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SUMMARY

A series of 2',3'-didehydro-2’,3’-dideoxyribonucieosides
(ddeNs) [i.e., 2’,3’-dideoxythymidinene (ddeThd), 2’,3’-dideox-
yuridinene (ddeUrd), 2’ ,3'-dideoxycytidinene (ddeCyd), and
2’ 3’ -dideoxyadenosinene (ddeAdo)] has been synthesized and
the individual members compared in terms of their in vitro anti-
viral, antimetabolic, and cytostatic properties to their 2’,3’-sat-
urated counterparts (ddNs) (i.e., ddThd, ddUrd, ddCyd and
ddAdo). All ddeNs except ddeUrd are potent and/or selective
inhibitors of human immunodeficiency virus (HIV) in vitro, ddeCyd
being the most potent (MICso, 0.30 um). The inhibitory effect of
ddeCyd on ATH8 cell proliferation and HIV-induced cytopatho-
genicity is comparable to that of ddCyd. ddeThd is a more potent
anti-HIV agent than ddThd (MICs,, 3.4 um and 84 um, respec-
tively), but also more cytostatic (IDso, 172 um and >2000 um,
respectively). However, its in vitro chemotherapeutic index is
higher than that of 3’-azido-2’,3'-dideoxythymidine, a drug
which has recently proven effective in the treatment of acquired

immunodeficiency syndrome. ddeAdo has a weaker anti-HIV and
a stronger cytostatic effect than ddAdo. Neither ddeUrd nor
ddUrd shows significant anti-retroviral activity at 500 um. In
contrast to their anti-retroviral activity, both ddNs and ddeNs
lack any appreciable inhibitory activity against a series of non-
oncogenic RNA and DNA viruses, pointing to their selectivity as
anti-retroviral agents. All ddeNs show a progressive loss of anti-
retroviral effect upon incubation with virus-infected
cells. This phenomenon is most likely due to the chemical insta-
bility of these compounds, and not to a preferential enzymatic
phosphorolytic cleavage of the ddeNs. Evidence is presented
that ddeCyd and ddCyd, and ddeThd and ddThd are phospho-
rylated by cellular dCyd kinase and dThd kinase, respectively.
However, the K; values as alternate substrate inhibitors for their
respective kinases are high (>500 uM), indicating poor substrate
activity and, thus, poor anabolism in ATH8 cells.

HTLV-III/LAV, also designated HIV, has been identified as
the etiologic agent of AIDS (1-3). There is considerable current
interest in the development of agents that prove effective in
the treatment of this disease.

Recently, Mitsuya et al. (4) reported that AZT is a potent
inhibitor of HIV replication in human lymphocyte cultures and
protects the cells against the cytopathic effects of the virus at
a concentration of 1-5 uM. Although the mechanism of action
of this compound has not yet been fully elucidated, it has been
speculated that inhibition of the virus-encoded DNA polymer-
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research associate of the Belgian Nationaal Fonds voor Wetenschappelijk On-
derzoek.

ase (reverse transcriptase) may account, at least in part, for its
selectivity. Indeed, Furman et al. (5) have demonstrated that
the 5’-triphosphate of AZT selectively inhibits HIV reverse
transcriptase at a concentration more than 100-fold lower than
that at which it inhibits DNA polymerase a. Moreover, should
AZT itself be incorporated, the absence of a hydroxyl group at
the 3’-position of the sugar moiety would result in chain
termination. This characteristic also holds for the 2’,3’-dideox-
yribonucleotide analogues of the natural 2’-deoxyribonucleo-
side triphosphates: Atkinson et al. (6) demonstrated that 2’,3’-
dideoxythymidine-5’-triphosphate (ddTTP) and also 2’,3’-di-
dehydro-2’,3’-dideoxythymidine-5’-triphosphate  (ddeTTP)
cause chain termination after incorporation into DNA.
Mitsuya and Broder (7) demonstrated that every purine
(adenosine, guanosine, and inosine) and pyrimidine (cytidine

