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9-(2-Phosphonylmethoxyethyl)-N°-cyclopropyl-2,6-
diaminopurine (cpr-PMEDAP) as a Prodrug of
9-(2-Phosphonylmethoxyethyl)guanine (PMEQG)
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ABSTRACT. 9-(2-Phosphonylmethoxyethyl)-N°-cyclopropyl-2,6-diaminopurine (cpr-PMEDAP) is an acyclic
nucleotide analog of the [9-(2-phosphonylmethoxyethyl)-] (PME) series containing a cyclopropyl substituent on
the N® position of the 2,6-diaminopurine (DAP) base. Growth inhibition assays in a broad range of tumor cell
lines demonstrated that this analog had potent antiproliferative activity with ICs, values similar to those of the
structurally related guanine analog 9-(2-phosphonylmethoxyethyl)guanine (PMEG). A substantially lower
growth inhibitory effect was observed for the 2,6-diaminopurine analog, PMEDAP. To dissect the basis for these
varying potencies, the metabolism of the three analogs was examined in a human pancreatic carcinoma cell line,
BxPC-3. HPLC analysis of the intracellular metabolites demonstrated that the cpr-PMEDAP was deaminated to
PMEG and subsequently phosphorylated to PMEG mono- and diphosphates (PMEGp and PMEGpp). The level
of PMEGpp generated from cpr-PMEDAP-treated cells was 50% greater than the level generated from cells
incubated with PMEG. The presence of PMEG in the DNA of cells incubated with cpr-PMEDAP confirmed
that the cpr-PMEDAP was converted to PMEG. In contrast, PMEDAP was not deaminated to PMEG, but
directly phosphorylated to PMEDAPp and PMEDAPpp. The adenylate deaminase inhibitor 2’-deoxycoformycin
(dCF) inhibited the conversion of cpr-PMEDAP in a rat liver cytosolic extract and increased the 1c50 value for
growth inhibition by 40-fold. The antiproliferative activities of PMEG and PMEDAP were unaffected by dCF.
Thus, it appears that cpr-PMEDAP, but not PMEDAP, is converted by an adenylate deaminase-like enzyme and
functions as a prodrug of PMEG. BIOCHEM PHARMACOL 58;4:709-714, 1999. © 1999 Elsevier Science Inc.
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The acyclic nucleoside phosphonates (phosphonates) are a
novel class of nucleotide analogs characterized by a highly
stable carbon—phosphorus bond between the acyclic nucle-
oside and the phosphate moiety. Intracellular conversion
via two steps of phosphorylation generates the nucleoside
analog diphosphate [1-3]. As structural derivatives of the
natural nucleoside 5’-triphosphates, the nucleotide analog
diphosphates are recognized as alternative substrates for
viral DNA synthesis [4—6]. The broad-spectrum antiviral
activities of several members of this class have been well
described [7]. The oral prodrug of PMEAZ, bis (POM)-
PMEA (adefovir dipivoxil, Preveon 228 ), currently is
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being evaluated in clinical trials for both HIV and hepatitis
B virus infections. PMEDAP (Fig. 1), another member of
this class, has biological activities similar to those of PMEA
[8].

We recently described the potent antiproliferative activ-
ity of the guanine analog PMEG (Fig. 1). PMEG inhibits
the growth of a wide range of solid tumor cell lines and
induces cells to undergo apoptosis after blocking them in
the S phase of the cell cycle [9]. Furthermore, PMEG was
shown to increase the life-span of mice bearing both B16
melanoma and P388 leukemia [10]. Experiments with the
purified cellular DNA polymerases «, 8, and € demon-
strated that PMEGpp was a competitive inhibitor of dGTP
incorporation and that all three replicative enzymes could
recognize PMEGpp as a substrate and incorporate the
analog into DNA. Due to the lack of a 3" hydroxyl group,
which is required for further DNA chain elongation,
PMEG functions as an absolute chain terminator following
incorporation into DNA [11-14]. Taken together, these
results indicated that PMEG may have potential as a cancer
chemotherapeutic agent.

