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ABSTRACT: Ribonucleotide reductase (RNR, 76 kDa) from Lactobacillus leichmannii is a class II RNR that
requires adenosylcobalamin (AdoCbl) as a cofactor. It catalyzes the conversion of nucleoside triphosphates to
deoxynucleotides and is 100% inactivated by 1 equiv of 2,2-difluoro-2'-deoxycytidine 5'-triphosphate
(F,CTP) in <2 min. Sephadex G-50 chromatography of the inactivation reaction mixture for 2 min revealed
that 0.47 equiv of a sugar moiety is covalently bound to RNR and 0.25 equiv of a cobalt(III) corrin is tightly
associated, likely through a covalent interaction with C4;9 (Co—S) in the active site of RNR [Lohman, G.J. S,
and Stubbe, J. (2010) Biochemistry 49, DOI: 10.1021/b1902132u]. After 1 h, a similar experiment revealed
0.45 equiv of the Co—S adduct associated with the protein. Thus, at least two pathways are associated with RNR
inactivation: one associated with alkylation by the sugar of F,CTP and the second with AdoCbl destruction.
To determine the fate of [I-*H]JF,CTP in the latter pathway, the reaction mixture at 2 min was reduced with
NaBH, (NaB*H,) and the protein separated from the small molecules using a centrifugation device. The small
molecules were dephosphorylated and analyzed by HPLC to reveal 0.25 equiv of a stereoisomer of cytidine,
characterized by mass spectrometry and NMR spectroscopy, indicating the trd?ped nucleotide had lost both
of its fluorides and gained an oxygen. High-field ENDOR studies with [I’-"H]F,CTP from the reaction
quenched at 30 s revealed a radical that is nucleotide-based. The relatlonshlp between this radical and the
trapped cytidine analogue provides insight into the nonalkylative pathway for RNR inactivation relative to

the alkylative pathway.

Ribonucleotide reductases (RNRs)' catalyze the conversion of
nucleotides to deoxynucleotides, providing the monomeric pre-
cursors required for DNA replication and repair (/—5). Class I
and class IT RNRs are stoichiometrically inactivated by the 5'-di-
and triphosphate forms of 2/-deoxy-2',2'-difluorocytidine (Gemzar
or F,C), a drug presently used clinically in the treatment of
advanced pancreatic cancer and non-small cell lung carcinoma
(6—11). The Lactobacillus leichmannii ribonucleoside triphos-
phate reductase (RTPR), a monomer with a molecular mass of
76 kDa, is the paradigm for adenosylcobalamin (AdoCbl) requiring
RNRs, although recent genomic analyses have revealed that the
dimeric class II enzymes, exemplified by the recently crystallized
Thermotoga maritima RTPR, are much more prevalent than
the monomeric forms (/2—15). In the following paper (16), we
reported the synthesis of [1'-*H]-, [I’~*H]-, and [5-"H]F,CTP and
showed that 1 equiv of [I"-*H]F,CTP resulted in 90% inhibition
of the enzyme within 30 s, with 0.47 equiv of *H covalently
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attached to the enzyme (/6). Our earlier studies demonstrated
that during this inactivation, on a 30 min time scale, RTPR became
covalently labeled with the corrin ring of AdoCbl through Cyo,
one of the active site cysteines providing reducing equivalents to
generate dNTPs (/7). In this work, we describe our efforts to
examine the fate of AdoCbl immediately subsequent to enzyme
inactivation and the fate of the remaining F,CTP that is not
covalently attached to the enzyme. As with many mechanism-
based inhibitors of RNRs, multiple modes of inhibition are
observed (/, 18). A model for accommodating our observations
described in this paper in relationship to the observations in the
following paper (16) is presented (Scheme 1).

