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ABSTRACT

The selective toxicity of purine deoxyribonucleosides for T-

lymphoblasts appears to be mediated by the selective accumu
lation of the corresponding deoxyribonucleoside triphosphates
in these cells. This finding has led to a search for deoxyribonu
cleoside analogues which may have clinical utility in T-cell lym-
phoproliferative disorders. 9-/3-D-arabinofuranosylguanine (ara-
G) is a 2'-deoxyguanosine analogue which is 70-fold more

inhibitory to the growth of T- than of B-lymphoblasts. It is less
potent than ara-C but far more selective in its cytotoxic effect
on T-cells. ara-G is not significantly degraded by purine nucleo-
side phosphorylase (EC 2.4.2.1) activity in T-lymphoblasts and
is metabolized to 9-/3-o-arabinofuranosylguanine 5'-triphos-

phate. The accumulation of this metabolite directly correlates
with inhibition of DNA but not of RNA or protein synthesis.
MOLT-4 T-lymphoblasts were selected for ara-G resistance, and

six clones were identified which exhibited a major degree of
resistance to 2'-deoxyguanosine but little or none to ara-C.

Further characterization of clone 24B3 revealed a 600-fold in
crease in ara-G resistance, a 36-fold increase in 2'-deoxygua-

nosine resistance, and only a 4-fold increase in 1-/i-o-arabinofu-

ranosylcytosine resistance. The 24B3 cell line accumulated less
than 10% of 9-/3-D-arabinofuranosylguanine 5'-triphosphate and
2'-deoxyguanosine 5'-triphosphate from the corresponding nu-

cleosides as compared to wild-type MOLT-4 cells; in contrast,
1-/j-D-arabinofuranosylcytosine 5'-triphosphate accumulation

was approximately 30% of control values. Thus, ara-G differs
from 1-/j-D-arabinofuranosylcytosine in its selectivity for cultured
T-lymphoblasts and may be of use as a chemotherapeutic or

immunosuppressive agent.

INTRODUCTION

The search for antitumor agents with selective toxicity for
lymphoid cells has been aided by the discovery of 2 immunode
ficiency diseases, each caused by a deficiency of an enzyme in
the purine catabolic pathway. ADA4 (EC 3.5.4.4) catalyzes the
conversion of adenosine and 2'-deoxyadenosine to inosine and
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2'-deoxyinosine, respectively. A complete absence of this en

zyme is causally associated with severe combined immunodefi
ciency disease which is characterized by a severe T-cell deficit
and variable B-cell deficiency (17). PNP (EC 2.4.2.1) is respon
sible for the phosphorolysis of guanosine, inosine, and their 2'-

deoxy derivatives to the respective purine bases (35). An inher
ited deficiency of this enzyme results in a profound lack of T-
cells with normal numbers of B-cells (16). In patients with ADA

or PNP deficiency, the inability to degrade dAdo or dGuo results
in the accumulation of abnormally high levels of the correspond
ing deoxynucleoside triphosphates, dATP or dGTP, in erythro-
cytes (7, 8,12). It has been demonstrated that T-lymphoblasts
have a greater ability than do B-lymphoblasts to accumulate the

cytotoxic metabolites dATP or dGTP from dAdo or dGuo, re
spectively, which may account for the severe T-cell deficits
observed in ADA- and PNP-associated immunodeficiency dis

eases (5, 6, 24, 32).
The finding that T-cells are more sensitive than are B-cells to

the cytotoxic effects of dAdo and dGuo has encouraged the
development of antileukemic agents that would specifically inhibit
the growth of malignant T-cells. Inhibition of ADA activity by the
compound 2'-deoxycoformycin has resulted in T-lymphoblast

lysis in vivo (20, 31) but has also been associated with severe
drug-related toxicity which has curtailed its use (25). Inhibition of

