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ABSTRACT. Activation of purine nucleoside analogs by Escherichia coli purine nucleoside phosphorylase
(PNP) is being evaluated as a suicide gene therapy strategy for the treatment of cancer. Because the mechanisms
of action of two toxic purine bases, 6-methylpurine (MeP) and 2-fluoroadenine (F-Ade), that are generated by
this approach are poorly understood, mechanistic studies were initiated to learn how these compounds differ from
agents that are being used currently. The concentration of F-Ade, MeP, or 5-fluorouracil required to inhibit
CEM cell growth by 50% after a 4-hr incubation was 0.15, 9, or 120 wM, respectively. F-Ade and MeP were also
toxic to quiescent MRC-5, CEM, and Balb 3T3 cells. Treatment of CEM, MRC-5, or Balb 3T3 cells with either
F-Ade or MeP resulted in the inhibition of protein, RNA, and DNA syntheses. CEM cells converted F-Ade and
MeP to F-ATP and MeP-ribonucleoside triphosphate (MeP-R-TP), respectively. The half-life for disappearance
of HeP-ribonucleoside triphosphate from CEM cells was approximately 48 hr, whereas the half-lives of F-ATP
and ATP were approximately 5 hr. Both MeP and F-Ade were incorporated into the RNA and DNA of CEM
cells. These studies indicated that the mechanisms of action of F-Ade and MeP were quite different from those
of other anticancer agents, and suggested that the generation of these agents in tumor cells by E. coli PNP could
result in significant advantages over those generated by either herpes simplex virus thymidine kinase or E. coli
cytosine deaminase. These advantages include a novel mechanism of action resulting in toxicity to nonprolif-
erating and proliferating tumor cells and the high potency of these agents during short-term treatment.
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adenosine triphosphate analogs

Expression of foreign genes in tumor cells is an attractive
strategy to alter their phenotype, making them sensitive to
otherwise nontoxic agents [1-5]. Selective delivery of the
HSV§ dThd kinase or the Escherichia coli Cyt deaminase
genes has received the greatest experimental attention. We
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have developed a gene therapy strategy that is based on the
selective expression of the E. coli PNP gene in tumor cells
[6-9]. E. coli PNP, unlike mammalian PNP, accepts Ado
and certain Ado analogs as substrates, and hence can be
used to cleave nontoxic purine nucleosides to very toxic
Ade analogs. The toxic purine analogs generated by E. coli
PNP readily diffuse across cell membranes and have high
bystander activity [6, 7]. Because very little is known about
the mechanism of action of two prototype agents that can
be liberated by E. coli PNP (MeP and F-Ade), studies were
done to characterize their metabolism and biochemical
effects in human cells to aid the rational development of
this suicide gene therapy strategy. A preliminary report of
this work has been presented [9].

MATERIALS AND METHODS
Materials

[8-’H]F-araA, (2,8’ HMeP-dR, [methyl->H]dThd, [5-°H]Urd,
[8-1*C]Ade, [2,8-°H]Ade, and [4,5-’H]leucine were ob-
tained from Moravek Biochemicals. PH]MeP and [*HJF-Ade
were obtained by cleaving [2,8-’H]MeP-dR and [8-’H]F-araA
with E. coli PNP [6], and were purified by reverse-phase
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HPLC before use. MeP, FUra, and cycloheximide were
obtained from the Sigma Chemical Co. F-Ade was synthe-
sized in our laboratories as described [10]. All other mate-
rials used were of standard analytical grade.

Cell Culture

CEM cells, obtained from the American Type Culture
Collection, were grown in RPMI 1640 medium supple-
mented with 10% fetal bovine serum. Human diploid
embryonic lung cells (MRC-5) were obtained from Bio-
Whittaker and cultured in Modified Eagle’s Medium con-
taining 9% heat-inactivated fetal bovine serum. Balb-3T3
cells were obtained from Dr. W. J. Pledger (Moffett Cancer
Center) and were maintained in Dulbecco’s Modified
Eagle’s Medium supplemented to 10% with iron-supple-
mented newborn calf serum (Hyclone) without antibiotics.
The Balb-3T3 cells were kept in a non-transformed state by
twice weekly passage at low culture density. Cells were
routinely checked for the presence of mycoplasma and were
discarded if contaminated.