MATERIALS AND METHODS

Quantification and Characterization of Cobalamin, Cyto-
sine, and Nucleotide Products Generated from RTPR In-
activated by F>CTP. The inactivation mixture in a final volume
of 1250 uL contained prereduced RTPR (50 uM), dATP (500 uM),
AdoCbl (50 uM), HEPES (25 mM, pH 7.5), EDTA (4 mM), and
MgCl, (1 mM). After addition of AdoCbl, all aliquots were handled
under red light and wrapped with foil. The inactivation was initi-
ated by addition of either [1'-*H]F,CTP (SA of 1985 cpm/nmol) or
[5-*H]F,CTP (SA of 1350 cpm/nmol) to a final concentration of
50 uM. An aliquot was assayed for activity as described in the
following paper (/6). The inactivation was allowed to proceed for
either 2 min or 1 h at 37 °C. An aliquot (100 uL) was removed
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Scheme 1: Proposed Model for the Mechanism of Inactivation of RTPR by F,CTP by the Nonalkylative and Alkylative Pathways

after 2 min and after 1 h and quenched by filtration through a
YM-30 membrane at 4 °C, and the nucleotides were dephos-
phorylated with alkaline phosphatase and analyzed by HPLC.
An aliquot of 1000 uL after 2 min and 1 h was loaded on a
Sephadex G-50 column (1 cm X 20 cm, 20 mL) wrapped in foil,
run at 4 °C under dim red light. The column was equilibrated in
and eluted with 25 mM HEPES (pH 7.5), 4 mM EDTA, and
1 mM MgCl,, and 1 mL fractions were collected. Each fraction
was assayed for Apqy and Apgg, and for radioactivity (100 uL).
Aliquots (750 uL) from the protein-containing fractions were
combined, and the UV—vis spectrum was recorded. These frac-
tions were then lyophilized to dryness (excluding light). Aliquots
(750 uL) from the small molecule fractions (pooled when Ag >
Aygo) were combined and lyophilized to dryness (excluding light).
These samples were dissolved in 500 uL of water, and the UV—vis
spectra were recorded. The spectrometer baseline was determined
via lyophilization of an equal volume of buffer identical to that
used in the experimental samples, which was redissolved in 500 4L
of water. The visible spectra of protein-associated cobalamin
products were quantified by comparison to a standard of gluta-
thionine cobalamin (GSCbl) (19). The corrin species not associ-
ated with the protein were deconvoluted through linear combi-
nations of the spectra of AdoCbl and HOCbI standards in
proportions of AdoCbl to HOCbI ranging from 1:0 to 0:1 in
0.05 equiv increments. The samples were scaled to match the
As»s of the experimental sample and subtracted.
Characterization of the Major Nucleoside Product(s)
Isolated from a NaBH ;Quenched RTPR/F>CTP Inacti-
vation Mixture. The reaction mixture in a final volume of 2 mL
contained RTPR (125 uM), dATP (500 uM), AdoCbl (125 uM),
F,CTP (125 uM), HEPES (25 mM, pH 7.5), EDTA (4 mM), and
MgCl, (1 mM). The inactivation was quenched at 2 min with
500 uL of 250 mM NaBH, in 500 mM Tris (pH 8.5) in a 4.0 mL
Falcon tube and the mixture incubated for 5 min at 37 °C. The
NaBHy, solution was prepared via combination of solid NaBH,
with the buffer immediately before use. Vigorous foaming
occurred during the inactivation. The solution was then filtered
through a YM-30 membrane for 15 min at 14000g and 4 °C, and
the flow-through was treated with 200 units of alkaline phos-
phatase for 2 h at 37 °C, followed by filtration through a second