ABBREVIATIONS: HTLV-II/LAV, human T-cell lymphotropic virus type lll/lymphadenopathy-associated virus; HIV, human immunodeficiency virus;
AIDS, acquired immunodeficiency syndrome; AZT, 3’-azido-2’,3’-dideoxythymidine (BW A509U, azidothymidine); L1210/0, murine leukemia L1210
celis; L1210/BdUrd, deoxythymidine kinase-deficient L1210 cells; L1210/araC, deoxycytidine kinase-deficient L1210 cells; ddeN, 2’,3’-didehydro-
2',3'-dideoxyribonucleoside; ddN, 2’,3’-dideoxyribonucleoside; araC, arabinofuranosyicytosine.
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and thymidine) nucleoside containing the 2’,3’-dideoxyribose
configuration, when evaluated against the infectivity and cy-
topathic effect of HIV in vitro, significantly suppressed the
virus, ddCyd being the most potent of the series (total antiviral
protection at 0.5-1.0 uM). However, the olefinic ddNs have
never been subjected to extensive antiviral examination, al-
though the synthesis of these compounds was reported some
years ago. The introduction of a 2’,3’-double bond into the
ribose moiety of ddUrd, ddCyd and ddThd was originally de-
scribed by Horwitz et al. (8-10), while Robins and Robins (11)
and McCarthy et al. (12) reported the synthesis of ddAdo and
its 2’,3'-unsaturated counterpart (ddeAdo).

In search of new potential inhibitors of HIV, we have now
resynthesized three 2’,3’-unsaturated pyrimidine dideoxynu-
cleoside analogues (ddeThd, ddeUrd and ddeCyd) and one 2’,3’-
unsaturated purine dideoxynucleoside analogue (ddeAdo), and
compared their in vitro antiviral, antimetabolic, and cytostatic
effects to those of the corresponding saturated ddNs, ddThd,
ddUrd, ddCyd and ddAdo. A preliminary account of some of
our results with one member of the pyrimidine series (ddeCyd)
has recently appeared (13).

Materials and Methods

Compounds. ddCyd, ddThd, and ddAdo were obtained from Phar-
macia-PL-Biochemicals (Piscataway, NJ). Previous published methods
were used to synthesize the following sugar-modified nucleosides:
ddeCyd (8), ddUrd (10), ddeUrd (10), ddeAdo (12), and ddeThd (14).
The other reagents used were of the highest quality available.

Cells. The origin, cultivation, and characterization of murine leu-
kemia L1210 cells, designated L1210/0; deoxythymidine kinase-defi-
cient L1210 cells, designated L1210/BdUrd; deoxycytidine kinase-
deficient L1210 cells, designated L1210/araC; murine mammary car-
cinoma FM3A cells; human B-lymphoblast Raji cells; human T-lym-
phoblast Molt/4F cells; and human T4-lymphocyte ATHS cells have
previously been described (15-18).

Radiochemicals. [2-*C]dThd (specific radioactivity 50-60 mCi/
mmol) and [5-°H]dCyd (specific radioactivity 22 Ci/mmol) were ob-
tained from Amersham International Limited (Amersham, England).
[5,6-*H]ddCyd (specific radioactivity 6 and 5.5 Ci/mmol) was obtained
from Moravek Biochemicals (Brea, CA).

Cytostatic assays. Cytostatic effects of the compounds were as-
sessed by measuring the inhibition of cell proliferation. The experi-
mental procedures have been described previously (16-19). Briefly,
L1210/0, L1210/BdUrd, L1210/araC, FM3A, Raji, and Molt/4F cells
were suspended in growth medium and added to a microplate well at a
density of 5 X 10* cells/well in the presence of varying concentrations
of the test compounds. The cells were then allowed to proliferate for
48 hr at 37°. At the end of the incubation period, the cells were counted
in a Coulter counter. The ID;, was defined as the concentration of
compound that reduced the number of cells by 50%.

Viruses. HTLV-III (designated HIV) was derived from a pool of
American patients with AIDS. Approximately 6 X 10" virus particles/
ml were obtained from the culture supernatant of HIV-producing H9
cells as previously described (4).

