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ABSTRACT: The 6-aza analogues of toyocamycin and sangi-
vamycin were prepared as potential cytotoxic agents. The
toyocamycin analogue (4-amino-1-(8-D-ribofuranosyl)pyr-
azolo[3,4-d]pyrimidine-3-carbonitrile) could not be ob-
tained directly from its O-acetylated precursor but was ac-
cessible via 4-amino-1-(8-D-ribofuranosyl)pyrazolo{3,4-
d]pyrimidine-3-thiocarboxamide. The identity of the nitrile
was verified by its ultraviolet, infrared, and mass spectra,
and by its conversion to the corresponding 3-carboxamide
and thiocarboxamide when treated with water or hydrogen
sulfide, respectively. Bioassay of the synthetic compounds
in comparison with 4-amino-1-(3-D-ribofuranosyl)pyrazolo(3,4-
d]pyrimidine (6-azatubercidin) and 4-amino-2-(3-D-ribofu-
ranosyl)pyrazolo[3,4-d]pyrimidine revealed that the 3-thio-
carboxamido derivative was more cytotoxic to the growth of

Many synthetic and naturally occurring purine ana-
logues have been shown to possess interesting and useful bi-
ological properties. The pyrrolo[2,3-d]pyrimidine tuber-
cidin (4-amino-7-(3-D-ribofuranosyl)pyrrolo[2,3-d]pyrimi-
dine), e.g., inhibited the growth of Mycobacterium tubercu-
losis BCG, Candida albicans, and Streptococcus faecalis
(8043) as well as NF mouse sarcoma, human KB cells, and
human tumors (Suhadolnik, 1970). Interestingly, the corre-
sponding 5-cyano derivative (toyocamycin) was more active
against NF-sarcoma cells and certain microbes than tuber-
cidin, while the 5-carboxamide (sangivamycin) had only
very slight antibacterial or antifungal activity, but was
quite active against leukemia L1210 in mice and HeLa cells
grown in culture (Suhadolnik, 1970). Therefore, the obser-
vation that the 6-aza analogue of tubercidin (4-amino-1-
(B-D-ribofuranosyl)pyrazolo[3,4-d]pyrimidine)  inhibited
the growth of human epidermoid cells (Bennett et al.,
1966), consistent with the general pattern of biological ac-
tivity noted for other pyrazolo[3.4-d]|pyrimidines (Robins,
1964; Montgomery and Hewson, 1967), suggested that the

mouse fibroblasts than 6-azatubercidin, effecting killing of
3T6 cells at < 1 ug/ml. 4-Amino-1-(8-D-ribofuranosyl)py-
razolo[3,4-d]pyrimidine (but not its 2-ribofuranosyl iso-
mer) was shown to act as a substrate for adenosine deami-
nase from calf intestinal mucosa with an apparent K, of
125 (vs. 20 for adenosine) and the corresponding 5’-diphos-
phate of 6-azatubercidin was polymerized by polynucleotide
phosphorylase (Micrococcus luteus) in the presence of
Mn?* to afford a homopolymer and copolymers with aden-
osine. The copolymers directed the binding of [*H]lysyl-
tRNA to the A-site of ribosomes from Escherichia coli, but
could not be used for the synthesis of polylysine in a cell-
free system. The copolymer consisting of adenosine and 6-
azatubercidin in a 2:1 ratio was found to form a 1:1 com-
plex with poly(uridylic acid) at 4 °C.

6-aza analogues of toyocamycin and sangivamycin might
also have potentially useful cytotoxic properties.!

This report is concerned with the synthesis of 4-amino-1-
(B-D-ribofuranosyl)pyrazolo{3,4-d]pyrimidine-3-carbonitr-
ile (6-azatoyocamycin) and 4-amino-1-(3-D-ribofuranosyl)-
pyrazolo[3,4-d]pyrimidine-3-carboxamide (6-azasangivam-
ycin) and with the determination of certain biochemical and
biological activities of these compounds as well as 4-amino-
I- and -2-(B-D-ribofuranosyl)pyrazolo[3,4-d]pyrimidine.
Also prepared for study was poly(4-amino-1-(8-D-ribofura-
nosyl)pyrazolo[3,4-d]pyrimidine  5’-monophosphate) as
well as copolymers of 4-amino-1-(3-D-ribofuranosyl)pyra-
zolo[3,4-d]pyrimidine and adenosine.

Materials and Methods

Rye grass 3’-nucleotidase, adenosine deaminase (calf in-
testinal mucosa, type I}, snake venom (Crotalus adaman-
teus), streptomycin, and penicillin G were obtained from
Sigma Chemical Company. Polynucleotide phosphorylase
(Micrococcus luteus) was purchased from P-L Biochemi-
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8 The descriptions of the syntheses of the aza analogues of toyo-
camycin and sangivamycin were taken from the thesis of Dieter Wer-
ner, submitted March 1974 in partial fulfillment of the requirements
for the Ph.D. degree in Chemistry. After the synthetic work was com-
pleted, a report appeared concerning the syntheses of 4a, 5, and 6 (Earl
and Townsend, 1974).

! A major impetus for the extensive biochemical and biological char-
acterization of these analogues is their confirmed activity against tu-
mors in experimental animals. Compounds 4a and 5, e.g., have also
been prepared independently in the laboratory of Professor Leroy
Townsend (Earl and Townsend, 1974) and tested for anticancer activi-
ty at the National Cancer Institute. Compound 4a showed significant
activity against L1210 lymphoid leukemia, giving percent T/C values
from 236 to 258 when administered in five doses of 50-200 mg/kg of
body weight; compound 5 also had confirmed activity against the same
tumor. Compound 7a (Montgomery et al., 1964) was shown to have
activity against L1210 lymphoid leukemia and P388 lymphocytic leu-
kemia in experimental animals and against human epidermoid carcino-
ma in cell culture.
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cals and both Dulbecco’s modified Eagle medium and horse
serum were from Grand Island Biological Comipany.
DEAE-cellulose and GF/A glass fiber disks were obtained
from Whatman, nitrocellulose filters (0.45 um pore size)
from Millipore Corporation, and L-[*H]lysine, 55 Ci/
mmol, from New England Nuclear Corporation.

Ultraviolet spectra were recorded on a Cary 15 UV spec-
trophotometer, infrared spectra on a Perkin-Elmer 457A
spectrophotometer, and mass spectra on a Perkin-Elmer-
Hitachi RMU-6 spectrometer using a direct inlet. Melting
points were determined on a Thomas Hoover apparatus and
are uncorrected. Elemental analyses were determined by
Chemalytics, Inc., or by Scandinavian Microanalytical
Laboratory.

Synthesis of Compounds. 4-Acetylaminopyrazolo(3,4-
d\pyrimidine-3-carbonitrile (1a). To a stirred solution of
842 mg (5.25 mmol) of 4-aminopyrazolo[3,4-d]pyrimidine-
3-carbonitrile - (Taylor and Abul-Husn, 1966) in 200 ml of
pyridine was added 14.5 ml of acetic anhydride. The reac-
tion mixture was warmed to 80 °C for 5 h, concentrated
under diminished pressure, and treated with chloroform to
precipitate the desired product. Crystallization from etha-
nol gave white needles of 1a: yield 774 mg (72%); mp >300
°C: AmaxPOH (pH 1) 278 nm (e 10 900); Amin 246 (3700);
Amax7OH (pH 7) 278 (10 400); Amin 252 (4900); Apmax=tOH
(pH 11) 312 (10 100) and 340 (sh); Apmin 262 (5900); m/e
202, 188, 187, 175, 160, and 144; ir (nujol) 3400, 2960-
2820, 2230, and 1700 cm™".
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Anal. Caled for CgHeNgO: C, 47.52; H= 2/99/ Found:
C,47.56; H, 2.78.

4-Trifluorcacetylaminopyrazolo[3,4-dpyrimidine-3-
carbonitrile (1b). To a stirred suspension of 3.51 g (22.0
mmol) of 4-aminopyrazolo[3,4-d]pyrimidine-3-carbonitrile
in 60 ml of ethyl acetate was added 5.66 ml of trifluoroacet-
ic anhydride. The reaction mixture was stirred overnight
and concentrated under diminished pressure. The brown
solid residue was triturated with ethyl acetate and fiitered
to afford fine off-white needles of 1b: vield 4.74 g (85%);
mp 272.5-274.5 °C dec. Recrystallization from chloroform
did not raise the melting point: AmaxE'CH (pH 1) 314 nm
(sh), 306 (e 14 400), 254 (6600), 246 (6400), and 238
(6500): Amin 263 (5900), 250 (6300), 243 (6300), and 234
(6200); AmaxE'OH (pH 7) 315 (sh), 305 (13 900), and 255
(6700); Amin 262 (5900) and 249 (6500); AmaxEOH (pH 10)
298 (8900); Amin 263 (6600); AnaxECH (pH 11) 303 (7600);
Amin 260 (5500); ir (nujol) 3180, 3100, 2960-2840, 2255,
1800, 1620, and 1560 cm™'; m/je 256, 235, 187, 160, 144,
and 133.