Cyclopropyl-PMEDAP (cpr-PMEDAP, Fig. 1) contains a
cyclopropyl substituent at the N® position of the 2,6-
diaminopurine ring and is analogous to 1592U89 (abacavir)
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FIG. 1. Structures of PMEG, PMEDAP, and cpr-PMEDAP.

monophosphate. Abacavir is a selective inhibitor of HIV
reverse transcriptase being developed for the treatment of
acquired immune deficiency syndrome. A recent report [15]
describing the intracellular activation of this nucleoside
analog claimed that it first was phosphorylated to the
monophosphate and then deaminated by a novel cytosolic
enzyme to the guanine analog, carbovir monophosphate.

In this study, we describe the cellular metabolism of
cpr-PMEDAP and provide evidence that this analog is
functioning as a prodrug of PMEG. The same enzyme
involved in the activation of abacavir monophosphate may
be responsible for the deamination of cpr-PMEDAP.

MATERIALS AND METHODS
Materials

PMEG, PMEDAP, and cpr-PMEDAP along with their
mono- and diphosphates were synthesized at Gilead Sci-
ences. "HIPMEG, [PHIPMEDAP, and [’Hlcpr-PMEDAP
were radiolabeled by Moravek Biochemicals, Inc. with
purities of > 98, 98, and 93%, respectively. dCF was
obtained from SuperGen, Inc. DNase I, proteinase K,
alkaline phosphatase, and the protease inhibitor mixture
were obtained from Boehringer Mannheim. Phosphodies-
terase I was obtained from Worthington, and RNace-It
ribonuclease preparation from Stratagene.

Growth Inhibition Assay

All cell lines were obtained from the American Type
Culture Collection and were maintained according to their
recommendations. Cell growth was analyzed using the
supravital stain neutral red as previously described [16]. In
short, cells were seeded at a density ensuring log phase
growth through the incubation period and allowed to
adhere prior to the addition of the phosphonates. Following
96 hr at 37°, 0.1 mg/mL of neutral red was added and
incubated for 1.5 hr. The cells were washed with PBS and
then solubilized in 50% EtOH containing 50 mM
NaH,PO,. Absorbance was quantitated using a UVmax
microplate reader at a test wavelength of 560 nm and a
reference wavelength of 650 nm. In calculating the 1Cs,
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values, quadruplicate absorbance values corresponding to
the initial cell numbers were subtracted from the 96-hr
values. The resulting absorbance values were normalized to
the control (no phosphonate) and were plotted as percent
of control absorbance. The 1Cs5y value was defined as the
concentration of phosphonate required to inhibit cell
growth by 50%.

For enzyme inhibitor experiments, a final concentration
of 1 pM dCF was added to the cells along with the
phosphonates.

Metabolism of cpr-PMEDAP, PMEDAP, and PMEG
in BxPC-3 Cells

BxPC-3 cells were seeded at 1.5 X 10% cells/mL, and after
24 hr of growth, the cultures were treated with 1 uM
[Hlepr-PMEDAP (14.1 Ci/mmol), [PHIPMEDAP (13.8
Ci/mmol), or PH]PMEG (15.5 Ci/mmol) and incubated for
96 hr. Subsequently, the cells were collected, washed with
PBS, and counted. Next, the cells were extracted with 500
pL of ice-cold methanol for 15 min. The extraction was
repeated, and the supernatants were combined, centrifuged
to remove cellular debris, and vacuum-dried overnight. The
PMEG and cpr-PMEDAP metabolites were analyzed using
a Partisil-10 SAX (4.6 X 250 mm) column eluted at 1
mL/min with a 50-min gradient of 20-200 mM KPO,, pH
5.0. The PMEDAP metabolites were analyzed using a
40-min gradient of 25-250 mM KPO,, pH 5.0, on the same
column. One-milliliter fractions were collected, and the
radioactivity in each fraction was determined by liquid
scintillation counting. Radioactive peaks were identified by
comparing their retention times to those of authentic
standards. The counting efficiency was determined by
measuring the radioactivity of a tritium standard (Wallac)
in the elution buffers.

