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Abstract-Various adenosine acyclonucleoside derivatives were tested as inhibitors of 5’-deoxy-5’. 
methylthioadenosine (MeSAdo) phosphorylase, an enzyme involved in the salvage of adenine and 
methionine from MeSAdo. The 2-halogenated derivatives of acyloadenosine [9-(2-hydroxyethoxy- 
methyl)adenine], including the chloro-, bromo- and iodo-congeners. all inhibited murine Sarcoma 180 
(S180) MeSAdo phosphorylase, with K, values in the range of 10mh to 10m5 M. Halogenated derivatives 
of 9-(1,3-dihydroxy-2-propoxymethyl)adenine. which more closely resemble the natural substrate, were 
substantially more potent inhibitors of the enzyme. with K, values in the range of 2-7 X lO_‘M. 5’- 
Methylthio and 5’-halogenated analogs of 2’-deoxy-1’,2’-seco-adenosine were weak inhibitors, with K, 
values of 10m4 M or greater. 9-[(1-Hydroxy-3-iodo-2-propoxy)methyl]adenine. (HIPA), the derivative 
with the lowest K, value among these analogs, was a competitive inhibitor of S180 MeSAdo phosphoryl- 
ase. In preliminary studies, HIPA inhibited MeSAdo phosphorylase in intact HL-60 human pro- 
myelocytic leukemia cells, as it limited the incorporation of [H-‘“C]MeSAdo into cellular adenine 
nucleotide pools. In addition, 9-( phosphonoalkyl)adenines, representing potential multisubstrate inhibi- 
tors of MeSAdo phosphorylase, were synthesized. Of these the heptyl derivative was the most potent 
inhibitor, with a K, of 1.5 X lo-’ M at low (3.5 mM) phosphate concentrations. The inhibitory effects 
of these analogs could be ablated at high phosphate concentrations (50 mM), suggesting that they 
interact with the phosphate binding site on the enzyme. Some of these novel MeSAdo phosphorylase 
inhibitors may have a role in cancer chemotherapy as potentiators of agents that block purine de noun 
synthesis, e.g. antifolates and 6-methylmercaptopurine ribonucleoside. 

5’-DeoxyJ’-methylthioadenosine(MeSAdo$),which 
is produced from decarboxylated S-adenosyl- 
methionine during the synthesis of the polyamines 
spermidine and spermine, is phosphorolytically 
cleaved by the enzyme MeSAdo phosphorylase in 
the following reaction [l]: MeSAdo + P, +------+ 
Adenine + 5 - methylthioribose - 1 - phosphate 
MeSAdo phosphorylase, which is found in virtually 
all normal mammalian tissues. but is absent from a 
number of malignant tissues [2-51, has at least two 
functions: (1) to enable the salvage of adenine back 
into adenine nucleotide pools via adenine phos- 
phoribosyltransferase (EC 2.4.2.7) [6,7], and the 
conversion of 5-methylthioribose-l-phosphate to 
methionine [g-12], and (2) to limit the intracellular 
accumulation of MeSAdo, which is growth inhibitory 
at high concentrations [13]. 

One rationale for developing inhibitors of MeS- 
Ado phosphorylase is that such inhibitors would limit 
the recycling of adenine from MeSAdo into purine 
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$ Abbreviations: ADA, adenosine deaminase; DHPA, 
9-( 1,3-dihydroxy-2-propoxymethyl)adenine; HIPA, 9-[( l- 
hydroxy-3-iodo-2-propoxy)methyl]adenine; MeSAdo, 5’- 
deoxy-5’-methylthioadenosine; and PNP, purine nucleo- 
side phosphorylase. 

pools, and thereby might potentiate the anti- 
proliferative effects of agents that act by inhibiting 
purine de nouo synthesis, e.g. antifolates, 6-methyl- 
mercaptopurine ribonucleoside, and azaserine [14]. 
This is based on the observation that exogenous 
MeSAdo relieves the antipurine actions of metho- 
trexate in MeSAdo phosphorylase-containing cell 
lines, but not in cell lines that lack this enzyme [15]. 
Previous efforts have led to the identification of 
several potent inhibitors of mammalian MeSAdo 
phosphorylase, including the 5’-halogenated for- 
mycins (161 and 5’-substituted derivatives of 9-dea- 
zaadenosine, e.g. 5’-methylthio-9-deazaadenosine 
[17]. Unfortunately, the chemical syntheses involved 
with these classes of C-nucleosides are difficult and 
employ costly starting materials, making these inhibi- 
tors expensive to develop as potential clinical agents. 
The 7-deaza analog of MeSAdo, 5’-deoxy-5’-methyl- 
thiotubercidin, is another known inhibitor of MeS- 
Ado phosphorylase [18]; however, its inhibitory 
potency is relatively low (K,/Ki = 1). 

In the search for potent inhibitors of MeSAdo 
phosphorylase, we turned out attention to acyclic 
derivatives of adenosine. This was based on findings 
that nucleoside-like analogs containing open-chain 
or “acyclo” structures in the place of the ribose 
moiety inhibit other mammalian nucleoside phos- 
phorylases. Niedzwicki ef al. [19,20] identified acy- 
clouridine [ 1-(2-hydroxyethoxymethyl)uracil] and its 
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Fig. 1. Structures of acyclic nucleosides studied as inhibitors of MeSAdo phosphorylase. Series I, 
derivatives of 9-(2-hydroxyethoxymethyl)adenine: X = -OH, -H, CI, -Br, and -1; Series II, derivatives 
of (+)9-( 1,3-dihydroxy-2-pro~xymethyl)adenine; X = -OH, -Cl, -Br, and -I; Series III, derivatives of 
2’-deoxy-1’,2’-sew-adenosine: X = -OH, -Cl, Br, and -SCH,; and Series IV, 9-(phosphonoal- 

kyl)adenines: n = 3,4,5,6, and 7. 

derivatives as specific competitive inhibitors of 
murine and human uridine phosphorylase (EC 
2.4.2.3). Also, Tuttle and Krenitsky [21] reported 
that the antiherpetic a~yclonucleosid~, acyclovir [Y- 
(2-hydroxyethoxymethyl)guanine], and its corre- 
sponding mono-, di-, and triphosphate esters inhibit 
human purine nucleoside phosphorylase (PNP; EC 
2.4.2.1). This observation was extended by Stein 
et al. 1221, who demonstrated that other acyclovir- 
related compounds such as 9-(1,3-dihydroxy-2-pro- 
poxymethyl)guanine inhibit human erythrocytic 
PNP. In the present study, we examined a number of 
analogs of acycloadenosine as inhibitors of MeSAdo 
phosphorylase. 

