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Summary

3’-Deoxy-3"-azidothymidine (AZT) has been shown to synergistically inhibit
the replication of human immunodeficiency virus type 1 (HIV-1) in cell culture
when combined with several other 2',3'-dideoxynucleoside analogs. In an effort
to understand the biochemical mechanism of this synergy, we have examined
the effect of combinations of the 5'-triphosphate of AZT (AZT-TP) with either
ddCTP, ddATP, or the 5'-triphosphate of the carbocyclic analog of 2',3'-
didehydro-2',3'-dideoxyguanosine (carbovir) on both the RNA-directed and
DNA-directed DNA polymerase activity of HIV-1 reverse transcriptase.
Kinetic studies, which evaluated the ability of these combinations to
competitively inhibit the enzyme, showed that AZT-TP could not bind to the
enzyme with either the RNA or DNA template at the same time as either of the
other three inhibitors. None of these analogs could affect the incorporation of
another analog into the DNA chain by the HIV-1 reverse transcriptase. These
results indicated that synergistic inhibition of the HIV-1 reverse transcriptase is
not responsible for the synergistic antiviral activity seen in cell culture with
combinations of these nucleoside analogs.

HIV-1; Reverse transcriptase; Drug combinations; 3'-Deoxy-3'-azidothymidine; 2’,3'-
Dideoxyinosine; 2',3’-Dideoxycytidine; Carbovir
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Introduction

To date, only three drugs have been approved by the FDA for use in the
treatment of HIV-1 infection, 3'-deoxy-3'-azidothymidine (Zidovudine, AZT;
Yarchoan et al., 1986), 2',3'-dideoxycytidine (Zalcitabine, ddC; Yarchoan et al.,
1988), and 2’,3'-dideoxyinosine (Didanosine, ddI; Ahluwalia et al., 1987). All
three compounds are nucleoside analogs generally considered to inhibit viral
replication by the same mechanism (Mitsuya et al., 1990; Connolly and
Hammer, 1992a). After metabolism to the appropriate 5'-triphosphate (TP),
they compete with the natural nucleotides for the HIV-1 reverse transcriptase
and are incorporated into the HIV DNA resulting in chain termination.
Inhibition of viral DNA synthesis prevents replication and subsequent
integration of the proviral genome into the host cell DNA.

The clinical efficacy of each of these drugs is limited due to toxicities
associated with their use (Schinazi et al., 1992). In addition, drug-resistant virus
strains emerge in patients after fairly short periods of treatment with these
compounds (Japour et al., 1991; Richman, 1992; Shirasaka et al., 1993).
Although the relationship of these resistant isolates to failure of therapy is
unclear, the patient is frequently treated with another nucleoside once they
appear (Tudor-Williams and Emery, 1992; Boucher et al., 1992; Gotzsche et al.,
1992). Consequently, intensive efforts are underway to improve therapy for
HIV-1 infected individuals, both by developing new drugs and by investigating
different treatment regimes with the existing drugs (Connolly and Hammer,
1992b). Combination chemotherapy has been successfully used in the treatment
of other diseases to address the problems associated with the development of
resistance and drug toxicities.

Surprisingly, AZT when combined with either of the two other FDA
approved drugs, ddC and ddl, has synergistic antiviral activity in in vitro cell
culture tests (Schinazi, 1992; Eron et al., 1992; Dornsife et al., 1991; Cox et al.,
1992). Observations of synergistic anti-HIV activity have been expanded to
include other nucleoside analogs in combinations with AZT, including the
carbocyclic analog of 2,3'-didehydro-2',3'-dideoxyguanosine (carbovir, CBV;
Shannon, 1990; Smith et al., 1993) and 3'-fluoro-3'-deoxythymidine (FLT;
Harmenberg et al., 1990; Cox et al., 1992). Recently, three drug combinations
of AZT, ddl, and one of the nonnucleoside reverse transcriptase inhibitors,
L697661, were found to be very effective in limiting HIV-1 replication in vitro
(Chow et al., 1993). Attempts to determine the mechanism of antiviral synergy
of combinations of nucleoside analogs have been unsuccessful to date.
Combination of another nucleoside with AZT does not appear to affect the
metabolism of either nucleoside or to significantly affect the levels of the
natural triphosphate pools, even when these studies are carried out in HIV-
infected cells of the type in which the antiviral synergy was measured (Parker et
al., 1993; Cox, 1992).