Measurement of DNA, RNA, and Protein Syntheses in
Intact Cells

The effect of compounds on the incorporation of radiola-
beled precursors ([8-1*C]Ade, [5-’H]Urd, [methyl->’H]dThd,
or [4,5-’H]leucine) into RNA, DNA, or protein was deter-
mined as described [11, 12]. The incorporation of Urd or
Ade into RNA is determined by subtracting the incorpor-
ation of radiolabel into the alkali-stable/acid precipitable
fraction (DNA) from the total acid precipitable fraction
(DNA plus RNA). Urd and Ade are primarily incorporated
into RNA, but can also be incorporated into DNA as dCyd
or dAdo, respectively. The incorporation of dThd and
leucine into acid-precipitable material is a measure of their
incorporation into DNA and protein, respectively.

Measurements of DNA, RNA, and protein syntheses in
Balb-3T3 cells were performed in 96-well microplates using
confluent and mitotically quiescent monolayers. Cells were
seeded in 180 pL of culture medium containing 2-3 X 10*
cells and incubated for 7-9 days (37°, 5% CO,). Cells were
treated with MeP or F-Ade in the presence (mitotically
stimulated cells) or absence (quiescent cells) of newborn
calf serum. To measure DNA synthesis, cells were pulsed for
20 hr with 1 pCi of PH]dThd/well added 10 hr after the
addition of MeP or F-Ade. To measure RNA or protein
synthesis, cells were pulsed for 6 hr with 1 pCi of [’H]Urd
or 1 uCi of [PH]leucine, respectively, added to replicate
wells 24 hr after the addition of MeP or F-Ade. After 30 hr
of incubation with MeP or F-Ade, the cells were removed
from the wells with a solution containing 0.1% trypsin in
10% glycerol, and the cell suspension was filtered through
scintillant-impregnated glass fiber filters (Ready-filter No.
586303, Beckman Instruments, Inc.). The cells on the
filters were lysed and washed with 3% acetic acid, and the
filters were dried and counted for radioactivity.
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Extraction and Analysis of the Acid-Soluble
Nucleotide Pool [13]

Cells were collected by centrifugation and resuspended in
ice-cold 0.5 M of perchloric acid. The samples were
centrifuged at 12,000 g for 20 min, and the supernatant
fluid was removed and neutralized with 1 M of potassium
phosphate (pH 7.4) and 4 M of KOH. KCIO, was removed
by centrifugation, and a portion of the supernatant fluid was
injected onto a Partisil-10 SAX column (Keystone Scien-
tific Inc.). Elution of the nucleotides was accomplished
with a 50-min linear gradient from 5 mM of NH,H,PO,
(pH 2.8) to 750 mM of NH,H,PO, (pH 3.7) buffer with a
flow rate of 2 mL/min. The natural nucleotides were
detected by measurement of the UV absorbance at 260 nm,
and the radioactive acid-soluble metabolites were detected
by counting 1-min fractions that eluted from the column.
The radioactivity in the acid-insoluble material was deter-

mined as described [11, 12].

Incorporation of MeP and F-Ade into RNA and DNA

CEM cells incubated with [2,8-’H]MeP, [8-’HJF-Ade,
[5-°H]Utd, [methyl->’H]dThd, or [2,8-’H]Ade were collected
by centrifugation and resuspended in 0.5 mL of 10 mM of
Tris (pH 8.0), 40 mM of EDTA, 0.5% SDS, and 200 pg/mL
of proteinase K. The mixture was incubated at 37° over-
night, mixed with CsCl, and centrifuged to equilibration as
described previously [14]. The gradients were fractionated,
and the RNA and DNA in each sample were precipitated
onto glass fiber filters with a 5% trichloroacetic acid
solution containing 10 mM of pyrophosphate. These filters
were washed three times with this 5% trichloroacetic acid
solution followed by two washes with 95% ethanol, dried,
and counted for radioactivity. To verify that the radioac-
tivity associated with the DNA fractions was due to the
incorporation of PH]MeP or [’H]F-Ade, the RNA and
DNA samples were degraded to their constituent nucleo-
sides, which were separated by reverse-phase HPLC as
described [14, 15].