MATERIALS AND METHODS 

Muteri~ls. MeSAdo, adenine, and xanthine oxi- 
dase (Grade III) were obtained from Sigma (St. 
Louis, MO). [8-14C]-5’-Deoxy-5’-methylthioadeno- 
sine (56&i/pmol) was purchased from Moravek 
Biochemicals (Brea, CA). 9-(2-Hydroxyethoxyme- 
thyl)adenine and 9-(1,3-dihydroxy-2-propoxymeth- 
yl)adenine were obtained from Dr. Richard L. Tol- 
man of Merck, Sharp & Dohme Research Lab- 
oratories, Rahway, NJ. Syntheses of the other 
acycloadenosine derivatives are described elsewhere 
in the form of an extended abstract [23]. While 
compounds of Series II (see Fig. 1) are racemic, 
those of Series III, the 1’,2’-seco-adenosines, are 
chiral and have the S- and R-absolute configurations 
at carbons 3’- and 4’- respectively. The acyclic moiety 
of these nucleosides was prepared from suitably pro- 
tected 2R,3S-1,2,3_butanetriol, a chiron derived 
from D-isoascorbic acid according to published pro- 
cedures (241. The optical rotations ([o] 8 in EtOH) 
and melting points of the chiral compounds of Series 
III were as follows: 2’-deoxy-, -11.73, c = 1.54, 
m.p. = 145-146”; 2’,5’-dideoxy-5’-methylthio-, 
+26.08, c = 0.93, m.p. = 88-89”; 5’-chioro-2’,5’- 
dideoxy-, -0.695, c = 1.495, m.p. = 125-126O”; and 
5’-bromo-2’,5’-dideoxy-, -0.92, c = 1.27, hygro- 
scopic. Additional details concerning the syntheses 

ot each series of these acyclic nucleosides can be 
obtained from the authors. 

Preparation of partially purified Sarcoma 180 MeS- 
Adop~osp~o~~ase. Murine Sarcoma 180 ascites cells 
were obtained from female CD1 mice 6-7 days after 
i.p. inoculation with approximately 2.5 x lo6 cells. 
Cells were washed in physiological saline and centri- 
fuged, and the ceil pellet was resuspended in 1 vol. 
of 25 mM imidazole, 1 mM dithiothreitol, pH 7.4 
(Buffer A). The cell suspension was sonicated, and 
centrifuged at 105,OOOg for 1 hr at 4”. The super- 
natant Buid was then loaded onto a 1.6 X 72 cm 
chromatofocusing column containing approximately 
45 mL of Polybuffer exchanger 94 resin (Pharmacia) 
equilibrated with Buffer A. The column was pre- 
treated with 30 mL of &fold-diluted Polybuffer 74 
(Pharmacia), 1 mM dithiothreitol, pH 4.0, before 
the enzyme preparation was added. MeSAdo phos- 
phorylase was eluted using the latter buffer at a 
column flow rate of 0.75 mL/min (8.0-mL fractions 
were collected). The enzyme activity, monitored by 
a previously described spectrophotometric assay [6], 
elutes in a single peak at pH 6.0-5.5. MeSAdo phos- 
phorylase-containing fractions were pooled and 
adjusted to pH 7.4 with potassium hydroxide, and 
the enzyme was concentrated by negative pressure 
dialysis against Buffer A using a 75,OOOdalton cut- 
off membrane. The preparation was then dialyzed 
against Buffer A to remove traces of Polybuffer 74. 
The resulting samples were placed in aliquots and 
stored at -80”. 

Enzyme i~~~b~t~o~ assays. Unless noted otherwise, 
inhibition studies were carried out in reaction 
mixtures (200 pL) containing 50 mM potassium 
phosphate, pH 7.4, 5 PM [8-14C]-5’-deoxy-5’- 
methylthioadenosine (0.15 ~Ci/nmol), 0.075 nmol 
units of partially purified Sarcoma 180MeSAdo 
phosphorylase (1 nmol unit is defined as the amount 
of enzyme that phosphorolyzes 1 nmol of MeSAdo/ 
min), and various amounts of acycloadenosine-like 
analog. These reaction mixtures were incubated for 
periods of up to 5 min at 37” in a shaking water bath. 
The reaction was stopped with 40 PL of ice-cold 20% 
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perchloric acid. After neutralization with potassium 
hydroxide, 20-PL samples were spotted onto Baker 
microcrystalline cellulose thin-layer chromatography 
plates that had been prespotted with authentic aden- 
ine and MeSAdo, which serve as carriers. The plates 
were developed at 4” in distilled water. The &values 
of adenine and MeSAdo in this system are 0.21 
and 0.41 respectively. Spots were visualized with a 
254nm wavelength lamp, cut out, and quantitated 
by liquid scintillation counting using Betafluor 
(National Diagnostics, Manville, NJ) as a scintillant. 
Apparent Ki values were estimated from Dixon plots 
(l/reaction velocity vs inhibitor concentration) [25] 
using least squares fitting. Ki values were determined 
from the equation K,(appj = K, (1 + [S]/K,,,); the K,,, 
value for MeSAdo was 2 yM. 

