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SUMMARY

2',3'-Didehydro-2’,3’-dideoxythymidine (D4T) is a potent inhibi-
tor of human immunodeficiency virus (HIV), with low hematolog-
ical toxicity. In the present study, the cellular pharmacology of
DAT was investigated in human bone marrow cells (BMC), in an
attempt to understand the mechanism of the observed low bone
marrow toxicity. After exposure of human BMC to 10 um [°H]
DAT for 24 hr, D4T-5'-triphosphate (D4T-TP) was the predomi-
nant metabolite, reaching a concentration of 0.3 pmol/10° cells.
The D4T-5’-monophosphate levels were slightly lower, whereas
the D4T-5'-diphosphate levels were about 6-fold lower than
those of D4T-TP at 24 hr. Nucleic acids of human BMC exposed
to 10 um [PH]DA4T for 24 hr were purified and analyzed by cesium
sulfate density gradient centrifugation. No radioactivity was de-
tected in the RNA region, whereas a limited amount was asso-
ciated with the DNA region. The amount of label incorporated
into DNA correlated with the extracellular D4T concentration and
the length of incubation time. Enzymatic hydrolysis of radiola-
beled DNA and subsequent analysis by high performance liquid
chromatography demonstrated incorporation of both D4T and
thymidine (dThd) into DNA. Degradation of D4T to thymine and
subsequent formation of labeled dThd was also detected in

human BMC. Puise (24 hr)-chase (48 hr) experiments with 10 um
[®H]D4T demonstrated that the amount of radiolabel from D4T
in DNA decreased over time during the chase. Under similar
conditions, [*H]3’-azido-3’-deoxythymidine (AZT) incorporated
into DNA of human BMC did not decrease during the chase.

DA4T-TP standard was demonstrated to be unstable at
37° and neutral pH, D4T was much more stable in solution when
incorporated into newly synthesized DNA isolated from human
BMC, suggesting that enzymatic excision may be the mechanism
for D4T removal from DNA. In summary, aithough higher con-
centrations of D4T-TP, compared with AZT-5’-triphosphate, are
observed in human BMC, after exposure of cells to similar
extracellular concentrations of parent drug, steady state levels
of D4T incorporated into DNA are 10-50-fold lower, compared
with AZT. Competition with dTTP formed by D4T metabolism
and excision of D4T from DNA may be responsible, in part, for
these effects. This study further demonstrates that incorporation
of 2’,3’-dideoxynucleosides into nuclear DNA of human BMC
may be related to the ability of these anti-HIV agents to induce
hematological side effects.

Development of anti-HIV agents with a high degree of selec-
tivity represents a major approach to preventing and/or treat-
ing AIDS. AZT is currently the only clinically approved drug
for the treatment of AIDS, but its use in patients has been
hampered by its severe hematological toxicity (1-3). Studies
over the past years have demonstrated the importance of the
intracellular metabolism of AZT and how this metabolism plays
a major role in both the antiviral and the cytotoxic effects of
AZT in host cells (4-10).

This work was supported by Public Health Service Grants HL-42125, Al-
25784, and NO1 RR0032. J.P.S. is the recipient of a Junior Faculty Research
Award from the American Cancer Society.

DAT is a novel 2’,3’-dideoxynucleoside that has been shown
in several in vitro systems to inhibit HIV replication, at con-
centrations below 0.01 uM, with limited host cell toxicity (11,
12). In particular, we demonstrated that D4T had IC;, values
for human CFU-GM and human erythroid burst-forming units
100- and 10-fold, respectively, higher than those of AZT (13);
thus, D4T was predicted to show less bone marrow suppression.

That prediction proved accurate in animal studies (14) and
phase I clinical trials (15-17). In patients, following adminis-
tration of D4T at doses up to 4 mg/kg/day, preliminary indi-
cations of efficacy with reduced p24 antigenemia were observed,
without substantial bone marrow toxicity (15-17). However, an

ABBREVIATIONS: HIV, human immunodeficiency virus; D4T, 2,3’ -didehydro-2’,3’-dideoxythymidine; D4T-MP, 2’,3' -didehydro-2’ 3’ -dideoxythym-
idine 5’-monophosphate; D4T-DP, 2’,3'-didehydro-2’,3’ -dideoxythymidine 5’-diphosphate; D4T-TP, 2’,3’-didehydro-2’,3’-dideoxythymidine 5'-
triphosphate; AZT, 3’-azido-3'-deoxythymidine; AZT-MP, 3’-azido-3'-deoxythymidine 5’-monophosphate; AZT-TP, 3'-azido-3'-deoxythymidine 5'-
triphosphate; dThd, thymidine; BMC, bone marrow cells; AIDS, acquired immune deficiency syndrome; HPLC, high performance liquid chromatog-
raphy; CFU-GM, colony-forming unit granulocyte-macrophage; TCA, tricholoracetic acid.
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unpredicted peripheral neuropathy, already reported with 2’,3’-
dideoxycytidine and 2’,3’-dideoxyinosine, was the major lim-
iting toxicity (15-17). Research on the mechanism(s) by which
these dideoxynucleosides, including D4T, induce this neurotox-
icity suggests that their effects on mitochondrial DNA synthe-
sis may play a role in the observed neuropathies (18, 19). The
absence of D4T-induced myelosuppression is particularly in-
teresting, because other dThd analogs, including 3’-fluoro-3’-
deoxythymidine, AZT, and its recently identified metabolite
3’-amino-3’-deoxythymidine, have been demonstrated to be
highly toxic for human BMC (20, 21). Previous studies have
suggested that differences in metabolism of DAT and AZT may
be responsible for the decreased host toxicity (8, 22). AZT,
unlike D4T, accumulates as its 5’-monophosphate derivative
within cells, and these high intracellular AZT-MP levels may
lead to inhibition of dTMP kinase. This, in turn, results in
reduction of dTTP pools (8, 23), a mechanism that has not
been observed with D4T (8, 24). However, our recent studies
using human BMC and a pharmacologically relevant concen-
tration of 10 uM AZT demonstrated that imbalance of deoxy-
ribonucleotide pools was not a critical factor in AZT inhibition
of DNA synthesis (4). These data were also confirmed by
several other groups using different cell lines and experimental
procedures (5, 7, 10, 25). In contrast, although AZT is a poor
substrate for human DNA polymerase « and 6§ (25-27), sub-
stantial amounts of that drug are incorporated into nuclear
DNA (4, 25, 28), and this biochemical event has been demon-
strated by us to correlate, to some degree, with inhibition by
AZT of CFU-GM colony formation (4). The decreased toxicity
of D4T in that system may, thus, result from a low steady state
level of D4T incorporation into host cellular DNA, possibly
subsequent to poor phosphorylation of D4T in human BMC
and/or a different interaction of D4T with DNA, compared
with AZT.

