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ABSTRACT

9-Deazapurine ribonucleosides constitute a new class of noncleavable
purine nucleoside phosphorylase inhibitors that have at least 30-fold
greater affinity for the enzyme than the corresponding C-nucleosides of
the formycin B series. 9-Deazaguanosine, 9-deazainosine, and 5'-deoxy-
S'-iodo-9-deazainosine competitively inhibited humanerythrocytk purine
nucleoside phosphorylase with A, values of 29, 20, and 1.8 x 10~7 M.

The last compound is the most potent nucleoside inhibitor of the enzyme
presently available and its synthesis is described. In contrast, 7,9-dideaza-
7-thiainosine is a very weak inhibitor of the enzyme.

When tested as an inhibitor of 2'-deoxyguanosine phosphorolysis in
intact human erythrocytes and MOI. 1-3 human T-cell lymphoblastic
leukemia cells, 5'-deoxy-5'-iodo-9-deazainosine was equipotent with 8-
aminoguanosine (which is a precursor for 8-aminoguanine, KÂ¡= 1 x I(I 7
M). Similarly, 5'-deoxy-S'-iodo-9-deazainosine and 8-aminoguanosine
both potentiated the growth inhibition of human T-lymphocytic MOLT-
3 cells by 2'-deoxyguanosine, reducing the 50% inhibitory concentration
from ~2 x IO"5to ~2 x 10-Â«M.

INTRODUCTION

PNP3 (purine nucleoside:orthophosphate ribosyltransferase,
EC 2.4.2.1) cleaves the ribo- and deoxyribonucleosides of gua-
nine and hypoxanthine, an essential step for both purine salvage
and catabolism. The phosphorolysis of 2'-deoxyguanosine, in
particular, appears to be a mechanism for preventing the tox-
icity of this nucleoside to dividing T-lymphocytes. Purine nu
cleoside phosphorylase deficiency causes severe selective T-cell
immunodeficiency (1), an effect that has been mimicked in vitro
and /// vivo by the use of 2'-deoxyguanosine alone or in com
bination with a PNP inhibitor (2-5). The enzyme has been
recognized as a significant target for the design of antileukemic
and immunosuppressive drugs (6) and in the 10 yr that have
elapsed since the discovery of the deficiency syndrome (7),
several classes of inhibitors have been identified with K, values
ranging from 10"* to 10~7 M (for reviews, see Refs. 8 and 9).

These include: the alternative substrate, 8-aminoguanine [A, =
2 x 10~7 M (10)]; a nucleoside analogue of 5-amino-4-imidaz-

olecarboxamide ribonucleotide, the noncleavable 1-0-D-ribo-
furanosyl-l,2,4-triazole-3-carboxamidine [KÂ¡= 5 X IO"6 M
(11)J; and the C-nucleoside, 5'-deoxy-5'-iodoformycin B [Ai =
7 x 10 '' M(10)]. Biological activity in tissue culture or in intact
animals has been demonstrated for 8-aminoguanine (or its
nucleoside, 8-aminoguanosine) (3-5, 10, 12) and for 1-/3-D-
ribofuranosyl-l,2,4-triazole-3-carboxamidine (11). The last
compound, however, is phosphorylated and exerts cytotoxic
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effects by inhibition of IMP dehydrogenase. The highly potent
mult Â¡substratoanalogue inhibitor, acyclovir diphosphate [A',=
3.5 x 10"'Â°M in the absence of phosphate (13)] provides a

valuable tool for probing the substrate binding site of the
enzyme (14) but is excluded from cells because of its ionic
charge and therefore is not clinically useful.

This report describes the evaluation of several members of a
new class of biologically active purine nucleoside phosphorylase
inhibitors, the 9-deazapurine ribonucleosides, and presents the
synthesis of 5'-deoxy-5'-iodo-9-deazainosine, the most active

derivative of this series. These compounds resemble formycin
B with respect to the noncleavable Câ€”Cbond linking the sugar
with the base, but have more than 30-fold greater affinity for
the human erythrocytic enzyme. Portions of this work have
been reported in preliminary form (8, 15).

