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water and then washed with 250 mL of 0.5 N formic acid, followed
by 0.5 N formic acid in 50% ethanol. The product was removed
with 300 mL of 50% formic acid. Evaporation yielded a residue,
which was dissolved in 25 mL of methanol containing 5% water.
A large volume of acetone, ca. 500 mL, was added to precipitate
the product. This process was then repeated. The filtered ma-
terial was then dried under vacuum: yield 0.7 8 (67%); UV A
at pH 1, 257 nm (e 15800), 280 sh; at pH 7.4, 268 (14 500), 295
sh; at pH 13.0, 271 (15300); TLC R (A) 0.15, R; (B) 0.51. Anal.
(CsHyNsOgP-H20) C, H, N.

8-Bromoinosine 5’-Phosphate Dilithium Salt. The pH of
a solution of 8-Br-AMP (1.0 g, 2.32 mmol) in 20 mL of H,0 was
adjusted to 7.0 with 1 N NaOH, and 1.12 g (20.5 mmol) of NaNO,
was added. After the solution was flushed with nitrogen, 2 mL
of AcOH was added, and the loosely covered solution was stirred
for 2 days and then evaporated to dryness. The residue was
dissolved in 100 mL of H,0, the pH was adjusted to 7.0 with
NaOH, and this solution was applied to a column of Dowex 1 X
8 (Cl, 100200 mesh). The column was washed with water and
the product eluted with a 1-L gradient of 0 to 0.5 N LiCl. The
appropriate fractions were concentrated to dryness in vacuo and
triturated with acetone containing 5% ethanol, and then this
residue was dissolved in water and the product was precipitated
with acetone: yield 1.05 g (95%); UV Ay, at pH 1, 254 nm (e 7030);

at pH 7.4, 254 (7190); at pH 13, 259 (6820); TLC R, (A) 0.12; R,
(B) 0.35. Anal. (CioH,gBrLi;N,OP37T5H,0) C, N; H: calod, 348
found, 2.98.

Synthesis of IMP Analogues. Method D. The appropriate
aryl or aralkyl mercaptan was added to a deoxygenated solution
of 8-Br-IMP-2.5H,0 dilithium salt (200 mg, 0.42 mmol) in 1.2 mL
of 1 N NaOH and 15 mL of MeOH. The solution was refluxed
for 2 h and stirred at ambient temperature overnight, and the
product was purified as described above.

Method E. A solution of the appropriate 8-substituted AMP
derivative and 0.40 g of NaNO, in 6 mL of 0.17 N NaOH was
deoxygenated by bubbling with nitrogen, and 1 mL of HOAc was
added. This solution was loosely covered, stirred for 2 days at
ambient temperature, and then worked up as described above.
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A number of 1-(5-phospho-g-D-arabinosyl)-5-substituted-uracils (ara-UMP’s) have been examined as inhibitors of
dTMP synthetase. As reversible inhibitors, all were substantially less potent than their 2’-deoxyribosyl counterparts.
In the presence of 5,10-methylenetetrahydrofolate (CH,-H folate), ara-FUMP caused a first-order, time-dependent
inactivation of the enzyme. At 0 °C, kinetic studies indicated a reversible K of 3.6 uM for the ara-FUMP-CH_-H folate
complex, and k = 0.22 min™! for the subsequent inactivation. Spectral studies of the complex and its behavior toward
protein denaturants demonstrate that its structure and stoichiometry are directly analogous to those which have
previously been described for FAUMP. The significance of this finding with regard to prodrugs of ara-FU and the
potential of ara-FU as a chemotherapeutic agent are discussed.

Ara-C is one of the most effective drugs available for the -

treatment of acute myeloblastic leukemia in adults.#® Its
usefulness is, however, limited by development of resist-
ance and a short half-life that in part is due to its deam-
ination to the inactive ara-U.”® Consequently, a large

(1) Abbreviations used: ara-Py refers to 1-8-D-arabinofuranosyl-
pyrimidines (Py) with cytosine (C), 5-fluorocytosine (FC),
uracil (U), 5-fluorouracil (FU); ara-PyMP refers to 1-8-D-
arabinofuranosylpyrimidine 5’-phosphates; xylo-FC, 1-8-D-
xylofuranosyl-5-fluorocytosine; CHy,-H folate, 5,10-methylene-
dl,L-tetrahydrofolate; NMM, N-methylmorpholine, NaDod-
SO,, sodium dodecyl sulfate. All other abbreviations used are
those recommended by TUPAC.