Therefore, in the present study we evaluated the intracellular
metabolism and incorporation into nucleic acids of D4T in
human BMC. The pattern of DAT phosphorylation to its 5’-
phosphate derivatives was similar to that observed in other
human primary cells (29) or established cell lines (8, 22, 30).
Of note, degradation of D4T to thymine and subsequent for-
mation of dThd was demonstrated within cells, consistent with
the detection of labeled dThd in DNA of cells that had been
exposed to labeled D4T. Steady state levels of D4T incorporated
into DNA were 10-50-fold lower, compared with AZT, after
exposure of cells to similar concentrations. Removal of D4T
from DNA was detected under conditions in which no excision
of AZT was detected.

Materials and Methods

Chemicals. [methyl-*H]D4T (20 Ci/mmol), [methyl-*H]AZT (11 Ci/
mmol), and [methyl-’H]dThd (65 Ci/mmol) were purchased from Mo-
ravek Biochemicals (Brea, CA). The purity of all radiolabeled com-
pounds used was >99%, as ascertained by HPLC techniques described
below. Nonlabeled standard AZT was a generous gift of Dr. Raymond
F. Schinazi (Veterans Administration Medical Center and Emory Uni-
versity, Atlanta, GA). D4T and its nucleotides were chemically synthe-
sized as previously described (12). Nucleosides, RNase A and T,
proteinase K, alkaline phosphatase, and snake venom and spleen
phosphodiesterase were obtained from Sigma Chemical Co. (St. Louis,
MO). Micrococcal nuclease was purchased from Worthington Biochem-
icals (Fairfield, NJ). All other chemicals and reagents were of the
highest analytical grade available.
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Cells and extraction of intracellular nucleotides. Human BMC
were obtained by procedures described in detail by us previously (4).
Cell viability, as determined by trypan blue dye exclusion, was 95% or
greater during experiments. Cells (2 X 10° cells/ml) were suspended in
McCoy’s 5A nutrient medium supplemented with 15% dialyzed heat-
inactivated fetal bovine serum. After addition of various concentrations
of D4T, cells were maintained at 37° under an atmosphere of 5% CO,,
for specified time periods. Cells were then pelleted at 1200 rpm for 10
min, in a Beckman GPR centrifuge, and were washed three times with
5 ml of cold phosphate-buffered saline. Nucleotides present in the cell
pellet were extracted by incubation overnight at —20° with 1 ml of 60%
methanol and were then extracted with 200 ul of 60% methanol for 30
min in an ice bath. Combined extracts were dried under a gentle
nitrogen stream at room temperature, and the samples were stored at
—20° until analysis.

HPLC methods. Separation of nucleotides was performed on a
Hewlett-Packard 1090 HPLC system equipped with automatic injector,
filter spectrophotometric detector, and chromatographic terminal
(Hewlett Packard 3393A). Analysis of D4T and its 5’-phosphorylated
derivatives, and cell extracts containing them, was performed using a
Partisil 10 SAX column (Whatman, Inc., Clifton, NJ) as stationary
phase. Elution was carried out at 1 ml/min with 15 mm KH,PO, (pH
3.5) and a 45-min linear gradient of 1 M KH,PO, (pH 3.5) from 0 to
100%, starting 10 min after the time of injection. Under the conditions
defined above, the retention times of the unlabeled markers D4T, D4T-
MP, and D4T-TP were 7, 14, and 54 min, respectively. The assignment
of D4T-DP at 33 min was assumed from its position between the mono-
and triphosphate derivatives and its dephosphorylation to D4T by
enzymatic hydrolysis with alkaline phosphatase, as previously de-
scribed (22). For sample analysis, dried residues were dissolved in 250
ul of distilled water, and an aliquot (180 ul) was injected. After frac-
tionation (1 ml) of the eluate and addition of scintillation fluor (5 ml),
radioactivity was measured by using a Beckman LS 5000TA scintilla-
tion counter equipped with an automatic quench correction program.
Reverse phase chromatography was used to separate D4T or AZT from
thymine and dThd. Extracts were examined using a Hypersil 5-um
column (Jones Chromatography, Littleton, CO) as stationary phase.
Elution was carried out at 1 ml/min with 25 mM ammonium phosphate
(pH 7.2) and a 35-min linear gradient of 60% methanol from 0 to 30%,
starting at the time of injection. The retention times of authentic
standards of thymine, dThd, D4T, and AZT were 11, 21, 27, and 35
min, respectively.

Incorporation of D4T into nucleic acids of human BMC. To
examine D4T incorporation into DNA, cells (2 X 10° cells/ml) were
incubated at 37° for 24 hr after addition of various concentrations of
[*H]DAT, from 1 to 25 uM, with a final specific activity of approximately
800 mCi/mmol. DNA was extracted by phenol/chloroform and protein-
ase K and RNase A and T, digestion procedures, as previously described
(4). The amount of DNA in each sample was determined by a fluorom-
etry technique that includes binding of bisbenzimidazole to DNA (31).
Samples (100 ul) were then spotted on Whatman 3MM filter paper,
and filters were washed twice with ice-cold 5% TCA, followed by 100%
methanol. Filters were dried at room temperature, and radioactivity
was determined in a Beckman LS 5000 TA scintillation counter.

Cesium sulfate density gradient centrifugation. Cellular nu-
cleic acids were extracted and analyzed by cesium sulfate gradient
centrifugation, as described previously (4).