4-Acetamidos1-(8-D-tri-O-acetylribofuranosyl)pyra-
zolo[3,4-d)pyrimidine-3-carbonitrile (2). A finely ground
mixtureof450mg(2.22mmol)of4-acetylaminopyrazolo[3,4-
d]pyrimidine-3-carbonitrile, 709 mg (2.22 mmol) of tetraa-
cetylribofuranose (Zinner, 1950; Brown et al., 1955), and
51 mg. (0.27 mmol) of p-toluenesulfonic acid was heated to
145 °C in vacuo (aspirator). When a homogeneous melt
was obtained the temperature was raised to 165 °C for 10
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min. The cooled melt was triturated with chloroform and
the chloroform extract was purified by chromatography on
silica gel, elution with ether, to afford 2 as a white foam
(see Scheme I): yield 311 mg (36%); mp 72-73 °C;
AmaxE'CH (pH 2) 283 nm; Apin 248; AmaxFOH (pH 7) 285;
Amin 248 AmaxECH (pH 10) 325; Amin 270; ir (CHCly)
3390, 3000, 2250, 1735, 1625, and 1570 cm™!. Crystalliza-
tion of the foam could be accomplished from methanol; the
crystalline material had the same melting point and spectral
properties.
4-Amino-1-(B-D-tri-O-acetylribofuranosyl)pyrazolo[3,4-
d)pyrimidine-3-carbonitrile (3). A finely ground mixture
of 6.53 g (26.1 mmol) of 4-trifluoroacetylaminopyrazolo-
[3,4-d]pyrimidine-3-carbonitrile, 8.31 g (26.2 mmol) of te-
traacetylribofuranose, and 910 mg (4.8 mmol} of p-toluene-
sulfonic acid was treated in six equal batches as follows.
Each batch was submerged in vacuo (aspirator) into an oil
bath which had been preheated to 140 °C. When a homoge-
neous melt was obtained, the temperature was raised to
160-165 °C for S min. The cooled melt was triturated with
chloroform and the chloroform extract was adsorbed onto
silica gel. The silica was treated with methanol and main-
tained overnight at room temperature. After evaporation of
the methanol, the dry silica was poured onto a silica gel col-
umn and washed with 500 ml of ethyl acetate to afford the
desired product. This material was further purified by re-
chromatography on silica gel, elution with ethyl acetate to
afford 3 as an amorphous solid: yield 5.91 g (54%); mp
67-70 °C; Amax®OH (PH 2) 281 nm; Amin 248; Ay &0
(PH 7) 283: Amin 250; AmaxPOH (pH 10) 282; Amin 259; ir
(KBr) 3440, 3330, 2245, 1735, 1630, and 1580 cm™!.
4-Amino-1-(B-D-ribofuranosyl)pyrazolo|(3,4-dlpyrimi-
dine-3-carboxamide (4a). A stirred suspension of 442 mg
(1.01 mmol) of 4-acetamido-1-(8-D-tri-O-acetylribofurano-
syl)pyrazolo[3,4-d]pyrimidine-3-carbonitrile (2) in 10 ml
of concentrated ammonium hydroxide was warmed to 60
°C for 10 min and then permitted to stand overnight at
room temperature. White crystals of 4 separated and were
isolated by filtration: yield 251 mg (80%); mp 261.5-263.5
°C; Amax'29 (pH 2) 270 nm (e 9200), 216 (sh); Amin 253
(7500); AmaxH29 (pH 7) 282 (10 700) and 223 (sh); Amin
256 (5800); Amax2© (pH 12) 280 (11 200) and 230 (sh);
Amin 256 (6900); ir (nujol) 3400, 3140 (broad), 2980-2840,
1640, and 1565 cm™'; m/e 310, 293, 292, 280, 262, 221,
207, 189, 178, and 160.
Anal. Caled for C11H14N605-H20S C, 40’24; H, 491,
Found: C, 40.35; H, 4.58.
4-Amino-1-(B-D-ribofuranosyl)pyrazolo[3,4-d)pyrimi-
dine-3-carboxamide 5'-Monophosphate (4b). This reaction
was run according to the general method of Imai et al.
(1969). To a stirred suspension of 461 mg (1.49 mmol) of
4-amino-1-(B3-D-ribofuranosyl)pyrazolo[3,4-d]pyrimidine-
3-carboxamide (4a) in 24 ml of acetonitrile at 0 °C was
added 0.75 ml of pyrophosphory! chloride. The reaction
mixture was stirred for 90 min at 0 °C and then poured into
an excess of ice water and neutralized with aqueous sodium
hydroxide solution. The solution was treated with 45 ml of
0.5 M aqueous barium acetate solution and the resulting
precipitate was removed by centrifugation. The supernatant
was diluted with water and purified by chromatography on
a column of DEAE-cellulose (3.2 X 60 cm), elution with a
linear gradient of ammonium bicarbonate (2 . total vol-
ume; 0-0.3 M; 16-ml fractions) at a flow rate of 170 ml/h.
The appropriate fractions were pooled, concentrated under
diminished pressure, and then desalted by repeated evapo-
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rations of portions of water to afford the ammonium salt of
4b as a white, hygroscopic solid: yield 419 mg (67%);
Amax120 (pH 1) 264 nm and 218; Amin 249; Amax2© (pH 7)
281 and 225; Amin 253 and 217; Amax"2° (pH 12) 280; Amin
254. A portion of 4b (40 Aag; units) was treated with crude
snake venom (Crotalus adamanteus) in 0.2 ml of 0.1 M
Tris-HCI buffer (pH 8.7) containing 0.1 M MgCl; at 37 °C
for 4 h. The product was purified by chromatography on a
DEAE-cellulose column (HCO;~ form; 0.9 X 23 cm), elu-
tion with water, and then with a linear gradient of ammo-
nium bicarbonate (200 ml total volume; 0-0.8 M; 2-ml
fractions). Most of the ultraviolet-adsorbing material eluted
with the water wash and was shown to be identical in all re-
spects with 4-amino-1-(8-D-ribofuranosyl)pyrazolo[3,4-
d)pyrimidine-3-carboxamide.
4-Amino-1-(B8-D-ribofuranosyl)pyrazolo[3,4-d]pyrimi-
dine-3-carboxamide 5’-Diphosphate (4c). To 23 mg (56
umol) of the pyridinium salt of 4-amino-1-(8-D-ribofurano-
syl)pyrazolo[3,4-d]pyrimidine-3-carboxamide 5’-mono-
phosphate was added 0.7 ml of water. The aqueous solution
was then treated with a solution consisting of 25 ul (290
umol) of morpholine in 0.7 ml of rert-butyl alcohol. To this
solution was added 1.2 ml of terz-butyl alcohol containing
62 mg (300 umol) of N,N’-dicyclohexylcarbodiimide and
the combined solution was heated at reflux for 7 h. The so-
lution was concentrated under diminished pressure and the
residue was washed with water. The aqueous solution was
extracted with ether and then evaporated to afford a solid
residue which was dried by repeated evaporations of anhy-
drous pyridine under diminished pressure. This anhydrous
residue was treated with 290 umol of anhydrous mono(tri-
n-butylammonium) phosphate in S ml of anhydrous pyri-
dine. The resulting solution was concentrated to dryness, re-
dissolved in I ml of anhydrous pyridine, and maintained at
room temperature for 4 days. The solution was concentrat-
ed and the residue was dissolved in water, adjusted to pH 5
with dilute hydrochloric acid, and desalted by application to
a column of activated charcoal (1.2 X 6 ¢cm), elution with 1
1. of water and then 200 ml of 50% aqueous ethanol contain-
ing 2% concentrated ammonium hydroxide solution to re-
move the organic phosphates. Purification was effected by
chromatography on a DEAE-cellulose column (2.3 X 25
cm), elution with a linear gradient of triethylammonium bi-
carbonate (pH 7.5) (2 1. total volume, 0-0.3 M; 17-ml frac-
tions), at a flow rate of 135 ml/h. The appropriate fractions
were combined and desalted by repeated evaporations of
portions of water and ethanol to afford the triethylammon-
ium salt of the diphosphate (4¢) as a colorless glass: yield
220 Az units (37%; 50% based on consumed 4b); Am,, H2O
(pH 1) 266 nm and 223; Amin 250 and 209; Anax™2° (pH 7)
283 and 236; Amin 255 and 216. Phosphate analysis by mod-
ification of the method of Allen {(1940) indicated the pres-
ence of 0.84 mol of acid-labile phosphate/mol of ribonucle-
oside (another sample of 4¢ gave a value of 1.03) and 1.95
total mol of phosphate/mol of ribonucleoside.
4-Amino-1-(B-D-ribofuranosyl)pyrazolo(3,4-dpyrimi-
dine-3-thiocarboxamide (5). To a solution of 1.55 g (3.71
mmol) of 4-amino-1-(3-D-tri-O-acetylribofuranosyl)pyra-
zolo[3,4-d]pyrimidine-3-carbonitrile (3) in 40 mi of metha-
nol (distilled from sodium methoxide) was added 4.0 g
(74.2 mmol) of sodium methoxide. Hydrogen sulfide was
bubbled through the solution for 24 h. The precipitate was
then filtered and the solid residue was triturated with water
to remove inorganic salts, dried, and crystallized from
methanol-water to give 5 as pale yellow crystals: yield 843
1007
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mg (70%); mp 251.5-252 °C dec; Amax2° (pH 2) 270 nm
(e 10200) and 223 (17 000), Api, 261 (10000) and 215
(16 500); Amax™29 (pH 7) 293 (11 300) and 234 (11 400);
Amin 253 (9300) and 224 (10 800); Anax™20 (pH 11) 279
(12 200) and 232 (13 300); Amin 257 (10200) and 226
(13 200); m/e 223,203, 194, 188, 178, 160, 135, and 133.
Anal. Calced for C 1 H1aNsO4S: C, 40.48; H, 4.32. Found:
C,40.61; H, 4.07.
4-Amino-1-(B-D-ribofuranosyl)pyrazolo(3,4-d|pyrimi-
dine-3-carbonitrile (6). A sample of 117 mg of 4-amino-1-
(B-D-ribofuranosyl)pyrazolo[3,4-d]pyrimidine-3-thiocarbo-
xamide was heated to its melting point. When decomposi-
tion began, the sample was removed from the oven and
maintained under diminished pressure (aspirator) for 2
min. The dark-colored residue was suspended in methanol
and purified by chromatography on Sephadex LH-20, elu-
tion with methanol to afford 6 as an off-white solid: yield 12
mg (12%); mp 218-223 °C; Amax2© (pH 2) 264 nm and
222; Amin 252 and 2115 Amax!29 (pH 7) 280 and 231; Amin
253 and 229; Amax 120 (pH 11) 281; Ain 257; mje 292, 274,
261, 248, 232, 203, 189, 178 (178.061), 160 (160.050), 135
(135.055), and 133 (133.039); ir (KBr) 3420, 2245, 1660,
1595, and 1570 cm™".
The same compound was obtained from 5 by the method
of Earl and Townsend (1974).
4-Amino-1-(8-p-ribofuranosyl)pyrazolo[3,4-dpyrimi-
dine 5'-Monophosphate (7b). This phosphorylation was
carried out according to the method of Imai et al. (1969).
To a stirred suspension of 137 mg (0.51 mmol) of 4-amino-