To convert picomoles/10° cells to molar concentrations,
a cellular volume of BxPC-3 cells treated with a 1 pM
concentration of each phosphonate for 96 hr was estimated
as previously described [17] using [° H]H,O (1 mCi/mL) and
inulin["*CJcarboxylic acid (6.4 mCi/mmol) obtained from
Amersham. A volume of 5.0, 2.4, and 5.0 pL of intracel-
lular water was determined per million BxPC-3 cells treated
with PMEG, PMEDAP, and cpr-PMEDAP, respectively.

DNA Incorporation Studies

The insoluble material collected following the methanol
extraction described above was resuspended in 10 mM
Tris-HCI, pH 7.5, 0.5% SDS, 100 mM NaCl, 25 mM
EDTA and incubated overnight at 50° with 0.2 mg/mL of
proteinase K. The material was extracted twice by phenol:
chloroform:isoamyl alcohol (25:24:1) and once by chloro-
form. After ethanol precipitation, the RNA was removed
during a 3-hr incubation with 100 U/mL of RNace-It
ribonuclease preparation at 37°. The phenol extraction and
ethanol precipitation steps were repeated, and the resulting
DNA (~ 60 pg) was digested for 1 hr at 37° with DNase |
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TABLE 1. Antiproliferative activity of PMEG, cpr-PMEDAP, and PMEDAP
1C50* (M)

Cell line Cell type PMEG cpr-PMEDAP PMEDAP
BxPC-3 Pancreas 0.77 = 0.03 33=*0.6 31 +4
SK-HEP-1 Liver 2.0=0.1 11=1 90 = 14
SiHa Cervix 29 *+0.1 33 +0.8 329 + 24
C33A Cervix 21+04 58 *+0.8 52+8
mCF07 Breast 15%3 10+1 66 = 4
CEM T lymphoblastoid 0.87 £ 0.12 14+02 8.6=*1.6

*Results are means = SD (N = 3).

(500 U/mg of DNA) in buffer containing 40 mM Tris—HClI,
pH 7.5, 6 mM MgCl,, and 2 mM CaCl,. The digest was
repeated, and then the pH was adjusted to 9. The digested
DNA was incubated twice for 1 hr with 2 U of phophodi-
esterase | and 5 U of alkaline phosphatase at 37°. To
determine whether the DNA digestion was complete,
approximately 10% of the sample was analyzed by reverse-
phase chromatography on a Cg column (Vydac) eluted at
1 mL/min for 15 min with a gradient of 2—6% acetonitrile
in 10 mM KPO,, pH 5.0. The UV absorbance of the
column effluent was monitored at 254 nm. To identify the
phosphonate in the DNA digest, the remaining sample was
loaded onto a Partisil-10 SAX (4.6 X 250 mm) column and
eluted at 1 mL/min for 30 min with a gradient of 20-120
mM KPO,, pH 5.0. Radioactivity in each 1-mL fraction was
determined by liquid scintillation counting.

Preparation of Rat Liver Cytosolic Extract

A cytosolic extract was prepared from a fresh rat liver
received from the vivarium at Gilead Sciences, Inc. Two
grams of liver was minced and resuspended in 5 mL of 0.15
KCl containing protease inhibitor mixture and then
Dounce-homogenized. After homogenization, the extract
was centrifuged at 100,000 g for 1 hr. The supernatant then
was collected and used fresh or was aliquoted and stored at
—80° for future use.

Inhibition of cpr-PMEDAP Deamination with dCF in
Rat Liver Extract

PH]cpr-PMEDAP or PHIPMEDAP (0.6 uM) in 20 mM
HEPES buffer, pH 7.4, containing 10% of the rat cytosolic
extract and increasing concentrations of dCF was incubated
overnight at 37°. The reactions were stopped by the
addition of acetonitrile, and the samples were centrifuged
for 10 min before the supernatant was collected and
vacuum-dried. The dried pellet was resuspended in 30 L of
water and then analyzed on a SAX ion-exchange column
eluted at 1 mL/min for 30 min with a gradient of 50-250
mM KPO,, pH 5.0. The UV absorbance of the column
effluent was monitored at 254 nm, and fractions were
collected at 1-min intervals. The radioactivity in each
collected fraction was determined by liquid scintillation

counting. The radioactive peaks were identified by their
retention times using authentic standards.