The origin of the other viruses was as follows: herpes simplex virus
type 1 (strain KOS) and type 2 (strain G), see Ref. 20; vaccinia virus,
vesicular stomatitis virus, Sindbis virus, Coxsackie virus type B4, and
polio virus type 1, see Ref. 21; reovirus type 1 (ATCC VR-230),
parainfluenza virus type 3 (ATCC VR-93), and Semliki forest virus
were obtained from the American Type Culture Collection (Rock-
ville, MD).

Antiviral assays. The antiviral assays, other than HTLV-III/LAV,
were based on an inhibition of virus-induced cytopathogenicity in either
Hela cell, Vero cell, or primary rabbit kidney cell cultures, following
previously established procedures (20). Briefly, confluent cell cultures
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in microtiter trays were inoculated with 100 CCIDy, of virus, 1 CCIDg,
being the virus dose required to infect 50% of the cell cultures. After 1
hr of virus adsorption, residual virus was removed and the cell cultures
were incubated in the presence of varying concentrations (400, 200,
100, ... ug/ml) of the test compounds. Viral cytopathogenicity was
recorded as soon as it reached completion in the control virus-infected
cell cultures.

Anti-HIV assay. Human T-lymphocyte ATHS cells were pretreated
with polybrene at 2 ug/ml for 30 min at 37°. Cells were then pelleted,
suspended in fresh RPMI-1640 culture medium containing 13% fetal
calf serum, 11% interleukin-2 (v/v), 50 uM B-mercaptoethanol, 4 mm
L-glutamine, 50 units/ml penicillin, and 50 ug/ml streptomycin, and
infected with 2 X 10° virions/cell for 60-90 min at 37°. This virus
concentration represents 400 times the minimum dose required to
induce cytopathogenicity in ATHS8 cells and, thus, represents a very
high multiplicity of infection (19). After infection, cells were reconsti-
tuted in culture medium and seeded in culture tubes at 2 ml/tube in
the presence or absence (controls) of the test compound. After incu-
bation for 6-7 or 10 days at 37°, the number of viable cells was counted
and compared to controls (noninfected cells which were incubated with
the same concentrations of the compounds as the virus-infected cells)
(19).

Enzyme assays. dCyd kinase and dThd kinase were prepared from
exponentially growing Molt/4F cells, which were washed twice with
phosphate-buffered saline at 4° and homogenized with a Polytron
homogenizer (Brinkmann Instruments, Rexdale, Ontario, Canada) for
dCyd kinase or sonicated three times for 10 sec for dThd kinase
preparation.

The suspensions were then clarified by centrifugation at 25,000
27,000 x g for 30 min. The 30-60% (NH,):SO, precipitate of the
resulting supernatant was resuspended in buffer containing 10 mm
Tris-HCI, pH 7.5, and 5 mM B-mercaptoethanol, dialyzed against the
same buffer, and used for the dCyd kinase assays. The 30-70%
(NH,):SO, precipitate of the supernatant was resuspended in buffer
containing 10 mM potassium phosphate, pH 7.5, 10 mM S-mercapto-
ethanol and 0.1 M KCl, dialyzed against the same buffer, and used for
the dThd kinase assays. The dCyd kinase assays were carried out by a
radiometric method as described by Ives and Wang (22); the procedure
followed for the dThd kinase assays was described previously (23). In
these experiments, [5-°H]dCyd and [2-'*C]dThd served as the radiola-
beled substrates. The apparent K, and K; values were derived from
Lineweaver-Burk plots, using a linear regression analysis program.

A continuous spectrophotometric assay was used with purified bac-
terial dThd phosphorylase (Sigma Chemical Co., St. Louis, MO) using
a Beckman spectrophotometer type DB-G. The change in absorbance
during the enzyme reaction was continuously monitored at 25° at the
wavelength where the difference between the nucleoside and its free
base was maximal (AAA,,): dUrd (270 nm), ddUrd (275 nm), ddeUrd
(270 nm), dThd (275 nm), ddThd (280 nm), ddeThd (272 nm), dCyd
(276 nm), ddCyd (275 nm), ddeCyd (307 nm).