MATERIALS AND METHODS

Materials. The syntheses of 7-(;8-D-ribofuranosyl)-4-oxo-3//,5//-pyr-
rolo[3,2-</]pyrimidine (9-deazainosine) (16, 17), 7-d3-D-ribofuranosyl)-
4-oxo-3//-thieno[3,2-o/]pyrimidine (7,9-dideaza-7-thiainosine) (18),
and 7-(0-r>ribofuranosyl)-2-amino-4-oxo-3//,5//-pyrrolo[3,2-</]pyriin-
idine (9-deazaguanosine) (17) have been described. 8-Aminoguanosine
and 2'-deoxyguanosine were purchased from CalBiochem, Los Angeles,
CA. Radiolabeled [8->4C]-2'-deoxyguanosine (56 mCi/mmol) was sup

plied by Moravek Biochemicals, Brea, CA. The concentrations of
unlabeled nucleosides were based on their molar absorption coefficients
in water: 5'-I-9-deazaIno and 9-deazainosine, <= 8,500 at 262 nm (17);
9-deazaguanosine, Â«= 8,920 at 269 nm (17); 8-aminoguanosine, . =
12,500 at 256 nm (19).

RPMI 1640 (lOx) growth medium without bicarbonate, heat-inac
tivated fetal calf serum, and horse serum were products of GIBCO
Laboratories, Grand Island, NY. Milk xanthine oxidase (grade III) was
obtained from Sigma Chemical Co., St. Louis, MO.

Synthesis of 5'-Deoxy-5'-iodo-9-deazainosine. Initial attempts to
synthesize 5'-deoxy-5'-iodo-9-deazainosine by iodination of 9-de
azainosine (HCI salt) (16, 17) with Rydon's reagents (20) afforded the
desired 5'-iodo derivative contaminated by some 5'-deoxy-5'-chloro-9-

deazainosine. Uncontaminated material was therefore prepared from
9-deazainosine (HI salt) by the following procedure. 7-(2',3'-0-Isopro-
pylidene-5'-O-trityl-/S-D-ribofuranosyl)4-oxo-3A-pyrrolo[3,2-</]-pyrim-

idine(17) (10 g; 18 mmol) was deblocked by treatment with 100 ml of
12% methanolic HI at ambient temperature under nitrogen in the dark.
After 2 h, the formed precipitate was filtered and discarded and the
solution was evaporated to dryness in a vacuum. The residue was
dissolved in water (200 ml) and extracted with diethyl ether (3 x 200
ml). The aqueous layer was evaporated to dryness and the crude product
was recrystallized from ethanol-diethylene oxide (2 crops) to afford 6.9
(96% yield) of the hydrogen iodide salt of 9-deazainosine. The spectral
properties (nuclear magnetic resonance, UV) of this product were
identical to those of the corresponding HCI salt (16, 17); m.p. 185-
186Â°C.

Câ€žHâ€žN305.HI

Calculated: C 33.48, H 3.58, N 10.65, I 32.00
Found: C 33.29, H 3.75, N 10.57,1 32.13

Iodination of the 5'-hydroxyl group was performed as follows. A
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mixture of 9-deazainosine (HI salt) (2.0 g; 5.1 mmol) and methyltri-
phenoxyphosphonium iodide (6.0 g; 13 mmol) dissolved in 20 ml of
dimethylformamide was stirred at ambient temperature for 3 h. Di-
methylformamide was evaporated in a vacuum and the residue was
dissolved in water and washed 4 times with dichloromethane. The
aqueous layer was concentrated by evaporation in a vacuum until
crystallization of the desired product occurred and the suspension was
stored at 0Â°Covernight. Filtration of a first crystalline crop followed

by further concentration of the mother liquor to give a second crop
afforded 1.2 g (62% combined yield) of pure 5'-iodo-9-deazainosine;
m.p. >180Â°C (charring); 'H nuclear magnetic resonance (dimethyl

sulfoxide-d6) 7.80 (s, IH, H-2), 7.39 (d, IH, H-6, singlet after D2O
exchange), 4.88 (d, IH, H-l',/r,2- = 5.5 Hz), 4.32 (m, IH, H-2'), 3.91
(m, IH, H-3'), 3.71 (m, IH, H-4'), 3.46 (m, 2H, H-5' and H-5").