Incorporation of [Pv’~C]M~SA~O into adenine 
nucleotide pools of HL-60 human promyelocytic leu- 
kemia cells. HL-60 human promyelocytic leukemia 
cells [26] were cultured as described previously [27]. 
HL-60 cells cultured in RPM1 1640 medium sup- 
plemented with 10% fetal calf serum were harvested 
by centrifugation, washed twice in physiological 
saline, then resuspended in a minimal salt medium 
consisting of 50 mM potassium phosphate, pH 7.4, 
75 mM sodium chloride, 2 mM magnesium chloride, 
10 mM dextrose, 5 PM [8-14C]MeSAdo (0.5 &i/ 
mL), and either 45 PM 9-[(1-hydroxy-3-iodo-2-pro- 
poxy)methyl]adenine (HIPA) or no addition. Final 
cell concentration was 1 X lo6 cells/ml (10 mL total 
volume). After a 2-hr incubation in a shaking water 
bath, the cells were centrifuged, the supernatant 
fraction was discarded, and the cell pellet was resus- 
pended in 0.75 mL of 6% perchloric acid on ice. 
After the addition of 0.1 mL of 500 mM potassium 
phosphate, pH 7.4, the samples were neutralized 
with 10 N potassium hydroxide. The nucleotide pools 
of the entire sample were analyzed by anion- 
exchange high performance liquid chromatography 
as previously described [28], at a flow rate of 1.6 mL/ 
min. The eluent was collected in a fraction collector, 
1 fraction/min; to each fraction, 8 mL of Aquasol 
(New England Nuclear, Boston, MA) was added, 
and the samples were counted by liquid scintillation 
spectrometry. Various nucleotide peaks were ident- 
ified based on their retention time, as compared to 
authentic nucleotide standards. 

RESULTS 

Acyclic adenosine nucleosides as inhibitors of MeS- 
Adophosphorylase. The structures of the adenosine- 
like acyclic derivatives that were synthesized and 
tested here are shown in Fig. 1. The Ki values of 
three classes of these analogs for murine Sarcoma 
180 MeSAdo phosphorylase are presented in Table 
1. The first group includes acycloadenosine [9-(2- 
hydroxyethoxymethyl)adenine] and various 2-sub- 
stituted congeners. Although acycloadenosine itself 
was inactive, its 2-deoxy derivative, i.e. 9-(2-ethoxy- 
methyl)adenine, inhibited the enzyme, albeit weakly 
(Ki = 74 ,uM). The 2-deoxy-2-halogenated deriva- 
tives, including the -chloro, -bromo, and -iodo 
analogs, were inhibitors of MeSAdo phosphorylase, 
with Ki values in the range of 3.6 to 9.0 x 10m6 M. 
Of these, the iodo derivative was the most potent. 

BP 40-11-c 

These findings resemble the relative affinities of the 
enzyme for the corresponding 5’-substituted ribo- 
nucleosides, i.e. adenosine binds only very weakly to 
the enzyme, whereas the 5’-halogenated adenosines 
interact more strongly, with K,,, values in the fol- 
lowing order: 5’-deoxy-5’-iodoadenosine < 5’- 
bromo-5’-deoxyadenosine < 5’-chloro-5’-deoxy- 
adenosine [29,30]. 

The second series includes 9-( 1,3-dihydroxy-2-pro- 
poxymethyl)adenine (DHPA) and related com- 
pounds (see Fig. 1 for structures), which are 
analogous to the antiviral drug ganciclovir. These 
compounds more closely approximate the structure 
of the natural substrate than do the acycloadenosine 
derivatives in that they possess the equivalent of a 
3’-carbon, along with its hydroxy group. Once again 
the parent compound DHPA was inactive, but each 
of the derivatives in which one of the hydroxyl groups 
was replaced by a halogen atom inhibited Sl80 MeS- 
Ado phosphorylase: in fact, the K, values of the 
enzyme for these monohalogenated derivatives of 
DHPA were about one order of magnitude lower 
than those for the corresponding 2-deoxy-2-hal- 
ogenated derivatives of acycloadenosine. The 
importance of the equivalent of the C(3’) hydroxyl 
group in determining enzyme binding is emphasized 
by the finding that replacement of both hydroxyl 
groups of DHPA with halogen atoms, e.g. 9-(1,3- 
dichloro-2-propoxymethyl)adenine, greatly de- 
creased enzyme affinity. The K, of the S180 MeS- 
Ado phosphorylase for the most potent inhibitor of 
this series, 9-[(1-hydroxy-3-iodo-2-propoxy)- 
methylladenine (HIPA) approximates those of some 
of the most active inhibitors of MeSAdo phos- 
phorylase described to date, including 5’-halo- 
genated formycins (Ki values = 2-5 X lo-‘M) [16] 
and 5’-deoxy-5’-methylthio-9-deazaadenosine (K; = 
2 x lo-‘M) [17]. 

The third series includes 2’-deoxy-1’,2’-seco- 
adenosine and its analogs (see Fig. 1 for structures). 
These compounds represent the next logical 
sequence of acyclonucleosides in that they are 
DHPA analogs which contain the equivalent of the 
C(2’) of ribose (in the form of a methyl group); they 
are closer in structure to MeSAdo than the DHPA 
analogs, in that they have the equivalent of the five 
carbons that make up the ribose moiety of MeSAdo. 
However, none of the 2’-deoxy-1’,2’-seco-adeno- 
sines, including the 5’-methylthio, 5’-chloro, and 
5’-bromo analogs, were potent inhibitors of S180 
MeSAdo phosphorylase; the Ki values of these com- 
pounds were some three orders of magnitude higher 
than their corresponding DHPA derivatives (Table 
1). None of the acyclic adenosines tested here were 
substrates for S180 MeSAdo phosphorylase. 