(2) Faculty of Pharmaceutical Sciences, Hokkaido University,
Sapporo 060, Japan.

(3) Faculty of Pharmaceutical Sciences, Okayama University,
Tsushima, Okayama 700, Japan.

(4) G. P. Bodey and V. Rodriguez, Semin. Hematol., 15, 221

1978).

(5) %2 W. Carey, M. Ribas-Mundo, and R. R. Ellison, Cancer, 36,
1516 (1976).

(6) B. Clarkson, M. D. Dowling, T. S. Gee, I. B. Cunningham, and
d. H. Burchenal, Cancer, 36, 775 (1975).

(7) B. Chabner, K. R. Hande, and J. C. Drake, Bull. Cancer, 66,
89 (1979).

number of analogues of ara-C have been synthesized with
the objective of surmounting these difficulties. One such
analogue, ara-FC, is about as effective as is ara-C and
appears to have a similar major mode of action (presum-
ably on DNA synthesis); however, in contrast to ara-C,
deamination provides the cytotoxic ara-FU' which has
been suggested to have a mode of action similar to
FUra.!%2 Because 2,2’-anhydro-ara-C is hydrolyzed to
ara-C, it was reasoned that the corresponding 2,2’-
anhydro-ara-FC might serve as a “double-barreled” pro-
drug for both ara-FC and are-FU, each of which might
exert its effect by different mechanisms.}® Recently, the

(8) H. N. Prince, E. Grumberg, M. Buck, and R. Cleeland, Proc.
Soc. Exp. Biol. Med., 130, 1080 (1969).
(9) W.D. H. Ho, Cancer Res., 38, 2816 (1973).
(10) M. R. Dollinger, J. H. Burchenal, W. Kreis, and J. J. Fox,
Biochem. Pharmacol., 16, 689 (1967).
(11) J. d. Fox, N. Miller, and 1. Wempen, J. Med. Chem., 9, 101
(1966).
(12) M. R. Dollinger, J. H. Burchenal, W. Kreis, and J. J. Fox,
Biochem. Pharmacol., 16, 689 (1967).
(13) d.d. Fox, E. A. Falco, I. Wempen, D. Pomeroy, M. D. Dowling,
and J. H. Burchenal, Cancer Res., 32, 2269 (1972).
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same rationale was applied in designing a number of 1-8-
p-xylofuranosyl-5-fluorocytosines with good leaving groups
in the 3’ position;! it was proposed that after a number
of intramolecular conversions these xylo-FC analogues
would give rise to anhydro-ara-FC and ultimately be
converted to ara-FC and ara-FU. While many of these
prodrugs have significant inhibitory effects on ara-C sen-
sitive mouse leukemia systems, what is of most interest
are their effects and presumed mechanism on ara-C re-
sistant cells.!® Ag with ara-C, the cytotoxicity of ara-FC
and the aforementioned prodrugs (where tested) toward
ara-C sensitive lines is reversed by dCyd but not by dThd,
implying that all of these drugs share a similar mode of
action via ara-CTP. In ara-C resistant cell lines, many of
the xylo-FCs with good leaving groups at C-3’ show sig-
nificant, albeit attenuated, cytotoxicity which is not ob-
served with the corresponding 5-unsubstituted analogues
or with ara-FC. Moreover, in resistant lines the toxicity
of these analogues is reversed by dThd but not dCyd,
implicating dTMP synthetase as the target. Thus, con-
sistent with the double-barreled precursor approach, it has
been proposed that such compounds provide both ara-FC,
which behaves as ara-C in ara-C sensitive cells, and ara-
FU, which inhibits thymidylate biosynthesis in ara-C re-
sistant cells. If this is correct, such compounds have the
potential of circumventing major problems of resistance
and inactivation by enzymatic deamination which limits
the usefulness of ara-C.