RESULTS AND DISCUSSION

The ability of the three phosphonates (Fig. 1) to inhibit
tumor cell growth was tested against a variety of solid tumor
cell lines as well as a T lymphoblastoid cell line (Table 1).
BxPC-3, a human pancreatic carcinoma cell line, was the
most sensitive, with an ICsy value of 0.7 uM following a
96-hr incubation with PMEG. For the entire cell panel, the
IC5, values for cpr-PMEDAP ranged from 1.4 to 11 wM, and
were comparable to those of PMEG. In contrast, the 1Cs,
values for the 2,6-diaminopurine analog, PMEDAP, ranged
from 9 to 330 pM, a 5- to 120-fold decrease in the growth
inhibitory effect compared with PMEG and cpr-PMEDAP.
The relative antiproliferative potencies of the three phos-
phonates were PMEG = cpr-PMEDAP >> PMEDAP.
Previous work has demonstrated that PMEG is trans-
ported into cells and then phosphorylated by cellular
kinases to PMEGpp [1]. To determine the activation
pathway for cpr-PMEDAP, BxPC-3 cells were incubated for
96 hr with 1 pM [PHlcpr-PMEDAP. The intracellular
metabolites were analyzed by ion exchange chromatogra-
phy. A typical radioactivity elution profile is shown in Fig.
2A. The radioactive peaks at 11, 20, 22, and 29 min
corresponded to PMEG, PMEGp, cpr-PMEDAP, and
PMEGpp, respectively, based on the overlapping retention
times with authentic standards. There was no evidence of
PMEDAP or its phosphorylated metabolites. Neither cpr-
PMEDAPp nor cpr-PMEDAPpp was detected following the
incubation of cells with [*H]epr-PMEDAP. These results
suggested that cpr-PMEDAP was converted to PMEG and
then phosphorylated to the mono- and diphosphate of
PMEG. As a comparison, the profile of intracellular me-
tabolites produced in BxPC-3 cells treated for 96 hr with 1
puM [PHIPMEDAP is shown in Fig. 2B. The identities of
PMEDAP, PMEDAPp, and PMEDAPpp were based on the
retention times for the authentic standards. In contrast to
cpr-PMEDAP, PMEDAP was not deaminated to PMEG
but was phosphorylated directly to PMEDAPp and
PMEDAPpp. Neither PMEG nor phosphorylated metabo-
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FIG. 2. Ion-exchange HPLC elution profiles of intracellular
metabolites. BxPC-3 cells were incubated with (A) 1 pM
[PH]epr-PMEDAP or (B) 1 pM [PH]JPMEDAP for 96 hr. The
cells were collected, extracted with 60% methanol, and the
metabolites were analyzed by SAX HPLC as described in
Materials and Methods.

lites of PMEG were detected following the incubation of
cells with [’H]JPMEDAP.

The intracellular levels of each metabolite generated
from the incubation of BxPC-3 cells with 1 wM phospho-
nates are shown in Table 2. Examination of the distribution
of the metabolites generated by each phosphonate sug-
gested that in the case of PMEG and cpr-PMEDAP metab-
olism, the second phosphorylation step, i.e. the generation
of PMEGpp from PMEGp, appeared to be rate-limiting to
the accumulation of PMEGpp. For PMEDAPpp formation,
the rate-limiting reaction was the initial phosphorylation
step. The volume of the BxPC-3 cells treated with phos-
phonates was determined in order to convert picomoles to
molar concentrations. The level of diphosphate generated
was 240, 360, and 180 nM for cells treated with PMEG,
cpr-PMEDAP, and PMEDAP, respectively. One apparent
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TABLE 2. Levels of intracellular metabolites in BxPC-3 cells
incubated for 96 hr with 1 pM [PHJPMEG, [*H]cpr-
PMEDAP, or [’H]PMEDAP