The reaction mixtures for all of the assays in Table 4 consisted of
enzyme and nonsaturating concentrations of nucleoside (20, 25, 30, 40,
and 50 uM) in 0.1 M sodium phosphate buffer, pH 7.0. The initial
velocity of phosphorolysis has been expressed as nmol/min/enzyme
unit at 25 uM test compound and increased linearly within the concen-
tration range of 20-50 uM for all of the compounds tested. Saturating
concentrations of dUrd, dThd, and the ddNs have not been determined.

Results

The ddeNs (i.e., ddeThd, ddeUrd, ddeCyd and ddeAdo) and
their 2’,3’-saturated counterparts (ddNs) were first compared
for their inhibitory effects on HIV-induced cytopathogenicity
in ATHS cells (Table 1). When recorded at day 7 post-infection,
there were marked differences in the inhibitory effects of the
ddeNs on HIV. With a MICs, of 0.30 uM, ddeCyd was the most
potent, and with a MICs, of > 100 uM, ddUrd was the least
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TABLE 1
Anti-HIV activity and cytotoxic effects of ddeNs and their 2',3’-
saturated counterparts
Recorded at day 6-7 after Recorded at day 10 after
Compound virus inoculation virus inoculation
MICy’ Dy’  Dp/MCew’  MICeo Dy 105/MICso
uM uM
ddeCyd 03 30 100 2.0 35 175
ddCyd 0.2 3 175 0.2 3 175
ddeUrd >100 107 >1.1 >100 >100
ddurd  >500 >500 >500 >500
ddeThd 4.1 110 27 10 100 10
ddThd 101 >2000 >24 220 >2000 >9.2
ddeAdo 40 52 1.3 >100 75 >0.7
ddAdo 27 >620 >229 3 >500 >166
AZT 24 40 16.6

* Concentration required to reduce virus-induced cytopathogenicity by 50%.
°Ca\emtmﬁmmq\dredtomlceATH80dviabityby50%(eompaedto
untreated control).

° The ratio 1Dso/MICso represents the in vitro “therapeutic index.” However, it
should be noted that MICy values will vary with the original muitiplicity of viral
infection, while the IDs, values will not. Thus, a higher multiplicity of infection will
give a lower IDso/MICs ratio and vice versa. However, the relative ranking of the
therapeutic indices within a series of compounds will remain the same.

effective. ddeAdo and ddeThd showed MICs, values that were
intermediate between these extremes. ddeCyd was almost as
effective as ddCyd in inhibiting the cytopathogenicity of HIV
in ATHS cells, and also proved equally as cytostatic as ddCyd
to the human lymphocytes. On the other hand, ddeThd pro-
tected ATHS cells against HIV to a considerably greater extent
than ddThd (~25-fold), but was also more cytostatic (~20-
fold). Its antiviral activity proved to be similar to that of AZT,
an anti-HIV drug recently found to be effective in AIDS pa-
tients (Fig. 1). In contrast, ddeAdo was not only less effective
than its saturated counterpart (ddAdo) as an anti-retroviral
agent, but also more cytostatic than ddAdo for ATHS cells.
Thus, among the ddeNs, only ddeCyd and ddeThd had in vitro
chemotherapeutic indices close to those of ddCyd and ddThd,
respectively. The other ddeNs tested showed lower chemother-
apeutic indices than their parental ddNs. However, upon longer
incubation with the HIV-infected ATHS8 cells, all ddeNs in-
cluding ddeCyd and ddeThd partially lost their anti-retroviral
activity (Table 1), whereas their cytostatic effects did not
markedly change.

When both ddeNs and ddN's were examined against a number
of non-oncogenic viruses including the DNA viruses herpes
simplex virus type 1, herpes simplex virus type 2, and vaccinia
virus, and the RNA viruses vesicular stomatitis virus, Sindbis
virus, Coxsackie virus type B, polio virus type 1, reovirus type
1, Semliki forest virus, and parainfluenzavirus type 3, none of
the ddeNs and ddNs tested exhibited any marked antiviral
activity, and both series of compounds proved 50 to > 1000-
fold less effective in inhibiting the virus-induced cytopatho-
genic effect compared to their anti-retroviral activity.