1-(3-D-ribofuranosyl)pyrazolo[3,4-d]pyrimidine (7a)
NH.
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(Montgomery et al., 1964) in 8 ml of acetonitrile at 0 °C
was added 0.25 ml of pyrophosphoryl chloride. The reaction
mixture was stirred at 0 °C for 90 min and then poured into
an excess of ice water, extracted with ether, and neutralized
with aqueous sodium hydroxide soiution. The solution was
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treated with 15 ml of 0.5 M aqueous barium acetate solu-
tion and the precipitate was removed by centrifugation. The
supernatant was diluted with water and applied to a column
of DEAE-cellulose (3 X 32 cm). The phosphate was re-
moved by elution with a linear gradient of ammonium bi-
carbonate (2 1. total volume; 0-0.3 M; 13-ml fractions) at a
flow rate of 175 ml/h. The appropriate fractions were
pooled and concentrated and then desalted by repeated
evaporations of portions of water to afford the ammonium
salt of 7b as a white solid: yield 181 mg (93%); AmaxH2°
(pH 1) 257 nm and 218; Amin 238; Amax2° (pH 7) 273 and
259; Amin 262 and 236; Apnaxf20 (pH 12) 274 and 260; Amin
262 and 236. Descending paper chromatography on What-
man No. 1 paper (saturated (NH4)>SO4-water-2-propa-
nol, 79:19:2) afforded a single ultraviolet-absorbing spot, R,
0.45.

A portion of the product (20 4573 units) was treated with
crude snake venom (Crotalus adamanteus) in 0.2 ml of 0.1
M Tris-HCI buffer solution (pH 8.7) containing 0.1 M
MgCl; at 37 °C for 4 h. The product was purified by chro-
matography on a DEAE-cellulose column (HCO;™ form:
0.9 X 23 cm); elution was with water and then with a linear
gradient of ammonium bicarbonate (200 ml! total volume;
0-0.8 M, 2-m! fractions). This product was shown to be
identical in all respects with the starting ribonucleoside
(7a).

4-Amino-1-(B8-D-ribofuranosyl)pyrazolo[3,4-d\pyrimi-
dine 5'-Diphosphate (7¢). To 38 mg (0.1 mmol) of diam-
monium 4-amino-1-(3-D-ribofuranosyl)pyrazolo{3,4-d]py-
rimidine 5’-monophosphate (7b), converted to the pyridini-
um salt, was added 1 ml of water. The aqueous solution was
treated with a solution consisting of 35 ul (0.4 mmol) of
morpholine and then with a solution containing 83 mg (0.4
mmol) of N,N’-dicyclohexylcarbodiimide in 1.6 ml of tert-
butyl alcohol. The combined solution was heated at reflux
for 5 h. The solution was concentrated under diminished
pressure and the residue was triturated with a small volume
of water. The aqueous solution was extracted with ether and
then evaporated to afford a solid residue which was dried by
repeated evaporations of portions of anhydrous pyridine
under diminished pressure. This anhydrous residue was
treated with 0.44 mmol of anhydrous mono(tri-n-butylam-
monium) phosphate in 5 ml of anhydrous pyridine. The re-
sulting solution was concentrated to dryness, redissolved in
1 ml of anhydrous pyridine, and maintained at room tem-
perature for 4 days. The solution was concentrated and the
residue was dissolved in water, adjusted to pH 5 with dilute
hydrochloric acid, and desalted by application to a column
of activated charcoal (1.2 X 6 ¢cm). Elution was with [ |. of
water and then 200 ml of 50% aqueous ethanol containing
2% concentrated ammonium hydroxide solution, which ef-
fected elution of the organic phosphates. The compound
was purified by chromatography on a DEAE-cellulose col-
umn (2.3 X 25 c¢m); elution was with a linear gradient of
triethylammonium bicarbonate (pH 7.5) (3 I. total volume;
0-0.45 M; 23-ml fractions), at a flow rate of 135 ml/h. The
appropriate fractions were combined and desalted by re-
peated evaporations of portions of water and ethanol to af-
ford the triethylammonium sait of the diphosphate (7¢) as a
colorless glass: yield 500 Ay74 units (48%; 70% based on
consumed 8b): Amaxt20 (pH 1) 257 nm: Amin 2375 Aax'12€
(pH 7) 273 and 258; Amin 262 and 235; Amax 129 273 and
258: Amin 262 and 235. Descending paper chromatography
on Whatman No. | paper (79:19:2 saturated (NH4)>SO4-
water-2-propanol) afforded a single ultraviolet-absorbing
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spot, Ry 0.52. Phosphate analysis by the method of Allen
(1940) indicated the presence of 1.01 mol of acid-labile
phosphate/mol of ribonucleoside (Montgomery et al,
1964) and 2.01 total mol of phosphate/mol of ribonucleo-
side.

4-Amino-2-(B-D-ribofuranosyl)pyrazolo|[3,4-dpyrimi-
dine 5'-Monophosphate (8b). This phosphorylation was
carried out according to the method of Yoshikawa et al.
(1967). To a cooled solution of 0.2 ml of phosphorus oxy-
chloride in 2 ml of trimethy! phosphate was added 50 mg
(0.18 mmol) of 4-amino-2-(B-D-ribofuranosyl)pyrazolo[3,4-
d]pyrimidine. The reaction mixture was maintained at 0 °C
for 24 h and then added to ice water and desalted on a col-
umn of activated charcoal (1.2 X 6 c¢cm), elution with 1 1. of
water and then 200 ml of 50% aqueous ethanol containing
2% concentrated ammonium hydroxide solution to remove
the organic phosphates. Purification was effected by chro-
matography on Dowex 1-X8, 20-50 mesh (HCOO~ form;
0.9 X 21 cm), elution with water and then with a linear gra-
dient of formic acid (2 1. total volume; 0-0.3 M; 7.5-ml
fractions) at a flow rate of 50 ml/h. The appropriate frac-
tions were combined and concentrated to afford the free
acid of 9b as a white powder: yield 42 mg (65%); Amax"2°
(pH 1) 268 nm and 228; Apin 242 and 226; ApnaxH2° (pH 7)
290 and 268; Amin 272 and 243; Apnax29 (pH 10) 289 and
268; Amin 272 and 244. Descending paper chromatography
on Whatman No. 1 paper (saturated (NH4)>SO4-water-
2-propanol, 79:19:2) afforded a single ultraviolet-absorbing
spot, Ry 0.54.

