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SUMMARY
2’,3’-Dideoxycytidine (ddCyd), a potent inhibitor of human im-
munodeficiency virus DNA replication, requires phosphorylation
by cellular nucleoside kinases for antiviral activity. Deoxycytidine
kinase (NTP:deoxycytidine 5’-phosphotransferase, EC 2.7.1.74)
is responsible for the formation of dideoxycytidine monophos-
phate and this enzyme is controlled by feedback regulation by
the natural endproduct, dCTP. We have examined whether a

decrease in intracellular dCTP levels affects the growth inhibition
caused by ddCyd, as well as the capacity to accumulate dide-
oxycytidine triphosphate (ddCTP), using human T lymphoblast

(CEM) cells in culture. Subtoxic concentrations of thymidine were
used to decrease the dCTP pool. The effects of 3’-azido-3’-
deoxythymidine (AZT), alone or in combination with ddCyd, on
cell growth, DNA precursor pools, and accumulation of ddCTP
were also studied. The combination of ddCyd and thymidine led
to growth inhibition of CEM cells that was twice what would be
expected from addition, whereas the combination of AZT and
ddCyd showed an additive effect. GEM cells accumulated ddCTP
efficiently, so that with 10 MM ddCyd (corresponding to the EC50
value) and a 6-hr incubation the ddCTP pool was 3-fold higher
than the dCTP pool. Simultaneous addition of thymidine (1 0 ,AM)

increased the dTTP pool 2-fold and gave a 50% reduction in the

dCTP level but only a 1 0% increase in ddCTP accumulation. The
presence of AZT (300 MM, corresponding to the EC50 value) led,
in contrast, to an elevation of dCTP and no significant change in
the other DNA precursor pools. With this high concentration of
AZT, the accumulation of ddCTP decreased 42%. It was also
found that ddCyd is metabolized into two additional compounds,
besides the dideoxycytidine mono-, di-, and triphosphate, i.e.,
the liponucleotides dideoxycytidine diphosphate-ethanolamine
and dideoxycytidine diphosphate-choline, constituting 45 and
6% of the total phosphorylated ddCyd metabolites, respectively,
whereas the mono-, di-, and tnphosphate corresponded to 3,
21 , and 25% of the phosphorylated dideoxynucleotides. These
results indicate that the formation of dideoxycytidine monophos-
phate is not rate limiting in the synthesis of ddCTP in human
lymphoblasts, which clearly differs from what was observed
earlier in mouse cells (Mo! Pharmaco! 32:798-806 1 988). Fur-
thermore, growth inhibition by ddCyd seems to be related to the
ratio between dCTP and ddCTP. There was no direct interfer-
ence between ddCyd and AZT metabolism in clinically relevant
concentrations, which may encourage the use of combination of
these compounds for anti-human immunodeficiency virus treat-
ment.

A number of nucleoside analogs have been reported to inhibit

the replication of HIV, the causative agent of acquired immu-

nodeficiency syndrome, in vitro (1-5). One of these, AZT, has

shown definite clinical effects by reducing morbidity and mor-

tality in patients with acquired immunodeficiency syndrome

(4, 6). Of the dideoxynucleosides studied to date, ddCyd has

been shown to be the most potent antiviral agent (2, 4).

The mode of action of these two analogs is dependent on

their phosphorylation by cellular enzymes in the cytoplasm to

yield the corresponding 5’-triphosphates, which can compete
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with normal nucleotides for the retroviral reverse transcriptase

enzyme. Incorporation of analogs with modified 3 ‘ -positions

leads to termination of the growing viral DNA chain, and the

selectivity is based on the fact that cellular a-polymerase binds

these analogs with much lower affinity than reverse transcrip-

tase (7-9).

Initial clinical trials with ddCyd have been performed and

significant negative side effects in the form of peripheral neu-

ropathy for both AZT and ddCyd have been observed (4, 10).

The major toxicity of AZT is significant bone marrow suppres-

sion, and recently the emergence of AZT-resistant variants of

HIV have limited the usefulness of this drug (10, 11). For this

reason, combinations of antiretroviral drugs are of great inter-
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1 L. Zech, personal communication.

est, not only to increase their efficiency and reduce their

toxicity but also to diminish the risk of developing drug-

resistant viruses.