Cytostatic effects of ddeNs and ddNs. We next examined
the cytostatic effects of the ddeNs and their 2’,3’-saturated
congeners against several murine (leukemia L1210/0, L1210/
BdUrd, L1210/araC, FM3A) and human (B-lymphoblast Raji,
T-lymphoblast Molt/4F, and T-lymphocyte ATHS8) cell lines.
ddeUrd, ddeThd, and ddeAdo were significantly more cytostatic
against murine and human cell lines than were their corre-
sponding saturated counterparts (Table 2). No specific inhibi-
tory potencies of the compounds were observed for the prolif-
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Fig. 1. Inhibition of the cytopathic effect of HIV by AZT and ddeThd
against ATHS cells. ATHS celis (2 x 10% were preexposed to polybrene,
exposed to HIV (2000 virus particles/cell), and cuitured in the presence
or absence of compound. On day 7 post-infection, total viable cells were
counted by trypan blue dye exclusion. O, cell cultures treated with
compoundWith Pou m;o:ly; W, cell cultures treated with compound after infection

TABLE 2

Cytostatic activity of ddeNs and their 2',3'-saturated counterparts
against a series of murine and human cell lines

1Dso (usf®
ddCyd ddeCyd ddUrd ddeUrd ddThd ddeThd ddAdo ddeAdo

L1210/0° 320 196 >2000 318 >2000 21 702 178
L1210/BdUrd® 298 167 >2000 648 >2000 516 745 156
L1210/araC® >2000 1134 >2000 188 >2000 340 825 123
FM3A® >2000 1158 >2000 413 >2000 504 855 234
Raji’ 12 13 >2000 223 >2000 668 1208 168
Molt/4F? 17 20 >2000 258 >2000 908 968 234
ATH8" 35 30 >2000 107 >2000 110 620 52

*IDgo, dose required to inhibit cel proliferation by 50%. Data represent the
average of at least three separate experiments. For ATH8 cells, cytotoxic doses
are given, i.e., the concentration required to reduce cell viability by 50%. Results
were recorded at day 6-7 after seeding of the cells.

® Murine leukemia cells.

° L1210 cells deficient in dThd kinase.

71210 celis deficient iquydklnase.

eration of murine and human cell lines except for ddeThd,
which was considerably (>100-fold) more cytostatic against
L1210/0 cells than against the other murine and human cell
lines evaluated, and ddeCyd and ddCyd, which proved much
more inhibitory to human lymphoid cell proliferation (i.e., Raji,
Molt/4F, and ATHS; IDy, 12-35 uM) than to murine (i.e.,
L1210, FM3A; IDs, > 160 uM) or to human non-lymphoid (i.e.,
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adenosquamous carcinoma NCI-H125, bronchioloalveolar car-
cinoma NCI-H322 and NCI-H358, and large cell carcinoma
NCI-H460; IDs, > 100 uM) cell proliferation (Table 2 and data
not shown). It is worthwhile noting that ddeCyd and ddCyd
were much less cytostatic against the L1210/araC cell line than
against the parental L1210/0 cells.

When the effect of the addition of natural purine (i.e., Ado,
dAdo) and pyrimidine (i.e., dThd, dUrd, dCyd, Urd, Cyd) nu-
cleosides on the cytostatic action of the ddeNs and ddNs was
evaluated, dCyd and Cyd dramatically reversed the inhibitory
effects of both ddeCyd and ddCyd on Molt/4F cell proliferation
(30 to > 100-fold) (Table 3). The effects of other ddeNs and
ddNs were not reversed by any of the natural nucleosides tested.