Enzymatic digestion of H-labeled DNA. After cesium sulfate
density gradient centrifugation, fractions with a density of 1.41-1.43
g/ml were pooled and dialyzed overnight against 10 mM Tris- HCI (pH
7.4), 1 mM EDTA, after which DNA was precipitated in 0.3 M sodium
acetate and ice-cold absolute ethanol. DNA was then dissolved in 20 ul
of Tris- HCl (pH 7.4), 1 mM EDTA, and heat denatured by boiling at
100° for 5 min. The DNA was hydrolyzed at 37° for 30 min with 50 ul
of micrococcal nuclease (12 units/ml), in 10 mM Tris- HCI (pH 8.8), 2
mM CaCl,. After addition of a mixture containing 1 ul of 50 mmM EDTA,
3 ul of 1 M sodium acetate buffer (pH 6.5), and 3 ul of 0.1 M MgCl,,
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degradation to nucleosides was carried out at 37° for 24 hr, with snake
venom 5’-phosphodiesterase (2 units), spleen 3’-phosphodiesterase (2
units), and alkaline phosphatase (0.3 units). The digested material was
then analyzed by the reverse phase HPLC method described above.

Hydrolysis of DNA to nucleoside monophosphates was carried out
at 37° by sequential action of micrococcal nuclease (12 units/ml) and
spleen 3’-phosphodiesterase (2 units). The fraction containing the
radioactive nucleoside monophosphates was analyzed by anion ex-
change HPLC technique, except that a different elution mode was used.
Elution was performed isocratically at 0.5 ml/min with 15 mm K,;HPO,
(pH 3.5) for 20 min, followed by a 45-min linear gradient of 1 M
K,HPO, (pH 3.5) from 0 to 100%. The retention times for dThd 5'-
monophosphate, dThd 3’-monophosphate, and D4T-MP were 15, 18,
and 21 min, respectively.

Pulse-chase labeling of DNA with *H-nucleosides. Human
BMC were exposed to either 10 uM [*H]D4T (360 mCi/mmol), 10 uM
[*H]AZT (360 mCi/mmol), or 10 uM [°*H]dThd (360 mCi/mmol), for
24 hr at 37°. After the 24-hr pulse, the radioactive medium was removed
and the cells were washed with a fresh phosphate-buffered saline
solution at 0°. The cells were then chased for 0, 6, 24, and 48 hr at 37°,
in McCoy’s 5A nutrient medium containing 10 uM (nonlabeled) levels
of the corresponding nucleoside or nucleoside analog being investigated.
The chase was terminated by pelleting of cells and placement in an
ice-cold water bath. Radioactivity was then analyzed in total DNA,
following procedures described above.

Degradation of D4T by cell extracts. Catabolic conversion of
DA4T to thymine was investigated in human BMC using a modified
radioisotopic assay (32). Human BMC (80 x 10° cells/ml) were lysed
by two cycles of 30-sec sonic oscillation at 0°, in 0.5 ml of 2 mM
potassium phosphate (pH 7.4). The reaction consisted of either 2 uM
[*H)DAT (450 mCi/mmol), 2 uM [*HJAZT (450 mCi/mmol), or 2 uM
[*'H]}dThd (450 mCi/mmol), in 100 mM Tris- HCI (pH 6.0), 12.5 mM
potassium phosphate (pH 6.0), with cell extract (60 ul), in a final
volume of 150 ul. Boiled cell extracts were used as negative control.
The reaction was performed at 37° for specified time periods. Aliquots
(25 ul) were extracted overnight at —20° with cold 60° methanol.
Samples were dried and injected into HPLC using the reverse phase
method described above, which resolves thymine, dThd, D4T, and
AZT.

Stability of labeled D4T in cellular DNA. Cells (2 X 10° cells/
ml) were incubated for 24 hr with 10 uM [°*H])D4T, at a final specific
activity of 450 mCi/mmol, and DNA was purified as described above.
The DNA extracted from 20 X 10° cells was dissolved in 0.5 ml of a
buffer containing Tris-HCI (pH 7.4) and 1 mM EDTA, to which was
added 1.5 ml of McCoy’s 5A nutrient medium. Mixtures were incubated
at 37° for times between 0 and 48 hr. Aliquots (0.5 ml) were spotted on
Whatman 3MM discs, and radioactivity was determined after treat-
ment with TCA and methanol as described above. Stability of D4T-
TP was also investigated in McCoy’s 5A nutrient medium, at similar
time intervals between 0 and 48 hr. D4T-TP concentrations were
determined using the anion exchange HPLC technique described above.

Results

Metabolism of D4T in human BMC. After exposure of
human BMC to 10 uM [*H]D4T, D4T was rapidly phosphory-
lated within cells to its 5’-mono-, 5’-di-, and 5’-triphosphate
derivatives, as revealed by anion exchange chromatography
(Fig. 1A). The intracellular concentrations of D4T and its 5’-
phosphate metabolites after 2-, 6-, 24-, and 48-hr incubation
periods are illustrated in Table 1. A continuous increase in
D4T-MP, D4T-DP, and D4T-TP levels was observed between
2 and 24 hr, and an equilibrium was maintained for the re-
maining 24 hr of the experiment. We previously demonstrated
that the percentage of BMC in S phase did not change over the
first 24 hr (4), thus demonstrating that the increase in D4T
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Fig. 1. Radiochromatogram of intraceliular *H after exposure of human
BMC for 24 hr to 10 um [*H]D4T and analysis by anion exchange HPLC
(A) or analysis by reverse phase HPLC (B). Elution positions of authentic
standards were monitored at 254 nm.

TABLE 1
Metabolism of 10 M [*H]D4T in human BMC

Values are mean + standard deviation of at least three experiments, with celis
from different donors.