PNP activity has not been successfully achieved in vivo. An
alternative to the use of enzyme inhibitors is the development of
deoxynucleoside analogues which are substrates for deoxynu
cleoside kinases but not for the purine degradative enzymes (4,
37). A recent report indicated that ara-G, an analogue of dGuo,
preferentially inhibited DNA synthesis in T-, as compared to B-,
lymphoblasts and was a selective inhibitor of T-lymphoblast
growth (9). We have studied the effects of ara-G on the growth
of T- and B-lymphoblast cell lines in culture and have compared
these effects with the growth inhibitory properties of ara-C, an

agent commonly used in the treatment of lymphoid and myeloid
leukemias. We have also examined the metabolism of ara-G in
T-lymphoblast lines.

MATERIALS AND METHODS

Materials. ara-G was a generous gift from Dr. G. B. Elion, Burroughs-
Wellcome, Research Triangle Park, NC. 8-Aminoguanosine was synthe

sized and kindly provided by Dr. L. B. Townsend, University of Michigan,
Ann Arbor, Ml. ara-C, ara-CTP, dGuo, and calf spleen PNP were pur
chased from Sigma Chemical Co. (St. Louis, MO). ara-GTP was obtained
from Behring Diagnostics (San Diego, CA). [4,5-3HJLeucine (46 Ci/mmol)
and [5,6-3H]uridine (40 Ci/mmol) were purchased from Amersham Corp.
(Arlington Heights, IL), and [mef/jy/-3H]thymidine (20 Ci/mmol) from New

England Nuclear (Boston, MA). HPLC-grade ammonium phosphate was
obtained from J. T. Baker Co. (Phillipsburg, NJ). Affi-Gel 601 was
purchased from Bio-Rad Laboratories (Richmond, CA).

Cell Growth Studies. MOLT-4 and CCRF-CEM T-lymphoblasts and
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MGL-8 B-lymphoblasts were maintained in exponential growth in RPMI

1640 media supplemented with 2 rnw glutamine and 10% horse serum
(Grand Island Biological Co., Grand Island, NY) at 37Â° in a humidified

atmosphere containing 5% C02. Under these conditions, the doubling
time for all cell lines varied between 25 and 30 hr. The effects of ara-G,

ara-C, or dGuo on cell growth were determined as follows. Drugs were

dissolved and then diluted to the appropriate concentrations in tissue
culture media and added in a final volume of 0.5 ml to 10-ml culture

tubes (Falcon Plastics, Oxnard, CA). Lymphoblasts were either diluted
or concentrated to a final density of 5 x 10s cells/ml, and 0.5 ml of this

suspension was added to each drug-containing culture tube. All cultures

were set up in duplicate. Cells were allowed to grow for 72 hr, at which
time 50 ÃŸ\of cell suspension from each tube was diluted with an equal
volume of trypan blue (0.2%), and dye-excluding cells were counted with

the aid of a hemocytometer. Cell growth for each drug concentration
was calculated according to the following equation

% control cell growth

_ (Final cell density - initial cell density) treated
~ (Final cell density - initial cell density) control x 100%

Determination of Intracellular Nucleotides. Cells incubated in the
absence or presence of nucleosides were harvested at 4Â°by centrifu-

gation, extracted with 0.4 N perchloric acid, and centrifugea. The super
natant was neutralized with potassium hydroxide, the potassium per-

chtorate precipitate was removed by tentrifugation, and the supernatant
was stored at -20Â°. Ribonucleotides were detected and quantitated by

HPLC methods, using a Millipore-Waters Associates (Milford, MA) high-
pressure liquid Chromatograph equipped with one M-6000A pump, one
M-45 pump, a Model 441 absorbance detector, a U6K-LC injector, a

Model 730 data module, and a Model 720 system controller. Cell extracts
were loaded onto a Partisil-10 SAX aniÃ³n exchange column, and the

nucleotides were eluted over 30 min with a linear gradient of buffer
ranging from 0.15 M NH4H2PO4, pH 3.8, to 0.60 M NH4H2PO4, pH 3.9.
The column was equilibrated in the initial buffer for at least 10 min
between injections. Nucleoside triphosphates were detected and quan
titated by comparison with authentic standards of known amount. A
typical nucleotide elution profile is illustrated in Chart 4.