The combination of acyclovir and AZT has shown a higher

anti-HIV-1 effect in ATH8 cell cultures than either ofthe drugs

alone (3). Also, combinations of 2’,3’-dideoxynucleosides have

been shown to give additive to synergistic effects in the inhi-

bition of HIV-1 replication in MT-4 cells (12). Unexpectedly,

antagonism between the anti-HIV activity of ribavarin and

AZT (12, 13), as well as ribavarin and pyrimidine-2’,3’-dide-

oxynucleosides, has been reported (12).

Deoxycytidine kinase is responsible for the metabolic acti-

vation of ddCyd (7, 8, 14, 15) but the Km for this analog is

approximately 60-fold greater than for the natural substrate

dCyd. We have recently purified deoxycytidine kinase to ho-

mogeneity from human leukemic spleen and the enzyme (a

dimer of two M� 30,000 subunits) showed a broad substrate

specificity and efficiently phosphorylates cytosine and purine

deoxyribonucleosides (16). The enzyme is controlled by feed-

back inhibition by dCTP (16, 17).

The object of this investigation was to examine whether a

decrease in the intracellular concentration of dCTP alters the

capacity of human T lymphoblasts to accumulate ddCTP from

extracellular ddCyd, i.e., whether the activity of deoxycytidine

kinase is rate limiting for the formation of ddCTP in vivo. We

used subtoxic concentrations of thymidine, which is known to

decrease the dCTP pool by allosteric inhibition of ribonucleo-

tide reductase (18, 19). The capacity of AZT to mimic the

effects of thymidine was also investigated, with regard to both

growth inhibition and intracellular DNA precursor pool

changes, using the well studied, HIV-infectable, human T lym-

phoblast cell line CEM as a model system.

Similar studies have been performed with mouse L1210 cells

and in part also with ATH8 human T cells (14). However, our

results differ in several, important aspects from these earlier

studies. It appears that in CEM cells the activity of deoxycyti-

dine kinase is not rate limiting in the accumulation of ddCTP

from ddCyd.

Materials and Methods

Chemicals. AZT and thymidine were bought from Sigma Chemical
Company. Tritiated ddCyd was a gift from Drs. D. Johns and S. Broder,

National Cancer Institute (Bethesda, MD) and was also bought from

Moravek Biochemical Company. Tritiated 2’-deoxycytidine was bought
from Amersham and ddCTP was purchased from Pharmacia.

Cell culture. The CCRF-CEM wild-type line, a malignant human
T lymphoblastoid cell line, was kindly provided by B. Ullman, Univer-
sity of Oregon (Portland, OR). CEM cells were routinely propagated at
37’ in Dulbecco’s modified Eagle’s medium with 10% heat-inactivated
(56’, 30 mm) horse serum, in a humidified 7% CO2 atmosphere.
Karyotype analysis of the cell line demonstrated that they were of
human origin’ and they were also routinely checked for Mycoplasma

infection.

Growth rate experiments. The ability of the CEM cell line to
survive and multiply in cell culture medium containing growth-inhibi-
tory and cytotoxic agents was compared as follows. One-milliliter

aliquots of cell culture medium containing iO� cells were placed in
Linbro multiwell (24-well) plates. Small aliquots (10-50 �zl) of the

respective growth-inhibitory agents were added. After approximately

three divisions (72 hr) of exponential growth in control wells, cells were
counted by using a cell counter (Analysis Instrument VDA 140). The

difference between the final and the initial cell density was plotted as

a percentage of the number of cells in control wells without drug added.

Measurement of intracellular deoxynucleotide concentra-
tions. To ensure exponential and asynchronous growth, CEM cells
were grown overnight. At a density of 0.6-0.8 X 106 cells/ml in a 50-ml

flask, the cells were incubated for different time periods (2-10 hr) with

the different agents at the concentrations indicated. Cells were har-

vested by centrifugation at 200 x g for 10 mm at room temperature,

followed by two washes in cold phosphate-buffered saline. The nucleo-

tides were extracted with 0.6 M trichloroacetic acid (250 �tl), and the

acid was removed according to the method of Khym (20).
When cells were incubated with tritiated deoxycytidine or ddCyd, 2

x 106 cells in 2 ml of medium were incubated for 6 hr with 0.8 �zM

deyxocytidine or 1.0 �zM ddCyd (specific activities, 6.5 and 2 Ci/mmol,

respectively), and nucleotides were extracted as described above.