Time of Metsbolke
exposure D4T-MP D4T-DP D4T-TP
e pmoi/10° cells
2 0.129 + 0.092 0.011 £ 0.007 0.043 + 0.033
6 0.128 + 0.047 0.019 = 0.011 0.084 + 0.062
24 0.267 + 0.055 0.049 + 0.042 0.300 + 0.163
48 0.189 £ 0.087 0.052 £ 0.035 0.260 + 0.095

phosphorylated metabolites is not the result of an increased
activity of dThd kinase, the enzyme proposed to be responsible
in D4T activation (22, 24). By 24 hr, D4T-TP was the predom-
inant intracellular metabolite and reached a mean concentra-
tion of 0.3 pmol/10° cells. The earlier eluting fraction (Fig. 1A)
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coeluted with an authentic D4T standard and represented an
average of 80-85% of the total intracellular radioactivity at
every time point of sampling. Further analysis by reverse phase
chromatography revealed that approximately 14% of that frac-
tion actually represented thymine and dThd and only 80% was
D4T (Fig. 1B). Because D4T used in these experiments was
>98% pure, these data suggest that D4T may be cleaved within
cells to release labeled thymine, with subsequent conversion to
labeled dThd.

The extent of degradation of D4T was assessed by incubating
2 uM ['H]DAT with human BMC extracts, as described in
Materials and Methods. Parallel studies were performed with
similar concentrations of [P"HJAZT and [*H])dThd. After 48 hr
of incubation and analysis by reverse phase HPLC, DAT rep-
resented only 69% of the total radioactivity, whereas thymine
and dThd accounted for 25.5 and 3.5%, respectively. No sub-
stantial degradation of D4T was detected in control boiled cell
extracts. Under similar conditions, dThd was completely con-
verted to thymine, whereas AZT was very stable, with >95% of
radioactivity being still associated with the parent drug. These
data confirm that dThd phosphorylase activity is present in
human BMC (33, 34) and indicate that D4T is probably a
substrate for that enzyme. When purified dThd phosphorylase
derived from Escherichia coli was used, D4T was also found to
be a substrate for that enzyme.' In contrast, AZT was not
degraded by bacterial dThd phosphorylase,’ as suggested by
cellular studies described above.

Analysis of [*H]D4T incorporation into nucleic acids.
In order to evaluate the interaction of D4T with host cell
nucleic acids, human BMC were exposed for 24 hr to various
concentrations of [*H]DAT, from 1 to 26 uM, and extracted
nucleic acids were partitioned by cesium sulfate density gra-
dient centrifugation, as described in Materials and Methods.
No radioactivity was detected in the RNA region, whereas a
substantial amount of tritium label was associated with the
DNA region (density, 1.42 g/ml) (Fig. 2). To determine quan-
titatively the amount of *H incorporated into DNA, as a func-
tion of extracellular D4T concentration and time of exposure,

1000 18
001 1.6
1.4
6001
E DNA 12 E
l o
400
1.0
RNA
200
l (Y]
0 v 0.6
[} 5 10 15 20 25 30 35
Fraction Number

Fig. 2. Cesium sulfate density gradient centrifugation of [*H]D4T-radio-
labeled nucleic acids. After centrifugation of nucleic acids, frac-
tions of 200 u! were collected from top to bottom and 100-ul samples
were spotted on Whatman 3-mm filter paper. Filters were washed and
dried, and radioactivity was determined.

'R. F. Schinazi and J. P. Sommadossi, unpublished data.
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radioactivity was measured in purified DNA using a ‘disk filter’
assay, as previously described (4). As illustrated in Fig. 3, the
amount of tritium incorporated into DNA correlated with the
extracellular concentrations of [’H]D4T used in the experiment
(from 1 to 25 uM), and the amount of tritium associated with
cellular DNA also increased from 0 to 24 hr, when a concentra-
tion of 10 uM [*H])DAT was used.

Identification of *H detected in cellular DNA. Identifi-
cation of the radioactivity detected in DNA was performed by
enzymatically hydrolyzing the DNA to nucleosides or nucleo-
side monophosphates, with subsequent HPLC analysis. When
the DNA was digested with micrococcal nuclease, snake venom
and spleen phosphodiesterase, and alkaline phosphatase, two
radioactive peaks, which coeluted with dThd and D4T stand-
ards, were detected by reverse phase HPLC analysis (Fig. 4).
The ratio of D4T to dThd was approximately 1 to 3. To confirm
the identification of D4T and dThd as the sole radioactive
entities detected in DNA, another digestion strategy was used.
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[3H]DAT Concentration (uM)

0.024

0.016 -

0.012 1

pmol [3H)/ug DNA

0.004

0.000 v T
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Fig. 3. Incorporation of radioactivity into DNA after incubation of cells for
24 hr with i ing concentrations of [*H]D4T (A) and after incubation
of cells with 10 um [PH]D4T for varying time periods (B) Values are the
mean + standard error of three experiments, with cells from different
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Fig. 4. Reverse phase HPLC of *H-labeled digested DNA isolated
from cells exposed to 10 um [°H]D4T for 24 hr. DNA digestion was
performed by the sequential addition of micrococcal nuclease, snake
venom and spleen phosphodiesterase, and alkaline phosphatase.
Briefly, after micrococcal nuclease digestion, only spleen 3’-
phosphodiesterase was added to the reaction solution. This
enzyme cleaves 5’-ester bonds and leaves the 3’-nucleoside
monophosphates intact. Thus, under these conditions, nucleo-
tides that are incorporated at the terminus of the DNA chain
and have no 3’-hydroxyl group will be converted to their
corresponding nucleosides rather than their 3’-monophos-
phates. Fig. 5 shows the radiochromatogram of the DNA digest
after exposure of cells, for 24 hr, to either 10 uM [°’H]dThd or
10 uM [PH)DAT. The dThd 3’-monophosphate represented the
major radioactive component of the newly synthesized DNA
after exposure to [*"H]dThd, consistent with the natural pyrim-
idine being localized in the intranucleotide linkage. In contrast,
digestion of DNA isolated from cells treated with [*'H]D4T led
to the detection of a portion of radioactivity eluting as a
deoxyribonucleoside derivative and a major fraction corre-
sponding to the dThd 3’-monophosphate region. These data
confirm that labeled D4T and dThd are both present in newly
synthesized DNA after exposure of cells to [’H]D4T and dem-
onstrate, as expected, that D4T accumulates at the chain
termini of host cell DNA. Of note, the ratio of D4AT to dThd
was similar to that described above when different DNA hy-
drolysis and HPLC analysis were performed.