A portion of the product (60 4,37 units) was treated with
0.7 mg of crude snake venom (Crotalus adamanteus) in 0.1
ml of 0.1 M Tris-HCI buffer (pH 8.7) containing 0.01 M
MgCl,. The reaction mixture was incubated at 37 °C for 15
h and then purified by chromatography on Dowex 1-X8,
20-50 mesh (HCOO~ form; 0.5 X 6 cm), elution with
water and then with a linear gradient of formic acid. All ul-
traviolet-absorbing material was found in the water wash.
Ultraviolet spectroscopy and chromatography on Whatman
No. 1 paper, development with isopropyl alcohol-concen-
‘trated ammonium hydroxide-water (7:1:2, v/v) indicated
the material to be identical with the ribonucleoside (8a) (R
0.57) rather than with the ribonucleoside 5’-monophosphate
(8b) (R, 0.10).

4-Amino-2-(8-p-ribofuranosyl)pyrazolo|3,4-d)pyrimi-
dine 5'-Diphosphate (8¢). Compound 8¢ was prepared from
4-amino-2-(B-D-ribofuranosyl)pyrazolo[3,4-d]pyrimidine
5’-monophosphate (8b) by analogy with the synthesis of 7e¢:
yield 519% of 8¢ as a colorless glass (60%, based on con-
sumed 8b); Amax20 (pH 1) 268 nm and 229; Apin 242 and
226; Amax29 (pH 7) 290 and 268; Amin 272 and 243;
Amax"2C (pH 10) 290 and 268; Amin 272 and 244. Descend-
ing paper chromatography on Whatman No. 1 paper (79:
19:2 saturated (NH4),SO4-water-2-propanol) afforded a
single ultraviolet-absorbing spot, Ry 0.62. Phosphate analy-
sis by the method of Allen (1940) indicated the presence of
0.95 mol of acid-labile phosphate/mol of ribonucleoside
(Montgomery et al., 1964) and 1.90 total mol of phosphate/
mol of ribonucleoside.

Biochemical Preparation and Assay Procedures. Adeno-
sine Deaminase. The deaminations were carried out on 0.3
pumol of substrate, using 0.2 ug of enzyme. The course of
the reaction was monitored by thin-layer chromatography
on cellulose and elution with isopropyl alcohol-concentrat-
ed ammonium hydroxide-water (7:1:2, v/v) or with n-butyl
alcohol-glacial acetic acid-water (5:2:3, v/v). All reactions

were monitored for at least 18 h, or until they had gone to
completion.

Initial velocity studies were carried out at 25 °C in a
final reaction volume of 3.1 ml. The reactions were initiated
by the addition of the enzyme, as a concentrated solution, to
the substrate which was dissolved in 0.1 M phosphate buff-
er (pH 7.5). The course of reaction was followed by moni-
toring the change in optical density at a suitable wavelength
at 30-s intervals. Thus, adenosine was monitored at 265 nm,
at ten substrate levels varying from 10.4 X 1073 to 4.96 X
107°> M, and 4-amino-1-(B-D-ribofuranosyl)pyrazolo[3,4-
d]pyrimidine was monitored at 274 nm, at substrate con-
centrations varying from 10.7 X 107 to 3.95 X 1073 M,
The data were expressed as double-reciprocal plots of sub-
strate vs. initial velocity and used for determination of K,
and Vmax.

Compounds 4a, 7a, and 8a were used as potential inhibi-
tors of adenosine deamination. Inhibitor concentrations up
to 9 X 107> M gave no observable inhibition of substrate
utilization, when the latter was used in the concentration
range of approximately 3-8 X 1073 M,

Polynucleotide Phosphorylase. The polymerizations
were carried out on 6 umol of 5'-diphosphate, utilizing 150
ug of polynucleotide phosphorylase from Micrococcus lu-
teus in a final reaction volume of 1.5 ml of 0.1 M Tris-HCI
(pH 9.5) which was 2 mM in MgCl,. The reaction mixture
was incubated at 37 °C for 24 h and the extent of reaction
was assayed by measuring released inorganic phosphate
(Allen, 1940). Copolymerizations with adenosine 5’-diphos-
phate were done in the same way except that various ratios
of 5-ADP and the analogue 5’-diphosphates were utilized
(e.g., 6 umol of 5’-ADP and 1.5 umol of 7¢) The reaction
mixtures were incubated for 6 h and then extracted with an
80% liquefied phenol solution. The aqueous layer was ap-
plied to a column of Sephadex G-75 (1.4 X 81 ¢m) and
washed with water at a flow rate of 25 ml/h (2-ml frac-
tions). The polymeric material, present in the void volume,
was hydrolyzed overnight at 37 °C with 0.3 M aqueous po-
tassium hydroxide solution and then neutralized with
Dowex 50-X8 (H* form). The solution was concentrated to
dryness, redissolved in 0.2 ml of 0.1 M Tris-HCI (pH 7.5),
and treated with 7 ug of rye grass 3’-nucleotidase. The mix-
ture was incubated at 37 °C for 15 h, then applied to a
DEAE-cellulose column and washed with water. The eluate
was concentrated to a small volume and analyzed by paper
chromatography on Whatman No. | paper, by comparison
of mobilities with authentic samples. Neither 7¢ nor 8¢ was
incorporated into polymeric material by this procedure, al-
though the analogues were inhibitory to the polymerization
of 5-ADP itself (see, e.g., Figure 3) with 7¢ being the more
inhibitory.

Polymerizations in the presence of Mn?* were carried
out by a similar procedure. Compound 7¢ (80 umol), e.g.,
was polymerized with 6 mg of polynucleotide phosphorylase
in a final reaction volume of 8 ml of 0.1 M Tris-HCI (pH
8.1), which was 5 mM in MnCl,. The reaction mixture was
incubated at 37 °C for 24 h, monitored and worked up as
before, and applied to a Sephadex G-75 column (1.4 X 81
cm) and washed with water at a rate of 25 ml/h (2.3-ml
fractions). The fractions (16-19) containing polymeric ma-
terial were pooled and lyophilized to afford 3.1 4,74 units of
poly(4-amino-1-(3-D-ribofuranosyl)pyrazolo[3,4-d]pyrimi-
dine). Copolymerizations were run in the same way. The
polymers were purified on Sphadex G-75 and analyzed as
described above. The copolymerization of 5-ADP an 7¢ af-
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forded much larger amounts of polymer (e.g., up to 79 Aasp
units starting from 50 umol of a 4:1 mixture of 5-ADP and
7¢) than were obtained by the polymerization of 7¢ alone.
The polymers were estimated to be at least 100-200 nucleo-
tides in length on the basis of their behavior on Sephadex
G-75 and on the ratio of nucleotide:nucleoside resulting
from base hydrolysis of the polymers.

Binding of Lysyl-tRNA to E. coli Ribosomes. This assay
was carried out according to the method of Leder (1968).
To a solution of 0.05 M Tris-HCI (pH 7.2, total reaction
volume 50 ul) containing 25 mM ammonium chloride and 5
mM magnesium chloride was added 4.9 A units of low
salt washed E. coli ribosomes (Ravel and Shorey, 1971)
and then 0.13 A6 unit of the appropriate polyribonucleo-
tide message. The reaction was initiated by the addition of
0.14 Ae unit of [PH]lysyl-tRNA (32900 cpm). After a
predetermined time interval, 1 ml of cold Tris-HCI buffer
was added and the mixture was filtered through a nitrocel-
lulose filter. The filter was dried and radioactivity was de-
termined in solution (Bray, 1960).

Polylysine Synthesis. This assay was carried out by mod-
ification of the method of Gottesman (1971). To a solution
of 0.04 M Tris-HCI (pH 7.8, total reaction volume 400 pnl)
containing 0.015 M magnesium acetate, 0.03 M potassium
chloride, 8 mM S-mercaptoethanol, 6 mM phosphoenolpy-
ruvate, 0.25 mM GTP, and 1.5 mM ATP was added 31.3
uM L-[*H]lysine, 539 Ci/mol, 20 ug of pyruvate kinase, 27
Ao units of E. coli tRNA, and 2.75 Az6p units of the ap-
propriate polyribonucleotide message. The solution was
equilibrated at 37 °C and the reaction was initiated by the
addition of 3.4 As¢g units of low salt washed E. coli ribo-
somes (Ravel and Shorey, 1971) and 50 ul of crude E. coli
supernatant factors. At predetermined time intervals, 50-ul
aliquots of solution were applied to glass fiber disks which
had been pretreated with 200 ul of 0.4 M aqueous sodium
hydroxide. The dried disks were washed successively with
three portions of 5% aqueous trichloroacetic acid (contain-
ing 0.25% sodium tungstate), ethanol, and ether. The disks
were dried and radioactivity was determined.