Calculated: C 35.03, H 3.21, N 11.14, 1 33.64
Found: C 34.94, H 3.45, N 10.96, I 33.30

Spectrophotometric Assay for Determination of Inhibition Constants.
Partially purified human erythrocytic PNP (specific activity, 1.5) was
prepared by the New England Enzyme Center, Boston, MA by a large-
scale method (21). The enzyme was dialyzed against 0.03 MTris-acÃ©tate,
pH 7.5, and stored frozen. PNP was diluted with 50 mM phosphate,
pH 7.5, and incubated at room temperature for 30 min with 1 mM
dithiothreitol before use in assays. The standard assay for cellular PNP
activities was performed as described previously (22, 23). Cells were
sonicated and, in the case of MOLT-3 cells, the extract was centrifuged
at 100,000 x g for 60 min. Inhibition of inosine phosphorolysis was
measured by means of the coupled Spectrophotometric assay with
xanthine oxidase (22, 23). The reactions at 30Â°Cwere started by

addition of PNP.
Inhibition constants were determined from replots of the slopes of

double-reciprocal plots at 4-5 different fixed inhibitor concentrations
by means of a computer program modified by S. Cha from the weighted
regression analysis program of Cleland (24).

Inhibition of dGuo Phosphorolysis in Intact Cells

Human Erythrocytes. Fresh blood was obtained from healthy volun
teers and washed twice with ice-cold Puck's saline G (pH 7.4) to remove

plasma and huffy coat. The cells were resuspended (final concentration,
5% v/v) in the same medium and preincubated with or without an
inhibitor for 5 min at 37Â°C.The reaction, on a shaking water bath, was
initiated by addition of [l4C]-2'-deoxyguanosine (final concentration,

0.200 mM; 0.25 Â¿tCi/ml).At the indicated time intervals, 0. 1-ml aliquots
were removed and injected into test tubes preheated to 95Â°Cin a

heating block. After 3.5 min the tubes were chilled on ice and, following
centrifugation, 10 v\ of each supernatant was applied to a microcrys-
talline cellullose thin-layer chromatography plate (J. T. Baker Chemical
Co., Phillipsburg, NJ) that had been prespotted with unlabeled carriers.
The plates were developed with 1% (w/v) aqueous sodium borate. The
carriers were detected under 254 nm UV. Nucleotides streaked upwards
from the origin but were well separated from the other components.
The Rr values of Gua, Guo, and dGuo were 0.34, 0.52, and 0.61,
respectively. The excised spots were placed in scintillation vials, eluted
with 1 ml of an aqueous solution of 0.2 M 11C'1-0.l MNaCl and counted

in 7 ml of Aqueous Counting Scintillant (Amersham Corp., Arlington
Heights, IL).

MOLT-3 Cells. The thymus-derived lymphocytic leukemia cell line,
derived from a patient with acute lymphocytic leukemia (25), was
cultured in RPMI 1640 medium containing 7% fetal calf serum and
2% (w/v) HEPES. Cells were collected by a 5-min centrifugation at
800 x g and washed once with and resuspended in serum-free RPMI
1640 without bicarbonate, containing 20 mM HEPES (pH 7.1-7.2).
Prior to incubation the cells were maintained at room temperature.
The remaining procedures, using 5-8% cell suspensions (v/v, final
concentration) were essentially the same as those used in the erythrocyte
incubations.

Cytotoxicity Studies. The MOLT-3 cells were cultured as described
above. Exponentially growing cells were washed twice with and resus

pended in serum-free RPMI 1640 medium containing 2% HEPES. To
4.X ml suspensions containing 4-5 x IO4 cells/ml were added 0.1 ml
of PNP inhibitor and, after 5 min, 0.1 ml of 2'-deoxyguanosine. After
17-18 h at 37Â°C,the medium was supplemented with heat-inactivated

horse serum (final concentration, 1%) to maintain growth up to 72 h.
The cells were counted on a hemocytometer at this time and viability
was determined by the trypan blue exclusion assay. Control cells under
went 1.5-2 doublings under these culture conditions. The use of fetal
calf serum was avoided because of the presence of contaminating
enzymes of bacterial origin, including nucleoside cleaving activity (26).