Removal of DAT from newly synthesized DNA in hu-
man BMC. In order to gain insight into potential mechanisms
responsible for the rather small amount of D4T detected in
cellular DNA of human BMC, compared with AZT (4), we
investigated whether D4T could be removed from DNA of
human BMC. Cells were incubated for 24 hr with either 10 uM
[*'H]DAT or [*H]JAZT, and the label was then chased as de-
scribed in Materials and Methods. Control experiments were
also performed by incubating cells with [*H]dThd. Fig. 6 illus-
trates the tritium remaining in DNA over the 48-hr chase in
the presence of the corresponding nonlabeled compound. In
control as well as in AZT experiments, no decrease of radioac-
tivity in DNA was observed over the 48-hr chase period. In
contrast, over this same interval, approximately 30-40% of the
tritium in total DNA from D4T-treated cells was removed.

300
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Fig. 5. Anion-exchange HPLC analysis of *H-labeled digested DNA
isolated from cells exposed to either 10 um [*H]dThd (A) or 10 um [*H)
D4T (B) for 24 hr. Purified DNA was digested by micrococcal nuciease
and spleen 3'-phosphodiesterase.

Chemical stability of D4T-TP and *H-labeled D4AT in
cellular DNA. When D4T-TP, at a final concentration of 500
uM, was incubated at 37° and neutral pH in either McCoy’s 5A
nutrient medium or phosphate-buffered saline solution, a time-
dependent degradation was observed, with approximately 60%
of the initial concentration remaining after 48 hr of incubation
(Fig. 7). Because this chemical degradation of D4T-TP was in
a similar range, compared with the extent of D4T removal from
DNA, as described above, it was important to determine the
stability of D4T in newly synthesized DNA. After incubation
of cells with 10 uM [PH]DA4T for 24 hr, DNA was purified and
incubated at 37°, in McCoy’s 5A nutrient medium, for time
periods between 6 and 48 hr. At the specified times, aliquots
were removed and spotted on disk filters, and radioactivity was
determined after treatment with TCA and methanol. Of im-
portance, the amount of radioactivity in DNA was not substan-
tially altered over the 48-hr time of incubation, demonstrating
that, once incorporated into cellular DNA, D4T as the D4T-
MP form is chemically stable. Therefore, enzymatic excision,
rather than chemical instability, of DAT from DNA of human
BMC is a more likely mechanism for the observed removal of
DA4T from newly synthesized DNA.
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Fig. 6. °H removal from DNA over a 48-hr chase after a 24-hr exposure
of celis to either 10 um [*H]D4T (O), 10.4»[’H]dmd(l:l) or 10 um [*H]
AZT (@). DNA was purified as described in Materials and Methods.
Values are the mean + standard error of three experiments, with cells
from different donors.
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Fig. 7. Chemical stability in McCoy's 5A nutrient medium or PBS, at 37°
and pH 7.4, of D4T-TP and [*H]D4T in newly ed DNA isolated
from human BMC exposed to 10 um [*H]D4T for 24 hr. D4T-TP concen-
tration was determined by anion exchange HPLC, whereas the tritium
remaining in DNA was determined with a filter disk assay. Values are the
mean + standard error of three experiments.

Discussion

DAT is a potent inhibitor of HIV replication, with activity
comparable to that of AZT in a large variety of cell lines (11),
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and yet is 20-100-fold less toxic than AZT in a human CFU-
GM clonogenic assay (13, 20). This limited in vitro cytotoxicity
against human BMC is consistent with the absence of major
hematological toxicity in phase I clinical trials (15-17). In an
attempt to elucidate the mechanism(s) of toxicity of 2’,3’-
dideoxynucleosides for human BMC, it was of particular inter-
est to study the cellular mechanism(s) that may be responsible
for the decreased sensitivity of these human host cells to D4T.
Previous studies have demonstrated that D4T has a different
pattern of phosphorylation, compared with AZT, with dThd
kinase being the rate-limiting step (8, 22, 24). In contrast, AZT-
MP being poorly converted to the diphosphate is the rate-
limiting step in AZT metabolism (23). Perturbation of intra-
cellular deoxyribonucleoside 5’-triphosphate pools by AZT,
through inhibition of thymidylate kinase by AZT-MP, had been
suggested in early studies (8, 23), whereas D4T has been shown
to exhibit little effect on the metabolism of exogenous labeled
dThd and other nucleosides (8, 22, 24). Although this difference
may have played a role in the decreased host toxicity of D4T,
compared with AZT, more recent studies, including those from
our group using human BMC, have ruled out depletion of dTTP
by AZT as one mechanism responsible for AZT-induced bone
marrow toxicity (4, 5, 7, 10, 25). Although the mechanism of
anti-HIV activity of 2’,3’-dideoxynucleosides can be explained
by their intracellular sequential phosphorylation by cellular
kinases to their active 5’-triphosphate derivative (5), incon-
sistent data have been reported on the relationship between
intracellular concentration of 5’-triphosphate metabolites of
2’,3’-dideoxynucleosides in host cells and their cellular toxicity
(13, 35, 36). Table 1 demonstrates that D4T is also phosphor-
ylated to its 5’-mono-, 5’-di-, and 5’-triphosphates, with a
pattern similar to that reported in other cells (8, 22, 29, 30); of
interest, intracellular D4T-TP values were about 2-3-fold
higher, compared with AZT-TP levels, after incubation with
similar extracellular concentrations of the parent drug (4).
These data would, thus, further suggest that cellular toxicity
cannot be correlated with the relative intracellular triphosphate
levels. We, and others, have suggested that incorporation of
AZT into nuclear DNA of host cells may be an important
toxicity target (4, 25, 28), with DNA polymerase 8 being pos-
sibly responsible for that incorporation (26). In contrast, DNA
polymerase « is probably not able to incorporate AZT-TP into
elongating nuclear DNA, and the potential involvement of
DNA polymerase 6 is still debatable (25-27). In the present
study, using cesium sulfate gradient centrifugation, D4T was
detected in DNA of human BMC. But, of note, steady state
levels of D4T incorporated into DNA were at least 10-50-fold
lower than values measured after exposure of cells to AZT,
under similar conditions. These data are, thus, consistent with
the hypothesis that the extent of incorporation of 2’,3’-dideox-
ynucleosides into nuclear DNA correlates with bone marrow
toxicity (4).