YM-30 membrane. The sample was acidified by addition of
glacial acetic acid, and the resulting mixture was lyophilized to
dryness to hydrolyze borate esters. The residue was then taken up
in 1 mL of 10 mM NH4OAc and purified on an Altech Adsorbo-
sphere Nucleotide Nucleoside C-18 column (250 mm X 4.6 mm)
using a 2 mL injection loop with elution at a flow rate of 1 mL/min.
The solvent system for elution was composed of buffer A [10 mM
NH;OAc (pH 6.8)] and buffer B (100% methanol). The products
were eluted with 100% A for 10 min followed by a linear gradient
to 40% B over 25 min and then to 100% B over 5 min. Under
these conditions, the standards eluted as follows (compound,
retention time): cytosine, 5.7 min; uracil, 7.9 min; cytidine (C),
12.6 min; arabinocytidine (ara-C), 17.4 min; deoxycytidine (dC),
19.0 min; and F,C, 23.2 min. Diode array detection of the
eluent allowed identification of cytosine-containing nucleosides
between 17 and 22 min. These fractions were pooled, and the
recovery of cytosine-containing nucleosides was determined to
be ~60 nmol based on Ap7y. This material was lyophilized to
dryness, taken up in 1 mM NH4OAc, and repurified using the
same elution program, substituting | mM NH4OAc (pH 6.8) for
buffer A and retaining buffer B (100% MeOH). The major
cytosine-containing material eluted at 16.2 min and was collected
(~35 nmol), lyophilized, and rechromatographed a third time.
The final recovery of nucleoside was typically 8—12 nmol: 'H
NMR (500 MHz, D,0) 6 7.71 (d, J = 7.5 Hz, 1H, H6), 5.99 (d,
J=6.1Hz, 1H,HI'),5.85(d,J = 7.5Hz, 1H,H5),4.41 (dd,J =
5.6 Hz, 1H, H2), 424 (dd, J = 4.3, 4.9 Hz, 1H, H3'), 4.02 (m,
1H, H4'), 3.80 (dd, J = 4.0, 12 Hz, 1H, HY), 3.75 (dd, J = 7.0,
12 Hz, 1H, H5"); ESI-MS (CoH3N305) m/z (M + Na™) caled
266.0747, observed 266.0743, (M 4 H™) caled 244.0928, observed
244.0921.

Characterization of the Major Nucleoside Product Iso-
lated from a NaBD 4~Quenched RTPR|F>CTP Inactivation
M ixture. A reaction was run in a manner identical to that des-
cribed above, except that NaBD,4 was substituted for NaBH,.
The final recovery of the trapped nucleotide after three purifica-
tions was ~5—8 nmol: 'H NMR (500 MHz, D,0) 6 7.71 (d, J =
7.5Hz, 1H, H6), 5.98 (s, IH, HI"), 5.84 (d, / = 7.5 Hz, IH, HY),
4.01(dd,J = 4.0,7.1 Hz, 1H, H4), 3.80 (dd, J = 4.0, 12 Hz, 1H,
HY),3.75(dd, J = 7.0, 12 Hz, 1H, H5").
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High-Frequency EPR/ENDOR Spectroscopy. Samples
for D-band (130 GHz) EPR analysis were prepared from a
reaction mixture that in a final volume of 50 4L contained RTPR
(300 uM), dATP (1 mM), AdoCbl (450 uM), F,CTP (unlabeled
or labeled with 1’-H or 3-*H) (300 uM), TR (20 uM), TRR
(0.5 uM), NADPH (1 mM), and HEPES (25 mM, pH 7.5). The
dATP and reductants were mixed, followed by addition of RTPR.
The AdoCbl was then added and mixed in low light, and the
inhibition was initiated by the addition of F,CTP or [I'-*H]-
F>CTP. The reaction mixture was drawn up into the D-band
EPR sample tube (outside diameter of 0.55 mm, inside diameter
of 0.4 mm) mounted in the plastic tip of a pipet-man and then the
reaction quenched in isopentane cooled with liquid nitrogen. The
reaction time was 30 s. The tubes were mounted in the D-band
probe under liquid nitrogen, and pulsed EPR/ENDOR spectra
were recorded on a spectrometer described elsewhere (20, 21)
using parameters listed in the figure legend of Figure 4. The field
for D-band EPR spectra was calibrated using Mn>" doped in
MgO (22).

RESULTS

Fate of AdoCbl during the Inactivation of RTPR by
F>CTP. To gain a better understanding of the partitioning
between the inactivation mechanism associated with covalent
modification by a sugar moiety derived from F,CTP (/6) and the
one associated with covalent modification of Cy;9 by the corrin,
the fate of AdoCbl was investigated. Inactivation studies were
conducted with a 1:1:1 AdoCbl:RTPR:F,CTP ratio, and the
protein and small molecules were separated by Sephadex G-50
chromatography and analyzed at 2 min and 1 h. The small mole-
cules and protein were analyzed for corrin by UV—vis spectro-
scopy either before or after concentration. Despite the detection
by stopped flow spectroscopic methods on the millisecond time
scale of cob(IT)alamin (0.7 equiv/RTPR) and by the rapid freeze
quench (RFQ) EPR method [1.4 radicals, cob(Il)alamin ex-
change coupled to a thiyl radical], no cob(IT)alamin was observed
on the time scale of these experiments (/7).