Although it was anticipated that two nucleotide analogs would not interact
with the reverse transcriptase to produce synergistic inhibition of this enzyme,
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it has not been possible until recently to actually test this assumption for the
unique activity of this enzyme, its RNA-directed DNA polymerase activity.
Assay systems that employ a homopolymer RNA template can only test
compounds with a complementary base as inhibitors of the enzyme. By using
ribosomal RNA as the template we have been able to test combinations of the
5'-triphosphates of different bases for their ability to synergistically inhibit
HIV-1 reverse transcriptase. In addition, we have examined these combinations
for their ability to inhibit the DNA-directed DNA polymerase activity of HIV-
1 reverse transcriptase.

Materials and Methods

Chemicals

dATP, dGTP, dCTP, dTTP, ddCTP, ddATP, Sephadex G-25, and T4
polynucleotide kinase were purchased from Pharmacia LKB Biotechnology
(Piscataway, NJ). () CBV-TP was prepared from (+) CBV as described
(White et al., 1989). AZT-TP was a generous gift of Burroughs Welcome Co.
(Research Triangle Park, NC). [Methyl,1,2’-*H]dTTP (100 Ci/mmol) and
[8,5-*H]dGTP (31.9 Ci/mmol) in Tricine buffer were obtained from New
England Nuclear Research Products (Wilmington, DE). [y->PJATP (7000 Ci/
mmol) was obtained from ICN Radiochemicals (Irvine, CA). The 165/23S E.
coli ribosomal RNA and one DNA oligomer complementary to 15 bases on the
16S rRNA were obtained from Boehringer-Mannheim Biochemicals (India-
napolis, IN). The sequence of this 15mer (A), used for the primer extension
assays, was 5-~ACGGGCGGTGTGTRC-3', where R can be either A or G. A
second DNA primer (B) was purchased from Genosys Biotechnologies, Inc.
(The Woodlands, TX). The sequence of this 15-base primer, used for the
enzyme inhibition studies and some of the primer extension assays, was 5'-
TAACCTTGCGGCCGT-3". GF/A chromatography paper was from What-
man International Ltd. (Maidstone, England).

Reverse transcriptase from HIV-1

Purified recombinant HIV-1gy;0 reverse transcriptase was obtained from the
University of Alabama at Birmingham, Center for AIDS Research, Gene
Expression Core Facility. Briefly the recombinant enzyme was prepared by
performing site-directed mutagenesis to create a Ncol 5’ cloning site and adding
Met-Ala to the N-terminus. A 3" BamHI cloning site and a strong stop codon
were added for the C-terminus of the reverse transcriptase. The reverse
transcriptase coding sequence was cloned into the T7 expression plasmid
pET11d to create pGEC16. For purification of the reverse transcriptase, E. coli
BL21(DE3) containing pGEC16 was induced with isopropyl-f-D-thiogalacto-
pyranoside and the cells harvested 3 h post-induction. The culture pellet was
disrupted by sonication and the soluble reverse transcriptase purified by ion-
exchange chromatography followed by gel-filtration. Upon SDS-PAGE
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analysis, the purified reverse transcriptase contained approximately 60% full
length reverse transcriptase peptide (p66) and 40% processed reverse
transcriptase peptide (p51).