Mouse Fibroblast Assay Procedures. Mouse fibroblasts
(3T6) were cultured in Dulbecco’s modified medium, sup-
plemented with penicillin-G (6 mg/100 mt), streptomycin
(10 mg/100 ml), and horse serum. Tissue culture dishes
containing 4 ml of medium were inoculated with 2 X 10*
cells. After 24 h of incubation, the medium was replaced
with fresh medium containing 4a, 5, 7a, 8a, or adenosine at
one of the six concentrations tested in duplicate for each
compound. The dishes were incubated at 37 °C and each
was observed for growth relative to drug-free controls at 3
and 3 days. Growth was recorded on an arbitrary scale of A
(confluent monolayer) to F (all cells dead). Inhibition was
regarded as fewer cells than in the drug-free controls, and
toxicity was indicated by cell detachment from the mono-
layers.

Results

Preparation of 4-amino-1-(3-D-ribofuranosy!)pyrazolo[3,4-
d]pyrimidine-3-carbonitrile (6) was attempted initially by
acetylation of 4-aminopyrazolo[3,4-d]pyrimidine-3-carbo-
nitrile, fusion of the acetylated product (1a) with tetraa-
cetylribofuranose in the presence of p-toluenesulfonic acid
to give 4-acetamido-1-(3-D-tri-O-acetylribofuranosyl)pyra-
zolo[3,4-d]pyrimidine-3-carbonitrile (2), and deblocking of
2 to afford 6. Although deblocking with concentrated am-
monium hydroxide at 70 °C for 15 min did remove the four
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O- and N-acetyl protecting groups, the resulting product
had no absorption near 2250 em™! corresponding to the 3-
cyano moiety and was subsequently identified as 4-amino-
1-(B-D-ribofuranosyl)pyrazolo[3,4-d}pyrimidine-3-carbox-
amide (4a) by virtue of its mass spectrum and elemental
analysis. Several additional attempts were made to effect
deblocking of 2 without concomitant addition to the cyano
moiety. These attempts involved the utilization of diazo-
methane (Bredereck et al., 1956; Haines et al., 1962), anhy-
drous propanolic and tert-butanolic ammonia, and methyl-
amine (Rosenthal and Baker, 1973), but all were unsuccess-
ful. Attempted dehydration of carboxamide 4a utilizing a
variety of methods (Kaiser and Hauser, 1966; Kaiser et al.,
1967; Ellzey et al., 1967 Ressler and Ratzkin, 1961; Kryn-
itsky and Carhart, 1963; Herbst and Wilson, 1957; Yamato
and Sugasawa, 1970; Trippett and Walker, 1960; Reisner
and Horning, 1963) was also unsuccessful.

In an effort to circumvent the difficulties encountered in
the deblocking of 2, 4-trifluoroacetamidopyrazolo[3,4-
d]pyrimidine-3-carbonitrile was prepared and fused with
tetraacetylribofuranose. The crude product was adsorbed
on silica gel, treated with methanol, and maintained at
room temperature overnight. This afforded 4-amino-1-(8-
D-tri-O-acetylribofuranosyl)pyrazolo{3,4-d]pyrimidine-3-
carbonitrile (3) in 54% yield after additional purification on
silica gel. Once again, however, the cyanide moiety was too
reactive to permit removal of the O-acetyl groups to afford
compound 6. Therefore, compound 3 was treated with hy-
drogen sulfide in anhydrous methanol containing 20 equiv
of sodium methoxide. 4-Amino-1-(3-D-ribofuranosyl)-
pyrazolo[3,4-d]pyrimidine-3-thiocarboxamide (5) precipi-
tated from solution during the reaction and was recrystal-
lized from methanol-water as pale yellow crystals in 70%
overall yield. When a sample of the thiocarboxamide was
heated to its melting point and then maintained under di-
minished pressure, 4-amino-1-(8-D-ribofuranosyl)pyrazolo{3,4-
d]pyrimidine-3-carbonitrile (6) was obtained. Treatment of
this material with hydrogen sulfide and sodium methoxide
in methanol effected its conversion back to thiocarboxamide
5, and solution of 6 in water or aqueous ammonia at room
temperature hydrated readily to afford carboxamide 4a, as
judged by thin-layer chromatography on silica gel and ul-
traviolet spectroscopy (Figure 1). Compound 6 was also
characterized by its mass spectrum (m/e 292 (M%), 203,
189, and 160) and infrared spectrum, the latter of which
had an absorption at 2245 cm~!. The position of ribosyla-
tion in compounds 2-6 was established by comparison of
the ultraviolet spectrum of 6 with those of the correspond-
ing N-methyl analogues 4-amino-1-methylpyrazolo[3,4-d]-
pyrimidine-3-carbonitrile (9) and 4-amino-2-methylpyra-
zolo[3,4-d]pyrimidine-3-carbonitrile (10), the structures of
which have been firmly established (Hecht et al., 1975; Earl
et al., 1975) (Figure 2).

Five compounds were assayed for cytotoxity in cultures
of exponentially growing mouse fibroblast cell line 3T6 at
doses of 1-200 ug/ml. Tested compounds included 4a and
5, as well as 4-amino-1-(g8-D-ribofuranosyl)pyrazolo[3.4-
d]pyrimidine (7a) and 4-amino-2-(3-D-ribofuranosyl)pyra-
zolo[3,4-d]pyrimidine (8a) (Montgomery et al., 1964). The
cells were grown in Dulbecco’s modified Eagle minimum
essential medium supplemented with horse serum to ex-
clude extracellular adenosine deaminase (ishii and Green,
1973). After incubation for 3 days the three ribonucleosides
related structurally to adenosine (d4a, 5, and 7a) all caused
inhibition of growth at | pg/ml (Table I). 4-Amino-1-(5-
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FIGURE 1: Comparison of the ultraviolet spectra of 4-amino-1-(8-D-
ribofuranosyl)pyrazolo[3,4-4]pyrimidine-3-carboxamide ~ (4a),  4-
amino-1-(8-D-ribofuranosyl) pyrazolo[3,4-d]pyrimidine-3-thiocarbox-
amide (5), and 4-amino-1-(8-D-ribofuranosyl)pyrazolo[3,4-d]pyrimi-
dine-3-carbonitrile (6) in water at pH 1, 7,and 12.

D-ribofuranosyl)pyrazolo[3,4-d]pyrimidine-3-carboxamide
(4a) was lethal at 100 ug/ml, while the corresponding thio-
carboxamide (5) was lethal at 10 ug/ml. The unsubstituted
analogue, 4-amino-1-(8-D-ribofuranosyl)pyrazolo[3,4-
d]pyrimidine (7a), exhibited toxicity after 3 days at a con-
centration of 25 ug/ml. In contrast to this, the isomeric ri-
bofuranoside 8a was not toxic after 5 days of incubation at
concentrations up to 200 ug/ml.

Compounds 7a and 8a were tested as potential substrates
and inhibitors of adenosine deaminase from calf intestinal
mucosa. Only compound 7a was utilized as a substrate by
the enzyme, affording a new product after several hours of
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FIGURE 2: Comparison of the ultraviolet spectra of 4-amino-2-methyl-
pyrazolo[3,4-d]pyrimidine-3-carbonitrile (10), 4-amino-1-methylpyra-
zolo[3,4-d]pyrimidine-3-carbonitrile (9), and 4-amino-1-(8-D-ribofu-
ranosyl)pyrazolo[3,4-d]pyrimidine-3-carbonitrile (6) in water at pH 1,
7,and 12.

incubation, as judged by cellulose TLC. Compound 7a af-
forded a single spot on cellulose TLC (Ry 0.73; Amax 274
nm) when developed with isopropy! alcohol-concentrated
ammonium hydroxide-water (7:1:2, v/v). The presumed
deaminated product had Ry 0.68 (Amax 251 nm) in this sys-
tem. Development of the TLC plate with n-butyl alcohol-
acetic acid-water (5:2:3, v/v) afforded Ry values of 0.73
and 0.62 for substrate and product, respectively. Initial ve-
locity measurements (Table II) indicated an apparent Kp,
of 125 uM for 7a (vs. 20 for adenosine) and a Vpax 6.4%
that of adenosine. Bennett et al. (1969) reported the same
relative Vmax for 7a and adenosine, but slightly higher K,
values (7a, 250 uM; adenosine, 33 uM). Neither 7a nor 8a
1011
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Table 1I: Inhibition of Mouse Fibroblasts (3T6) by Adenosine Analo-
gues. ¢

Table 111: Polymerization of 4-Amino-1-(3-D-ribofuranosyl)pyrazolo[3.4-
d]pyrimidine 5-Diphosphate and Adenosine 5’-Diphosphate by Poly-
nucleotide Phosphorylase.