For quantitation of deoxyribonucleotides and arabinonucleotides, the
ribonucleotides in the cell extract were removed by affinity chromatog-
raphy on a coronate gel column. Deoxyribose- and arabinose-containing

compounds were eluted with a buffer consisting of 0.05 M NH4HCO3 and
0.015 M MgClj, pH 8.9, while greater than 99% of the ribonucleotides
were retained on the gel in this buffer system. The ribose-containing

compounds were eluted with 20 ml of 0.10 M NHâ€žCOOH,pH 4.0, and
the column was regenerated by extensive washing with the loading
buffer. Less than 1% of the cellular ribonucleotides coeluted with the
deoxyribonucleotides. The deoxyribonucteoside triphosphates were
completely separated from the remaining ribonucleoside triphosphates
by aniÃ³nexchange chromatography, as described above.

Determination of Phosphorolysis of ara-G. The possibility that ara-
G was phosphorolyzed by PNP was studied by 3 methods, (a) ara-G and

dGuo, at concentrations of 10, 100, or 1000 Â¿IMwere incubated with
0.325 unit of purified PNP from calf spleen (Sigma) for 12 hr at 37Â°in a

buffer containing 0.05 M KH2PO4, pH 7.4 and bovine serum albumin (2
mg/ml). The nucleoside and base products of this reaction were detected
and quantitated by reversed-phase HPLC methods using a Cm-pBon-
dapak column (Millipore-Waters) in a buffer consisting of 10% methanol

in 0.05 M KH2P04, pH 2.6. Using this method, we could detect as little
as 0.5 nmol guanine. (b) The disappearance of ara-G from the media of
T-lymphoblasts incubated with the drug was determined. MOLT-4 cells
(3 x 105 cells/ml) were incubated with 20 UM ara-G for 72 hr, and at

various times, an aliquot of the cell suspension was removed, centri-
fuged, and the supernatant extracted with 0.4 N perchloric acid at 4Â°.

After centrifugation, the extract was neutralized with potassium hydrox

ide and analyzed for the presence of ara-G and guanine by reversed-

phase HPLC methods as described previously, (c) The ability of the PNP
inhibitor 8-aminoguanosine (50 //M) to enhance the toxicity of ara-G in
MOLT-4 T-lymphoblasts was assessed using the previously described
growth assay. The PNP activity determined in lysates of the MOLT-4 cell

line has been reported as 36 nmol/min/mg (24). The activities of other
purine metabolizing enzymes in the MOLT-4 cell line have been published

(30).
Incorporation of [3H]Thymidine, [3H]Uridine, and [3H]Leucine into

Acid-insoluble Cellular Material. Two ml of MOLT-4 cells at a concen
tration of 5 x 105 cells/ml were incubated with [3H]thymidine (10 Â¿iCi/
ml), [3H]uridine (10 /iCi/ml), or [3H]leucine (20 ^Ci/ml) for 30, 10, or 30

min, respectively, prior to the conclusion of the 1-hr incubation period.

The cells were then diluted immediately with cold cell culture medium,
centrifugea at 4Â°,and extracted with 1 ml of cold 10% trichloroacetic

acid. The acid-insoluble material was collected on GF/A filters (Whatman

Laboratory Products Inc., Clifton, NJ) and washed extensively with 10%
trichloroacetic acid The filters were dried, placed in scintillation vials with
0.2 ml of 4 M NH4OH and 10 ml of Bray's scintillation fluid, and counted

in a Tracer Model 6892 analytic scintillation spectrometer (Tracer Analytic
Inc., Elk Grove Village, IL). Less than 3% of the radioactivity in the acid-
insoluble cellular material after [3H]uridine incubation was due to DNA

incorporation of the radioactive precursor.
Determination of [3H]TTP and [*H]UTP Specific Activity. [3H]Thy-

midine or pHJuridine was added as described above to 40 or 5 ml of
MOLT-4 cells (5x10Â° cells/ml), respectively. Cellular nucleotides were

extracted arid analyzed by HPLC methods as detailed earlier. Column
eluates corresponding to TTP or UTP were collected in 0.6-ml fractions

and added to scintillation vials with 0.4 ml H;,O and 9 ml ACS scintillation
fluid (Amersham) and counted in a Packard Tri-Carb liquid scintillation