RESULTS

The 9-deazapurine ribonucleosides were very good inhibitors
of human erythrocytic PNP with K, values of 2.9 x 10~* M (9-
deazaguanosine), 2.0 x 10~6M(9-deazainosine), and 1.8 x 10~7
M (5'-I-9-deazaIno). Inhibition was competitive with respect to
inosine, as shown for 5'-I-9-deazaIno in Fig. 1. 7-Thia-7,9-

dideazainosine caused only 24% inhibition of the phospho
rolysis of 30 fiM inosine (approximately the Km concentration)
when its concentration was 200 MM.

The most potent analogue was tested as an inhibitor of PNP
in intact cells, in comparison with 8-aminoguanosine. The
phosphorolysis of 2 x IO"4 M dGuo was retarded considerably
in the presence of 10~4 M concentrations of either inhibitor in

both human erythrocytes and human MOLT-3 lymphocytic
leukemia cells. In the experiment presented in Fig. 2, the 5%
erythrocyte suspension possessed a PNP activity in excess of
0.58 /imol/min/ml of incubation mixture (based on a PNP
activity of 11.7 ^mol/min/ml packed RBC in a standard assay
at 30'C). The major metabolite detected in the erythrocyte

extracts was Gua. About 20% of the product radiolabel was
found in Guo in uninhibited cells and a lesser percentage in the
presence of the inhibitors. Guanine nucleotides were not de
tectable. The difference in dGuo concentrations between control
and inhibitor-treated cells was very pronounced at 5 and IS
min but by 60 min the gap had narrowed considerably.

While dGuo cleavage was similarly inhibited in MOLT-3
cells, the rate of phosphorolysis and distribution of metabolites
differed from that seen in erythrocytes. In the experiment shown
in Fig. 3, the 7.6% suspension of MOLT-3 cells possessed a
PNP activity in excess of 0.18 Â¿unol/min/ml of incubation
mixture (based on a PNP activity of 2.5 ^mol/min/lO9 cells in
a standard assay at 30Â°C).The PNP activity was therefore lower

than that of the erythrocyte suspension of Fig. 3; yet the
phosphorolysis of dGuo proceeded much more rapidly, result-

Fig. 1. Double-reciprocal plot (I/v versus I/S) for inosine phosphorolysis in
the presence of 0, 100, 200, 300, and 400 nM 5'-I-9-deazaIno (1)11).Inset, replot
of the slopes versus inhibitor concentrations from which a A",value of 176 nMwas

determined.
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60

TIME (MIN)

Fig. 2. Inhibition of dGuo pnosphorolysis in human erythrocytes. Incubations
with 5% erythrocyte suspensions were performed at 37'C in the absence (â€¢)of
inhibitor or in the presence of 10~*M S'-I-9-deazaIno (mi) or 8-aminoguanosine
(â€¢Â§).Assays for the distribution of radiolabel from 2 x HT4 M [14C)dGuo (O) into
Gua (D) and Guo (A) are described in "Materials and Methods."

30

TIME (MIN)

Fig. 3. Inhibition of dGuo phosphorolysis in human T-lymphocytic leukemia
cells (MOLT-3). Incubations with 7.6% cell suspensions were performed at 37'C
in the absence (â€¢)of inhibitor or in the presence of IO"4 M 5'-I-9-deazaIno (M)
or 8-aminoguanosine (â€¢â€¢).Assays for the distribution of radiolabel from 2 x 10~*
M ("CJdGuo (O) into Gua (D), Guo (A), and nucleotides (O) are described in
-Materials and Methods."

ing in 80% conversion to metabolites by 60 min in the absence
of inhibitors. The major product was again Gua. Nucleotides
represented about 20% of the radi olabeled metabolites, whereas
Guo was the minor product. The nucleotide levels were approx
imately the same in the presence and absence of the inhibitors,
suggesting that the guanine phosphoribosyltransferase reaction
was operating at the maximum rate possible in both cases.
Inhibition of dGuo cleavage was similar or slightly greater with
5'-I-9-deazaIno than with 8-aminoguanosine. As was seen with

the erythrocytes, the greatest differences in dGuo concentra
tions between control and inhibited cells occurred between 5
and 30 min. Since dGuo cleavage was more rapid in the inhib
ited than in the control cells after 30 min, the least difference
was found at the 60-min time point.