Nucleotides were separated by HPLC, using a Whatman Partisil 10-

SAX anion exchange column and a Waters Associates absorbance
detector (model 440). After oxidation of the ribonucleotides with so-

dium periodate in the presence of methylamine (21), the deoxynucleo-

side triphosphates were eluted isocratically with 0.4 M ammonium

phosphate/2.5% acetonitrile, pH 3.4, at a flow rate of 1.5 ml/min.

When mono-, di-, and triphosphates were measured, the column was

eluted with a gradient (mainly as described in Ref. 22) from 10 mM

ammonium phosphate, pH 3.8/7% methanol (buffer A) to 0.5 M am-

monium phosphate, pH 3.8/7% methanol (buffer B). The gradient ran

isocratically for 10 mm at 0.5 ml/min using buffer A. From 10-11 mm,

flow was changed to 1 ml/min using buffer A. From 11 to 16 mm, a

linear gradient simultaneously changed the solvent from 100% buffer

A to 100% buffer B and flow from 1.0 ml/min to 1.5 ml/min. Buffer B

ran isocratically from 16 to 32 mm. The column was reequilibrated by

running a linear gradient from 32 to 37 mm, changing buffer from

100% B to 100% A, and then was run isocratically using buffer A from

37 to 52 mm at a flow rate of 2 ml/min. All deoxynucleotides were
detected by their relative absorbances at 254 and 280 nm and quantified

by comparison with known standards or, for the labeled extracts, by
their specific activities. Radioactivity measurements on the eluent from

the HPLC was done with an on-line radioactivity detector (FLO ONE!

Beta Series A-200; Radiomatic Instruments & Chemical Co.) with a
liquid scintillation cell (size 2.5 ml), using Insta-gel (Packard Instru-

ments) as scintillation liquid.

Samples were treated with alkaline phosphatase (Sigma) and phos-

phodiesterase (from Crotalus durissus; Boehringer Mannheim) (in a

reaction mixture containing 7 MM MgCl2, 5 �M Tris . HC1, pH 9.3, 90
units alkaline phosphatase or phosphodiesterase, plus cell extract from

1 x 106 cells, incubated at room temperature overnight) in order to

identify which peaks correspond to dideoxynucleotides. The protein

was precipitated with 5% trichloroacetic acid and neutralized according

to the method of Khym (20). The metabolites were separated by

chromatography both on Partisil 10-SAX, described above, and on
Nucleosil C-18 (Scandinavian GeneTec AB) in 20 mM ammonium

acetate, pH 5.0, where the ddCMP is separated from liponucleotide
peaks.

Results

Growth rate determinations. The sensitivity of CCRF-

CEM cells to increasing concentrations of ddCyd was studied

with or without simultaneous addition of thymidine or AZT.

The effective concentration of ddCyd that inhibits cell growth
by 50% (the EC50 value) is 10 pM. When thymidine (1 and 3

�tM, which were not growth inhibitory on their own) was added

simultaneously with ddCyd, the inhibition curve was shifted

downwards, i.e., the cells became more sensitive to ddCyd. The

EC50 values decreased from 10 pM ddCyd without thymidine to

7 and 5 �zM with 1 and 3 �sM thymidine added, respectively.

Also, the effect of increasing concentrations of AZT was stud-

ied, with or without simultaneous additions of ddCyd. The EC50
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value for AZT alone was 300 �tM. When combined with ddCyd

(2 and 4 �zM, which led to 20 and 30% growth inhibition,

respectively), the EC50 values of AZT were decreased to 150

and 45 sM, respectively. Data from several experiments like

these were evaluated by the isobologram method (23, 24), in

which the EC50 value was used for calculations of the FIC. The

combination of thymidine and ddCyd was demonstrated to be

synergistic, with a minimum FIC index of 0.4, whereas the

combination of AZT and ddCyd was found to be additive to

subsynergistic, with the minimum FIC index being 0.6 (Fig. 1).