For quantitation of cobalamin derivatives, the small molecule
products were analyzed assuming a mixture of AdoCbl, HOCb],
and other Co(IIT) species. Both AdoCbl and HOCDbI have A,,,,, at
523 nm with an & of 8000 M~' cm™". The protein-associated
cobalamins were quantitated using GSCbI (4., at 525 nm with
an e of 8000 M ™! cm_l), a model for Cy49 attached to the corrin.
The spectral features associated with each of these standards are
shown in Figure 1S (Supporting Information) The UV—vis
spectra of the small molecule products of the inactivation mix-
ture, after concentration, are shown at 2 min and 1 h in panels A
and B of Figure 1, respectively. RTPR co-eluted with 0.24 + 0.3
equiv (average of three experiments) of a cobalt(III)-containing
corrin at 2 min and 0.48 + 0.03 equiv at 1 h. The amount of
cob(IIT)alamin species remaining in solution was 0.65 £ 0.1 and
0.45 £ 0.1 equiv at 2 min and 1 h, respectively. At the 2 min time
point, the 0.47 equiv of sugar covalently attached to RTPR and
the 0.24 equiv with tightly bound corrin account for the complete
inactivation (0.69 equiv). We have shown in our previous pre-
steady state studies that recombinant RTPR is only 70—80%
active protein (23—26). As described in more detail subsequently,
0.24 equiv is close to the amount of the F,CTP-derived nucleotide
that has been trapped and characterized.

At both 2 min and 1 h, the protein-bound species resembles
GSCbl (compare panel A with panel B). More of this material is
seen at 1 h, suggesting covalent modification of C419 iS occurring
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FIGURE 1: UV—vis spectra of the AdoCbl analogue(s) bound to
RTPR (—) and in solution (———) subsequent to Sephadex G-50
chromatography of RTPR inactivated by F;CTP in the presence of
1 equiv of AdoCbl: (A) after 2 min and (B) after 1 h.

on a slow time scale and continues after complete inactivation
(2 min). The spectra of the small molecules are very different
at the two time points. Analysis of the 1 h spectrum using
linear combinations of AdoCbl and HOCbI showed that a 1:1
(0.2 equiv:0.2 equiv) ratio was able to account for the spectrum
(Figure 2S of the Supporting Information). This result is con-
sistent with only 0.8 equiv of AdoCbl being used for complete
inactivation. The spectrum for the small molecules observed at
2 min could not be recapitulated by any combination of AdoCbl
and HOCDbI and at a minimum requires the presence of a third
species. While we have obtained a spectrum of this putative third
species that appears to be a cobalt(III) species (data not shown),
the length of time of the experiment and the concentration of the
sample by lyophilization, make any discussion of its structure and
whether it is the precursor to RTPR alkylated with a corrin at
C419 (C419-S corrin) premature.

Identification and Quantification of the Product(s) Deri-
ved from the F>CTP Ribose Ring. In the following paper (16),
using 1 equiv of [5-*H]F,CTP, the release of 0.7 equiv of cytosine
was found to accompany RTPR inactivation when the reaction
mixture was analyzed at 2 min, although the workup took several
hours. Furthermore, studies with [I’-’H]JF,CTP under identical
conditions indicated that 0.47 equiv of sugar was covalently
attached to RTPR and that ~0.2 equiv of F>C was recovered.
Thus, ~0.3 equiv of the nucleotide is unaccounted for. To find
this missing material, inactivations were initially performed using
[1'*H]F,CTP and the small molecules separated from RTPR by
ultrafiltration (10 min at 14000g and 4 °C) at 2 min. The nucleo-
tides were examined by ion pairing reverse-phase HPLC. The
HPLC trace showed new nucleotide products that eluted just
prior to F,CTP. These results suggested that there is a nucleotide
that has dissociated from RTPR that can eliminate cytosine
on a relatively slow time scale. If F;CTP has been converted to
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a 3'-ketone as observed for other mechanism-based inhibitors
[see Scheme 1 of the following paper (16)], it should be possible to
reduce it with NaBHy, trapping the product(s) before cytosine
and inorganic tripolyphosphate are eliminated.