One of the more active inhibitors identified in this 
screening study, HIPA, was studied in more detail. 
As shown in Fig. 2, HIPA inhibited Sl80 MeSAdo 
phosphorylase competitively with respect to 
MeSAdo. The specificity of HIPA for MeSAdo phos- 
phorylase was tested by examining its reactivity with 
other adenine nucleoside-metabolizing enzymes. S- 
Adenosylhomocysteine hydrolase (EC 3.3.1.1), 
which catalyzes the hydrolysis of S-adenosylhomo- 
cysteine to homocysteine and adenosine, has been 
shown to be irreversibly inactivated by MeSAdo [31- 
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Table 1. Inhibition constants of some acyclic adenosine analogs with Sarcoma 
180 MeSAdo phosphorylase 

Compound &) 

9-(2-HydroxyethoxymethyQadenine analogs 
9-(2-HydroxyethoxymethyQadenine 
9-(2-Ethoxymethyl)adenine 
9-(2Chloroethoxymethyl)adenine 
9-(2-Bromoethoxymethyl)adenine 
9-(2-1odoethoxymethyI)adenine 

9-( 1,3-Dihydroxy-2-propoxymethyl)adenine analogs 
9-(1,3-Dihydroxy-2-propoxymethyl)adenine 
9-( 1,3-Dichloro-2-propoxymethyl)adenine 
9-(1-Chloro-3-hydroxy-2-propoxymethyl)adenine 
9-(1-Bromo-3-hydroxy-2-propoxymethyl)adenine 
9-(l-Hydroxy-3-iodo-2-propoxymethyl)adenine 

2’-Deoxy-1’,2’-seco-adenosine analogs 
2’-Deoxy-1’,2’-seco-adenosine 
2’,5’-Dideoxy-5’-methylthio-1’,2’-seco-adenosine 
5’-Chloro-2’,5’-dideoxy-1’,2’-seco-adenosine 
5’-Bromo-2’,5’-dideoxy-1’,2’-seco-adenosine 

>170 
73.5 lr 0.7 

9.0 k 0.0 
4.9 2 0.3 
3.6 2 1.8 

>lOO 
>14 

0.7 2 0.0 
0.6 k 0.5 
0.3 k 0.0 

>300 
285 k 3 
191 k 16 
129 * 11 

Values are the averages 2 the range of two determinations. 
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Fig. 2. Double-reciprocal plot for the inhibition of murine 
Sarcoma 180 MeSAdo phosphorylase by 9-[(1-hydroxy-3- 
iodo-2-propoxy)methyl]adenine (HIPA). Key: (0) 0 ,uM 
HIPA; (0) 0.35 PM HIPA; (A) 0.7 PM HIPA; and (Cl) 

1.4 PM HIPA. V = nmol MeSAdo converted/5 min. 

331 and MeSAdo-like compounds 134,351. Never- 
theless, S-adenosylhomocysteine activity in extracts 
of CCRF-CEM human T-cell leukemias was not 
inhibited by 100 PM HIPA, even after a 30-min 
incubation period. However, all the analogs of acy- 
cloadenosine and DHPA examined were weak alter- 
ative substrates for adenosine deaminase (ADA; 
EC 3.5.4.4): the reaction rates of ADA from calf 
intestinal mucosa for the DHPA analogs (at 100 ,uM) 
were only 0.16 to 0.23% that of the natural substrate, 
adenosine. The Km and V,,,,, values (relative to 
adenosine) of calf intestinal ADA for HIPA were 
determined to be 199 * 20 PM and 0.48% respect- 
ively. The 2-deoxy-2-halogenated acycloadenosine 
compounds were still less active as substrates of 
ADA: the relative velocities at 100,~M substrate 
levels were in the range of 0.006 to 0.022% that of 

adenosine. The derivatives of 2’-deoxy-1’,2’-seco- 
adenosine were also poor alternative substrates of 
ADA (relative velocities at 100 ~_LM were 0.047 to 
0.13% that of adenosine). 

If acyclic nucleosides such as HIPA inhibit MeS- 
Ado phosphorylase in intact cells, then these inhibi- 
tors should block the incorporation of exogenous 
MeSAdo into adenine nucleotide pools. Indeed, in 
preliminary experiments, 45 PM HIPA inhibited the 
incorporation of 5 ,uM [8-14C]MeSAdo (0.5 @/mL) 
into the adenine nucleotide pools of MeSAdo phos- 
phorylase-containing HL-60 human promyelocytic 
leukemia cells. Approximately 13,950 total cpm were 
incorporated into adenosine .5’-monophosphate 
pools after 2 hr in untreated HL-60 cells versus 
approximately 5,350 cpm in HIPA-treated cells 
(62% inhibition); approximately 78,650 total cpm 
versus approximately 29,670 cpm were incorporated 
into adenosine 5’-diphosphate pools in untreated and 
HIPA-treated cells respectively (63% inhibition), 
and approximately 1.303 x 10’ total cpm versus 
approximately 418,600 cpm were incorporated into 
adenosine 5’-trisphosphate pools in untreated and 
HIPA-treated cells respectively (68% inhibition). It 
is unlikely that HIPA produced these effects by 
blocking the uptake of MeSAdo, since MeSAdo is a 
relatively lipophilic nucleoside that enters cells via 
diffusion as well as the nonspecific nucleoside trans- 
port system [36]; indeed, the nucleoside transport 
inhibitor, dipyridamole, is unable to block the con- 
version of exogenous MeSAdo to methionine in HL- 
60 cells, presumably owing to the high rate of passive 
diffusion of MeSAdo into these cells [36]. Fur- 
thermore, Mahony et al. [37] have demonstrated that 
ganciclovir, a guanine acyclic nucleoside analogous 
to HIPA, is only a very weak competitive inhibitor 
of the nucleoside transport system of human eryth- 
rocytes, with a K, value of 10 mM. These data there- 
fore suggest that this acyclic nucleoside derivative 
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Table 2. Inhibition constants of 9-( phosphonoalkyl)- 
adenines with murine Sarcoma 180 MeSAdo phosphorylase 