3 Days 5 Days
Substrate (umol) Incuba-  Polymer Ratio of
Inhibits Kills Inhibits Kills MnCl; tion Time (Ao Nucleosides
Compound (ug/ml)  (ug/ml) (ug/ml) (ug/ml) ADP Te (umol) (h) Units)  (Adenosine/7a)
Adenosine 1 S <l 2.5 40 10 23 8 79 80/20
4-Amino-1-(3-D-ribofuran- 30 100 1 50 21 10 15 24 46 65.5/34.5
osyl)pyrazolo[3.4-d]pyr- 3 S 25 7 60 88/12
imidine-3-carboxamide 80 40 24 3.1 ’
(4a)
4-Amino-1-(g-D-ribofuran- <1 10 =<1 <1
osyl)pyrazolo[3.4-d]pyr-
imidine-3-thiocarboxam- M ' ' - o
ide (5) \
4-Amino-1-(g-D-ribofuran- <1 25 <1 <1 T 04T 1
osyl)pyrazolo[3.4-d]pyr- g ® |
imidine (7a) ;;, o3 j
4-Amino-2-(3-D-ribofuran- b b b b ¢ | o .
osyl)pyrazolo[3.4-d]pyr- 3 oz} / T B
imidine (8a) - . - -
-9 '/5/ e
- - - ot b bl
@ Cultured in horse serum (Ishii and Green, 1973). # Inactive at con- /// - .
centrations up to 200 ug/ml. . ‘Zﬁ/ . . L
o 1 2 3 4 S 6
Time (hr;

Table I1: Utilization of Analogues by Adenosine Deaminase.

Apparent K,

Compound (M) Vmax®
Adenosine 20 ]
4-Amino-1-(3-D-ribofuranosyl)pyrazolo[3.4- 125 0.064
d]pyrimidine (7a)
4-Amino-2-(3-D-ribofuranosyl)pyrazolo[3.4- b b

d]pyrimidine (8a)

@ Relative to adenosine. ” Not utilized by the enzyme.

was found to be inhibitory to the utilization of adenosine by
the enzyme.

Compound 4a was converted to 4-amino-1-(3-D-ribofura-
nosyl)pyrazolo[3,4-d]pyrimidine-3-carboxamide 35’-mono-
phosphate (4b) in 67% yield by treatment with pyrophos-
phoryl chloride in acetonitrile. Also converted to their re-
spective ribonucleoside 5’-monophosphates were compounds
7a and 8a. That each of the compounds was phosphorylated
specifically on the 5’ position was shown by digestion of the
ribonucleotides with snake venom, which reafforded the
parent ribonucleoside analogue in each case. The ribonucle-
oside S’-monophosphate analogues were then converted to
their respective 5’-phosphoromorpholidates by treatment
with dicyclohexylcarbodiimide and morpholine in rers-butyl
alcohol and finally to the ribonucleoside 5’-diphosphate an-
alogues by the action of mono(tri-n-butylammonium) phos-
phate on the phosphoromorpholidates. The 5’-diphosphates
were characterized by their ultraviolet spectra, chromato-
graphic mobilities relative to the corresponding monophos-
phates, and by analysis for acid-labile and total phosphate
content.

Attempted polymerizations of compounds 7¢ and 8¢
using polynucleotide phosphorylase from Micrococcus lu-
teus in the presence of Mg2* did not afford any polymeric
material. In addition, neither of the two compounds would
copolymerize with adenosine 5’-diphosphate, although both
inhibited the polymerization of 5’-ADP itself, with 7¢ being
the more inhibitory (Figure 3). In the presence of Mn?*,
however, compound 7e¢ formed a homopolymer and copoly-
mers when incubated with adenosine 5’-diphosphate. The
1012 BIOCHEMISTRY.
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FIGURE 3: Inhibition by 4-amino-1-(3-D-ribofuranosyl)pyrazolo[3.4-
d]pyrimidine 5’-diphosphate (7¢) of the polynucleotide phosphorylase-
promoted polymerization of 3'-ADP. Incubations were carried out at
37 °C with 40 ug of polynucleotide phosphorylase in 0.1 M Tris-HCI
(pH 8.1), containing 2 mM MgCly, 4 mM 5-ADP, and 7c¢ at concen-
tration levels of 0 (O). 1 (M), 2 (4), and 4 (@) mM.

copolymerizations were carried out with several ratios of 7¢
and 5’-ADP; the resulting copolymers all contained the two
heterocycles in the same ratios in which they were intro-
duced into the individual incubation mixtures (Table I11).
The 5’-diphosphate of the “unnatural’” isomer (8c) would
not form a homopolymer, but did form a copolymer with
adenosine 5’-diphosphate when the two compounds were in-
cubated as a 1:2 mixture (of 8¢:5-ADP) in the presence of
the enzyme. Analysis of polymer content revealed that no
more than 5-10% of the polymer consisted of 8; the analo-
gous experiment with 7¢ afforded polymer containing 34%
of the analogue. Also attempted was the copolymerization
of adenosine 5'-diphosphate (10.8 umol) and 4-amino-1-
(B-D-ribofuranosyl)pyrazolo[3,4-d]pyrimidine-3-carboxam-
ide 5’-diphosphate (4¢; 5.4 gmol) in the presence of Mn27.
The resulting copolymer (35 4260 units) was hydrolyzed by
treatment with 0.3 M potassium hydroxide at 37 °C for 19
h and shown to contain approximately 95% adenosine and
no more than 5% 4-amino-i-(3-D-ribofuranosyl)pyrazolo-
[3,4-d]pyrimidine-3-carboxamide (4a). As with species 7c
and 8¢, no polymerization or copolymerization with 5-ADP
was observed in the presence of Mg?*.

The copolymers of adenosine and 4-amino-1-(3-D-ribofu-
ranosyl)pyrazolo[3,4-d]pyrimidine (7a; Table I11) were as-
sayed as potential mRNA analogues in the nonenzymatic
A-site binding of E. coli lysyl-tRNA to ribosomes from E.
coli. As shown in Figure 4, the copolymers stimulated the
binding of lysyl-tRNA ~60-70% as well as poly(adenylic
acid), while the binding obtained in response to the homo-
polymer of 7a was only slightly better than that obtained in
response to poly(uridylic acid). When the same homopoly-
mer and copolymers were utilized as mRNA analogues for
the cell-free synthesis of polylysine, no protein synthesis was
observed (Figure 5).
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FIGURE 4: A-site binding of [*H]lysyl-tRNA to low salt washed ribo-
somes from £. coli in response to poly(A) (@), 2:1 poly(A:7a) (m), 9:1
poly(A:7a) (4), poly(4-amino-1-(3-D-ribofuranosyl)pyrazolo[3,4-
d]pyrimidine) (O). and poly(U) (O). Experimental details are given
under Materials and Methods.

The copolymers were assayed for interaction with
poly(U) at room temperature and at 4 °C. Although the
polymers containing adenosine and 7a in a ratio of 9:1 and
4:1 (Table III) were not observed to form a complex at
room temperature or at 4 °C, the 2:1 polymer was found to
form a complex with poly(U) at 4 °C (Figure 6).