RESULTS
Cytotoxicity of MeP and F-Ade to Proliferating
CEM Cells

The 1C5o of MeP, F-Ade, or FUra against CEM cells was 9 =
4,0.15 = 0.07, or 120 = 44 puM, respectively (mean *= SD
of 3 determinations). In this experiment cells were exposed
to drug for only 4 hr, and the effect on cell growth was
determined 72 hr after the removal of drug. If cells were
exposed continuously to these compounds (72 hr), the 1cs
for each compound was decreased to 1.2, 0.10, and 7.2 uM,
respectively (mean of 2 determinations). It is of interest
that the duration of the exposure had less of an effect on
the ability of F-Ade to inhibit cell growth (1.5-fold) than it
had on both MeP and FUra (7.5- and 17-fold, respectively).
This result indicated that the cytotoxic actions of F-Ade
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FIG. 1. Effects of MeP, F-Ade, cycloheximide, and FUra on
macromolecular synthesis. CEM cells (approximately 300,000
cells/mL) were incubated with 100 pM of MeP, 2 uM of F-Ade,
1 pM of cycloheximide, or 1000 pM of FUra. Radiolabeled
precursors of DNA ([methyl->H]dThd), RNA ([5-°’H]Urd), or
protein ([4,5->H]leucine) were added at 2 wCi/mL 4 hr after the
addition of the compounds. Samples were taken 1, 2, 3, and 4 hr
after the addition of radiolabel to determine their incorporation
into RNA, DNA, or protein, as described in Materials and
Methods. Because treatment with FUra inhibits thymidylate
synthetase, the effect of FUra on DNA and RNA syntheses was
determined by measuring the incorporation of [8-'*C]Ade into
the alkali-stable/acid-insoluble fraction and the total acid-insol-
uble fraction. The amount of incorporation of [*H]leucine into
protein, [’H]dThd into DNA, [’H]Urd into RNA, or [**C]Ade
into DNA in a 4-hr period was 8, 444, 229, or 1.1 dpm/10°
cells, respectively. This experiment was repeated, and similar
results were obtained.

MeP F-Ade

that result in the inhibition of cell growth occur early after
addition of the compound. The concentration of cyclohex-
imide that inhibited CEM cell growth by 50% after 72 hr of
continuous exposure to cycloheximide was 0.1 uM. A 4-hr
incubation of CEM cells with 0.3 pM of cycloheximide did
not affect cell growth (data not shown).

Effect of MeP, F-Ade, Cycloheximide, or FUra on
DNA, RNA, and Protein Syntheses in CEM Cells

Both MeP and F-Ade inhibited protein, DNA, and RNA
syntheses (Fig. 1). This pattern of inhibition of macromo-
lecular syntheses was similar to that observed with cyclo-
heximide, a known inhibitor of protein synthesis [16].
Inhibition of protein synthesis causes an inhibition of DNA
and RNA syntheses, presumably due to the fact that some
of the enzymes involved in these processes have very short
half-lives. Therefore, with inhibitors of protein synthesis
such as cycloheximide, it is difficult to find a concentration
of compound that selectively inhibits protein synthesis.
Unlike MeP, F-Ade, or cycloheximide, FUra primarily
inhibited DNA synthesis and had only a lesser effect on
RNA or protein synthesis, which is consistent with the
known mechanism of action of FUra [17, 18]. The concen-
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FIG. 2. Cytotoxicity of MeP, F-Ade, and FUra to nonprolifer-
ating MRC-5 cells. Confluent, nonproliferating MRC-5 cells
were treated with various concentrations of MeP, F-Ade, or
FUra. After incubation for 96 hr, the effects of the compound
on the MRC-5 cells were determined by measuring the amount
of protein that was attached to the culture flask. The protein
concentration in control cells was approximately 35 pg/flask.
The effect of MeP on MRC-5 cells was repeated one time with
similar results. FUra and F-Ade experiments were done only one
time.

trations of the compounds used in this experiment were
approximately ten times the concentration of drug that
resulted in 50% inhibition of cell growth after a 4-hr
incubation. These results indicated that the initial target of
MeP and F-Ade that results in the inhibition of cell growth
was not an enzyme involved in DNA synthesis, but instead
was one or more enzymes involved in either RNA or
protein synthesis.

Effects of MeP and F-Ade on Nonproliferating Cells

The previous results indicated that the cytotoxicities of
MeP and F-Ade were due to their inhibition of protein
and/or RNA synthesis. Because all cells, regardless of their
proliferative state, require protein and RNA syntheses,
these results suggested that MeP and F-Ade would be toxic
to nonproliferating as well as proliferating cells. Therefore,
experiments were done to evaluate the effects of MeP and
F-Ade on nonproliferating human cells. As seen in Fig. 2,
both MeP and F-Ade were toxic to nonproliferating
MRC-5 cells, whereas treatment with FUra did not affect
these cells. MRC-5 cells are a nontransformed human
diploid fibroblast cell line derived from embryonic lung
cells. These cells stop growth upon reaching confluence,
and they can be maintained indefinitely in a nonprolifera-
tive state by regularly changing the medium. In these
cultures, the protein concentration in control flasks did not
change over the 96-hr incubation period, which indicated
that cell numbers did not increase during the experiment.