The inactivation reaction was thus conducted with [1’-*H]F,-
CTP for 2 min and then reacted with NaBH, for 5 min. After the
phosphates of the nucleotides were removed with alkaline phos-
phatase, the reaction mixture was analyzed by reverse-phase
HPLC with diode array detection. Under these conditions, in a
typical experiment, a small amount of material (< 5%) eluted in
the solvent front, 0.25 equiv of F>C was recovered, and a new,
broad peak of radioactivity (0.28 equiv) was observed with a
retention time of 17—22 min and a A, at 270 nm, consistent with
cytosine-like nucleosides (Figure 2A). The new nucleosides
(between the arrow in Figure 2A) were pooled and repurified
twice to give a single peak (Figure 2B) with 50% recovery. In each
repurification, only the nucleoside with the shorter retention time
was pooled. This peak elutes earlier than in the initial purification
due to the use of a smaller injection loop (0.5 mL vs 2 mL). There
are several reasonable explanations for the heterogeneity of the
trapped nucleosides. One explanation is that there was no effort
to ensure removal of the borate esters resulting from the
reduction process prior to the first chromatography. Repurifica-
tion and lyophilization in the presence of the NH4OAc buffer,
however, could have catalyzed this hydrolysis and resulted in a
more homogeneous sample. A second explanation is that the
reduction with NaBH, of a ketone would produce diastercomers
that can be separated by HPLC.

The final product isolated by HPLC was analyzed by NMR
spectroscopy and is shown in Figure 3A. The protons at 7.71 and
5.85 ppm are consistent with the H6 and H5 protons of cytosine,
respectively, while the proton at 5.99 ppm is consistent with H1’
of a sugar of a nucleoside. An expansion of the sugar ring region
from 3.5 to 4.5 ppm (Figure 3A’) showed that the chemical shifts
and splitting patterns are similar but not identical to those
observed with arabinocytosine (ara-C) and cytidine (data not
shown). This material has a retention time different from those of
cytidine (12.6 min) and are-C (17.4 min), but an ESI-MS
spectrum indicates a cytidine isomer. The results together suggest
that the nucleoside is an isomer of cytidine differing in stereo-
chemistry at one or more carbons. Selective purification of the
nucleoside (Figure 2) is likely to have removed other diastereo-
mers. The trapped nucleoside leads to the surprising conclusion
that both fluorines have been eliminated from the F,CTP and an
oxygen has been added!

To gain information about the precursor to this cytidine
analogue, the inactivation was repeated, using NaBDy in place
of NaBHy in the quenching process. Our studies with many
mechanism-based inhibitors suggested that the radical trapped
could be a cytidine derivative with a 3'-ketone and perhaps a
radical at C2' (6, Scheme 2) (3, 27—3I). This radical could
rearrange to a 2'-keto 3'- radical through a semidione radical
intermediate. Reduction with NaBD, could then potentially give
a mixture of cytidine analogues with “H at C2 and C3'. HPLC of
the reaction mixture revealed that the major trapped nucleoside
was similar to that observed by NaBH, trapping (Figure 2A).
The second chromatography of this pooled material is shown in
Figure 2C. The third repurification looked like Figure 2B. The
material was further purified and characterized by NMR spec-
troscopy (Figure 3B with an expansion of the sugar region shown
in Figure 3B’). The results of this analysis revealed yet another
surprise. Greater than 99% “H incorporation was observed at
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FIGURE 2: Reverse-phase HPLC of small molecules from RTPR
inactivated by F>CTP, treated with NaBH,, and dephosphorylated
with alkaline phosphatase. 4,59 (—), HPLC gradient (- - -): buffer A
[10 mM NH4OAc (pH 6.8)] and buffer B (methanol). The double-
headed arrow indicates the region pooled in each step. (A) In the
initial purification, the material eluting from 17 to 22 min was
collected. (B) Elution of the final purified product after two further
repurifications under the same conditions. (C) Reverse-phase HPLC
of small molecules from RTPR inactivated with F,CTP, treated with
NaBDy, and dephosphorylated with alkaline phosphatase. This is the
second step in the three-step purification.