One of the unexplained difficulties with this proposal
is how ara-FU might act to inhibit I TMP synthesis in the
ara-C resistant lines. Two general possibilities exist. First,
ara-FU may serve as a precursor of FUra which could then
be metabolized to FAUMP, an extremely potent inhibitor
of dTMP synthetase.'%!” If this were the mechanism,
conversion of the prodrugs to ara-FU would have to be
near complete, since in ara-C resistant cell lines ara-FU
and FUra are approximately equitoxic.%!® The second
possibility is that the cytotoxic metabolite in ara-C re-
sistant cells is ara-FUMP. The major difficulty here is that
dTMP synthetase is generally thought to have stringent
specificity for the 2’-deoxy-5’-phosphoribosyl moiety of
nucleotide substrates or inhibitors;!® virtually all modifi-
cations of this moiety which have been examined result
in large losses in binding and, a priori, one might not expect
ara-FUMP to be a potent inhibitor of this enzyme. On
the other hand, binding of ara-UMP analogues to this
enzyme has not been extensively investigated, and FQUMP
binds so tightly that even a substantial decrease in affinity
could still result in effective blockade of this enzyme.

In this paper, we describe the properties of a number
of ara-UMP analogues as inhibitors of dTMP synthetase.
We report results which show that although there is a
substantial loss in reversible binding of ara-FUMP as
compared to FAUMP, ara-FUMP causes a time-dependent
loss of enzyme activity which could well account for the
cytotoxicity of the aforementioned prodrugs in ara-C re-
sistant cells. Lastly, experiments are described which
suggest that the covalent complex formed between ara-
FUMP and dTMP synthetase is analogous to that which
is formed with FAUMP.

(14) K. A. Watanabe, U. Reichman, C. K. Chu, D. H. Hollenberg,
and J. J. Fox, J. Med. Chem., 23, 1038 (1980).

(15) J. H. Burchenal, V. E. Currie, M. D. Dowling, J. J. Fox, and
I. H. Krakoff, Ann. N.Y. Acad. Sci., 255, 202 (1975).

(18) A. L. Pogolotti, Jr., D. V. Santi, Bioorg. Chem., 1, 277 (1977).

(17) P. V. Danenberg, Biochim. Biophys. Acta, 413, 73 (1977).

(18) D. V. Santi, J. Med. Chem., 23, 103 (1980).
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Table I. Inhibition of dTMP Synthetase by
5-Substituted ara-UMP’s and dUMP’s¢

compd 5-substituent Kb uM
arg-UMP H 30
ara-TMP CH, 120
ara-EtUMP C,H, 230
ara-FUMP F 0.25
dUMP H 2.0 (Kpp)
dTMP CH, 16¢
FdUMP F 0.01¢

¢ Kinetic parameters were determined by double-recip-
rocal plots. ? K values reported were +10% of those
obtained using three or more different inhibitor concentra-
tions. All compounds were competitive inhibitors with
respect to dUMP. € Data from ref 19,