Intracellular deoxyribonucleotide concentrations. The

deoxyribonucleoside triphosphates were analyzed and quanti-

fled by HPLC after various additions. In these experiments,

the concentration of ddCyd that caused 50% inhibition of cell

growth (i.e., 10 sM) was used, alone or in combination with the

EC50 concentration of thymidine (10 SM), in order to make

comparisons with the growth inhibition data relevant, and the

time of incubation was varied from 2 to 10 hr. We found, by

comparison with a known standard, that the ddCTP peak

eluted between dATP and dGTP, with a retention time of 25.2

mm (Fig. 2), in the isocratic HPLC system described above

and, thus, could be determined directly without the use of

radiolabeled compound. The results in Fig. 3A show that the

ddCTP pool increases almost linearly with time for 6 hr. The

dCTP pool, on the other hand, decreased throughout this time

period (Fig. 3B). The ddCTP pool also increased almost linearly

with increasing extracellular ddCyd up to 20 sM (Fig. 4). With

10 �sM ddCyd and 6 hr of incubation, the ddCTP was 3-fold

higher than the dCTP pool (Fig. 4 and Table 1).

When thymidine was added, the intracellular dCTP concen-

tration decreased significantly (Figs. 3B and 4B and Table 1)

as a consequence of feedback inhibition of CDP reduction

because of the high dTTP level. Addition of ddCyd did not

alter the effects produced by thymidine alone but, surprisingly,

the accumulation of ddCTP was not enhanced significantly by

the simultaneous presence of thymidine (10 �tM) (Fig. 3 and

Table 1). The effect of increasing concentrations of ddCyd was

also studied, alone or in combination with 10 �zM thymidine

(Fig. 4), using 6 hr of incubation. The effect of thymidine

addition on the ddCTP level was minimal.

The intracellular concentrations of the other deoxynucleo-

tides, i.e., dTTP, dATP, and dGTP, were not significantly

affected by addition of ddCyd (Table 1).

In contrast, when 300 pM AZT was added, the dCTP level

increased more than 200% and the dTTP pool also increased,

whereas dATP and dGTP were at normal levels (Table 1). A

40% decreased accumulation of ddCTP was observed when 300

�sM AZT was added together with ddCyd (Table 1), whereas the

other pools were not changed, as compared with 300 pM AZT

alone. Addition of clinically relevant concentrations of AZT

(10 �sM) gave no effect on the accumulation of ddCTP from

ddCyd (10 �zM) during a 6-hr incubation (data not shown).

When radioactive ddCyd was used to label the cells, we could

follow the intracellular phosphorylation of the analog. To de-

termine the identity of the various radioactive peaks in the

chromatogram, a portion was treated with alkaline phosphatase

(7) to hydrolyze the nucleotides. We found that the peak at 19

mm (Fig. 5) was totally resistant to this treatment, whereas the

peak at 12 mm was partially resistant (suggesting that it

contains more than one compound). Both peaks were sensitive

to phosphodiesterase cleavage. This result indicates that the

compounds represent liponucleotides, presumably ddCDP-cho-

line (19 mm) and ddCDP-ethanolamine (12 mm), and that

ddCDP-ethanolamine coelutes with ddCMP on the Partisil 10-

SAX column. To separate ddCMP from the liponucleotide

ddCDP-ethanolamine, we used a reverse phase C-18 column

where ddCMP and the presumed ddCDP-ethanolamine and

ddCDP-choline elute at 27, 13.5, and 17 mm, respectively

(assuming that the dideoxyliponucleotides are eluting in the

same order as the natural deoxynucleotides, i.e., dCDP-eth-

anolamine at 9 mm, followed by dCDP-choline at 11 mm) (Fig.

6). The peak at 27 mm totally disappeared after treatment with

alkaline phosphatase, demonstrating that it was ddCMP.

It was found (Fig. 5 and Table 2) that the intracellular pools

of ddCDP and ddCTP are about equal and 8-fold higher than

the ddCMP level. Addition of 30 sM AZT gave a slight reduction

of the ddCDP level, whereas the ddCTP level was reduced 23%

(Table 1). Preincubation for 12 hr with AZT did not give any

additional effects, as was observed earlier with mouse L1210

cells by Balzarini et a!. (14). With 30 �M thymidine added, the

respective ddCyd nucleotide pools remained approximately the

same (Table 2).