Level of metabolites* (pmol/10° cells)

Metabolities [PHIPMEG [*Hlcpr-PMEDAP [PH]PMEDAP
cpr-PMEDAP  ND 1.3+ 0.0 ND
PMEG 0.9 = 0.4 0.7 + 0.0 ND
PMEGp 1.7+ 0.4 23+0.1 ND
PMEGpp 1.2 +0.1 1.8 + 0.0 ND
PMEDAP ND ND 1.0+02
PMEDAPp ND ND 03 +0.1
PMEDAPpp ND ND 04 +0.1

*Results are measn = range (N = 2). ND, not detected.

inconsistency in these data is the lack of correlation
between the 1Csy values and the level of diphosphates
generated in BxPC-3 cells. The 1c5y value for PMEG was
40-fold lower compared with the 1C5q value for PMEDAP
even though the level of diphosphate formed was compa-
rable. The decreased growth inhibitory activity observed for
the 2,6-diaminopurine analog may be due to the decreased
affinity of PMEDAPpp compared with PMEGpp for the
replicative enzymes. Studies with rat DNA polymerase o
indicated that PMEGpp was a more potent inhibitor than
PMEDAPpp [14]. However, the level of PMEGpp formed
following incubation of the cells with cpr-PMEDAP was
50% greater than the level generated following PMEG
incubation, which does not correlate with the 4.5-fold
lower I1C5, value for PMEG compared with the 1c5, value for
cpr-PMEDAP. Experiments are currently underway to ex-
plain this discrepancy.

The metabolism studies indicated that BxPC-3 cells
deaminated cpr-PMEDAP to generate PMEG. To deter-
mine whether this corresponds with incorporation into
DNA, the DNA from BxPC-3 cells incubated with [*H]cpr-
PMEDAP was purified and digested. To identify the incor-
porated phosphonate, the digested DNA was divided and
analyzed by both reverse-phase and ion-exchange chroma-
tography. Because the phosphonate bond is resistant to the
alkaline phosphatase treatment used to convert the 2’-
deoxynucleoside 5’-monophosphates to 2’-deoxynucleo-
sides, the resulting analog retains its charged phosphonate
group and is bound by the ion-exchange column. The
reverse-phase elution profile demonstrated that the DNA
digestion was complete and generated the four natural
2'-deoxynucleosides (Fig. 3, inset). The peak eluting at 8
min on the ion-exchange elution profile (Fig. 3) corre-
sponded to PMEG. No peak was observed at the retention
time for cpr-PMEDAP. The radioactive peak with a reten-
tion time identical to the 2’-deoxynucleosides was most
likely the result of the accumulation of a trace amount of a
labeled purine contaminant in the ["H]cpr-PMEDAP prep-
aration. Based on HPLC analysis, the radiolabeled cpr-
PMEDAP had less than 1% of a purine contaminant (data
not shown). A single peak of radioactivity coeluting with
authentic PMEG was observed, thus verifying that cpr-
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FIG. 3. Incorporation of PMEG into DNA. BxPC-3 cells in log
phase growth were incubated with 1 pM [*H]cpr-PMEDAP for
96 hr. Following the extraction of the intracellular metabolites,
the DNA was purified. The digested DNA was analyzed by
reverse-phase HPLC (inset) and SAX ion-exchange chromatog-
raphy as described in Materials and Methods. The radioactivity
in the collected peaks was used to identify the incorporated
analog.