Results and Discussion

Table I shows the inhibitory properties of a number of
5-substituted ara-UMP’s, as well as the K, value for
dUMP in the standard assay for dTMP synthetase. Also
included for comparison are previously reported reversible
K; values for dTMP and FAUMP.”®* Using a crude
preparation of Escherichia coli dTMP synthetase, it has
been reported that ara-UMP has ca. 2% of the substrate
activity of dUMP and that ara-FUMP is ca. 100-fold less
inhibitory than FAUMP.2 With the Lactobacillus casei
enzyme we have found that at 25 uM the rate of reaction
of ara-UMP with CH,-H,folate was less than 0.02% that
of dUMP. From the data shown in Table I, it can be seen
that the 2’ “up” hydroxyl group of the arabinosyl nu-
cleotides tested are indeed detrimental to binding as
compared to the corresponding 2’-deoxyribonucleotides.
The losses in binding amount to 7.5-fold for ara-TMP vs.
dTMP, 15-fold for ara-UMP vs. dUMP, and 25-fold for
ara-FUMP vs. FAUMP. There is also a reasonably good
cross-correlation between the binding ability of the 5-
substituents of ara-UMP’s and the corresponding dUMP’s.
In both series it can be seen that the binding affinity
decreases as the 5-substituent is changed from fluorine to
hydrogen to methyl; the larger 5-ethyl substituent de-
creases binding only about 2-fold compared to the 5-methyl
substituent of ara-TMP. We also examined the corre-
sponding 1-8-arabinosyl nucleosides as substrates for the
two known mammalian pyrimidine nucleoside phospho-
rylases. The ara-Urd’s were all poor or nonsubstrates of
dThd phosphorylase; within the limitations of the sensi-
tivity of the assay used,?! we can say that the rate of
phosphorolysis of any of these compounds by this enzyme
is less than 1% that of dThd. Urd phosphorylase catalyzed
a slow hydrolysis of the ara-Urd’s examined. Of impor-
tance here is the finding that at 0.2 mM, ara-FU was
converted to FUra by this enzyme at a rate which is 17%
that of the natural substrate dUrd.

Knowing that ara-FUMP is a reasonably good compe-
titive inhibitor of dTMP synthetase, it was of interest to
determine whether it would covalently interact with the
enzyme as has previously been described for FAUMP.2-%

(19) Y. Wataya, D. V. Santi, and C. Hansch, J. Med. Chem., 20,
1469 (1977).

(20) L. I Pizer and S. S. Cohen, J. Biol. Chem., 235, 2387 (1960);
S. S. Cohen, Prog. Nucleic Acid Res. Mol. Biol., 5, 1 (1966), cf.
p 44.

(21) C. Nakayama, Y. Wataya, R. B. Meyer, Jr., D. V. Santi, M.
Saneyoshi, and T. Ueda, J. Med. Chem., 23, 962 (1980).

(22) D.V. Santi and C. S. McHenry, Proc. Natl. Acad. Sci. U.S.A.,
69, 1855 (1972).

(23) D.V. Santi, C. S. McHenry, and H. Sommer, Biochemistry, 13,
471 (1974).

(24) P. V. Danenberg, R. J. Langenbach, and C. Heidelberger,
Biochemistry, 13, 926 (1974).



Interaction of Uracils with Thymidylate Synthetase
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Figure 1. Time-dependent inactivation of dTMP synthetase by
0.32 (m), 0.58 (O), and 1.4 uM (A) ara-FUMP and 0.32 uM (a)
FAUMP with 50 uM (£) CH,-H folate at 0 °C. Conditions are
provided under Experimental Section.

In initial experiments, dTMP synthetase was incubated
with FAUMP (0.47 uM) or ara-FUMP (0.58 M) in the
presence and absence of the cofactor, CH,-H folate, at 30
°C. As previously reported, FAUMP caused almost com-
plete loss of activity after a 1-min incubation with CH,-
H,folate. In the presence of CH,-H,folate, ara-FUMP
caused a 70% reduction in activity after a 10-min incu-
bation but no inactivation when the cofactor was omitted.
Because the loss of activity was too rapid to conveniently
monitor at 30 °C, more complete investigation of the
time-dependent inhibition by ara-FUMP was performed
at lower temperature. Figure 1 shows the time-dependent
inactivation of dTMP synthetase caused by ara-FUMP in
the presence of CHy-H folate at 0 °C (ice bath). As shown,
there is a first-order loss of enzyme activity, the rate of
which increases with increasing concentration of the in-
hibitor. It is also noted that at similar concentrations the
rate of inactivation by ara-FUMP is approximately 40-fold
slower than that caused by FAUMP. The simplest model
which explains time-dependent inactivation of an enzyme
by an irreversible inhibitor is

Ky kT 1
E+I—E-I—E-I

where K} is the dissociation constant of the reversible E-I
complex and k is the unimolecular rate constant describing
inactivation of the E-I complex.? This model is described
by the expression 1/kqeq = 1/k + K4/R[I], where kygq is
the first-order loss of enzyme activity. Using the data in
Figure 1, a plot of 1/kg,q vs. 1/[ara-FUMP] (Figure 2)
permits calculation of K4 = 3.6 uM and k = 0.22 min™! at
0 °C. The difference in this K4 value and the K; deter-
mined by initial velocity experiments is attributable to the
30 °C difference in temperature at which these experi-
ments were performed.