Since MOLT-3 is a T-lymphocyte-derived leukemia cell line,
5 '-l-9-dea/alno was examined as a potent iaior of dGuo toxicity,

in comparison with 8-aminoguanosine. Fig. 4 illustrates the
increased sensitivity of MOLT-3 cells to dGuo in the presence
of 1.0 x IO"4 M concentrations of either inhibitor. The 50%

inhibitory concentration was reduced 10-fold to approximately
2 x 10" M In u separate experiment (data not shown) similar

potentiation of dGuo toxicity was observed at either 0.5 or 1.0
x io 4 M inhibitor concentrations. The inhibitors alone were

nontoxic at the same concentrations.

DISCUSSION

The im ida/ole moiety of the hetemuyele in purine nucleosides
is a very important determinant for affinity for as well as
reactivity with human PNP. Fig. 5 illustrates the structures of
the 9-deazapurine ribonucleosides whose affinities for PNP
have been studied here, in comparison with the other imidazole
moiety-modified purine nucleosides which have much poorer
affinities for the enzyme. The 9-deazapurine ribonucleosides
are nonsubstrates due to their Câ€”C linkage to the ribose and
have very good affinities (A, values of 2-3 x 10 *'M). In contrast,
7-deazapurines have poor affinity for PNP and little or no
substrate activity, despite the retention of nitrogen-9 (8, 27).
The C-nucleoside formycin B, with its 8-aza-9-deazahypoxan-
thine (pyrazolo[4,3-</]pyrimidin-7-one) base moiety has mod
erate affinity |A",= 10"4 M(28)], whereas allopurinol ribonucle-

oside, with 8-aza-7-deazahypoxanthine (pyrazolo[3,4-</]pyrim-
idin-7-one) as its base moiety, has undetectable substrate activ-

IO-Â»

OEOXYGUANOSINE (M)

io-1

Fig. 4. Potentiation of dGuo toxicity in MOLT-3 T-lymphocytic leukemia
cells by PNP inhibitors. Cells were cultured as described in "Materials and
Methods" in the absence (O) or presence of I0~* M 5'-I-9-deazalno (/)//) (D) or
8-aminoguanosine (8-AGuo) (A) and the percentage of inhibition of cell doubling
was determined at 72 h.

HN

HjN'

RIBOSE

9-DEAZAGUANOSINE

5-DEOXY-5HODO-
9-DEAZAINOSINE

BÃ–SE

7,9-DIDEAZA-

7-THIAINOSINE

HN

RIBOSE

FORMYCIN B

RIBOSE

ALLOPURINOL

RIBONUCLEOSIDE

Fig. 5. Structures of the 9-deazapurine ribonucleosides and of other ribonu
cleosides modified in the imidazole portion of the purine base.
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ity and poorer affinity [KÂ¡= 2.8 x KT" M (29), KÂ¡= 7.8 x l (T4

M (30)], although the corresponding base can act as a PNP
substrate (30). Poor affinity was also seen with 7,9-dideaza-
7-thiainosine. Thus the 9-deazapurine ribonucleosides have
the highest affinity of any ring-substituted purine analogues
and bind as well as the natural base, guanine [AÂ¡= 5 x 10~6 M

(31)].
As we observed earlier with form vein B (10) and with 2-/3-D-

ribofuranosylthiazole-4-carboxaniide (8), replacement of the 5'-

OH of 9-deazaIno by iodide effects a 10-fold improvement in
its affinity for PNP, yielding an inhibitor with Ai = 1.8 x 10~7

M. It is interesting that iodination of the natural substrate,
inosine, did not cause a significant change in binding (AÂ¡=1.8
x IO"5 M) although the reaction velocity is decreased 1000-fold