In a separate experiment, the rates of DNA, RNA, and
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FIG. 3. Effect of MeP on DNA, RNA, and protein syntheses in
nonproliferating MRC-5 cells. Confluent, nonproliferating
MRC-5 cells were treated with various concentrations of MeP.
After 10 hr of incubation, radiolabeled precursors of DNA
([methyl->’H]dThd), RNA ([5-°H]Urd), or protein ([4,5-
3H]leucine) were added to the cultures, and DNA, RNA, and
protein syntheses were determined as described in Materials and
Methods. The incorporation of [?H]dThd into DNA, [?H]Urd
into RNA, or [*H]leucine into protein in control cultures was
18, 4.1, or 39 dpm/10°> cells, respectively. Similar results were
obtained in cells exposed to MeP for 24 hr.

protein syntheses were determined in MRC-5 cell cultures
as they grew into the confluent state to characterize their
proliferative status (data not shown). The incorporation of
dThd into DNA increased during the first 5 days of culture,
but had decreased to less than 10% of that seen at its peak
by day 10 of culture (when the experiments shown in Fig.
2 were initiated). In contrast, the rates of RNA and protein
syntheses 10 days after initiation of the cell culture were
greater than or equal to their rates of synthesis after day 1
of culture. These results indicated that the MRC-5 cells at
the time of treatment were in a relatively nonproliferative
state.

The effect of MeP on DNA, RNA, and protein syntheses
in nonproliferating MRC-5 cells was determined to obtain
a different measure of the cytotoxicity of MeP to these cells.
Incubation of nonproliferating MRC-5 cells with MeP for 4
hr at concentrations as high as 120 uM had little effect on
DNA, RNA, or protein synthesis (data not shown). How-
ever, 10 hr (Fig. 3) and 24 hr (data not shown) of treatment
with MeP decreased DNA, RNA, and protein syntheses by
a similar degree. These results confirm that MeP is toxic to
the nonproliferating MRC-5 cells and support the conclu-
sion from the studies in CEM cells that the toxicity of MeP
is due to its inhibition of protein and/or RNA synthesis.

In another experiment, CEM cells were cultured in 0.1%
serum to induce a nonproliferative state and then were
treated with MeP, F-Ade, or FUra. The compounds were
added to CEM cell culture 48 hr after the CEM cells were
placed in the 0.1% serum to allow time for the cells to stop
growing. As can be seen in Fig. 4, treatment with MeP and
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FIG. 4. Cytotoxicity of MeP, F-Ade, and FUra to nonprolifer-
ating CEM cells. CEM cells were cultured in culture medium
containing 0.1% serum to induce a nonproliferative state.
Forty-eight hours after initiation of the cell cultures in 0.1%
serum medium, MeP (10 pg/mL), F-Ade (1 pg/mL), or FUra
(10 pg/mL) was added to separate cell cultures. Cell numbers
were counted with a Coulter Counter at 24-hr intervals from
the time the cells were cultured in the 0.1% serum. This
experiment was repeated one time with similar results.

F-Ade resulted in a decline in cell numbers within 24 hr of
addition of compound. In contrast, treatment with FUra
did not affect cell numbers. The incorporation of dThd into
DNA 48 hr after initiating culture in 0.1% serum was
10-15% of the incorporation of dThd into DNA in
proliferating cells, which indicated that CEM cells incu-
bated in 0.1% serum were in a quiescent state.
Experiments were also done to determine the effects of
MeP and F-Ade on DNA, RNA, and protein syntheses in
nontransformed Balb-3T3 cells (Table 1). Addition of 5%
newborn calf serum to the Balb-3T3 cell cultures resulted in
a 2.5-fold increase in [PH]dThd incorporation into DNA,
which indicated that these cultures were in a moderately
quiescent state (12-15% cycling). Consistent with the
results observed with CEM and MRC-5 cells, MeP and
F-Ade inhibited protein, RNA, and DNA syntheses by a
similar amount in Balb-3T3 cells incubated in serum-free
medium (Table 1). These results support the conclusion
that both MeP and F-Ade are toxic to quiescent cells.