Because D4T-TP and AZT-TP do not exhibit major differ-
ences in affinity for human nuclear DNA polymerases (11),
other mechanisms accounting for the substantial difference in
incorporation into nuclear DNA between the two drugs were
explored. Further analysis of radiolabeled DNA extracted from
cells exposed to [°'H]DA4T revealed that approximately 70% of
the radioactivity was associated with dThd (Fig. 4). Formation
of dThd was demonstrated to result from intracellular conver-
sion of D4T to dThd, possibly by dThd phosphorylase. Subse-
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quently, dTTP metabolically formed from D4T via dThd is
rapidly utilized for DNA synthesis, competing with D4T-TP
for its incorporation into DNA. Consistent with these data,
Huang et al. (37) recently reported, by using in vitro polymeri-
zation assays, that high molecular weight DNA was still syn-
thesized by DNA polymerase « and ¢ in the presence of D4T-
TP and dTTP at a ratio as high as 30 to 1. Although D4T is
probably converted to dThd through dThd phosphorylase, it is
important to note that dThd phosphorylase activity is minimal
in highly purified human lymphocytes (38) and even absent or
undetectable in human T lymphocytes (39), a cell population
that is a major target for HIV in vivo (40).

Consequently, the toxicity and probably the anti-HIV activ-
ity of D4T are dependent on cellular dThd phosphorylase levels,
and modulation of DAT degradation by that cellular enzyme
may contribute to the observed increased selectivity, compared
with AZT.

Recent studies by Cheng and co-workers (25) have identified
an exonucleolytic enzyme in human K-562 erythroleukemia
cells that is suggested not to be associated with DNA polym-
erase activity and can remove 3’-terminal AZT or dideoxycy-
tidine residues from DNA. In our study, no excision of AZT
from DNA was detected, whereas label from D4T was substan-
tially removed (Fig. 6). Although the D4T-TP was chemically
unstable (Fig. 7), DAT, as the polynucleotide monophosphate
form, was protected against chemical hydrolytic degradation
after its incorporation into DNA (Fig. 7). This observation has
been reported with other nucleosides (41) and suggests that an
enzymatic repair mechanism is responsible for D4T excision
from DNA. The lack of AZT excision from DNA in our study
is inconsistent with the recently published data (25). However,
a difference in our study is that nonradiolabeled compounds
were added in the chase portion of the experiment. The ration-
ale was to dilute the *H-labeled triphosphate pool (which de-
clines slowly during that phase), thereby preventing further
incorporation into DNA. A possible explanation for the absence
of excision of AZT from DNA during the chase is that the
exonuclease activity may be inhibited by AZT nucleotides. The
inhibitory effects of high concentrations of nucleoside 5’-mon-
ophosphates on the 3’ to 5’ exonuclease activity are well
recognized (42) and have been suggested to play a role in the
mutagenic effects of 6-mercaptopurine, which, similar to AZT,
mostly accumulates within cells as its 5'-monophosphate deriv-
ative. Preliminary studies’ from our group have demonstrated
the ability of AZT-MP, at concentrations of >100 uM, to inhibit
the proofreading exonuclease activity associated with mam-
malian DNA polymerase 8, which may also provide a molecular
mechanism for the carcinogenic effects observed with AZT.
Although the effect of D4T-MP on 3’ to 5’ exonuclease activity
has not yet been evaluated, cellular concentrations of D4T-MP
are never high and are thus unlikely to have an influence on
the excision process. Another, more speculative, possibility that
could account for the different data between our study and that
of Cheng’s group (25) and the observed different patterns of
excision from DNA of human BMC between DAT and AZT
might be the presence of a specific repair enzyme. Differential
expression in human BMC, compared with K-562 cells, and
differential recognition of 2’,3’-dideoxynucleosides would also
explain the observations.

?E. G. Bridges and J. P. Sommadossi, unpublished data.

In summary, decreased D4T incorporation into DNA of
human BMC is probably a major mechanism for its low he-
matological toxicity, compared with AZT. The role of degra-
dative host enzymes, including dThd phosphorylase, and repair
enzymes in the minimal steady state incorporation of D4T into
DNA further emphasizes the importance of cellular function,
in addition to kinases, in modulating the anti-HIV activity of
2’,3’-dideoxynucleosides.

Acknowledgments
We wish to thank Janna Stockinger for preparing and editing the manuscript.

References

1. Hirsh, M. S. . J. Infect. Dis. 167:427-431 (1988).

2. Richman, D. D,M }‘inchl.M H. Grieco, M. S. Gottlieb, P. A. Volberding,
O. L. Laskin, J. M. Leedom, J. E. Groopman, D. Mildvan, M. S. Hirsch, G.
G. Jackson, D. T. Dumk. S. Nusinoff-Lehrman, and AZT Collaborative
Working Group. The toxicity of azidothymidine (AZT) in the treatment of

patients with AIDS and AIDS-related complex: a double-blind, placebo-
controlled trial. N. Engl J. Med. 317:182-197 (1887).

3. Surbone, A., R. Yarchoan, N. McAtee, M. R. Blum, M. Maha, J. Allain, R.
V. Thomas, H. Mitsuya, S. N. Lehrman, H. Kessler, C. E. Myers, and S.
Broder. Treatment of the acquired immunodeficiency syndrome (AIDS) and
AIDS-related complex with a regimen of 3’ azido-2' 3’-dideoxythymidine
(azidothymidine or zidovudine) and acyclovir. A pllot study. Ann. Intern.
Med. 108:534-540 (1988).

4. Sommadossi, J. P., R. Carlisle, and Z. Zhu. Cellular pharmacology of 3’azido-
3’-deoxythymidine, with evidence of incorporation into DNA of human bone
marrow cells. Mol. Pharmacol. 36:9-14 (1989).

5. Hao, Z., D. A. Cooney, N. R. Hartman, C. F. Perno, A. Fridland, A. L. De
Vico, M. G. , S. Broder, and D. G. Johns. Factors determining
the actwnty of 2',3’ -d:deoxy-nucleondu in suppressing human immunodefi-
ciency virus in vitro. Mol. Pharmacol. 34:431-435 (1988).