both the 2'- and 3'-positions of the nucleoside. The chemical shifts
of this trapped material are the same as in the NaBHy-trapped
material. The signals, however, for the 2’- and 3'-hydrogens are
absent; the signal for the 1’-hydrogen has collapsed to a singlet, and
the signal for the 4'-hydrogen has collapsed to a doublet of doublets.

This result requires that the direct precursor to reduction is not
a monoketonucleotide as expected, but the 2’,3'-diketonucleo-
tide. This compound would be unable to eliminate cytosine.
Thus, the observation of cytosine provides insight into the timing
of formation of this material. In the cytosine quantification
experiments, it was found that after dephosphorylation of the
product mixtures, a process that takes several hours at 37 °C, the
only cytosine-containing compounds were cytosine and F,C.
Thus, to account for this product, the radical precursor must be
oxidized under the NaBH,4 quench conditions.
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A model for the observed deuterium incorporation is illus-
trated in Scheme 2. Initial deprotonation of the hydroxyketone
radical (6) would generate a semidione radical anion (32). This
compound might undergo reduction by hydride transfer from
NaBHy,, giving rise 8. Loss of an electron from 8, perhaps to O, or
a cobalamin species, would generate a second ketone, which
could then be further reduced by NaBH, to 9. Reduction of this
new ketone would give the observed “H incorporation. The
mechanism of the oxidation process is not known.

Preliminary Studies Using [1I'-°H|F>CTP and [3'-° H|F»-
CTP and High-Field ENDOR To Probe the Structure of
New Radical Species Generated by the Exchange-Coupled

H4' HS" HS5"

)

b d i
o 00k sl b ek oL L st B . M L .
4 a3 a2 41 a0 3.9 3.8 3.7 3.6 ppm

FIGURE 3: Comparison of "H NMR (500 MHz, D,O) spectra of new
products isolated from the NaBH, (NaB?H,) quench of RTPR
inactivated with F,CTP: (A) product from the NaBH, quench and
(B) product from the NaB*H, quench. (A’ and B’ are expansions of
spectra A and B, respectively, in the region from 3.5 to 4.5 ppm). The
nucleoside proton resonances are labeled. Several impurity peaks can
be seen; these are marked with an X. Further, the H5—HY' region in
spectrum B appears to overlap with an impurity peak.
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Thiyl Radical-Cob(Il)alamin: Evidence That This New
Species Is Nucleotide-Based. [1'-"H]F,CTP and [3'-*H]F,CTP
were used to investigate the structure of the radical formed
upon inactivation of RTPR using X-band (9 GHz) and D-band
(130 GHz) EPR methods. Inactivation studies were conduc-
ted, and the samples were quenched by hand at 20 or 30 s in an
isopentane/liquid N, slurry. The radical observed with [1’-*H]F-
CTP and [3'-*H]F,CTP was identical to the one we previously
reported at 9 GHz (data not shown) (/7). A similar analysis was
conducted at high field (130 GHz). No differences were noted
between the unlabeled inhibitor and the [3-*H]JF,CTP experi-
ments. With [1I’->H]E,CTP and RTPR, the spectrum was subtly
different from that of the unlabeled inhibitor (Figure 3S of the
Supporting Information); however, it was unclear whether these
differences resulted from deuteration or though interaction with
minor radical species. High-frequency ENDOR had a greater
potential to show coupling between the deuteron and the radical.
The results of these experiments are shown in Figure 4. The
spectral regions in which deuteron and proton resonances are
expected to be observed are displayed in panels A and B of
Figure 4, respectively. At magnetic fields used for D-band
ENDOR, the Larmor frequencies of deuterium (31 MHz) and
protium (199 MHz) are well-separated and typically provide
nonoverlapping spectra. The results of an experiment using
[I’H]F,CTP are shown in Figure 4A and exhibit 8.6 MHz
coupling of the radical to a deuteron. [Note that the quadrupole
splitting expected for the deuteron (/ = 1) is presumably too
small to be resolved in the spectrum.] The corresponding proton
coupling in the radical derived from unlabeled F,CTP is evident
in Figure 4B (top trace): the peaks at 169 and 226 MHz are split
by an amount equal to (yy/yp) x 8.6 MHz, in which yy and yp
are the proton and deuteron gyromagnetic ratios, respectively.
This proton coupling is absent in the [I’-’H]F,CTP sample
(Figure 4B, bottom). The relative narrowness of both the proton
and deuteron peaks together with the insensitivity of the size of
the coupling to the excitation position in the EPR spectrum (data
not shown) suggests an approximately isotropic hyperfine coup-
ling. In addition, no phosphorus or nitrogen ENDOR couplings
were observed (data not shown). These results are consistent with
a radical species that has significant unpaired electron spin
density at the 2'-position. This unpaired spin density would be
expected to couple to the 1’-deuteron/proton via a largely iso-
tropic, f-hydrogen-type mechanism (33, 34). These preliminary
results provided the first direct evidence that the observed organic
radical is indeed a nucleotide-based radical and provides support
for a mechanism that produces a stable 2'-radical.