Model 3382 spectrometer (Packard Instrument Co., Inc., Downers Grove,
IL). The specific activities of [3H]TTP and [3H]UTP were calculated by

dividing the radioactivity associated with each peak by the nmol of the
compound present in each peak as determined by UV absorbance.

Development of Mott-4 Cells Resistant to ara-G. MOLT-4 T-lym
phoblasts were cultured initially in the presence of 0.05 UM ara-G. The
concentration of ara-G was sequentially increased by a factor of 2 to 2.5

as the doubling time normalized to reach a final concentration of 50 /IM.
Cloned-cell populations were obtained by diluting cells growing in several
ara-G concentrations to a density of 0.5 cell/ml in drug-free RPM11640

consisting of 80% fresh medium (RPM11640 with 10% fetal calf serum)
and 20% filtered supernatant from a 3-day culture of MOLT-4 cells. One

ml of this suspension was placed into individual wells in Falcon tissue
culture plates and allowed to grow for 3 to 4 weeks. Cell colonies formed
in approximately 25% of the wells and were grown in sufficient quantities
for drug sensitivity testing.

RESULTS

Comparative Effects of ara-G and ara-C on Cell Growth.
As shown in Chart 1, ara-G inhibited the growth of T-lymphoblast
lines to a 70-fold greater extent than that of B-lymphoblasts (ICso
values of 0.1 and 7.0 UM, respectively). In contrast, ara-C was
only 5-fold more toxic to T-lymphoblasts, although it inhibited
the growth of both T- and B-cell lines at lower concentrations
than did ara-G (IC5Uvalues of 0.008 and 0.042 /IM, respectively).
Similar results were obtained with GM 558 B-lymphoblasts (data

not shown), and no significant differences were observed be
tween MOLT-4 and CCRF-CEM T-lymphoblasts. Thus, ara-G is

more selective, although less potent, in its growth inhibitory
effects on T-lymphoblasts than is ara-C.

Degradation of ara-G. The question of whether or not ara-G

can be degraded to guanine by PNP activity was investigated in
3 ways: (a) ara-G or dGuo, a known PNP substrate, was incu-
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Chart 1. Comparative effects of ara-G and ara-C on the growth of T- and B-

lymphoblasts. Data points are the average of a minimum of 2 experiments per
formed in duplicate. â€¢,T-lymphoblasts (MOLT-4 and CCRF-CEM); O, B-lympho-
blasts (MGL-8); â€”, intersection of the growth inhibition curves at the 1CÂ»values.

Ara-G Concentration(>jM)

Chart2. Effectof ara-Gon ONAsynthesisin T-lymphoblasts.MOLT-4cells
were incubatedwith variousconcentrationsof ara-Gfor 1 hr. Valuesare the
averageof duplicatedeterminations.Similarresultswereobtainedin 2 additional
experiments.

bated at concentrations of 10,100, and 1000 IM with calf spleen
PNP. Following incubation periods of up to 12 hr, there was no
detectable phosphorolysis of ara-G. dGuo was degraded by

greater than 90% under identical conditions; (b) the disappear
ance of ara-G from a culture of MOLT-4 cells grown in the
presence of 20 UM ara-G was monitored over a 72-hr period.
Eighty-five % of the initial ara-G remained at the end of this
period; and (c) the PNP inhibitor, 8-aminoguanosine (42), which
clearly enhances the cytotoxic effect of dGuo on T-lymphoblasts
(24) did not enhance the ara-G-mediated growth inhibition (data
not shown). We conclude that degradation of ara-G by PNP does

not occur to any detectable extent under the conditions studied
and does not play a role in the inhibition of growth observed in
our culture system.