Effect of ddCyd, ddeCyd, ddThd, and ddeThd on par-
tially purified Molt/4F dCyd kinase and dThd kinase.
Both ddeCyd and ddCyd were evaluated for their inhibitory
effect on partially purified dCyd kinase, derived from human
Molt/4F cells. The K,, value of the enzyme for its physiological
substrate dCyd was 2.8 uM. ddCyd inhibited dCyd kinase only
at high concentrations (K;, 1.0 mM), whereas ddeCyd exerted
an even lower inhibitory effect on the enzyme (K;, 4.6 mM).
Both compounds showed competitive inhibition of dCyd kinase
with respect to dCyd within a concentration range of 2-10 uM
dCyd. When evaluated for its substrate activity against dCyd
kinase, ddCyd showed a K,, value of 201 uM, a 50- to 60-fold
higher value than the K,, of dCyd for the enzyme (Fig. 2). The
Vmax for ddCyd phosphorylation was 0.3 times the V., for
dCyd conversion (Fig. 2).

ddThd and ddeThd were also examined for their inhibitory
effects on Molt/4F dThd kinase. The K,, value of the physio-
logical substrate dThd for the enzyme was 4-5 uM. Both ana-
logues were found to be weakly inhibitory against the enzyme
with respect to dThd phosphorylation. They showed compara-
ble K; values (~580 uM) and behaved as competitive inhibitors
for dThd kinase within a concentration range of 5-50 uM dThd.

Nucleoside phosphorolysis. In comparison to the pattern
of degradation shown for dUrd and dThd, the 2’,3’-dideoxyri-
bose and the 2’,3’-didehydro-2’,3’-dideoxyribose configuration
in the nucleoside substantially decreased the velocity of phos-
phorolysis by purified bacterial dThd phosphorylase (200- to
1000-fold) (Table 4). Both ddeUrd and ddeThd showed a
slightly increased initial velocity for phosphorolytic cleavage
compared to their 2’,3’-saturated counterparts. dCyd, ddCyd,
and ddeCyd were not subject to phosphorolytic cleavage by the
bacterial dThd phosphorylase.

TABLE 3

Effect of natural nucleosides on the cytostatic activity of ddeNs
and their 2',3'-saturated counterparts against human
T-lymphoblasts (Molt/4F)

addiion o
of folowing ucleoside® 44y ddeCyd ddrd ddeUrd ddThd ddeThd ddAdo ddeAdo

(Control) 17 20 >2000 258 >2000 908 968 234
dThd (800 um) 28 29 >2000 197 >2000 672 744 200
dUrd (550 uwm) 30 39 >2000 258 >2000 852 994 218

dCyd (2200 um) >2000 1440 >2000 237 >2000 616 1070 210

Urd (510 um) 13 23 >2000 258 >2000 552 1010 222
Cyd (2060 um) 620 1100 >2000 223 >2000 564 746 198
dAdo (38 um) 982 236
Ado (470 um) 974 224

* The nucleosides were added at subtoxic concentrations.
® |Dygo, dose required to inhibit cell proliferation by 50%. Data represent the
average of at least three separate experiments.
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Fig. 2. Double reciprocal plots for substrate activity of dCyd (6—@®) and

ddCyd (O- - -O) for Molt/4F dCyd kinase. The plotted data are the
mean values for at least three separate experiments.

TABLE 4
Initial velocities for phosphorolysis of 2’ -deoxyribonucleosides,
ddNs, and ddeNs by dThd phosphorylase
Initial velocity of
Compound bacteril dThd phosphorylase’
nmol/min/enzyme unk
dThd 61.2
ddThd 0.043
ddeThd 0.312
durd 101
ddUrd 0.080
ddeUrd 0.112
dCyd ND®
ddCyd ND
ddeCyd ND

* Initial velocity was determined at a substrate concentration of 25 um.
° No detectable phosphorolysis.

Nonenzymatic breakdown of ddeNs and ddNs. Freshly
prepared solutions of the ddeNs and ddNs in 0.1 M Tris-HCI
buffer at pH 7.0 were incubated for varying time periods at 37°.
Time-dependent spontaneous degradation of all ddeNs to their
corresponding free bases was observed by high performance
liquid chromatographic analysis of the samples taken at differ-
ent time intervals. Breakdown of ddeAdo was most extensive
(50% hydrolysis in less than 1 day), followed by ddeUrd,
ddeThd, and ddeCyd (50% hydrolysis after ~3 days) (Fig. 3).
None of the corresponding 2’,3’-saturated ddNs showed any
high performance liquid chromatography-detectable break-
down after 3 days of incubation (Fig. 3).