Metabolism of MeP and F-Ade in CEM cells

The predominant metabolite in CEM cells treated with
either 3 wM of MeP or 0.03 pM of F-Ade for 4 hr eluted in
fractions 35 and 36 from the SAX HPLC column (Fig. 5).
Their retention times on the SAX HPLC were 2-3 min
longer than the retention time of ATP, which eluted at
approximately 32 min from this column. These metabolites
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TABLE 1. Effects of MeP and F-Ade on DNA, RNA, and protein syntheses in quiescent Balb-3T3 cells

DNA synthesis

RNA synthesis

Protein synthesis

Concn
(pM) (% of Control Synthesis)
MeP 25 34 + 17 37+4 15+2
2.5 62 +22 90 + 13 3712
0.25 84 + 26 852 78 £ 11
F-Ade 22 8§8+3 17+3 4+1
2.2 76 = 24 64 =10 66 * 15
0.22 120 = 23 86 = 15 76 * 27

Balb-3T3 cells were incubated with the indicated concentrations of MeP and F-Ade in serum-free medium for 30 hr, and the effects of the compounds on the incorporation of
dThd, Urd, and leucine into acid-precipitable material were determined as described in Materials and Methods. The incorporation of [’H]dThd, PH]Urd, and [*H]leucine into
acid-precipitable material in control cells was 8,400 = 1,800, 162,000 =+ 24,000, and 12,200 = 1,800 dpm/well, respectively. Each value represents the mean = SD from 4 replicate
samples. Similar results were obtained in mitotically stimulated cells. This experiment was repeated with similar results.

were collected and degraded to their respective nucleosides
by treating with phosphodiesterase and alkaline phospha-
tase. The nucleosides generated in this manner were then
identified as MeP-R and F-Ado by reverse-phase HPLC,
confirming that these metabolites eluting in fractions 35
and 36 from the SAX HPLC column were ribonucleotides,
not deoxyribonucleotides. Based on these results and those
of others [19-28], the metabolites eluting at 35 min were
identified as MeP-R-TP and F-ATP, respectively. At higher
concentrations of these compounds, the metabolites of
MeP and F-Ade could also be detected by their absorbance
at 254 nm as they eluted from the SAX column (data not
shown).

The concentration of F-ATP generated in a 4-hr period
from 0.3 pM of F-Ade was 62 pmol/10° cells, and the
concentration of MeP-R-TP generated in a 4-hr period
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FIG. 5. Metabolism of MeP and F-Ade in CEM cells. CEM cells
were incubated with 3 pM of MeP (94 Ci/mol) or 0.03 pM of
F-Ade (6300 Ci/mol). After 4 hr the acid-soluble metabolites
were collected and analyzed by SAX HPLC as described in
Materials and Methods. The radioactive acid-soluble metabolites
of MeP and F-Ade were detected by counting 1-min fractions
that eluted from the column. This experiment was repeated with
similar results.

from 20 pM of MeP was 85 pmol/10° cells (data not
shown). Incubation of CEM cells for 4 hr with either 20
pM of MeP or 0.3 pM of F-Ade resulted in approximately
70% inhibition of CEM cell growth. Since the ATP
concentrations in these experiments were approximately
700 nmol/10° cells, these results indicated that the cyto-
toxicity of these agents occurred when only a relatively
small amount of the triphosphate analog was formed in cells
(13% of the ATP pool). It is of interest that similar
amounts of MeP-R-TP and F-ATP were formed in CEM
cells treated with equitoxic concentrations of MeP and
F-Ade. In addition, incubation of CEM cells with either 0.3
pM of F-Ade or 20 uM of MeP did not affect ATP, CTP,
UTP, or GTP levels (data not shown), which indicated
that inhibition of purine or pyrimidine nucleotide biosyn-
thesis was not responsible for the cytotoxicity of these two
agents. ATP levels were decreased in cells treated with
higher concentrations of F-Ade (10 uM). However, the
total ATP/F-ATP pool in cells treated with F-Ade was
equal to the ATP pool in untreated cells.