Discussion

The synthesis of the 6-aza analogue of tubercidin, 4-
amino-1-(3-D-ribofuranosyl)pyrazolo[3,4-d]pyrimidine
(7a), was first reported by Davoll and Kerridge (1961) and
later by Montgomery et al. (1964), who prepared an au-
thentic sample by the fusion of 4-benzamidopyrazolo[3,4-
d]pyrimidine with tetraacetylribofuranose, followed by de-
blocking with methanolic sodium methoxide. Both the 1-
and 2-8-D-ribofuranosyl isomers (7a and 8a) were obtained
by this procedure and the position of the ribose moiety in
each compound was established by comparison of the ultra-
violet spectra of 7a and 8a with those reported (Davoll and
Kerridge, 1961) for the known (Cheng and Robins, 1956;
Schmidtetal., 1959) 4-amino-1-and -2-methylpyrazolo|3,4-
d|pyrimidines. Preparation of the 6-aza analogues of sangi-
vamycin and toyocamycin (4a and 6) has been attempted
by an analogous procedure, by the fusion of 4-acetamidopy-
razolo[3,4-d]pyrimidine-3-carbonitrile (1a) and tetra-O-
acetyl-3-D-ribofuranose to afford predominantly one of the
two possible ribosylated pyrazolo[3,4-d]pyrimidines (2).
Deblocking of compound 2 could be accomplished with
aqueous ammonium hydroxide, but this procedure effected
concomitant hydration of the cyano moiety to afford 4-
amino- 1 -(3-D-ribofuranosyl)pyrazolo[3,4-d]pyrimidine-3-
carboxamide (4a). Several attempts were made to convert 2
to 6 under milder conditions but these were all unsuccessful,
as were experiments involving the dehydration of 4a. Also
prepared for attempted deblocking under milder conditions
was 4-amino-1-(g-D-tri-O-acetylribofuranosyl)pyrazolo[3,4-
d]pyrimidine-3-carbonitrile (3), which was accessible by
methanolysis of the corresponding 4-trifluoroacetyl deriva-
tive on silica gel. Although several methods were employed
in an effort to convert 3 to 6, none was successful. Com-
pound 6 was eventually obtained by conversion of 3 to 4-
amino- 1-(3-D-ribofuranosyl)pyrazolo[3,4-d]pyrimidine-3-
thiocarboxamide (5), the latter of which lost elements of
hydrogen sulfide when heated to its melting point and then
maintained under diminished pressure. Compound 6 was
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FIGURE 5: Synthesis of [*H]polylysine in a cell-free system containing
tRNA, low salt washed ribosomes, and supernatant factors from E.
coli, and poly(A) (@), poly(U) (m), 2:1 poly(A:7a) (O), or 9:1 poly(A:
7a) (4). The reaction mixtures were incubated at 37 °C and monitored
for the incubation of [*H]lysine into base-stable polymers. Experimen-
tals details are given under Materials and Methods.
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FIGURE 6: Mixing profile of poly(U) and 2:1 poly(A:7a). The complex
was formed in 0.05 M sodium cacodylate buffer (pH 7.0}, containing
0.10 M sodium chloride. Equimolar stock solutions of poly(U) and 2:1
poly(A:7a) (e (p) 9.9 X 10%) were combined in different ratios and
maintained at 4 °C for 24 h. The solutions were then allowed to warm
to room temperature for 30 min and the 4260 value of each was deter-
mined.

converted to carboxamide 4a and thiocarboxamide 8§ by
treatment with water (or aqueous ammonia) and hydrogen
sulfide, respectively, and was also characterized by its ultra-
violet, infrared, and mass spectra (Figure 1). The same
compound was obtained from 5 by treatment with mercuric
chloride in dimethylformamide, according to the method of
Earl and Townsend (1974).

The structural assignments of 7a and 8a rest ultimately
on the correctness of the structures of the model compounds
4-amino-1-methylpyrazolo[3,4-d]pyrimidine (Cheng and
Robins, 1956) and 4-amino-2-methylpyrazolo[3.,4-d]pyrim-
idine (Schmidt et al., 1959). Likewise, the identification of
the position of ribosylation in 2-6 was made by comparison
of the ultraviolet spectrum of 6 with those of 4-amino-1-
methylpyrazolo[3,4-d]pyrimidine-3-carbonitrile (9) and 4-
amino-2-methylpyrazolo[3,4-d]-3-carbonitrile (10) (Figure
2), the latter of which was assigned a structure based in
part on its chemical conversion to a compound identical
with 4-amino-2-methylpyrazolo{3,4-d]pyrimidine (Hecht
et al., 1975; Earl et al., 1975). To obtain independent verifi-
cation of the position of ribosylation (Montgomery et al.,
1964) as well as the anomeric configuration (Montgomery
1013
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et al., 1964; Revankar and Townsend, 1971: Earl et al.,
1972) of these ribonucleoside analogues, 7a and 8a were
compared for activity in certain bioassays in the belief that
the compound structurally related to the isomeric adenosine
molecule would more nearly resemble that species in biolog-
ical activity.!'> Thus, 4-amino-1-(8-D-ribofuranosyl)pyra-
zolo[3,4-d]|pyrimidine (7a) and 4-amino-2-(8-D-ribofura-
nosyl)pyrazolo[3,4-d]pyrimidine (8a) were tested as sub-
strates and inhibitors of adenosine deaminase. Neither of
the compounds inhibited utilization of adenosine by the en-
zyme and only compound 7a was utilized by the enzyme as
a substrate, affording a new product after several hours of
incubation which was presumably the deaminated analogue
4-hydroxy-1-(3-D-ribofuranosyl)pyrazolo[3,4-d]pyrimi
dine. The apparent K, for 7a (125 uM) was higher than
the value of 20 uM measured for adenosine and the ana-
logue was utilized with a Vpax 6.4% that of adenosine
(Table II).

As has been shown for many cytotoxic nucleoside analo-
gues, including the naturally occurring pyrrolo[2,3-d]pyri-
midine ribofuranosides (Suhadolnik, 1970), the observed
killing of mouse fibroblasts (3T6) by adenosine occurs after
conversion of the ribonucleoside to 5-AMP (Ishii and
Green, 1973). That the effect is mediated through the ini-
tial formation of adenosine 5’-monophosphate may be in-
ferred from the lesser sensitivity to adenosine killing of a
mutant cell line (3T6-TM) deficient in adenosine kinase. As
a further test of the assignments of the position of ribosyla-
tion in compounds 7a and 8a, the compounds were utilized
as potential analogues of adenosine in promoting inhibition
of the growth of a mouse fibroblast cell line (3T6). Because
7a was found to be a substrate for adenosine deaminase, an
enzyme which is relatively abundant in calf serum, the cells
were cultured in Dulbecco’s modified medium, containing
no purines or pyrimidines and supplemented with 10% horse
serum. As indicated in Table [, compound 7a was observed
to be inhibitory to 3T6 after 3 days and lethal after 5 days
at the lowest tested concentration (1 pg/ml). Its activity is
thus similar to that of adenosine itself (Ishii arid Green,
1973). Compound 8a was not inhibitory after 5 days at any
tested concentration (up to 200 pg/ml), consistent with the
belief that it was the 2-3-D-ribofuranosyl isomer of 4-ami-
nopyrazolo[3,4-d]pyrimidine. Also tested for cytotoxicity
were compounds 4a and 5. As shown in Table I, carboxam-
ide 4a was inhibitory to the cells at a concentration of 1
ug/ml (5-day observation) and toxic at about 50 ug/ml.
The thiocarboxamide was found to be more toxic, resulting
in cell detachment at concentrations of 10 pug/ml after 3
days and 1 pg/ml after 5 days. Thus, compounds 5 and 7a
are very potent cytotoxic agents, although not as cytotoxic
as species like tubercidin (Acs et al., 1964; Chan et al,,
1973).

The 5'-triphosphates of tubercidin, toyocamycin, and
sangivamycin have been utilized as substrates for the
CTP(ATP)-tRNA nucleotidyltransferase from rabbit liver

2 The compound believed to be 4-amino-1-(3-D-ribofuranosyl)pyra-
zolo[3,4-d]pyrimidine (7a) has been shown to act as a substrate for
adenosine deaminase (Bennett et al.,, 1969) and adenosine kinase
(Schnebli €t al., 1967), but 8a was not tested in comparison. Since at
least one other isomer of adenosine which differs in the position of the
ribofuranosyl moiety (isoadenosine, 6-amino-3-(3-D-ribofuranosyl)puri-
ne) has been shown to act as a weak substrate for these two enzymes
(Schnebli et al,, 1967, Wolfenden et al., 1967), it seemed judicious to
measure the activities of both 7a and 8a before using the results of the
assays to corroborate the structural assignments.
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(Uretsky et al., 1968). All three were incorporated into rab-
bit liver tRNA, but only the transfer RNA terminating in
tubercidin functioned in similar fashion to unmodified
tRNA. The 5’-diphosphate of tubercidin was polymerized
by polynucleotide phosphorylase (Ikehara and Fukui,
1968), affording homopolymers at least 100 nucleotides in
length which gave 25% hypochromicity at 270 nm in 0.05
M cacodylate buffer. In analogy with this work, 7a and 8a
were converted to their respective 5’-diphosphates (7¢ and
8c) and then utilized as potential substrates for polymeriza-
tion in the presence of polynucleotide phosphorylase from
Micrococcus luteus and Mg?*. Neither of the compounds
afforded polymeric material, nor would either copolymerize
in the presence of adenosine 5-diphosphate. However, the
substitution of Mn2?* for Mg?* in the incubation mixture
resulted in the formation of polymers from 7e¢. This com-
pound gave both homopolymers, at least 100-200 nucleo-
tides in length as judged by Sephadex chromatography and
by the ratio of 3’-monophosphates:ribonucleosides after
base hydrolysis, and mixed polymers with adenosine when
polymerized in the presence of 5-ADP. When the incuba-
tion mixtures contained 5-ADP:7¢ ratios of 9, 4, and 2, the
resulting polymers were found to contain 12, 20, and 34%
7a, i.e., in the same approximate proportion in which it was
incubated relative to 5-ADP. Compound 8¢, on the other
hand, would not give homopolymers in the presence of
Mn?*. When incubated in the presence of an additional two
parts of 5-ADP, 8¢ was incorporated into the resulting
polymer, but only to the extent of 5-10%, as compared with
34% for 7c under the same conditions (Table I1I). The poly-
merization of 4¢ by polynucleotide phosphorylase was also
attempted. Although no polymerization occurred in the
presence of Mg?*, the substitution of Mn2* permitted the
formation of copolymers of 4a and adenosine. The content
of 4a in the polymers, however, was low relative to its abun-
dance in the incubation mixtures.