Compound WM) 

9-(3-Phosphonopropyl)adenine >250 (2) 
9-(4-Phosphonobutyl)adenine >250 (2) 
9-(5-Phosphonopentyl)adenine 69.6 2 46.5 (6) 
9-(6-PhosphonohexyQadenine 43.0 * 0.2 (2) 
9-(7-Phosphonoheptyl)adenine 15.6 + 8.0 (3) 

K, values were determined by using a modification of a 
previously described coupled spectrophotometric assay 161. 
Reaction mixtures (1 mL final volume) consisting of 
3.5 mM potassium phosphate, pH 7.4, 21 PM 5’-deoxy- 
adenosine (an alternative substrate of MeSAdo phos- 
phorylase [6]. 1 nmol unit of partially-purified Sarcoma 180 
MeSAdo phosphorylase, 1 PM unit buttermilk xanthine 
oxidase (Sigma, Type III) and various amounts of 9- 
(phosphonoalkyl)adenines were monitored at 305 nm at 
37”. K, values were determined using Dixon plots as 
described under Materials and Methods. Numbers in par- 
entheses are the number of independent determinations: 
values represent the mean t SD where N > 2. and the 
mean 2 range where N = 2. 

can enter cells and inhibit the expected target 
enzyme. 

9-(Phosphonoalkyl)adenines as inhibitors of MeS- 
Ado phosphorylase. One approach to develop a 
potent MeSAdo phosphorylase inhibitor is to con- 
struct compounds that incorporate the elements of 
the two substrates of the enzyme, MeSAdo and 
orthophosphate, into one molecule, i.e. a “multi- 
substrate” inhibitor. The strategies involved in 
designing multisubstrate inhibitors have been out- 
lined recently by Broom [38]. With this idea in mind, 
a series of compounds were synthesized containing 
an adenine base with an acyclic tail consisting of an 
alkyl chain terminated by a phosphonic acid moiety 
(see Fig. 1). The design of these 9-(phosphonoal- 
kyl)adenines, which perhaps represent the simplest 
multisubstrate inhibitors of this enzyme, is based on 
the findings that (1) acyclic adenosine derivatives are 
capable of binding to MeSAdo phosphorylase (see 
above), and (2) 9-( phosphonoalkyl)hypoxanthines 
inhibit purine nucleoside phosphorylase, the only 
other mammalian enzyme that phosphorolyzes 
purine nucleosides [39]. As shown in Table 2, at 
relatively low potassium phosphate concentrations 
(3.5 mM), the higher alkyl derivatives (pentyl, hexyl 
and heptyl) inhibited Sarcoma 180 MeSAdo phos- 
phorylase with K, values in the range of 1O-5-1O-4 M; 
9-(7-phosphonoheptyl)adenine was the most potent 
inhibitor of this series. On the other hand, the shorter 
alkyl chain derivatives, i.e. the propyl and butyl 
derivatives, were relatively inactive. The inhibitory 
effects of pentyl, hexyl and heptyl phosphonates 
on MeSAdo phosphorylase were abolished in the 
presence of 50mM potassium phosphate (data not 
shown), suggesting that these compounds interact 
with the phosphate binding site on the enzyme. 

DISCUSSION 

We have found that various adenosine acyclic 

nucleosides, including hydroxy-substituted deriva- 
tives of 9-(2-hydroxyethoxymethyl)adenine (acy- 
cloadenosine) and 9-( 1,3-dihydroxy-2-prop- 
oxymethyl)adenine (DHPA), as well as 9-(phos- 
phonoalkyl)adenines, inhibit mammalian MeSAdo 
phosphorylase. Since all the previously reported 
inhibitors of this enzyme, i.e. 5’-substituted deriva- 
tives of 7-deazaadenosine [ 181, formycin [ 161, and 9- 
deazaadenosine [ 171, represent analogs of MeSAdo 
possessing modifications in the purine ring. these 
acyclonucleosides, which are ribose-modified deriva- 
tives of MeSAdo, constitute novel classes of MeS- 
Ado phosphorylase inhibitors. Thus, MeSAdo phos- 
phorylase becomes the third mammalian nucleoside 
phosphorylase reported to date that is inhibited by 
acyclonucleoside analogs of its natural substrate: 
uridine phosphorylase is inhibited by acyclouridine 
and its congeners [19,20,40], and purine nucleoside 
phosphorylase is inhibited by the guanosine-like acy- 
clovir and its derivatives [21,22]. 

These findings offer several insights into the nature 
of the pentose binding site of MeSAdo phosphoryl- 
ase. Perhaps the most significant observation is that 
some of these acyclic nucleosides bind as well or 
better than their ribonucleoside counterparts. For 
example, 9-(2-iodoethyoxymethyl)adenine, which 
lacks the equivalent of both C(3’) and C(2’) and 
their attendant hydroxyls, binds more tightly to Sar- 
coma 180 MeSAdo phosphorylase (KI = 3.6 PM) 
than its corresponding pentose-containing deriva- 
tive, 5’-deoxy-5’-iodadenosine (Km = 8 FM) [29], 
and is comparable in affinity to the natural substrate, 
MeSAdo (K, = 2 PM). The K, value of HIPA, 
0.2 .uM, is about 40-fold lower than the K,,, value of 
5’-deoxy-5’-iodadenosine, and is comparable to the 
most potent MeSAdo phosphorylase inhibitors 
identified to date, e.g. the pentose-containing 5’- 
deoxy-5’-iodoformycin (K, = 0.17 PM) [16]. These 
data suggest that the flexibility of the acyclo tail 
permits a more favorable orientation for enzyme 
binding than a rigid pentose moiety. 