The half-lives of MeP-R-TP and F-ATP in proliferating
CEM cells were determined and compared to the half-life of
ATP (Fig. 6). Because the concentrations of MeP and
F-Ade used in this experiment had a minimal effect on cell
growth, the cell numbers in all treatment groups increased
over the 48-hr period of the experiment. Therefore, the
amount of triphosphate remaining after removal of Ade,
MeP, or F-Ade was normalized to the volume of culture
medium to correct for the decrease in triphosphate that
would occur due to the proliferation of the cells. This
correction is only necessary due to the long half-life
observed with MeP-R-TP. For example, 48 hr after the
removal of MeP, the CEM cell numbers had doubled, and
the amount of MeP-R-TP per cell had decreased by 75%.
Therefore, half of the decrease in MeP-R-TP levels in these
cells is due to the increase in cell number. The calculation
of the half-lives of ATP and F-ATP was determined from
the first three measurements (2, 4, and 10 hr) when
negligible cell growth had occurred. Regardless, it is clear
from this experiment that the half-life of MeP-R-TP in
CEM cells is much greater than that for either ATP or
F-ATP.
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FIG. 6. Half-lives of ATP, MeP-R-TP, and F-ATP in CEM
cells. After incubation of CEM cells with 3.6 pM of ['*C]Ade
(56 Ci/mol), 3.0 pM of [*H]MeP (94 Ci/mol), or 0.03 uM of
[PH]F-Ade (6300 Ci/mol) for 4 hr, the cells were collected,
washed with fresh medium, and resuspended in fresh medium
that did not contain radiolabeled purines. Samples were collected
at various times after resuspending the cells in fresh medium,
and the amount of label in the ribonucleoside triphosphate peak
was determined using SAX HPLC as described in Materials and
Methods. This particular experiment was done only one time,
but similar results were obtained when the half-lives of MeP-
R-TP and F-ATP were determined using nonradioactive com-
pounds.

The metabolism of MeP to MeP-R-TP in 4 hr was much
less than that seen with Ade, even though the concentra-
tions of MeP and Ade were similar (Fig. 6). This result
indicated that MeP was a poor substrate for human APRT
activity, as has been observed with the APRT from Leish-
mania donovani [29]. Approximately 400 pmol/10° cells of
F-ATP was formed in cells treated with 2 wM of F-Ade for
4 hr (data not shown), which was comparable to the
amount of ATP formed from 3.6 uM of Ade in a 4-hr
period (821 pmol/10° cells) and indicated that F-Ade was
metabolized as effectively as Ade in CEM cells.

Incorporation of MeP and F-Ade into RNA and DNA

During the 4-hr incubation period, there was a linear
increase in the incorporation of F-Ade into both the
AlA-labile (RNA) and AIA-stable (DNA) fractions in
CEM cells treated with 20 nM of [’H]E-Ade (Fig. 7), and
more than 60% of the F-Ade in the cell culture medium
was taken up by the CEM cells. A much smaller amount of
MeP was incorporated into these fractions (note the 10-fold
difference in the scale for MeP vs F-Ade in Fig. 7).
However, the incorporation of 77 nM of PH]MeP into both
the AIA-labile and AIA-stable fractions increased linearly
with time for 24 hr, and in contrast to that seen with
F-Ade, less than 10% of the MeP had been taken up by the
CEM cells during the 24-hr incubation.

Even though [’H]MeP and [PH]F-Ade were purified using
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FIG. 7. Incorporation of MeP and F-Ade into RNA and DNA.
CEM cells were incubated with either 20 nM of [PH]F-Ade
(6,300 Ci/mol, @, O) or 77 nM of [’H]MeP (10,000 Ci/mol, m,
). Cell samples (6—8 X 10° total cells) from cells treated with
F-Ade were removed 1, 2, and 4 hr after the addition of F-Ade,
and the incorporation of radiolabel into the AIA-labile fraction
(RNA, closed symbols) and the AIA-stable fraction (DNA,
open symbols) was determined as described in Materials and
Methods. Because of the small amount of incorporation of MeP
into these fractions, cell samples were taken at 4, 10, and 24 hr
from cells treated with MeP. This experiment was repeated one
time with similar results.