Effects of ara-G on T-Lymphoblast Metabolism. The effects
of ara-G on DNA synthesis in MOLT-4 cells as determined by
the incorporation of [3H]thymidine into acid-precipitable material

is shown in Chart 2. DNA synthesis was inhibited by nearly 20%
after exposure of cells to 0.5 /IM ara-G for 1 hr. Increasing ara-

G concentrations were associated with a progressive reduction
in DNA synthesis, with approximately 80% inhibition occurring
at a concentration of 50 /Â¿M.In contrast, 50 UM ara-G had no

inhibitory effect on protein or RNA synthesis at time periods up

to 4 hr (Chart 3). Similar results were obtained with the CCRF-
CEM T-cell line.

The possibility that the accumulation of the radioactive pre
cursors for RNA and DNA synthesis was altered in the drug-
treated cells relative to the untreated controls was assessed by
determining the specific activities of both the [3H]UTP and [3H]-

TTP pools. During a 4-hr incubation period of MOLT-4 cells with
50 UM ara-G, there was no change in the specific activity of the
[3H]Ln"P pools relative to the untreated controls. In similar ex

periments, the specific activity of the [3H]TTP pools was 1.7- to

2-fold higher in the ara-G-treated cells compared to untreated
MOLT-4 cells. These data indicate that the decrease in DNA
synthesis observed in MOLT-4 cells incubated with ara-G (Chart

4) was not artifactually lowered relative to normal controls be
cause of a decrease in cellular [3H]TTP specific activity.

In order to examine whether or not ara-G was phosphorylated
intracellularly to the corresponding triphosphate in a manner
analogous to other arabinonucleosides, MOLT-4 cells incubated
with ara-G were extracted, and the cellular nucleotides were
analyzed by HPLC methods for ara-GTP, as illustrated in Chart
4. An additional peak, marked by the arrow, eluted after GTP
and dGTP in the treated cells and was not retained on a boronate
affinity column that binds ribonucleotides. Commercially pre
pared ara-GTP added to the cell extracts coeluted with the

unknown peak. In addition, the HPLC column eluate correspond
ing to the unknown peak was collected, desalted, and then
dephosphorylated with alkaline phosphatase. The resulting com
pound was analyzed by reversed-phase HPLC and was shown
to coelute with authentic ara-G. These data indicate that this
peak is ara-GTP.

The effect of extracellular ara-G concentration on the accu
mulation of ara-GTP in MOLT-4 T-lymphoblasts is shown in
Chart 5. Following 1-hr incubations, there were progressive
increases in ara-GTP levels associated with increasing ara-G
concentrations. The effect of ara-GTP accumulation on pH]-
thymidine incorporation into DNA was also determined in this
experiment. As illustrated in Chart 6, the intracellular level of ara-
GTP was inversely related to DNA synthesis. Less than 20 pmol
ara-GTP/107 cells were required to inhibit DNA synthesis by

50%. The results of several similar experiments demonstrated

12

O^

.Ib6
'

024 024

Hours after Ara-G addition
Chart 3. Effects of ara-G on protein and RNA synthesis. MOLT-4 T-lympho

blasts were incubated in the absence (â€¢)or presence (O) of 50 Â«Â¿Mara-G for 4 hr.
Values are the average of duplicate determinations in a representative experiment.
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Chart 4. HPLC fracttonation of MOLT-4 cells atter a 4-hr incubation in the

absence or presence of 50 MM ara-G. Acid-soluble extracts from 9.5 x 106 cells
were prepared and analyzed as described in "Materials and Methods." J. new peak

in ara-G-treated cells (bottom). Relative values for guanine nucleotides are as
follows: control, 0.886 nmol GIP and 0.042 nmol dGTP; ara-G treated. 0.766 nmol
GTP, 0.047 nmol dGTP, and 0.031 nmol ara-GTP.
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Charts. Accumulation of ara-GTP in MOLT-4 cells incubated with various

concentrations of ara-G for 1 hr. Intracellular levels of ara-GTP were determined
as outlined in "Materials and Methods."