6. Harrington, J. A, W. H. Miller, and T. Spector. Effector studies of 3'-

nucleotides with human ribonucleotide reductase. Biochem.
Pharmacol. 86:3757-3761 (1987).

7. Frick, L. W.,D.J. Nelson, M. H. St. Clair, P. A. Furman, and T. A. Krenitsky.
Effects of 3’-azido-3’-deoxythymidine on the deoxynucleotide triphosphate
pools of cultured human cells. Biochem. Biophys. Res. Commun. 154:124-
129 (1988).

8. Balzarini, J., P. Herdewijn, and E. De Clercq. Differential patterns of intra-
cellular mbolmn of 2',3’ -dndehydro-z ,3’-dideoxythymidine and 3’-azido-
2',3’-dideoxythymidine, two potent anti-human immunodeficiency virus
compounds. J. Biol. Chem. 264:6127-6133 (1989).

9. Balzarini, J., R. Pauwels, M. Baba, P. Herdewijn, E. De Clercq, S. Broder,
and D. G. Johns. The in vitro and in vivo anti-retrovirus activity and
intracellular metabolism of 3’-azido-2’,3’-dideoxythymidine and 2’,3’-di-
deoxycytidine are highly dependent on the cell species. Biochem. Pharmacol.
87:897-903 (1988).

10. Fridland, A., M. C. Connelly, and R. Ashmun. Relationship of deoxynucleo-
hdechmgutomhnbmonofDNAlyntbemmdAmdbythmumm
agent 3’-azido-3’-deoxythymidine and release of its monophosphate by hu-
man lymphoid cells (CCRF-CEM). Mol Pharmacol. 37:665-670 (1990).

11. Hitchcock, M. J. M. 2’,3’-Didehydro-2’,3’-dideoxythymidine, an anti-HIV
agent. Antivir. Chem. Chemother., in press.

12. Mansuri, M. M,, J. E. Starrett, I. Ghazzouli, M. J. M. Hitchcock, R. Z.
Sterzycki, V. Brankovan, T. S. Lin, E. M. August, W. H. Prusoff, J. P.
Sommadossi, and J. C. Martin. 1-(2,3-Dideoxy-g-D-glycero-pent-2-enofura-
nosyl)thymine (D4T): a highly potent and selective anti-HIV agent. J. Med.
Chem. 32:461-466 (1989).

13. Sommadossi, J. P., Z. Zhu, R. Carlisle, M.-Y. Xie, and D. A. Weidner.
Pharmacologic studies of nucleosides active against the human immunode-
ficiency virus. Ann. N. Y. Acad. Sci. 616:356-366 (1990).

14. Mansuri, M. M. M. J. M. Hitchcock, R. A. Buroker, C. L. Bregman, I.
Ghazzouli, J. V. Desiderio, J. E. Starrett, R. Z. Sterzycki, and J. C. Martin.
Comparison of biological properties in vitro and toxicity in vivo of three
thymidine analogues (D4T, FAdT and AZT) active against HIV. Antimicrob.
Agents Chemother. 34:637-641 (1990).

15. Brown, M. J., and the Brown University AIDS Program, Clinical Trials
Group. Phase I study of 2’,3’-didehydro-2’,3’-dideoxythymidine (D4T) in
patients with AIDS or ARC, in VI International Conference on AIDS.
Abstract S.B.466, 200 (1990).

16. Dunkle, L., A. Cross, R. Gugliotti, R. Martin, M. Brown, and H. Murray.
Dose-escalating study of safety and efficacy of dideoxy-didehydrothymidine
(D4T) for HIV infection. Antivir. Res. 1(suppl.):116 (1990).

17. Squires, K. E., W. Weiss, H. Sacks, J. Hassett, R. Gugliotti, and H. Murray.
Effect of 2’,3’-didehydro-3’-deoxythymidine (D4T) on P24 antigenemia in
patients with AIDS or ARC, in VI International Conference on AIDS.
Abstract Th.A.241, 180 (1990).

18. Chen, C.-H., and Y.-C. Cheng. Delayed cytotoxicity and selective loss of
mitochondrial DNA in cells treated with the anti-human immunodeficiency

2102 ‘v 19quia2a uo oJisuer ap oIy Op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet..

19.

21.

27.

virus compound 2’,3’-dideoxycytidine. J. Biol Chem. 264:11934-11937

Cheng, Y.-C., C.-H. Chen, M. Vazquez-Padua, and C.-H. Tsai. Mechanism
of delayed toxicity caused by anti-HIV nucleoside analogs, in Advances in
Chemotherapy of AIDS II (R. B. Diasio and J. P. Sommadossi, eds.). Perga-
mon Press, Inc., New York, in press (1991).

Sommadossi, J. P., Z. Zhu, R. Carlisle, M.-Y. Xie, D. A. Weidner, and M. H.
el Kouni. Novel pharmacological approaches to the treatment of AIDS and
potential use of uridine phosphorylase inhibitors, in Advances in Chemother-
apy of AIDS (R. B. Diasio and J. P. Sommadossi, eds.). Pergamon Press,
Inc., New York, 63-73 (1990).

Cretton, E. M., M.-Y. Xie, R. J. Bevan, N. M. Goudgaon, R. F. Schinazi, and
J. P. Sommadoesi. Catabolism of 3’- uzido-3’-dooxythymdme in hepatocytes
and liver microsomes, with evidence of formation of 3’-amino-3’-deoxythym-
idine, a highly toxic catabolite for human bone marrow celis. Mol. Pharmacol.
39:258-266 (1991).

. Ho, H.-T., and M. J. M. Hitchcock. Cellular pharmacology of 2’,3’-dideoxy-

2’,3’-didehydrothymidine, a nucleoside analog active against human immu-
nodeficiency virus. Antimicrob. Agents Chemother. 38:844-849 (1989).

. Furman, P. A., J. A. Fyfe, M. H. St. Clair, K. Weindhold, J. L. Rideout, G.