reverse-phase HPLC before use in these experiments, it is
still important to verify the identity of the radioactivity in
these crude fractions as being associated with MeP or F-Ade
in RNA or DNA. Therefore, DNA and RNA were isolated
from CEM cells treated with [methyl->’H]dThd, [5-’H]Urd,
[2,8-’H]Ade, [PHIMeP, or PH]F-Ade using CsCl gradients
(data not shown). The location of the DNA band in the
CsCl gradients was identified by the incorporation of
[PH]dThd into acid-insoluble material, and the fractions
that contained RNA were identified by the incorporation
of PHJUrd into acid-insoluble material (the RNA was
found in the pellet because RNA is more dense than the
CsCl gradient that is formed during the centrifugation).
The DNA and RNA fractions were collected, dialyzed
twice against water, and degraded to their component
nucleosides. In CEM cells treated with PH|E-Ade, [PHJF-
Ado was detected in the RNA and [PHJF-dAdo was
detected in the DNA, which confirmed that F-Ade was
incorporated into both RNA and DNA of CEM cells.
Likewise, [’HJMeP-R was detected in the RNA and
MeP-dR was detected in the DNA of CEM cells treated
with PHIMeP, which confirmed that MeP was also incor-
porated into both RNA and DNA. The incorporation of
F-Ade and MeP into DNA indicated that ribonucleotide
reductase recognized the ribonucleoside diphosphates com-
posed of either MeP or F-Ade as a substrate and that the
dATP analogs of these compounds were utilized as sub-
strates by human DNA polymerases. F-dATP has been
shown to be a good substrate for DNA polymerase a [30].
No studies have been done to evaluate MeP-dR-TP as a
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substrate for human DNA polymerases. Even though MeP
and F-Ade are incorporated into DNA, the data in the rest
of this manuscript indicate that their incorporation into
DNA is not the primary reason for the cytotoxicity of these
two agents to CEM cells.

DISCUSSION

A considerable amount of information is available concern-
ing the mechanism of action of GCV-MP [31-34] and FUra
[17, 18], which are products of HSV dThd kinase and E. coli
Cyt deaminase, respectively. The selective delivery to
cancer cells of the gene for these two enzymes currently
represents the bulk of suicide cancer gene therapy studies
under way. Once GCV is phosphorylated by HSV dThd
kinase, GCV-MP is then further phosphorylated by human
nucleotide kinases to GCV-TP, which is a substrate for
human DNA polymerases. Incorporation into the DNA of
GCV-MP results in inhibition of DNA chain elongation
and thereby inhibits DNA synthesis, which results in cell
death. FUra is converted in human cells to three metabo-
lites (FUTP, F-dUMP, and F-dUTP) that are believed to be
responsible for the cytotoxicity of this agent. Although
FUra is incorporated into RNA, the inhibition of thymi-
dylate synthetase by F-dUMP and the subsequent incorpor-
ation of FUra into DNA is believed to be the primary effect
of this agent that contributes to its anticancer activity.
Therefore, like GCV-MP, FUra is primarily toxic to prolif-
erating cells [35]. One of the reasons that antitumor therapy
with conventional agents has only modest activity against
solid tumors is that most antitumor agents primarily target
proliferating cells, even though many solid tumors have a
low fraction of actively dividing cells [36].

Conversely, relatively little is known about the mechan-
ism of action of either MeP or F-Ade, two prototype toxic
purines that could be generated by E. coli PNP in a gene
therapy strategy. The present studies were done to obtain
information about the biochemical effects of these agents,
so that comparisons could be made with the other suicide
gene therapy strategies. In addition, such information is
critical for the rational development of this particular gene
therapy strategy. The results indicated that both of these
agents are converted to ATP analogs, which then inhibit
some reaction that involves ATP and results in cell death.
Therefore, the mechanisms of action of these two agents are
quite different from that of GCV-MP and FUra in that they
target one or more enzymes that are not related to DNA
synthesis and can kill cells that are not in a proliferative
state. The mechanism of action of these two agents is also
quite different from all of the drugs currently used to treat
cancer and therefore represents a novel approach to killing
tumor cells. The precise mechanism of action of these two
compounds is not known and may be difficult to determine,
because of the many enzyme reactions that utilize ATP.
However, our results indicate that the mechanism of action
of these agents is likely to involve the inhibition of protein
and/or RNA synthesis. It is possible that the incorporation
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of these agents into RNA results in the disruption of its
secondary structure (possibly by inhibiting dSRNA deamin-
ase, see [37]), which could explain the inhibition of both
RNA and protein synthesis seen with these agents.

An interesting finding in our studies was the long
half-life of MeP-R-TP in CEM cells. The reason for the
difference in half-life between MeP-R-TP and F-ATP is not
known. In this and other respects, F-Ade is much more
similar to Ade than is MeP. This information could be
important in determining the appropriate treatment sched-
ules of these two agents. Prodrugs liberating F-Ade may
need to be given more frequently than those that generate
MeP.