Discussion

None of the ddNs or their 2’,3’-unsaturated congeners
showed any inhibitory effects against the cytopathogenicity of
a number of non-oncogenic DNA and RNA viruses. In contrast,
most of the compounds evaluated inhibited the HIV-induced
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Fig. 3. Spontaneous degradation of 1 mm ddeNs and ddNs at 37° in 0.1
™ Tris-HCI, pH 7.0, as a function of time. A: ddUrd (A) and ddeUrd (O),
B: ddThd (A) and ddeThd (O), C: ddCyd (4) and ddeCyd (O); D: ddAdo
(A) and ddeAdo (O).

TABLE S
Comparative kinetic constants of dCyd kinase for ddCyd and araC
ddCyd araC*
Molt/4F® Calf thymus®
Kn (I‘M) 201 41
Vimex (PMoI/mg/min) 640 1020
Ki (um) 997 350
K//Kn for dCyd 319 70
Ki/K= for ddCyd or araC 6.2 8.6

* Data for araC are from Durham and Ives (27).
K., values of dCyd for Moit/4F and calf thymus dCyd kinase are 2.8 um and
5.3 um, respectively.

cytopathogenic effect in ATHS cells, pointing to the selectivity
of the ddNs and ddeNs as anti-retroviral agents. It would
appear, therefore, that these compounds inhibit a crucial step
during the life cycle of the virus which is unique with respect
to retroviruses. Most likely, the target for the inhibitory effect
of the compounds is the transcription of viral RNA to DNA,
catalyzed by the virus-encoded DNA polymerase (reverse tran-
scriptase). Indeed, it has been reported that the 5’-triphosphate
derivative of 2',3'-ddThd inhibits murine and avian oncoviral
reverse transcriptase to a more than 100-fold greater extent
than it inhibits cellular DNA polymerase a (24). Moreover,
Furman et al. (5) reported a similar observation for AZT 5’-
triphosphate and suggested that the specificity of AZT as an
anti-HIV agent may be ascribed, at least in part, to its potent
inhibition of HIV reverse transcriptase (5).

Concerning the anti-retroviral effects of the olefinic ddNs,
ddeCyd was almost as effective as ddCyd in protecting ATHS8
cells against the cytopathogenicity of HIV when recorded at
the sixth day after infection. Both compounds are also equally
effective in inhibiting antigen expression of HIV in human
lymphocyte MT-4 cells (13). Moreover, the cytostatic effects of

ddeCyd against human ATHS8, Molt/4F, and Raji cells were
also comparable to those of ddCyd. Therefore, ddeCyd had an
in vitro chemotherapeutic index (ratio IDs/MICs,) close to that
of ddCyd and, thus, might be considered as a potential anti-
retroviral drug worthy of evaluation in vivo. The ratio IDso/
MICs of ddCyd and ddeCyd proved to be of the same order of
magnitude as that of ddAdo, but higher than those of all other
ddeN and ddN analogues tested, including ddeAdo, ddeThd,
ddThd, ddeUrd, and ddUrd.

It is unclear why ddeThd shows a 25-fold increase in anti-
retroviral activity compared to ddThd, with a parallel increase
in cytostatic potential. It is unlikely that higher intracellular
levels of ddeTTP than of ddTTP are formed, since the identical
K; values of ddeThd and ddThd for dThd kinase suggest that
both drugs have similar susceptibility to phosphorylation, at
least to their 5’-monophosphate metabolites. However, Atkin-
son et al. (6) reported that the ability of ddeTTP to inhibit E.
coli DNA polymerase with poly d(A-T) as the template was 4-
fold greater than that of ddTTP under similar experimental
conditions. Thus, the increased antiviral and cytostatic effect
of ddeThd over ddThd might be explained by differential effects
at the cellular DNA polymerase and/or reverse transcriptase
level. Moreover, when we compared the antiviral, cytostatic,
and cytotoxic effects of ddeThd with AZT, both compounds
proved equally effective in protecting ATHS cells against the
cytopathogenicity of HIV, but ddeThd had a higher in vitro
chemotherapeutic index, i.e., it was less cytostatic and cytotoxic
against ATHS cells than AZT (Fig. 1, Table 1). Since AZT is a
drug which has proven effective in AIDS patients, further
evaluation of ddeThd, including examination of some of its in
vivo pharmacological properties would appear warranted.