The aforementioned experiments clearly demonstrate
that, as previously shown for FAUMP,22% qrq-FUMP
causes a time-dependent inactivation of dTMP synthetase

(25) D. V. Santi and G. L. Kenyon, in “Burger'’s Medicinal
Chemistry”, 4th ed., Part 1, M. E. Wolff, Ed., Wiley, New
York, 1979, p 349.
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Figure 2. Double-reciprocal plot of 1/k . for the inactivation
of dTMP synthetase vs. 1/ara-FUMP. Data are replots of those
obtained in Figure 1.
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Figure 3. UV difference spectra of the ara-FUMP-CH,-H,-
folate~dTMP synthetase complex: (---) spectrum of ara-FUMP;
(—) difference spectrum of ara-FUMP-CH,-H folate—-dTMP
synthetase complex vs. CHy-H folate and enzyme after 30 min;
(-—-) difference spectrum of complex after treatment with Na-
DodSO; for 2 h.

in the presence but not in the absence of the cofactor,
CH,-H,folate. It was most reasonable at the outset to
suspect that the mechanism of inhibition by these two
compounds was analogous, and this was demonstrated by
‘UV-difference spectroscopy. Figure 3 shows the difference
spectrum obtained when limiting ara-FUMP is added to
the sample cuvette of two previously balanced cuvettes
containing equal amounts of dTMP synthetase. The
spectrum obtained is that of ara-FUMP (A, 270 nm) and
shows no change for at least 10 min. When equal amounts
of CHy-Hyfolate are included in both the sample and
reference cuvettes, there is a complete loss of the pyri-
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Fi 4. Proposed structure of the ara-FUMP-CH,-H folate-
d’mll;esynthe&se complex. T

midine absorbance at 270 nm, as well as spectral changes
attributable to perturbations of chromophores of the co-
factor which result from reversible interactions with the
enzyme;?? notably, there is a minimum at 292 nm and
the appearance of a peak at 330 nm with Ae = 21000.
When this complex is treated with the protein denaturant
NaDodSO, (final concentration = 2% ), there is a complete
loss of the absorbance differences due to the cofactor (&
= 0.09 min™), without reappearance of the pyrimidine
chromophore of ara-FUMP. The difference spectrum
shown in Figure 3 and its behavior toward NaDodSO, are
exactly analogous to that which has previously been re-
ported for FAUMP? and, by analogy, confirms that the
ara-FUMP-CH,-H folate-dTMP synthetase complex has
the structure depicted in Figure 4. As shown, the nu-
cleophilic catalyst of the enzyme is covalently bound to
carbon-6 of the pyrimidine, and the 5 position is linked
to the one-carbon unit of the cofactor. Using the increase
in absorbance at 330 and 340 nm which accompanies
formation of this complex, the enzyme (13 nmol/mL) was
titrated with ara-FUMP in the presence of 0.23 mM
CH,-H,folate. The increase in absorbance is linear with
respect to the amount of complex present until the enzyme
is saturated; from this, it was calculated that 0.94 mol of
ara-FAUMP is bound per site of the dimeric enzyme, with
Aeagg = 19800 and Aegyy = 13200 (calculated for each
binding site of the enzyme). Thus, the stoichiometry of
binding of ara-FUMP to dTMP synthetase is also analo-
gous to that reported for FAUMP.2

The results described here demonstrate that ara-FUMP
is a mechanism-based inhibitor of dTMP synthetase which
differs from FAUMP only in the reversible K values, the
kinetics of inactivation, and perhaps in the dissociation
constants of the ultimate complexes formed. As such, they
are in accord with the proposal that the cytotoxicity of
certain prodrugs of ara-FC toward ara-C resistant cell lines
is due to the inhibition of dTMP synthesis by a metabolite
of ara-FU.1314 What remains unclear is why prodrugs of
ara-FC are effective cytotoxic agents in such cells but
ara-FC itself is not. The answer to this requires a more
precise definition of the enzymatic lesions in ara-C re-
sistant lines and identification of the intracellular meta-
bolic products of these prodrugs.