Another striking finding was the approximately 
lo-fold increase in enzyme binding that was achieved 
when a hydroxymethyl group was added to the 2- 
deoxy-2-halogenated acycloadenosines to form com- 
pounds, i.e. the monohalogenated derivatives of 
DHPA, that possess the equivalent of the C(3’)-OH 
of methylthioribose (see Fig. 1). This increase in 
binding affinity was lost when this hydroxyl group 
was replaced by a halogen atom [i.e. 9-(1,3-dichloro- 
2-propoxymethyl)adenine], or when an additional 
methyl group was added to the equivalent of the 3’- 
carbon (i.e. the 2’-deoxy-1’,2’-seco-adenosine 
analogs). Based on this, one can presume that the 
C(3’)-OH plays an important role in the binding of 
MeSAdo and its analogs to MeSAdo phosphorylase. 
In contrast, the fact that acycloadenosine derivatives 
lacking the equivalent of the C(2’)-OH can bind to 
the enzyme with high affinity suggests that this por- 
tion of the pentose moiety of MeSAdo is relatively 
unimportant to substrate binding. 

Previous structure-activity relationship studies 
[29] using pentose-containing MeSAdo analogs 
established that replacement of the 5’-methylthio 
group of MeSAdo with a simple hydrogen atom (i.e. 
5’-deoxyadenosine) results in a modest decrease in 
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enzyme binding (K,,, = 20 PM), whereas replacement 
with an hydroxyl group (i.e. adenosine) greatly dim- 
inishes enzyme binding (K, = 1500 PM). Substi- 
tuting the methylthio moiety by halogen atoms pro- 
duced compounds with relatively high affinity for 
the enzyme (Km values < 20 PM), with K,,, values 
decreasing as the size of the halogen atom increases 
(fluorine to iodine). Considering the 2-carbon of the 
acyclo tail of acycloadenosine to be analogous to the 
5’-carbon of the methylthioribose portion of MeS- 
Ado (see Fig. 1, series I for structure), the same 
general pattern of binding affinity to Sarcoma 
180 MeSAdo phosphorylase was observed with acy- 
cloadenosine and its 2-deoxy derivatives, i.e. the K; 
of acycloadenosine, the congener of adenosine + 9- 
(2_ethoxymethyl)adenine, the congener of 5’-deoxy 
adenosine > 9-(2-chloroethoxymethyl)adenine > 9- 
(2-bromoethoxymethyl}adenine > 9-(2-iodoethoxy- 
methyl)adenine. These parallels strongly suggest that 
the 2-carbon and its substituent are interacting with 
the site on MeSAdo phosphorylase that is respon- 
sible for binding the 5’-portion of substrates. 

While other investigators have tried to design 
multisubstrate inhibitors of purine nucleoside phos- 
phorylase [41,42], the studies presented here on 
the 9-( phosphonoalkyl)adenines represent the fsrst 
attempt to develop multisubstrate inhibitors of MeS- 
Ado phosphorylase. The pentyl, hexyl and heptyl 
derivatives inhibited the enzyme with Ki values in 
the range of 70-16 PM, indicating that this approach 
is a potentially fruitful one. It is noteworthy that the 
analogs with shorter-length alkyl chains, i.e. the 
propyl and butyl derivatives, were inactive. 
Although the reasons for this are not yet understood, 
it is possible that the adenine and the phosphate 
binding sites of MeSAdo phosphorylase are sep- 
arated by a distance that is greater than the length 
of an n-butane and/or that the greater degree of 
rotational freedom of the methylenes of the higher 
alkyl chains (n = 5,6,7) permits these compounds to 
attain the conformation needed to have both the 
adenine and phosphate binding sites occupied. 
Remarkably similar results have been obtained when 
9-( phosphonoalkyl)hypoxanthines and guanines 
were tested as inhibitors of the related enzyme, 
purine nucleoside phosphorylase: 9-(2-phosphono- 
ethyl)guanine [22] and 9-(3-phosphonopropyl)hy- 
poxanthine [39] have K, values for human 
erythrocytic PNP greater than lo-” M, whereas the 
hypoxanthine-containing pentyl, hexyl. and heptyl 
derivatives have Ki values in the order of 10-‘M 
[39). Further studies with additional multisubstrate 
analogs of this type should help in defining the rela- 
tive orientations of the purine and phosphate binding 
sites of these phosphorylases. 

By limiting the salvage of adenine from MeSAdo, 
inhibitors of MeSAdo phosphorylase may make cells 
more dependent upon purine de nova synthesis, and 
thereby may potentiate antineoplastic agents that act 
in whole or in part by blocking & nouo purine 
synthesis. This concept is based on the observation 
of Kamatani et al. [lS], who demonstrated that the 
antipurine effects of methotrexate (MTX) on MeS- 
Ado phosphorylase-containing leukemic cell lines 
could be ameliorated by coadministration of 
MeSAdo, but not in leukemic lines that lack MeS- 

Ado phosphorylase activity. Evidence has been 
obtained that .5’-deoxy-5’-chloroformycin, a com- 
petitive inhibitor of MeSAdo phosphorylase (K, = 
0.5 PM) 1161, potentiates the growth inhibitory 
actions of MTX in the MeSAdo phosphorylase-con- 
taining HL-60 human promyelocytic leukemia line 
1431. Because of their potency and relative ease of 
synthesis, acyclic adenosine analogs have potential 
for development as potentiators of de nouo purine 
synthesis inhibitors. 

Acknowledgemertfs-This investigation was supported by 
Grants CA 13943. CA 20892 and CA 07340, and Research 
Career Development Award CA 01241 (T.M.S.) awarded 
by the National Cancer Institute, DHHS, and by post- 
doctoral fellowship PF 2767 (C.N.) awarded by the Ameri- 
can Cancer Society. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

IO. 