Trinucleotides containing tubercidin in place of adero-
sine have been shown (lkehara and Ohtsuka, 1965) to stim-
ulate the A-site binding of lysyl and threonyl tRNAs, and
homapolymers of tubercidin have been reported to function
as templates for the synthesis of polylysine in a cell-free sys-
tem (Suhadolnik, 1970). Therefore, it seemed of interest to
utilize the polymers containing 4-amino-1-(8-D-ribofurano-
syl)pyrazolo[3.4-d]pyrimidine (7a) in similar experiments.
The nonenzymatic A-site binding of E. coli lysyl-tRNA in
response to the polymers was assayed by the method of
Leder (1968), using low salt washed ribosomes from E. coli.
As shown in Figure 4, the 9:1 and 2:1 copolymers of 7a and
adenosine stimulated A-site binding only about 60-70% as
well as poly(adenylic acid) itself and poly(4-amino-1-(3-D-
ribofuranosyl)pyrazolo[3,4-d]|pyrimidine) was only slightly
more stimulatory than poly(uridylic acid). Since the copoly-
mers did exhibit some activity in promoting A-site binding
of lysyl-tRNA, the same polymeric species were tested for
their ability to mediate the formation of polylysine. This
assay was carried out by modification of the method of Got-
tesman (1971) and utilized low salt washed ribosomes and
crude supernatant factors from E. coli. Neither the copoly-
mers of 7a and adenosine nor the homopolymer of 7a gave
significant stimulation of polylysine synthesis, relative to
controls which contained no exogenous mRNA or which
utilized poly(U) (Figure 5).

Ikehara and Fukui (1968) have shown that a polymer of
tubercidin can form a 1:1 complex with poly(uridylic acid)
and it was of interest to determine whether the copolymers
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of adenosine and 7a could also form complexes with
poly(U). Experiments were therefore carried out with the
three available copolymers (Table III) at room temperature
and at 4 °C, in the presence or absence of Mg2*. The poly-
mer containing adenosine and 7a in a ratio of 2:1 was found
to form a 1:1 complex with poly(uridylic acid) at 4 °Cin a
0.05 M sodium cacodylate buffer solution (pH 7.0), con-
taining 0.1 M sodium chloride (Figure 6). Neither of the
other copolymers was observed to form a complex with
poly(U).

Acknowledgments

We thank Dr. Robert Engle, National Cancer Institute,
and Dr. Leroy Townsend, University of Utah, for permit-
ting us to cite the testing results for compounds da, 5, and
7a as antitumor agents in experimental animals. We thank
Professor Howard Green for the mouse fibroblast cell line
used in this study and Professor Dietmar Seyferth for the
use of his infrared spectrometer.

References

Acs, G., Reich, E., and Mori, M. (1964), Proc. Natl. Acad.
Sci. US.A. 52, 493.

Allen, R. J. L. (1940), Biochem. J. 34, 858.

Bennett, L. L., Jr., Allan, P. W., Smithers, D., and Vail, M.
H. (1969), Biochem. Pharmacol. 18, 725.

Bennett L. L., Jr., Vail, M. H., Chumley, S., and Mont-
gomery, J. A. (1966), Biochem. Pharmacol. 15, 1719.

Bray, G. A. (1960), Anal. Biochem. 1, 279.

Bredereck, H., Sieber, R., and Kamphenkel, L. (1956),
Chem. Ber. 89, 1169.

Brown, G. B., Davoll, J., and Lowy, B. A. (1955), Biochem.
Prep. 10, 70.

Chan, T., Ishii, K., Long, C., and Green, H. (1973), J. Cell.
Physiol. 81, 315,

Cheng, C. C., and Robins, R. K. (1956), J. Org. Chem. 21,
1240.

Davoll, J., and Kerridge, K. A. (1961), J. Chem. Soc.,
2589.

Earl, R. A., Panzica, R. P, and Townsend, L. B. (1972), J.
Chem. Soc., Perkin Trans 1, 2672.

Earl, R. A., Pugmire, R. J., Revankar, G. R., and Town-
send, L. B. (1975), J. Org. Chem. 40, 1822.

Earl, R. A., and Townsend, L. (1974), J. Heterocycl. Chem.
11, 1033.

Ellzey, S. E., Jr.,, Mack, C. H., and Connick, W. J., Jr.
(1967), J. Org. Chem. 32, 846.

Gottesman, M. E. (1971), Methods Enzymol. 20, 490.

Haines, J. A., Reese, C. B., and Todd, Lord (1962), J.
Chem. Soc., 5281.

Hecht, S. M., Werner, D., Traficante, D. D., Sundaralin-

gam, M., Prusiner, P., Ito, T., and Sakurai, T. (1975), J.
Org. Chem. 40, 1815.

Herbst, R. M., and Wilson, K. R. (1957), J. Org. Chem. 22,
1142.

Ikehara, M., and Fukui, T. (1968), J. Mol. Biol. 38, 437.

Ikehara, M., and Ohtsuka, E. (1965), Biochem. Biophys.
Res. Commun. 21, 257.

Imai, K., Fujii, S., Takanohashi, K., Furukawa, Y., Mas-
uda, T., and Honjo, M. (1969), J. Org. Chem. 34, 1547,

Ishii, K., and Green, H. (1973), J. Cell Sci. 13, 429.

Kaiser, E. M., and Hauser, C. R. (1966), J. Org. Chem. 31,
3873.

Kaiser, E. M., Vaulx, R. L., and Hauser, C. R. (1967), J.
Org. Chem. 32, 3640.

Krynitsky, J. A,, and Carhart, H. W. (1963), Organic Syn-
theses, Collect. Vol. IV, New York, N.Y., Wiley, p 436.

Leder, P. (1968), Methods Enzymol. 12B, 725.

Montgomery, J. A, Clayton, S. J,, and Fitzgibbon, W. E.
(1964), J. Heterocycl. Chem. 1, 215.

Montgomery, J. A., and Hewson, K. (1967), J. Med. Chem.
10, 665.

Ravel, J. M., and Shorey, R. L. (1971), Methods Enzymol.
20, 306.

Reisner, D. B, and Horning, E. C. (1963), Organic Synthe-
ses, Collect. Vol. IV, New York, N.Y., Wiley, p 144,

Ressler, C., and Ratzkin, H. (1961), J. Org. Chem. 26,
3356.

Revankar, G. R., and Townsend, L. B. (1971), J. Chem.
Soc. C, 2440.

Robins, R. K. (1964), J. Med. Chem. 7, 186.

Rosenthal, A., and Baker, D. A. (1973), J. Org. Chem. 38,
198.

Schmidt, P., Eichenberger, K., Wilhelm, M., and Druey, J.
(1959), Helv. Chim. Acta 42, 763.

Schnebli, H. P., Hill, D. L., and Bennett, L. L., Jr. (1967),
J. Biol. Chem. 242, 1997.

Suhadolnik, R. J. (1970), Nucleoside Antibiotics, New
York, N.Y., Wiley-Interscience, Chapters 8 and 9.

Taylor, E. C., and Abul-Husn, A. (1966), J. Org. Chem. 31,
342,

Trippett, S., and Walker, D. M. (1960), J. Chem. Soc.,
2976.

Uretsky, S. C., Acs, G., Reich, E.,, Mori, M., and Altwer-
ger, L. (1968), J. Biol. Chem. 243, 306.

Wolfenden, R., Sharpless, T. K., and Allan, R. (1967), J.
Biol. Chem. 242, 977.

Yamato, E., and Sugasawa, S. (1970), Tetrahedron Lett.,
4383.

Yoshikawa, M., Kato, T., and Takenishi, T. (1967), Tetra-
hedron Lett., 5065.

Zinner, H. (1950), Chem. Ber. 83, 153.

BIOCHEMISTRY, VOL. 15, No. 5, 1976 1015