Fig. 1. Isobologram representation of the inhibitory ef-
fects of combinations of ddCyd and thymidine or AZT on
the growth of CEM cells. The combined inhibitory effects
of ddCyd and thymidine (Thd) (A) or AZT (B) on CEM cell
growth were examined by checkerboard combinations of
various concentrations of the respective agents. The 50%
effective concentration (ECse) was used for calculation of
the FIC. When the minimum FIC index, which corre-
sponds to the FIC of compounds combined (e.g., FICX +

FIC�), is equal to 1 .0, the combination is additive. When
it is between 1 .0 and 0.5 the combination is subsynergis-
tic, and when it is less then 0.5, it is synergistic. - - -,

Unity lines for FIC equal to 1 and 0.5, respectively.
Representative results from two to three experiments are
shown.
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system. These cells are very sensitive to added deoxynucleo-

sides, due to high anabolism and low catabolism of deoxyribo-

nucleotides, as was recently demonstrated in the anabolism of

dideoxyadenosine (25). They can be infected by HIV (26) and

a large number of mutant cells with altered nucleotide metab-

olism have been selected and used in studies of the mechanism

of immunodeficiency diseases (27).

We found, as reported by Ullman et a!. (28), that CEM cells

were as sensitive to ddCyd as many other human lymphocytic

cell lines (14, 15, 29). However, their high capacity to accumu-

late ddCTP from ddCyd enabled determination of this metab-

olite directly in cell extracts using HPLC, without the use of

radioactive ddCyd.

Some of the [3HJddCyd was metabolized into two compounds

that were resistant to hydrolysis by alkaline phosphatase but

not by phosphodiesterase, suggesting they are not deoxynucleo-

240 TOmevik and Enksson

Fig. 2. Ion exchange (Partisil 10-SAX) HPLC elution profile of deoxynu-
cleoside triphosphates in CEM cell extracts incubated with ddCyd. GEM
cells were incubated for 6 hr with 10 � ddCyd, the intracellular nucleo-
tides were extracted with trichloroacetic acid, and the ribonucleotides
were oxidized with periodate, as described in Materials and Methods.
Extract from 10 x 1O� cells was separated on a Partisil 10-SAX column
in 0.4 M ammonium phosphate/2.5% acetonitrile, pH 3.4, and quantified
by UV absorbance at 260 and 280 nm and comparison with known
standards.

The labeling pattern with the natural deoxynucleoside [3H]

dCyd was different, in that about 21% of the intracellular

nucleotides were present as dCTP, 4 and 1% as dCMP and

dCDP, respectively, and 64 and 11% as the liponucleotides

dCDP-choline and dCDP-ethanolamine (Table 2 and Fig. 5).

These results are very similar to those reported by Spyrou and

Reichard (22).

Discussion

In an attempt to investigate the mechanism of toxicity of

antiviral nucleoside analogs in human cells and specifically the

role of the enzyme deoxycytidine kinase in the metabolism of

ddCyd, we have used human CEM lymphoblasts as a model

Fig. 3. Intracellular accumulation of ddCTP and dCTP in CEM cells
incubated with ddCyd, alone or in combination with thymidine ddCTP (A)
and dCTP (B)levels were determined by HPLC after 2-1 0 hr of incubation
with 10 �sM ddCyd alone (#{149})or in combination with 10 �zM thymidine (A),
after prior periodate oxidation of the ribonucleotides, as described in
Materials and Methods. The levels represent those of one typical exper-
iment that has been repeated at least twice with the same results.

tides. By comparison with retention times for the normal

liponucleotides dCDP-ethanolamine and dCDP-choline, we
suggest that the metabolites are ddCDP-choline and ddCDP-

ethanolamine. ddCDP-choline makes up only 6% of the total

phosphorylated metabolites, which is lower than what Cooney

et a!. (7) found in ATH8 cells, whereas ddCDP-ethanolamine

constitutes 45% and ddCMP only 3%. Balzarini et a!. (15) have

studied the metabolism of ddCyd in L1210, ATH8, and Molt/

4F cells but do not report the presence of liponucleotides,

probably because they coelute with ddCMP and ddCyd in anion

exchange HPLC analysis. The significance of these ddCDP

liponucleotides for the biological effects of ddCyd is not known,

but it is possible that they could play a role in the development

of the peripheral neuropathy.