consistently a strong association between increasing ara-GTP

levels and a progressive decline in DMA synthetic rate.
The effects of ara-GTP accumulation on the levels of both

deoxy- and ribonucleoside triphosphate pools were also mea
sured in T-lymphoblasts incubated with ara-G concentrations

from 5 to 250 IM for 1 hr. No significant changes were observed
in any of the 4 ribonucleoside triphosphate pools. A modest (25
to 50%) but consistent increase in all 4 deoxyribonucleoside
triphosphate pools was observed in these experiments at ara-G

IOO
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nmol Ara-GTP/IO7 cells

Chart 6. Effect of intracellular ara-GTP accumulation on DNA synthesis in T-
lymphoblasts. MOLT-4 cells were incubated with ara-G for 1 hr, and cells were
assayed simultaneously for both ara-GTP accumulation and incorporation of 13H|-
thymidine into DNA, as described in "Materials and Methods."

concentrations greater than 100 //M. However, these changes
did not account for the observed inhibition of DNA synthesis at
lower ara-G concentrations.

ara-G-resistant T-Lymphoblast Clones. Fifteen ara-G-resis-
tant clones of the MOLT-4 cell line were obtained as outlined in
"Materials and Methods." The concentration of ara-G required to

inhibit the growth of these clones by 50% ranged from 10 to 90
MM.The clonal cell line showing the highest level of resistance to
ara-G (designated cell line 24B3) was analyzed further for its
sensitivity to ara-C and dGuo. Chart 7 illustrates the effects of
these nucleosides on the growth of unselected MOLT-4 cells as
compared to the 24B3 cell line. The PNP inhibitor, 8-amino-

guanosine, was included in incubations with dGuo to prevent
guanine-induced growth inhibition (10, 41). The \Csoof ara-G for

the 24B3 cell line was 90 /Â¿Mas compared to 0.15 //M for the
unselected cells, an increment of 600-fold. In marked contrast,
the ara-G-resistant cells were 3- to 4-fold less sensitive to ara-C
(ICsoof 0.05 Â¿Â¿M)than were the wild-type MOLT-4 cells. dGuo in
the presence of 8-aminoguanosine was significantly less inhibi
tory to the growth of the ara-G-resistant cells than to wild-type
cells (ICsoSof 72 and 2 UM, respectively). ara-G resistance in this

clone is thus mediated by a mechanism which confers greater
cross-resistance to dGuo than to ara-C. Five other clonal cell

lines also demonstrated a far greater increment in resistance to
dGuo (10- to 36-fold) than to ara-C (0 to 4-fold).

The ara-G-resistant cell line 24B3 was further characterized
for its ability to accumulate ara-GTP from ara-G. Chart 8 illus
trates that the amount of ara-GTP accumulated in the 24B3 cell
line was less than 15% of the amount accumulated in wild-type
MOLT-4 cells under identical conditions. Similar results were
obtained using cell-free extracts of the 2 cell lines demonstrating

that a decrease in nucleoside transport in the 24B3 cell line was
not responsible for the decreased accumulation of ara-GTP.