DISCUSSION

A nonalkylative pathway required for complete inactivation of
RTPR by F,CTP involves reaction of the enzyme with the
AdoCbl, ultimately resulting in the formation of a bond between
the Co in the corrin and S of Cy4j9 that we have previously
characterized (/7). Our studies that examined the fate of AdoCbl

Scheme 2: Proposed Mechanism for Incorporation of Deuterium into the Nucleotide Trapped by NaB?H, Subsequent to the

Inactivation of RTPR by F,CTP
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FIGURE 4: High-frequency (130 GHz) Davies ENDOR of F,CTP
reacted with RTPR for 30 s. (A) Deuterium ENDOR of the [1’->H]F»-
CTP reaction: temperature of 7 K; 8000 averages per point; pulse
widths of 80, 40, and 80 ns; RF pulse width of 20 us; tau of 200 ns;
repetition rate of 100 Hz. (B) Proton ENDOR: temperature of 7 K;
pulse widths of 70, 35, and 70 ns; RF pulse width of 6.8 us; tau of
200 ns; repetition rate of 100 Hz. The top trace shows data for RTPR
reacted with [1’-'"H]F,CTP (800 averages per point). The peaks at 169
and 226 MHz are indicated. The bottom trace shows data for RTPR
reacted with [1'-*H]F,CTP (4500 averages per point).

reveal that after 2 min, 0.25 equiv of the cobalt(III) species co-
elutes with RTPR and displays a spectrum consistent with a corrin
containing a Co—S bond (compare Figure 1A with Figure 1S).
By I h, the amount of this species (Figure 1B) has increased to
0.45 equiv, with a corresponding decrease in the anount of the
corrin species in solution. The unidentified Co(III) species pre-
sent in the small molecules at 2 min disappears by 1 h, suggesting
it is converted into the Co—S adduct. Thus, 100% inactivation is
associated with a tightly bound AdoCbl analogue in the 43 oxi-
dation state, which is slowly converted into the previously char-
acterized Co—S adduct.

In addition to this tightly bound corrin associated with RTPR
at 2 min, 0.25 equiv of a nucleotide derived from F,CTP was
trapped with NaBH, in which both fluorines were lost and a
water molecule was added. As argued subsequently, our hypo-
thesis is that this trapped nucleotide is derived from radical 4 in
Scheme 1. While the identity of 4 has not been unambiguously
established, the HFEPR/HFENDOR data presented are consistent
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with a 3'-keto, 2’-oxoallylic radical species such as 4. The largely
isotropic I’-"H and *H couplings of 57 and 8.6 MHz, respectively,
are in agreement with calculations published previously for such
a radical species (35). In addition, the splitting in the proton
spectra of approximately 13 MHz (Figure 4B) is consistent with
calculations for the proton at the 4'-position (35). From the EPR
data, there is no evidence of the presence of fluorine, consistent
with 4.