The finding that ara-FUMP is a potent, mechanism-
based inhibitor of dTMP synthetase may also warrant
renewed consideration of possible chemotherapeutic uses
for ara-FU. Ara-FU was originally designed and syn-
thesized as a potential antitumor agent;” it was cytotoxic
toward murine leukemia tissue culture cells!® and dem-

(26) D. V. Santi, V. A. Pena, and S. S. M. Lam, Biochim. Biophys.
Acta, 438, 324 (1976).

(27) M. R. Dollinger, J. H. Burchenal, W. Kreis, and J. J. Fox,
Biochem. Pharmacol., 16, 681 (1967). N. C. Yung, J. H.
Burchenal, R. Fecher, R. Duschinsky, and J. J. Fox, J. Am.
Chem. Soc., 83, 4060 (1961).
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onstrated reasonable antitumor activity against trans-
planted mouse leukemias.?” However, since it was no more
effective in animal models than FUra or FdUrd and re-
quired higher doses to achieve the same chemotherapeutic
effect, interest in ara-FU as a neoplastic agent has di-
minished. Although ara-FU is ca. 50-fold less potent than
FUra and ca. 10%fold less potent than FdUrd as a growth
inhibitor of most tissue culture cells, the mechanism of its
cytotoxicity is unknown. The major question to be an-
swered is whether ara-FU exerts its cytotoxic effect as a
precursor to ara-FUMP or FUra. Ara-U analogues are

poor substrates for mammalian dThd kinase,? but mini-
mal conversion of ara-FU to ara-FUMP by this or another

kinase would result in potent inhibition of dTMP
synthetase and resultant cytotoxicity. If so, the spectrum
of activity of ara-FU in animals and humans should be
quite different than FUra or FdUrd, which exert at least
part of their chemotherapeutic/cytotoxic action via effects
of incorporation of FUra into RNA.? Alternatively, or
perhaps concomitantly, ara-FU could simply serve as a
depot for FUra. As shown here, ara-FU is not a substrate
for mammalian dThd phosphorylase but is slowly con-
verted to FUra by Urd phosphorylase at a rate which is
sufficient to explain its cytotoxic effects. This is interesting
from a chemotherapeutic standpoint because different
tissues and tumor cells possess different levels of Urd
phosphorylase® and thus show different sensitivities to-
ward prodrugs of FUra which require this enzyme for
activation. Indeed, this is currently believed to be the
reason for the selective cytotoxicity of the new antitumor
agent 5-deoxy-FUrd, a good substrate of Urd phospho-
rylase.®® If this is the mechanism responsible for the cy-
totoxicity of ara-FU, a more extensive screening directed
toward tumor lines with high Urd phosphorylase activity
is clearly warranted. A possible use of ara-FU is that of
a selective antiviral agent. As previously cited, ara-U’s are
poor or nonsubstrates for mammalian dThd kinase and
are thus relatively nontoxic. In contrast, dThd kinase from
certain viruses, notably herpes simplex virus, show much
less stringent substrate specificity;?! as a result, a number
of 5-substituted ara-U’s are substrates for this enzyme and
show promise as potentially selective antiherpetic
agents.?31323%  Thege differences in substrate specificities
of mammalian vs. viral dThd kinase toward ara-U’s, to-
gether with our current finding that ara-FUMP is a potent
inhibitor of dTMP synthetase, portend the possible use-
fulness of ara-FU as an antiviral agent. In view of the
aforementioned, it would clearly be worthwhile to define
the biochemical mode of action of ara-FU; with modern
analytical techniques and the availability of mammalian
cells with specific enzyme deficiencies, this should be a
straightforward task and is currently in progress in this
laboratory.