The 24B3 cell line was also examined for its ability to accu
mulate ara-CTP and dGTP from ara-C and dGuo, respectively
(Chart 8). The 24B3 cells accumulated ara-CTP to approximately
30% of the level observed in wild-type lymphoblasts. This line
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Chart 7. Comparative effects of ara-G, ara-C, and dGuo (in thÃ¨prÃ©senceof 500
MMof 8-aminoguanosine) on the growth of wild-type and ara-G-resistant T-lymph-
oblasts. Cells were grown for 72 hr in the presence of the indicated drug concen
trations. â€¢,wild-type MOLT-4 cells; O, ara-G-resistant MOLT-4 cells; â€”, intersec

tion of the growth inhibition curves at the 1CÂ«,values.

also exhibited a marked reduction in its ability to accumulate
dGTP from dGuo. At concentrations ranging from 50 to 200 /tM,
the amount of dGTP accumulated was less than 7% of that
accumulated in wild-type cells. Thus, a major feature of the 24B3

cell line is its decreased ability to accumulate the corresponding
intracellular nucleoside triphosphates from dGuo and ara-G, and
to a far lesser extent from ara-C.

DISCUSSION

Although ara-G was first synthesized over 20 years ago (39),
it has received relatively little attention as a potential chemother-

apeutic agent. At a single low dose, it was found to be ineffective
against mouse ascites tumor cells (3) and was not as cytotoxic
as ara-A against 2 mammalian cell lines (15). In addition, there

was some evidence that it was degraded by PNP activity (15).
However, the recent observation that ara-G selectively inhibits
DMA synthesis in T-, as compared to null and B-lymphoblasts

(9), has raised the question of whether this agent might indeed
have some clinical utility in T-cell lymphoproliferative disorders.

Our data support the concept that ara-G is far more inhibitory
to the growth of T- than to B-lymphoblasts. Much less of a
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Chart 8. Accumulation of ara-GTP, ara-CTP, and dGTP in wild-type and ara-G-
resistant T-lymphoblasts. Cells were incubated with drugs at the indicated concen
trations for 1 hr. D, wild-type MOLT-4 cells; a, 24B3 ara-G-resistant cell line. dGTP

represents the amount accumulated above the control level.

selective T- cell effect was observed with ara-C. The primary
effect of ara-G, as of other arabinonucleosides, appears to be

on DNA synthesis; we observed no inhibitory effects on RNA or
protein synthesis at time periods which exceeded by several hr
the marked inhibition of [3H]thymidine incorporation into DNA. A

similar specificity for inhibition of DNA synthesis was reported in
mouse lymphoma cells, although ara-G was much less toxic for

these cells (33).
The metabolic fate of ara-G has not been definitively eluci

dated. Degradation by PNP activity appeared to occur in vivo in
a mouse model (15) but was not reported to occur in vitro by
Cohen ef al. (9). We were unable to document significant deg
radation of ara-G to guanine by purified PNP enzyme or by the
T-lymphoblast culture system. These data are in agreement with
those of Parks et al. (36), which demonstrated that arabinosylhy-

poxanthine was a poor substrate for PNP. Our studies have
demonstrated that ara-G is phosphorylated to ara-GTP in T-
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lymphoblasts and that the degree of ara-GTP accumulation is
related to the concentration of ara-G to which the cells are

exposed over a 10 to 100 Â¿IMrange. In addition, a strong
association was observed between the amount of ara-GTP

formed and the degree of inhibition of DNA synthesis. Further
more, this inhibition appears to be directly mediated by ara-GTP,
since the Â¡ntracellularlevels of both the deoxy- and ribonucleo-

side triphosphates were not altered when significant DNA syn
thesis inhibition was observed. The mechanism of inhibition has
not been completely established. Ono ef al. (34) have demon
strated that ara-GTP is a potent competitive (with dGTP) inhibitor

of murine and oncomavirus DNA polymerase with a KÂ¡value of
0.5 tiM. Lesser degrees of inhibition of DNA polymerases ft and
â€¢ywere also observed. It is also possible that ara-GTP may be
directly incorporated into DNA in a manner analogous to ara-
ATP and ara-CTP (11, 27, 28).