Our working hypothesis that accounts for the nonalkylative
pathway and formation of 4 is shown in Scheme 1. Our previous
RFQ EPR experiments during the inactivation of RTPR by
F,CTP revealed that a thiyl radical exchange coupled to cob-
(IT)alamin (1.4 equiv of radical) was present within 20 ms, the first
time point. This radical pair gave rise quantitatively to a new
radical pair over 220 ms that is proposed to be 2<>3 and
cob(Il)alamin (Scheme 1). Formation of 2<>3 is proposed to
occur, by loss of F~ without protonation by the proximal
bottom-face cysteine, Cyy9. The loss of F~ and not HF might
result if the ribose ring of the nucleotide is too far removed from
Ci19, as suggested by the recent crystal structure of the Saccharo-
myces cerevisiae RNR (36). Alternatively, F~ loss may simply be
related to its leaving group ability being intermediate between
those of hydroxide, which with the normal substrate must be
protonated to leave at a reasonable rate, and chloride, which can
be lost without protonation (37). Radical 2<>3, the species we
believe was detected at 220 ms by RFQ experiments, could then
react with water at C2, in a reaction that is the reversal of water
elimination in the normal reaction (considered irreversible for the
normal, nonfluorinated substrate). In the nonalkylative pathway,
3 could now eliminate the second F~, generating 4, the favored
structure for the stable radical seen at 20 s (/7). This radical is
structurally very similar to the stable glycoaldehyde radical
detected when diol dehydratase is inactivated by glycoalde-
hyde (32, 38). The glycoaldehyde radical is reported to be stable
for days at room temperature under anaerobic conditions.
Radical 4 could dissociate from the active site and eventually
decompose to eliminate cytosine or be trapped if NaBHy is
present, prior to cytosine release. In the alkylative pathway (from
3to 5, Scheme 1), we propose that protonation of F~ occurs by
Ci19, giving loss of HF. The resulting thiolate of Cyj9 could
now attack the C2' atom of the nucleotide to form the alkylated
protein.

The model of inactivation of RTPR by F,CTP is complex but
shares many common features with inactivation of the class Ia
RNRSs (Escherichia coli and the two human RNRs) despite the
differences in the cofactor requirement (39—41). In each enzyme,
the inactivation is stoichiometric and involves multiple pathways:
alkylation of an active site cysteine and destruction of the
cofactor (AdoCbl or Y®). The alkylation is accompanied by a
change in conformation of the RNR large subunit (o) that can be
observed by SDS—PAGE analysis if the sample is not boiled
prior to being loaded on the gel. The conformational change
results in an o that migrates more slowly than unmodified o (41).
In both the case of the E. coli RNR and the L. leichmannii RNR , a
new nucleotide radical is generated, resulting in the destruction of
the cofactor (41). In both cases, we propose that the structure of
the radical is the same, resulting from the loss of two fluorines
and addition of a water molecule. The major distinction between
F,C nucleotides and previously studied 2’-substituted 2'-deoxy-
nucleotides is the presence of the second leaving group. As with
many fluorinated mechanism-based inhibitors, the presence
of the second fluoride causes the reaction to be irreversible (42).
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The similarities between the chemistry of the class I and II RNRs
suggest that lessons learned from our studies on inactivation of
the L. leichmannii RTPR will likely be very informative with
respect to the mechanisms of inactivation of the class la RNRs by
this clinically useful antitumor agent.

SUPPORTING INFORMATION AVAILABLE

UV—vis spectra of cobalamin standards (Figure 1S) and small
molecule fraction from Sephadex G-50 chromatography of the
inactivation experiment (Figure 2S) and 130 GHz EPR spectra of
RTPR with F,CTP and [1'-*H]F,CTP (Figure 3S). This material
is available free of charge via the Internet at http://pubs.acs.org.
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