Experimental Section

dTMP synthetase from a MTX -resistant strain of L. casei was
the homogeneous preparation previously described.®® dThd
phosphorylase from horse liver was obtained from Gipep Co., Ltd.
(Paris, France). Urd phosphorylase, purified from rat liver,* was

(28) R. J. Suhadolnik, “Nucleosides as Biological Probes”, Wiley,
New York, 1979, pp 233-236.

(29) C. Heidelberger, Handb. Exp. Pharmacol., 38(2), 193 (1975).

(30) H. Ishitsuka, M. Miwa, K. Takemoto, K. Fukuoka, A. Itoga,
and H. B. Maruyama, Gann, 71, 112 (1980).

(31) J.F. Aswell, G. P. Allen, A. T. Jamieson, D. E. Campbell, and
G. A. Gentry, Antimicrob. Agents Chemother., 12, 243 (1977).

(32) C. Nakayama, H. Machida, and M. Saneyoshi, J. Carbohydr.,
Nucleosides Nucleotides, 6, 295 (1979).

(33) Y. Wataya and D. V. Santi, Methods Enzymol., 46, 307 (1977).

(34) A.Kraut and E. W. Yamada, J. Biol. Chem., 2486, 2021 (1971).
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a gift from J. Prior. dUMP, FAUMP, and d/,L-H folate were the
preparations previously described.'®* Ara-U, ara-T, ara-5-EtU,
and corresponding 5-monophosphates were prepared according
to the method of Nakayama et al.®* Ara-FU and 2,2’-anhydro-
ara-FU were prepared as reported.® Ara-FUMP was prepared
by phosphorylation and hydrolysis of 2,2-anhydro-ara-FUMP:%
2,2’-anhydro-5-fluorouridine (20 mg) in 1 mL of acetonitrile was
treated with tetrachloropyrophosphate (66 uL) at room tem-
perature for 10 h. The acetonitrile was evaporated in vacuo and
water (ca. 1 mL) was added to the residue. The aqueous solution
was heated at 90 °C for 3 h and was concentrated by evaporation
under reduced pressure. The concentrated solution was applied
to Toyo filter paper (Toyo 52) and developed with the solvent
system 1-propanol-concentrated NH,OH-0.2 M boric acid, 6:1:3.
The UV-absorbing band (R; 0.25) corresponding to ara-FUMP
was excised and eluted by water: yield 300 ODU (41%); UV Ay,
(0.1 N HC)) 270 nm [¢(P) = 9400); paper chromatography R;0.28
(isobutyric acid—0.5 M ammonia water, 66:34), 0.25 (1-
propanol-concentrated NH,OH-0.2 M boric acid, 6:1:3); paper
electrophoresis, mobility of UMP, 6.5 cm; ara-FUMP, 6.5 cm (600
V, 40 min, 30 mM sodium acetate, pH 4.0); CD (molecular el-
lipticity) +22600 (271 nm). The product was converted to ara-FU
upon treatment with alkaline phosphatase, and was resistant to
P, nuclease—3’-nucleotidase. HPLC using Lichrosorb Cyg (4.0 X
250 mm) verified the purity of all compounds used in this study.
For nucleosides, the eluant was 1% CH,CN in water; for nu-
cleotides, 5 mM Bu,N*HSO,", 5 mM KHPO, (pH 7.1) containing
1% MeOH was used. Using these systems, arabinofuranosyl
analogues are well separated from their ribo and 2’-deoxyribosyl
counterparts.

Kinetic assays of dTMP synthetase activity were performed
spectrophotometrically at 30 °C under conditions previously

(35) H. Machida, S. Sakata, A. Kuninaka, H. Yoshino, C. Nakaya-
ma, and M. Saneyoshi, Antimicrob. Agents Chemother., 16,
158 (1979).