It remains puzzling why ddCyd is at least 500-fold more
potent than ddThd as an anti-retroviral agent. Indeed, we
demonstrated that ddCyd and ddThd, and also their 2’,3’-
unsaturated derivatives ddeCyd and ddeThd, showed compa-
rable (poor) substrate activities for their phosphorylating en-
zymes dCyd kinase and dThd kinase, respectively. However,
differences in phosphorylation of the 5’-monophosphate deriv-
atives to their respective 5’-triphosphates, unequal incorpora-
tion rates into retroviral DNA, and/or different properties of
ddN- or ddeN-containing DNA may be responsible for the
striking difference in the in vitro anti-HIV effect of the two
compounds.

The decrease in antiviral potency of all ddeNs upon pro-
longed incubation with HIV-infected ATHS cells is not related
to a higher susceptibility of these compounds to enzymatic
hydrolysis since we found that ddThd, ddeThd, ddCyd, ddeCyd,
ddUrd, and ddeUrd were far more resistant to phosphorolytic
cleavage by dThd phosphorylase than dThd and dUrd, and no
striking differences were noted between the ddNs and the
ddeNs. Most likely, as we recently reported for ddeCyd (13),
the decrease in protective effects of the ddeNs against HIV-
infected cells as a function of the incubation time is due to the
chemical instability of this class of compounds, either before
or after incorporation into DNA. This explanation corroborates
the observation of Sanger et al. (25), that the 5’-triphosphate
derivative of ddeThd was much less stable than its correspond-
ing ddThd derivative when utilized in the DNA sequencing
reaction. This property might be advantageous in vivo, since it
would permit a more rapid clearance of the ddeNs compared to
the corresponding ddNs if toxicity should occur. However, the
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fact that ddThd also loses its antiviral potency upon longer
incubation times with HIV-infected cells, but seems not to be
hydrolyzed spontaneously under our experimental conditions,
points to a more complex explanation of this phenomenon.

The observations that (i) the anti-retroviral and cytostatic
effects of ddeCyd and ddCyd against human Molt/4F cells are
significantly reversed by dCyd (Ref. 19 and Table 3), (ii) ddeCyd
and ddCyd are considerably less cytostatic against a dCyd
kinase-deficient cell line compared to the parental cells (Table
2), and (iii) phosphorylated metabolites of ddCyd could not be
detected in a dCyd kinase-deficient cell line (26) point to dCyd
kinase as the activating enzyme for both ddeCyd and ddCyd.
Indeed, partially purified dCyd kinase from Molt/4F cells phos-
phorylates dCyd and ddCyd, with dCyd being the kinetically
preferred substrate. ddeCyd (and also ddCyd) competitively
inhibit the phosphorylation of dCyd within a substrate range
of 2-10 uM. The kinetic constants for dCyd and ddCyd indicate
that, in the presence of both substrates, dCyd will be prefer-
entially utilized. There is a striking analogy between the kinetic
behavior of ddCyd and araC toward dCyd kinase (Table 5).
The K, and K; values of ddCyd for dCyd kinase are 3- to 5-
fold higher than those of araC, and both araC and ddCyd
showed competitive inhibition with respect to dCyd within a
concentration range of 2-10 uM. These data suggest that ddCyd
is an even poorer substrate for dCyd kinase than is araC.
Despite this, however, intracellular levels of ddCTP can be
reached in a number of human cell lines, including ATHS cells,
that are high enough to account for effective antiviral activity
(26). In this respect, ddeCyd is probably not more efficiently
phosphorylated than is ddCyd, and one may also expect that
no higher intracellular ddeCTP levels will be reached under the
same conditions as for ddCyd.

In conclusion, ddeNs are a new class of anti-HIV compounds
endowed with selective and potent anti-retroviral activity. Of
the 2’,3’-unsaturated compounds examined, ddeCyd and
ddeThd appear sufficiently promising to warrant further phar-
macological studies.
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