11. 

12. 

13. 

REFERENCES 

Schlenk F, Methylthioadenosine. In: Aduances in 
Enzymology and Related Areas in Molecular Biology 
(Ed. Meister A), pp. 195-265. John Wiley, New York, 
1983. 
Toohey JI, Methylthioadenosine nucleoside phos- 
phorylase deficiency in methylthio-dependent cancer 
cells. Biochem Biophys Res Commun 83: 27-35, 1978. 
Kamatani N and Carson DA, Abnormal regulation 
of methylthioadenosine and polyamine metabolism in 
methylthioadenosine phosphorylase-deficient human 
leukemic cell lines. Cancer Res 40: 4178-4182, 1980. 
Kamatani N, Yu AL and Carson DA, Deficiency of 
methylthioadenosine phosphorylase in human leu- 
kemic cells in uiuo. Blood 60: 1387-1391, 1982. 
Fitchen JH, Riscoe MK, Dana BW, Lawrence HJ and 
Ferro AJ, Methylthioadenosine phosphorylase defi- 
ciency in human leukemias and solid tumors. Cancer 
Res 46: 5409-5412, 1986. 
Savarese TM, Crabtree GW and Parks RE Jr, 5’- 
Methylthioadenosine phosphorylase-I. Substrate 
activity of S-deoxyadenosine with the enzyme from 
Sarcoma 180 cells. Biochem Pharmacol 30: 189-199, 
1981. 
Kamatani N and Carson DA, Dependence of adenine 
production upon polyamine synthesis in cultured 
human lymphoblasts. Bioc~~m Biophys Acta 675: 344- 
350, 1981. 
Backlund PS Jr and Smith RA, Methionine synthesis 
from 5’-methylthioadenosine in rat liver. J Biof Chem 
256: 1533-1535. 1981. 
Trackman PC and Abeles RH, The metabolism of 
1-phospho-5-methylthioribose. Biochem Biophys Res 
Commun 103: 1238-1244, 1981. 
Backlund PS Jr, Chang CP and Smith RA, Identi- 
fication of 2-keto-4-methyIthiobutyrate as an inter- 
mediate compound in methionine synthesis from 5’- 
methylthioadenosine. J Biol Chem 257: 4196-4202, 
1982. 
Trackman PC and Abeles RH, Methionine synthesis 
from 5’-S-methylthioadenosine. J Biol Chem 258: 
6717-6720.1983. 
Furfme ES and Abeles RH, Intermediates in the con- 
version of 5~-~-methylthioadenosine to methionine in 
Klebsielta oneumoniae. J Bioi Chem 263: 9598-9606. 
1988. . 
Williams-Ashman HG. Seidenfeld J and Galletti P, 
Trends in the biochemical pharmacology of 5’-deoxy- 
5’-methylthioadenosine. Biochem Pharmacol31: 277- 
288. 1982. 



Acycloadenosine inhibitors of MeSAdo phosphorylase 2471 

14. Parks RE Jr, Savarese TM and Chu SH, Analogs of 
5’-methylthioadenosine as potential chemotherapeutic 
agents. In: New Approaches to the Design of Anti- 
neoplastic Agents (l%s. Bardos T and Kalman ?), pp. 
141-156. Elsevier Science Publishing. New York. 1982. 

15. Kamatani N, Nelson-Rees WA andYdarson DA,‘Selec- 
tive killing of human malignant cell lines deficient in 
methylthioadenosine phosphorylase, a purine meta- 
bolic enzyme. Proc Nat1 Acad Sci USA 78: 121%1223, 
1981. 

16. Chu SH, Ho L, Chu E, Savarese TM, Chen ZH, Rowe 
EC and Chu MY, 5’-Halogenated formycins as inhibi- 
tors of 5’-deoxy-5’-methylthioadenosine phosphoryl- 
ase: Protection of cells against the growth-inhibitory 
activity of 5’-halogenated adenosines. Nucleosides 
Nucleotides 5: 185-200, 1986. 

17. Pankaskie MC and Lakin DD, Analogs of 9-dea- 
zaadenosine: Potent inhibitors of methylthioadenosine 
phosphorylase. Biochem Pharmacol 36: 2063-2064, 
1987. 

18. Coward JK, Motola NC and Moyer JD, Polyamine 
biosynthesis in rat prostate. Substrate and inhibitor 
properties of 7-deaza analogues of decarboxylated S- 
adenosylmethionine and 5’-methylthioadenosine. J 
Med Chem 20: 50@505, 1977. 

19. Niedzwicki JG, el Kouni MH, Chu SH and Cha S, 
Pyrimidine acyclonucleosides, inhibitors of uridine 
phosphorylase. Biochem Pharmacol 30: 2097-2101, 
1981. 

20. Niedzwicki JG, Chu SH, el Kouni MH, Rowe EC and 
Cha S, 5-Benzylacyclouridine and 5-benzvloxvben- 
zylacyclouridine; potent inhibitors of uridine phos- 
phorylase. Biochem Pharmacol31: 1857-1861, 1982. 

21. Tuttle JV and Krenitsky TA, Effects of acyclovir and 
its metabolites on purine nucleoside phosphorylase. J 
Biol Chem 259: 4065-4069. 1984. 

22. Stein JM, Stoeckler JD, Li S-Y, Tolman RL, MacCoss 
M, Chen A, Karkas JD, Ashton WT and Parks RE Jr, 
Inhibition of human purine nucleoside phosphorylase 
by acyclic nucleosides and nucleotides. Biochem Phar- 
macol36: 1237-1244, 1987. 

23. Chu SH, Chen ZH, Savarese TM, Nakamura CE, Parks 
RE, Jr and Abushanab E, Acycloadenosine derivatives 
as inhibitors of 5’-deoxy-5’-methylthioadenosine phos- 
phorylase (MeSAdo Pase). Nucleosides Nucleotides 8: 
829-832, 1989. 