Of interest is the observation that cloned T-lymphoblasts which
have been selected for ara-G resistance exhibit a much greater
degree of cross-resistance to dGuo than to ara-C. In addition,
the resistance to ara-G appears to be mediated by a decreased
ability to accumulate ara-GTP. In the cell line exhibiting the
greatest level of resistance to ara-G, the accumulation of ara-
GTP and dGTP were decreased 8- and 9-fold, respectively, as
compared to a 3-fold reduction in ara-CTP accumulation. Thus,
the difference in the resistance of this line to ara-G as compared
to ara-C (150-fold) is far greater than the difference in relative
nudeoside triphosphate accumulation (3-fold). One possible ex
planation for this observation is that the amount of ara-CTP

required to inhibit DNA synthesis is readily achieved at very low
ara-C concentrations in the selected line, whereas significantly
more ara-GTP is necessary to achieve comparable inhibition. In

support of this hypothesis, we have demonstrated that 50%
inhibition of DNA synthesis is achieved in wild-type MOLT-4 cells
at an ara-CTP level of 5 pmol/107 cells, whereas approximately
19 pmol/107 cells of ara-GTP is required to produce the same

degree of inhibition.
The exact metabolic defect in the 24B3 cell line which results

in the decreased accumulation of ara-GTP, dGTP, and ara-CTP

from their corresponding nucleosides has not been established.
Since similar decreases in triphosphate formation were not ob
served in cell lysates, the defect is not one of nucleoside trans
port. A major possibility is that the 24B3 cell line possesses
altered kinase activity relative to wild-type cells. It has been

demonstrated that deoxycytidine kinase is primarily responsible
for the phosphorylation of ara-C to ara-CMP (11,14). It is less

certain which enzyme is responsible for dGuo phosphorylation.
A CCRF-CEM human T-lymphoblast line selected for its resist
ance to thioguanine and ara-C and deficient in deoxycytidine

kinase activity failed to phosphorylate deoxyguanosine, and it
was concluded that deoxycytidine kinase is the functional de
oxyguanosine kinase in these cells (22). Similarly, a mouse S49
T-cell line lacking deoxycytidine kinase and hypoxanthine-guan-

ine phosphoribosyltransferase was resistant to dGuo and did not
accumulate dGTP (21). However, there is strong evidence that
a physically separable deoxyguanosine kinase exists in a variety
of mammalian tissues and that this enzyme does not readily
phosphorylate deoxycytidine (1,18,19, 23, 29, 40). In addition,
a partially purified deoxycytidine kinase was able to phosphory
late dGuo but exhibited a relatively high Km value for this sub
strate (26). A recent preliminary report indicated that ara-G is

phosphorylated to ara-GMP via both deoxycytidine kinase and

dGuo kinase (43). A selective defect in a kinase with greater
specificity for deoxyguanosine phosphorylation than for ara-C

could certainly explain the results obtained with the resistant
line, as could an altered affinity of deoxycytidine kinase for dGuo
and its derivatives. Alternatively, the 24B3 cell line may have
acquired resistance to ara-G through an accelerated rate of
catabolism of ara-G nucleotides. The availability of a human T-

lymphoblast line which has been selected for resistance to a
dGuo derivative rather than to ara-C and which clearly differs
from previously described deoxycytidine kinase-deficient mu
tants in its lack of resistance to ara-C should provide added

insights into deoxyribonucleoside metabolism in these cells.
The selective effect of ara-G on T-lymphoblasts may have

major therapeutic implications. dGuo has been used effectively
to reduce suppressor T-cell populations both in vitro (13) and in

a mouse model (2) and to ablate thymocytes prior to thymic
transplant (38). Its major liability has been its rapid degradation
to guanine by the high levels of PNP activity present in RBC.
The availability of a compound which is similarly metabolized by
T-cells but which is not degraded by PNP could be of significant
use in T-cell lymphoproliferative disorders, as well as in immu-

nosuppression. The additional potential for circumventing the
nonspecific myelosuppression resulting from ara-C therapy
makes ara-G an excellent candidate for further animal studies.
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Note Added in Proof

We have recently observed that incubation of human whole blood with ara-G
results in measurable degradation of the drug within a few hours.
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