axis orientations,
see ref 9.

of the ketyl radicald. A distinction between these two mecha-
nistic possibilities could not be made unambiguously; however,
the allyl radical pathway A was favored on the basis of simulations
of 9 and 140 GHz EPR data from'{&H]- and [6-'H]-(E)-
FMCDP2¢

To establish the structure of the radial;-{&C]-(E)-FMCDP
was synthesized on the basis of the route developed by McCarthy
and co-workersstarting with the ¥C]-methylation of thiophenol
(Scheme 2§°47 [6'-13C]-(E)-FMCDP was obtained, and the
NMR analysis indicated 9697% *3C-incorporation into 6C
(Supporting Information).

[6’-13C]-(E)-FMCDP was incubated witk. coli RNR, and after
30 s the sample was frozen in liquid,Nand the EPR spectrum
was recorded at 9.39 GHz. The resulting spectrum is shown in
Figure 1A overlayed with the spectrum of.Y Subtraction of
0.82 equiv of ¥ signal gave rise to the signal shown in Figure
1B. Spin quantitation revealed 0.14 equiv of new radical/equiv
of RNR2¢ Since the'3C-labeled nucleotide contains-3% of
12C-labeled material, a minor component of the signal is derived
from unlabeled radical (Figure 1B).

To establish the structure of this radical, simulations were
generated using a simulated annealing profo¢ste the Sup-
porting Information). Proton hyperfine parameters gnealues
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Scheme 2 diagnostic for allyl radical$? The isotropic hyperfine coupling
o 00 O value expected for a ketyl radica, has been reported asl.0
LY g Coed %P e T Rl mT 2 which is well outside the uncertainty of our measured value.
Ph”” CH, Ph™ "CH,F P \F‘/ \O‘E’F‘ In additiongis, is 2.003, also outside the range for reported ketyl
73 % 84 % 5,90 % radicals. Thus, thé&’C hyperfines and the excellent simulations
c oG unambiguously establish that the radical signal derived from
Pry i,O fa ‘Pr\SiP h FMCDP is allylic in nature and lacks a fluorine. This structure
P, d o P o sy can only be generated by removal of the hydrogen atom from
lPr/S'\‘Pr ‘Pr,sl o C3 of FMCDP. Thus, direct evidence for a nucleotide radical
74% and the importance to' @hemistry in its formation is provided.
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aConditions: (a)'3CHsl, DBU; (b) NalQy; (c) DAST, SbCi; (d)

Oxone; (e) CIP(O)(OE#) 2 equiv of LIHMDS; (f)6, KO'Bu; (g) BuSnH,
AIBN; (h) CsF, MeOH; (i) POG; (j) H20; (k) CDI, BusNH-H,PQy.
were constrained to those determined in our previous X- and
D-band EPR studie¥,while *3C principal values were allowed
to vary between 0 and 2.5 mR{andA,) and 4.6-6.5 mT Ag).°
The 10 best fit simulations are shown in Figure °L.C.

The measured isotropi€C hyperfine coupling of 2.3 mT
(Table 1) yields a spin density on Céf 0.641°%11which is very

Supporting Information Available: 'H and3P NMR spectra for
(E)-FMCMP, a table of changes in the previously reported NMR data
for compounds shown in Scheme 2 that are due to the introduction of a
13C-label, and full details of the simulated annealing protocol (3 pages,
print/PDF). See any current masthead page for ordering information and
Web access instructions.
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3 3
Ago = (QsC + ZQng)pi + Zngch

in which p; is the spin density on the labeled carbppindexes spin density
on adjacent atoms jXand theQ values are calculated spin polarization

annealing runs which allowed these orientations to vary did not produce better
fits (fit quality determined as described in the Supporting Information). Thus,
with the exception of\; andA, of H%, all hyperfine principal axis orientations
were taken as collinear with the correspondingly indegeaatincipal axis assumed to have @ value equal to that of oxygen, the spin density on
orientations.A; and A; of H* were rotated by 30from the corresponding hydrogen and on the unknown atom has been considered to be negligible,
g-principal axes to achieve better fits of 139.5 GHz EPR spectra reported and the spin density on thé-@arbon has been assumed to+#&19, consistent
previously?® Each!3C hyperfine value and associated uncertainty listed in  with a typical allyl radicak?
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constants Q€ = —1.27 mT,QS. = 1.44 mT,QS, = 1.95 mT,Q%, = 1.77
mT, Q5. = —1.39 mT}14In addition, the unknown atom X i has been