Earlier studies have shown that deoxycytidine kinase is the

enzyme responsible for the phosphorylation of ddCyd (7, 8, 14,
15). However, Starnes and Cheng (8) found that ddCyd was a

poor substrate for their preparations of both cytoplasmic and

mitochondrial deoxycytidine kinases. Recent work in this lab-
oratory with pure cytoplasmic human deoxycytidine kinase

showed that this enzyme phosphorylates ddCyd efficiently, with

a 40-fold higher Km and 80% the Vmax of the natural substrate

dCyd (16).2

2 B. Kierdaszuk, C. Bohman, B. Ullman, and S. Eriksson. Substrate specificity
of purified human deoxycytidine kinase toward antiviral 2’,3’-dideoxynucleoside
analogs. Submitted for publication.
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Fig. 4. Intracellular ddCTP and dCTP levels in GEM cells incubated with
increasing concentrations of ddGyd, with or without simultaneous addi-
tion of thymidine ddGTP (A) and dCTP (B) levels were determined by
HPLC after 6 hr of incubation with various concentrations of ddGyd alone
(#{149})or together with 1 0 �M thymidine (A), after oxidation of the ribonucle-

otides, as described in Materials and Methods. The values represent the
mean from two experiments.

TABLE 1
Summary of deoxynucleotide triphosphate pool effects in CEM
cells after addition of various deoxynucleosides
Deoxynbonucleoside tnphosphates (including ddCTP) were measured by HPLC
after 6 hr of incubation with the different agents indicated. The levels represent the
mean from two to six experiments, with the standard deviation shown after each
value.

AdditiOn
Deoxynucleoside triphosphate

dCTP dTTP dATP dGTP ddCTP

nmol/109 cells

None (control) 10 ± 1 30 ± 4 37 ± 5 24 ± 5
10 �sM Thymidine 5 ± 0 57 ± 4 38 ± 1 38 ± 4
10�zMddGyd 9±3 29±6 36±11 24±6 27±1
300�MAZT 31±9 35±5 38±5 23±1
10 �iM Thymidine 5 ± 1 66 ± 8 41 ± 3 38 ± 1 30 ± 2

plus 10 �tM

ddGyd
300�MAZT 40±14 36±8 38±4 25±2 16±1

plus 10 �M

ddGyd

Fig. 5. Ion exchange (Partisil 10-SAX) HPLG elution profile of extracts of
GEM cells incubated for 6 hr with [3H]deoxycytidine or [3H]ddGyd. GEM
cells were incubated with 0.8 �M [3H]deoxycytidine (A) or 1 �M [3H]
ddGyd (B). After harvest, the trichloroacetic acid-extracted nucleotides
were separated by HPLG on a Partisil 10-SAX column eluted with a
gradient, as described in Materials and Methods. dCyd, deoxycytidine.

L1210 cells. They found that addition of thymidine stimulates

the formation ofphosphorylated metabolites of ddCyd and they

also showed that this stimulation was dependent on preincu-

bation time and thymidine concentration. However, these cells

are sensitive to growth inhibition by ddCyd at a 30-fold higher

concentration than the CEM cells and their total capacity to

convert ddCyd to ddCTP is also much lower (14, 15).

Preliminary experiments in this laboratory have shown that

deoxycytidine kinase from mouse spleen has a much lower

capacity to phosphorylate ddCyd, as compared with the human

deoxycytidine kinase.3 Because of this dependence on the cell

species with regard to ddCyd metabolism, it was essential to

characterize the regulation ofthis step in human cells. Balzarini

et a!. (15) have also earlier reported important species differ-

ences between murine (L1210) and human (ATH8 and Molt/

4F) cell lines.

We found no increase in the accumulation of ddCTP as a

consequence of a 50% decrease in the dCTP pool, with or

without preincubation of CEM cells with thymidine for 12 hr.