Because MeP and F-Ade were first synthesized many
years ago, there has been considerable study of their
metabolism and cytotoxicity in various organisms that is
relevant to the conclusions of this study. Both of these
agents have been evaluated as antitumor agents and were
found to have no selectivity for tumor versus normal cells in
intact animals [38]. This observation is consistent with the
results presented in the current work, which indicate that
these agents inhibit protein and/or RNA synthesis, two
metabolic processes important to all cells. In addition, MeP
and F-Ade are known to be converted to their respective
ribonucleoside triphosphate analogs [19-28, 39]. Indeed, in
cells treated with high concentrations of F-Ado, the F-ATP
pool can replace the ATP pool [20, 21, 25-27], which
suggests that F-ATP is recognized as ATP by the enzymes
involved in maintaining the ATP pool [40]. 2-F-S-Adeno-
sylmethionine and F-cAMP have been detected in cells
treated with F-Ado [25-27] and would also be expected in
cells treated with F-Ade. We did not specifically look for
these metabolites in our experiments. However, the major-
ity (>90%) of the radioactivity from either ["H|MeP or
[PH]F-Ade in the acid-soluble pool was in the triphosphate
fraction (Fig. 5), which indicated that at best 2-F-S-
adenosylmethionine and F-cAMP were relatively minor
metabolites of F-Ade in CEM cells. Cells lacking APRT
activity are resistant to the cytotoxic effects of both MeP
and F-Ade [28], which indicates that the conversion of
these agents to nucleotide analogs is required for their cell
killing action. F-Ade has been shown to be incorporated
into a fraction that was insoluble in alcohol (mixture of
RNA and DNA) in Tetrahymena pyriformis [19]. There have
been some studies that have evaluated F-Ade-containing
metabolites as substrates for various enzymes. Where tested,
these metabolites have been found to be good substrates for
their respective enzymes: RNA polymerase isolated from
Micrococcus lysodeikticus [23]; catechol-O-methyltransferase
[25]; activation of protein kinase isolated from rat brain
[25]; adenylate cyclase [26, 27]; and DNA polymerase «
[30].

Less work has been done to characterize the metabolic
effects of MeP. The studies most relevant to the current
work have been presented only in the form of an abstract
[39]. Regardless, this work indicated that 1) MeP-R-DP was
a good substrate of pyruvate kinase; 2) MeP-R-TP was
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a good substrate for hexokinase; and 3) MeP-R-TP was
capable of replacing ATP in cell-free protein synthesis
reactions and muscle contraction experiments. However,
MeP-R-TP was not able to reverse thyroxin-induced mito-
chondrial swelling, and MeP-R-DP was not used as a
substrate for phosphoglycerate kinase. MeP has been shown
to equally inhibit RNA, DNA, and protein syntheses in
Collybia maculata [41], which is similar to our results in
CEM, MRC-5, and Balb-3T3 cells. Other studies have been
done with MeP, but no clear mechanistic details were
elucidated. References of these studies are included for the
interested reader [42—44].

Another characteristic of these compounds that distin-
guishes MeP and F-Ade from FUra is their potent cytotox-
icity. F-Ade and MeP were 1000- and 10-fold more potent
against CEM cells than was FUra, respectively. It is possible
that F-Ade and MeP could cause tumor regressions in
animals under conditions (equal expression of activating
enzymes) where FUra and GCV-MP would have little
effect. Given the difficulty of selectively delivering genes to
tumor cells in an intact animal, the potency of these agents
(particularly F-Ade) may allow suicide gene therapy strat-
egies to work when only a small amount of gene expression
in the tumor is achieved. In addition, these agents were
potent inhibitors of cell growth after only a short duration
of treatment.

A major concern with agents such as F-Ade and MeP
that target nonproliferating as well as proliferating cells is
that the bystander activity may be too great, and that
normal nonproliferating host cells will also be killed by
these agents. However, we have shown that MeP-dR is
curative against gliomas in the flanks of animals that
express E. coli PNP [8], which indicates that this potential
problem is manageable. This problem is not a concern with
the HSV dThd kinase strategy, because as GCV nucleotides
leak out of the tumor mass, they would be quickly inacti-
vated by serum phosphatases back to GCV. We believe that
this rapid deactivation of GCV nucleotides and the inabil-
ity of cells to take up nucleotides are serious disadvantages
of the HSV dThd kinase strategy. Although the Cyt
deaminase strategy would result in the release of FUra from
the tumor mass, similar to that seen with MeP and F-Ade,
it is unlikely to cause systemic toxicity because FUra is
much less potent than both MeP and F-Ade, and it is
primarily toxic to proliferating cells. It is possible that the
attributes of the compounds generated by E. coli PNP (high
potency of toxin, activity against nonproliferating cells, and
high bystander activity) will be necessary for significant
antitumor activity to occur in a gene therapy scenario.

This work was supported by NIH Grant U19 CA67763.
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