A. Freeman, S. N. Lehrman, D. P. Bolognesi, S. Broder, H. Mitsuya, and D.

W. Barry. Phosphorylation of 3’-azido-3'-deoxythymidine and selective in-

teraction of the 5’-triphosphate with human immunodeficiency virus reverse
i . Proc. Natl. Acad. Sci. USA 83:8333-8337 (1986).

transcriptase.
. Marongiu, M. E,, E. M. August, and W. H. Prusoff. Effect of 3’-deoxythym-

idin-2’-ene (D4T) on nucleoside metabolism in H9 cells. Biochem. Pharmacol.
89:1523-1528 (1990).

. Vazquez-Padua, M. A., M. C. Starnes, and Y. C. Cheng. Incorporation of 3’-

azido-3’-deoxythymidine into cellular DNA and its removal in a human
leukemic cell line. Cancer Commun. 2:55-62 (1990).

. Parker, W. B., E. L. White, S. C. Shaddix, L. J. Ross, R. W. Buckheit, Jr., J.

M. Germany, J. A. Secrist III, R. Vince, and W. M. Shannon. Mechanism of
inhibition of human immunodeficiency virus type I reverse transcriptase and
human DNA polymerases a, 8, and v by the 5’-triphosphates of Carbovir,
3’-azido-3’-deo idine, 2’,3’-dideoxyguanosine, and 3’-deoxythymi-
dine. J. Biol. Chem. 268:1754-1762 (1991).

Huang, P., D Farquhar, and W. Plunkett. Selective action of 3’-azido-3’-
deo: 5’-triphosphate on viral reverse transcriptases and human
DNA polymerases. J. Biol. Chem. 265:11914-11918 (1990).

. Avramis, V. 1., W. Markson, R. L. Jackson, and E. Gomperts. Biochemical

pharmacology of zidovudine in human T-lymphoblastoid cells (CEM). AIDS
3:417-422 (1989).

. Zhu, Z., H.-T. Ho, M.J.M. Hitchcock, and J. P. Sommadossi. Cellular phar-

macology of 2’,3’-didehydro-2’,3’-dideoxythymidine (D4T) in peripheral
blood mononuclear cells. Biochem. Pharmacol. 39:R15-R19 (1990).

. August, E. M., M. E. Marongiu, T.-S. Lin, and W. H. Prusoff. Initial studies

on the cellular pharmacology of 3’-deoxythymidin-2’-ene (D4T): a potent

31.
32.

37.

41.

42.

845

and selective inhibitor of human immunodeficiency virus. Biochem. Phar-
macol. 37:4419-4422 (1988).

Labarca, C., and K. Paigen. A simple, rapid, and sensitive DNA assay
procedure. Anal. Biochem. 102:344-352 (1980).

Pérignon, J. L., D. M. Bories, A. M. Houllier, F. Thuillier, and P. H. Cartier.
Metabolism of pyrimidine bases and nucleosides by pyrimidine-nucleoside
phosphorylases in cultured human lymphoid cells. Biochim. Biophys. Acta
928:130-136 (1987).

Metabolism and DNA Interaction of D4T

. Friedkin, M., and D. W. Roberts. The enzymatic synthesis of nucleosides. I.

Thymidine phosphorylase in mammalian tissue. J. Biol Chem. 207:245-256
(1954).

. Marsh, J. C., and S. Perry. Thymidine catabolism by normal and leukemic

human leukocytes. J. Clin. Invest. 43:267-278 (1964).

. Blakely, R. L., F. C. Harwood, and K. D. Huff. Cytostatic effects of 2’,3’-

dideoxyribonucleosides on transformed human hemopoietic cell lines. Mol
Pharmacol. 37:328-332 (1990).

. Hao, Z., DACooney,D Farghuar, C. F. Perno, K. Zhang, R. Masood, Y.

Wnlson, N. R. Hartman, J. Balzarini, and D. G. Johns. Potent DNA chain
termination activity and select:ve inhibition of human immunodeficiency
virus reverse transcriptase by 2’,3’-dideoxyuridine-5’'-triphosphate. Mol
Pharmacol. 37:157-163 (1990).

Huang, P., D. Farquhar, and W. Plunkett. Selective action of 2’,3’-didehydro-
2’,3’-dideoxythymidine triphosphate on HIV reverse transcriptase and hu-
man DNA polymerases. Proc. Am. Assoc. Cancer Res. 32:398 (1991).
Bodycotte, J., and S. Wolff. Metabolic breakdown of [*H]thymidine and the
inability to measure human lymphocyte proliferation by incorporation of
radioactivity. Proc. Natl Acad. Sci. USA 83:4749-4753 (1986).

. Fox, R. M., 8. K. Piddington, and A. A. Piper. Thymidine phosphorylase

deficiency in cultured human T-leukemic lymphocytes: determinant of sen-
sitivity to pyrimidine antimetabolites. Proc. Am. Assoc. Cancer Res. 20:262
(1979).
Barre-Sinoussi, F., J. C. Chermann, F. Rey, M. T. Nygerye, S. Chamaret, J.
Gruest, C. Dauguet, C. Axler-Blin, F. Vezinet-Brun, C. Rouzioux, W. Roz-
enbaum, and L. Montagnier. Isolation of a T-lymphocytic retrovirus from a
patient for acquired immune deficiency syndrome (AIDS). Science (Washing-
ton D.C.) 220:868-871 (1983).
Townsend, A. J., and Y. C. Cheng. Sequence-specific effects of ara-5-aza-
CTP and ara-CTP on DNA synthesis by purified human DNA polymerases
in vitro: visualization of chain elongation on a defined template. Mol. Phar-
macol. 32:330-339 (1987).
Byrnes, J. J., K. M. Downey, B. G. Que, M. Y. W. Lee, V. L. Black, and A.
G. So. Selective inhibition of the 3’ to 5’ exonuclease activity associated with
})gl% )polymenm: a mechanism of mutagenesis. Biochemistry 16:3740-3746
1 .

Send reprint requests to: Dr. J. P. Sommadossi, UAB, Deputment of Phar-
macology, University Station, P. O. Box 600, Birmingham, AL

2102 ‘v laquiada uo oJisuer ap oIy op opelsg op apepisiaAiun Je Bio'sjeuinofiadse’ wreydjow woly papeojumoq


http://molpharm.aspetjournals.org/