Thus, there seems to be no direct relation between the size of

the dCTP pool and the phosphorylation capacity of deoxycy-

tidine kinase in human CEM cells. We conclude that the

activity of deoxycytidine kinase is probably not rate limiting in

the accumulation of ddCTP in vivo. Clearly, with murine cells

or other human cell lines, large variation in the metabolic

phosphorylation of dideoxynucleosides is observed (14, 15) and,

Thymidine was used in this study to lower the intracellular

dCTP level. Our hypothesis was that an increase in the in vivo

activity of deoxycytidine kinase would lead to increased accu-

mulation of ddCTP and possibly enhanced toxicity due to

inhibition of DNA polymerization. Balzarini et al. (14) have

performed a very careful study with a similar approach, using
3 A. Habteyesus, A. Nordensk#{246}ld, C. Bohman, and S. Eriksson. Manuscript in

preparation.
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Fig. 6. Separation of dideoxyliponucleotides and ddGMP in GEM cell
extracts by G-1 8 HPLG, before and after alkaline phosphatase treatment.
GEM cells were incubated for 6 hr with 1 � [‘H]ddGyd, and the
intracellular nucleotides were extracted as described in Materials and
Methods. The extracts were separated on a reverse phase G-1 8 column
in 20 m� ammonium acetate, pH 5.0, before (A) and after (B) treatment
with alkaline phosphatase. Arrows, positions where the natural liponu-
cleotides dGDP-ethanolamine (9 mm) and dGDP-choline (1 1 mm) elute.

therefore, generalizations about these pathways from one cell

line to others should not be made.

No synergistic effect of the combination of ddCyd and thy-

midine was observed in ATH8 human T cells by Balzarini et

al. (14). This result, together with other observations, led these

investigators to suggest that the absolute intracellular level of

ddCTP was not directly involved in the cytostatic effect of the

compound. However, we observe a synergistic effect of thymi-

dine in combination with ddCyd on growth inhibition of CEM

cells, which is most likely linked to the change in the ratio of

ddCTP to dCTP, i.e., from 3:1 with only ddCyd to 6:1 when

combined with thymidine. Thus, our results indicate that the

cytotoxicity is related to the ratio of dCTP to ddCTP in the

cells, a conclusion that has been drawn about the toxicity of

dideoxynucleosides by others (30) as well. The direct effect of

these pool alterations on cellular DNA synthesis is not known,

but a high incidence of chain terminations is to be expected. It

is interesting to note that the isobologram shown here for the

growth-inhibitory effect of combinations of AZT and ddCyd is

very similar to the isobologram obtained by Baba et al. (12)

measuring the anti-HIV-1 activity of combinations of these

two drugs.

Growth inhibition of CEM cells by the thymidine analog

AZT occurred at 3 to 10 times lower concentrations than

reported for other human lymphocytes (H9 cells and peripheral

blood lymphocytes) and fibroblasts (MRHF and MRC5 cells),

i.e., 1000 sM (5), and similar to that in one study (31) with

CEM cells (i.e., 690 �tM) but at 80-fold higher concentrations

than those in another study with the same type of cells (i.e., 4

�sM) (32). Furthermore, the effect of AZT on DNA precursor

pools was clearly different than that reported initially for H9

and Molt/4F cells (5), because we found no decrease in either

the dTTP or dCTP pools. On the contrary, we found a 2-fold

higher dCTP level in AZT-treated CEM cells. Frick et a!. (33)

have reinvestigated the effect of AZT on the DNA precursor

pools in several human cell lines (HL-60, H-9, and K-562) and

their results with HL-60 cells are essentially similar to what

we find in CEM cells. The very pronounced decline of all

ribonucleoside triphosphate pools reported by Avramis et a!.

(32) as an effect of AZT in CEM cells was not observed in these

experiments (data not shown). The reason for these large

discrepancies in the response of CEM cells to AZT reported in

the literature is at present not known. The mechanism of dCTP

elevation by AZT is also not known but the high AZT mono-

phosphate pool might inhibit intracellular nucleotidase activi-

ties, leading to a decreased turnover of the dCTP pool.

AZT did not mimic thymidine with regard to ddCyd metab-

olism in CEM cells. The effects of combinations were consid-

erably less in terms ofgrowth inhibition and the DNA precursor

pool changes were different. We may conclude from these data

that azido-dTTP does not serve as a feedback inhibitor for

human ribonucleotide reductase. This is in agreement with in

vitro studies, with partially purified enzyme, by Harrington et
al. (34). The lack of metabolic interference and synergistic

growth-inhibitory properties of ddCyd and AZT in a human

cell culture model system may encourage the use of these

compounds in anti-HIV combination therapy.
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TABLE 2

Intracellular phosphorylation of [3H]ddCyd, in combination with thymidine and AZT, and [3H]dCyd in human lymphoblast CEM cells
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bation
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