(36) M. Saneyoshi, M. Inomata, and F. Fukuoka, Chem. Pharm.
Bull., 26, 2990 (1978).

described.’® The assay mixture (1.2 mL) contained 50 mM N-
methylinorpholine hydrochloride (pH 7.4), 25 mM MgCl,, 1.0 mM
EDTA, 75 mM 2-mercaptoethanol, 0.20 mM di,L-CH,-H folate,
2.5 mM H,CO, 3.5-20 uM dUMP, specified amounts of the in-
hibitor (0.01 to 0.2 mM), and ca. 2 nM dTMP synthetase; reactions
were initiated by the addition of enzyme and initial velocities were
determined over the first 1-3 min. For experiments on time-
dependent inactivation of I TMP synthetase, a solution (ca. 1 mL)
containing 0.1 uM dTMP synthetase, 50 mM NMM-HCI (pH 7.4),
0.1 mM CH,-H folate, and specified amounts of the nucleotide
to be tested was incubated at O or 30 °C. At specified intervals,
100 uL aliquots of this solution were added to the standard assay
mixture, and the initial velocity was determined. Assays of dThd
and Urd phosphorylase were performed using the standard assay
conditions and spe_ctroPhotometric assay previously reported for
dThd phosphorylase.?

Ultraviolet difference spectra were obtained by a modification
of the procedure described previously.® Two cuvettes containing
in 0.9 mL 50 umol of NMM-HCI (pH 7.4), 10 umol of MgCl,, 1
umol of EDTA, 5 umol of DTT, 26 nmol of dTMP synthetase,
30 nmol of (x)-Hfolate, and 0.5 umol of H,CO were placed in
the reference and sample compartments (30 °C) of a Cary 118
recording spectrophotometer. After the base line was recorded,
100 uL of 10 uM ara-FUMP (10 nmol) was added to the sample
cuvette and 100 uL of water to the reference cuvette, and the
difference spectra of the native complex was recorded. For
difference spectra of the denatured complex, 75 uL of 30% Na-
DodSO, was added to each of the above cuvettes, and repetitive
scans of the spectrum were obtained until no further changes
occurred. For the titration of the enzyme, an analogous procedure
was used, except that aliquots of the enzyme and CH,-H folate
were 13 nmol and 0.23 umol, respectively; spectra were recorded
after the addition of 5-nmol increments of ara-FUMP from 5 to
60 umol, and appropriate corrections were made for dilutions.
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The chemical synthesis of certain 4-substituted pyrazolo[3,4-d]pyrimidine nucleosides is described. Using 1-
(2,3,5-tri-O-acetyl-8-D-ribofuranosyl)pyrazolo[3,4-d]pyrimidin-4-one (1) as the starting material, the reactive intermediate
4-chloro-1-(2,3,5-tri-O-acetyl-8-D-ribofurancsyl)pyrazolo[3,4-d)pyrimidine (2) was prepared in excellent yield. Compound
2 served as a versatile precursor for the synthesis of a number of 4-substituted pyrazolo[3,4-d]pyrimidine nucleosides.
In antitumor studies of these nucleosides, in vitro and in vivo, it was found that any alteration of the 4-amino substituent
of 4-amino-1-8-D-ribofuranosylpyrazolo[3,4-d]pyrimidine (3) was accompanied by a significant decrease or loss of
antitumor activity. On the other hand, introduction of certain substituents at the 3 position of 3 (synthesis reported
previously) led to a dramatic increase in antitumor activity in comparison to the parent compound.

Several 6-substituted adenosine derivatives have been
reported? to possess antitumor activity. On the other hand,
there has been a paucity of studies® involving the synthesis
and biological evaluation of the structurally related 4-

* Address correspondence to Department of Medicinal Chem-
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MI 48109.
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substituted derivatives of 4-amino-1-8-D-ribofuranosyl-
pyrazolo[3,4-d]pyrimidine (4-APPR). The adenosine

(1) For part 11, see Crabtree, G. W.; Agarwal, R. P.; Parks, R. E.,
dJr.; Lewis, A. F.; Wotring, L. L.; Townsend, L. B. Biochem.
Pharmacol. 1979, 28, 1491.

(2) Fleysher, M. H,; Bernacki, R. J.; Bullard, G. A. J. Med. Chem.
1980, 23, 1448, and references cited therein.
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