PMEDAP was converted to the parent PMEG, phospho-
rylated, and then incorporated into cellular DNA. Our
previous results indicated that PMEGpp inhibited DNA
synthesis by competing with dGTP for incorporation into
elongating DNA strands in vitro [12, 13]. The absence of a
surrogate 3'-OH group renders the analog incapable of
further elongation; hence, it functions as a true DNA chain
terminator [11-14]. Incorporation into cellular DNA is
believed to be the mechanism responsible for the antipro-
liferative activity of other nucleoside analogs including
gemcitabine [18] and fludarabine [19]. The prevention of
DNA chain elongation and the competition between
PMEGpp and dGTP for the nucleotide-binding site on the
replicative DNA polymerases are the most likely mecha-
nisms of action for this nucleotide analog. The appearance
of PMEG in the DNA of cells grown in the presence of
cpr-PMEDAP suggested that cpr-PMEDAP may be func-
tioning by the same mechanism in wvivo.

To determine whether the conversion of cpr-PMEDAP
was required for its growth inhibitory activity, the effect of
the adenylate deaminase inhibitor dCF on the antiprolif-
erative activity of cpr-PMEDAP was examined. PMEG and
PMEDAP were used as controls. BxPC-3 cells were grown
in the presence of 1 wM dCF along with increasing
concentrations of the three phosphonates. The resulting
IC5, values generated are displayed in Table 3. As expected,
the inhibitor had no effect on the antiproliferative activity
of PMEG. The presence of dCF resulted in an increase in
the 1Cso value for cpr-PMEDAP, rendering it virtually
without antiproliferative activity. Since dCF blocks meta-
bolic deamination, these results demonstrated that deami-
nation of cpr-PMEDAP was required for its antiprolifera-
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TABLE 3. Effect of dCF on the antiproliferative activity of
PMEG, cpr-PMEDAP, and PMEDAP

Treatment 1C;o* (1M, 96 hr)
pMEG 0.7+0.2

+ 1 uM dCF 09*0.2
cpr-PMEDAP 33+08

+ 1 wM dCF 136.2 = 23.8
PMEDAP 30.2 £58

+ 1 uM dCF 284 8.2

*Results are means = SD (N = 3).

tive activity. In contrast, adenylate deaminase inhibition
did not have an effect on the antiproliferative activity of
PMEDAP, demonstrating that deamination of this com-
pound was not required for its growth inhibitory activity.
These data are consistent with our metabolism results,
demonstrating that PMEDAP was not converted to PMEG
but directly phosphorylated to PMEDAP phosphates.

The abolition of the antiproliferative activity of cpr-
PMEDAP in the presence of dCF implied the involvement
of an adenylate deaminase in the activation pathway. As a
large-scale source for this enzyme, a rat liver cytosolic
extract was prepared. cpr-PMEDAP, but not PMEDAP, was
converted to PMEG in a concentration- and time-depen-
dent manner (data not shown). The conversion of 0.6 uM
PHlepr-PMEDAP with 10% of rat liver cytosolic extract
was inhibited 96% by the presence of 50 uM dCF (Fig. 4).
The data demonstrated that a deaminase activity present in
the rat liver extract converted cpr-PMEDAP, but not

100
[] cpr-PMEDAP

80 || [ ] ’T )i

60 | —

Percent
L

40 |

20

Starting material
rat extract
5 uM dCF
10 uM dCF
20 uM dCF
50 uM dCF

FIG. 4. Effect of dCF on the activation of cpr-PMEDAP. Rat
liver cytosolic extract (10%) was incubated overnight with
[PHlcpr-PMEDAP (0.6 pM) along with the adenylate deami-
nase inhibitor dCF (0-50 pM). The percent of radioactivity
shown as cpr-PMEDAP or PMEG was determined as described
in Materials and Methods (N = 2). One hundred percent
represents a 0.6 pM concentration of the phosphonate
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PMEDAP, to PMEG and that the conversion was inhibited
by the adenylate deaminase inhibitor, dCF.

In summary, our results indicated that cpr-PMEDAP
functions as a prodrug of the guanine nucleotide analog
PMEG, and that the conversion of this prodrug is required
for its antiproliferative activity. Abacavir monophosphate,
which has a structure similar to cpr-PMEDAP, is converted
to a guanine analog by a cytosolic adenylate deaminase [15].
It is possible that cpr-PMEDAP may be activated by the
same enzyme. Experiments currently are underway to purify
this deaminase.
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