24. Abushanab E, Vemishetti P, Leiby RW, Singh HK, 
Mikkilineni AB, Wu DC-J, Saibaba Rand Panzica RP, 
The chemistry of L-ascorbic and D-isoascorbic acids. 1. 
The preparaiion of chiral butanetriols and -tetrols. J 
Om Chem 53: 2598-2602. 1988. 

25. Dixon M and Webb EC, Enzymes, p. 329. Academic 
Press, New York, 1964. 

26. Gallagher R, Collins S, Trujillo J, McKredi K, Ahearn 
M, Tsai S, Metzgar R, Aulakh G, Ting R, Ruscetti 
F and Gallo R, Characterization of the continuously 
differentiating myeloid cell line (HL-60) from a patient 
with acute promyelocytic leukemia. Blood 54: 713-733, 
1979. 

27. Savarese TM, Ghoda LY, Dexter DL and Parks RE 
Jr, Conversion of 5’-deoxy-5’-methylthioadenosine and 
5’-deoxy-5’-methylthioinosine to methionine in cul- 
tured human leukemic cells. Cancer Res 43: 4699-4702, 
1983. 

28. Savarese TM. Dexter DL, Parks RE Jr and Montgo- 
mery JA, 5’-Deoxy-5’-methylthioadenosine phosph- 

orylase-II. Role of the enzyme in the metabolism and 
antineoplastic action of adenine-substituted analogs of 
5’-deoxy-5’-methylthioadenosine. Biochem Pharmacol 
32: 1907-1916, 1983. 

31. Hershfield MS, Apparent suicide inactivation of human 
lymphoblast S-adenosylhomocysteine hydrolase by 2’- 

29. Parks RE Jr, Stoeckler JD, Cambor C, Savarese TM, 
Crabtree GW and Chu SH, Purine nucleoside phos- 

deoxyadenosine and adenine arabinoside. J Biol Chem 

phorylase and 5’-methylthioadenosine phosphorylase: 
Chemotherapeutic target enzymes. In: Molecular 

254: 22-25, 1979. 

Actions and Targets for Cancer Chemotherapeutic 
Agents (Eds. Sart&ell;AC, Lazo JS and Bert&o JR, 
DD. 229-252. Academic Press. New York. 1981. 

30. .!&varese TM, Chu SH, Chu MY and Parks RE Jr, 
S’Deoxy-5’-methylthioadenosine phosphorylase-III. 
Role of the enzyme in the metabolism and action of 5’- 
halogenated adenosine analogs. Biochem Pharmacol 
34: 361-367,1985. 

32. Ferro AJ, Vandenbark AA and MacDonald MR. Inac- 
tivation of S-adenosylhomocysteine hydrolase by 5’- 
deoxy-5’-methylthioadenosine. Biochem Biophys Res 
Commun 100: 523-531, 1981. 

33. Fox IH, Palella TD, Thompson D and Herring C, 
Adenosine metabolism: Modification bv S-adenosyl- 
homocysteine and 5’-methylthioadenosine. Arch Bio- 
them Biophvs 215: 302-308. 1982. 

34. Kim IY, ihang CY, Cantoni GL, Montgomery JA and 
Chiang PK, In&tivation of S-adenosylhomocysteine by 
nucleosides. Biochim Biophvs Acta 829: 15&155. 1985. 

35. Savarese TM, Cannistra’Aj, Parks RE Jr, Seciist JA 
III, Shortnacy AT and Montgomery JA, 5’-Deoxy-5’- 
methylthioadenosine phosphorylase-IV. Biological 
activity of 2-fluoroadenine-substituted 5’-deoxy-5’- 
methylioadenosine analogs. Biochem Pharmacol 36: 
1881-1893, 1987. 

36. Stoeckler JD and Li S, Influx of 5’-deoxy-5’-methyl- 
thioadenosine into HL-60 human leukemia ceils and 
erythrocytes. J Biol Chem 262: 9542-9546, 1987. 

37. Mahony WB, Domin BA and Zimmerman TP, Gan- 
ciclovir transport into human erythrocytes. Proc Am 
Assoc Cancer Res 30: 16, 1989. 

38. Broom AD, Rational design of enzyme inhibitors: Mul- 
tisubstrate analogue inhibitors. J Med Chem 32: 2-7, 
1989. 

39. Nakamura CE, Chu SH, Stoeckler JD and Parks RE 
Jr, Inhibition of purine nucleoside phosphorylase by 9- 
(phosphonoalkyl)hypoxanthines. Biochem Pharmacol 
35: 133-136, 1986. 

40. Naguib FN, el Kouni MH, Chu SH and Cha S, New 
analogues of benzylacyclouridines, specific and potent 
inhibitors of uridine phosphorylase from human and 
mouse livers. Biochem Pharmacol36: 2195-2201.1987. 

41. Meyer RE Jr, Stone TE and Jesthi PK. 2,5-Anhydro- 
1-deoxy-1-phosphono-o-altritol, an isosteric analogue 
of cu-o-ribofuranose-l-phosphate. J Med Chem 27: 
1095-1098, 1984. 

42. McCormack JJ, Tseng CK-H. Marquez VE and Paul1 
KE, Inhibition studies with purine nucleoside phos- 
phorylase. Proc Am Assoc Cancer Res 29: 349, 1988. 

43. Chu E, Savarese TM, Chu SH, Chu MY, Wiemann 
MC, Calabresi P and Parks RE Jr, Effects of metho- 
trexate plus 5’-chloroformycin on [‘HI-TdR and [3H]- 
UR uptake by human HL-60 promyelocytic leukemic 
cells. Proc Am Assoc Cancer Res 26: 247, 1985. 