(10). This suggests that these 3 inhibitors have in common a
mode of binding that differs from that of inosine. Halogenation
of base-modified purine nucleoside analogues therefore is a
promising avenue for the generation of better PNP inhibitors.
However, the use of chloride or bromide as a substituent may
be preferable since these halogens are less labile.4

This study has demonstrated that 5'-I-9 dea/alno is active as

a PNP inhibitor in intact cells and can potentiate the cytotox-
icity of dGuo to leukemia cells of T-lymphocytic origin under
cell culture conditions. Its effects were comparable to those of
8-aminoguanosine. The latter is cleaved intracellularly by PNP
to release 8-aminoguanine, which has the same affinity for PNP
as 5'-I-9-deazaIno (10). 8-Aminoguanosine was previously
shown to potentiate dGuo toxicity in MOLT-4 (3), a cell line
derived from the same patient as MOLT-3 (25). The previous
study noted 98% inhibition of the phosphorolysis of 2 x 10~4
M inosine by IO"4 M 8-aminoguanosine in the MOLT-4 cells

(3). Such potent inhibition of dGuo phosphorolysis was not
observed in the MOLT-3 cells with either of the inhibitors
tested in the present study (see Figs. 2 and 3).

Previous examination of the potency of 8-aminoguanosine
with human erythrocytes and the murine leukemia cell lines,
LI210 and L5178Y, showed even more rapid dGuo cleavage
(10) than the present study. In those experiments the incuba
tions were carried out in a medium containing high phosphate
(50 HIM) and glucose (10 HIM) concentrations which fostered
the synthesis of guanine nucleotides in the erythrocytes as well
as in the tumor cells. After 60 min, more than 50% of the
cleaved dGuo was recovered as GTP in the erythrocytes and
100% conversion to GTP occurred in the tumor cells. In the
present study, which used physiologically "normal" phosphate

and glucose concentrations, guanine nucleotides were undetect-

able in the erythrocytes and represented only about 20% of the
metabolites of dGuo in the MOLT-3 cells. It is possible, how
ever, that high phosphate concentrations might be generated
locally during tissue breakdown when phosphate is released as
a result of the nucleotide catabolism that also produces dGuo.

Suppression of cell-mediated immunity in dogs (2) and po-
tentiation of the cytotoxicity of the ribonucleotide reducÃase
inhibitor, 2,3-dihydro-l//-imidazo[l,2-e]pyrazole, in LI210
cells in culture by combinations of dGuo and 8-aminoguanosine
(4) have been reported. Others have observed, however, that 8-
aminoguanosine is only a weak inhibitor of the conversion of
dGuo to Gua by various human Epstein-Barr virus-transformed
lymphocytic cell lines in culture, and has no effect on the rate
of conversion of dGuo to GTP (32, 33). The present study has
also demonstrated only about 50% inhibition of the phospho
rolysis of high concentrations of dGuo in erythrocytes and

4S'-Chloro-S'-deoxy-9-deazainosine has now been synthesized and has a K,
value of 2 x IO"7 M for human erythrocytic PNP.

MOLT-3 cells and no effect on the production of GTP from
dGuo. Thus inhibitors with 10~7MKÂ¡values may not be effective

in blocking the cleavage of high concentrations of dGuo, which
might be generated during tissue breakdown or erythrocyte
maturation. The accumulation of Gua (K, = 5 x 10~6 M)

probably contributed substantially to the inhibition of PNP in
these experiments, since the rates of dGuo cleavage after 30
min of incubation were faster in the inhibited cells which had
lower Gua levels. It is also obvious that the rate of dGuo
phosphorolysis over the extended time period of the assays was
not proportional to the intracellular PNP activity, since the
deoxynucleoside disappeared faster in the MOLT-3 cells, which
have lower activity than do the erythrocytes.

In conclusion, we have shown that 5'-I-9-deazaIno is the

most potent nucleoside inhibitor of human PNP identified to
date and is active in intact cells. More potent inhibitors are
needed, however, to truly simulate PNP deficiency. The 9-
deazapurine nucleosides appear to be the most promising start
ing point for the design of such inhibitors.
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