Steady-state enzyme inhibition assays

Template - primers were prepared as described (Parker et al., 1991). To
determine the effect of combinations of inhibitors on reverse transcriptase, 10
ul of a solution containing the test compound was added to 35 ul of a mixture
containing the assay buffer, template - primer, and substrates. The reaction was
started by the addition of 5 ul of a solution containing the enzyme. The assay
on the ribosomal RNA template contained 50 mM Tris-HCl (pH 7.4), 50 mM
KCl, 10 mM MgCl,, 4 mM f-mercaptoethanol, 1 mg/ml bovine serum
albumin, 3.33 ug/ml of ribosomal RNA -primer (equivalent to 7.5 nM 3'-
hydroxyl primers annealed to RNA), 0.88 uM dATP, 2.8 uM dCTP, 2.8 uM
dGTP, 2.5 uM dTTP, and 3 nM HIV-1 reverse transcriptase. The assay on a
gapped duplex DNA template contained 50 mM Tris-HCI (pH 7.4), 125 mM
KCl, 2 mM MgCl,, 4 mM f-mercaptoethanol, 1 mg/ml bovine serum albumin,
1.8 ug/ml of gapped duplex DNA, 1.4 uM dATP, 3.4 uM dCTP, 2.6 uM dGTP,
3.6 uM dTTP, and 1 nM HIV-1 reverse transcriptase. The concentrations of the
template and the four natural deoxynucleotide substrates were kept constant at
3.5 times their K, value. The ranges of the inhibitor concentrations were
chosen for each combination of compounds so that the total inhibition of the
enzyme was kept between 10-90%.

Extension of DNA primer annealed to 165 rRNA

The extension of a *?P-labeled DNA primer annealed to E. coli. 16S rRNA
was done as described by Parker et al. (1991). The ratio of primer to template
was approximately 1 to 1. The extension of the primers by HIV-1 reverse
transcriptase was done in 10 ul-mixtures containing 50 mM Tris (pH 8.0), 10
mM MgCl,, 1| mM dithiothreitol, 50 mM KCI, 50 nM HIV-1 reverse
transcriptase, natural deoxynucleotides and nucleotide analogs as defined in
each experiment, and 0.05 mg/ml of *?P-labeled primer annealed to 16S rRNA.
The extension produts of the primers, separated by high voltage electrophoresis
on a 20% polyacrylamide gel containing 7 M urea, were visualized by
autoradiography and quantitated with the aid of a densitometer.

Results

Recombinant HIV-1 reverse transcriptase (data not shown) has similar
optimal assay conditions on the ribosomal RNA template and gapped duplex
DNA template as enzyme partially purified from virions (Parker et al., 1991).
The major difference in the kinetic data between the enzymes was their K, for
the templates. The K;;s for both templates with the virion derived enzyme was
less than that for the recombinant. The enzyme purified from the virion may
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TABLE 1
Kinetic constants for recombinant HIV-1 reverse transcriptase
Substrate K.?

RNA Template DNA Template
template 0.95 ug/ml 0.51 pg/ml
dATP 0.3 uM 0.4 uM
dCTP 0.8 uM 1.0 uM
dGTP 0.8 uM 0.7 uM
dTTP 0.7 uM 1.2 uM

“The kinetic constants were determined from linear plots of 1/V versus 1/[substrate]. Each value is
the average of at least two experiments.

contain other ‘accessory factors’ from the virus that could promote the tighter
template binding seen with this enzyme (Andreola et al., 1992). Kinetic
constants for the two templates using the recombinant HIV-1 reverse
transcriptase are presented in Table 1. The K, for the deoxynucleotide
substrate dTTP was similar to that found for the virion derived enzyme. For
both templates, dATP had a lower K, than that for any of the other three
triphosphates.

The active antiviral metabolites of AZT, ddC, ddl, and CBV are AZT-TP,
ddCTP, 2',3'-dideoxyadenosine 5'-triphosphate (ddATP), and CBV-TP,
respectively (Connolley and Hammer, 1992a; De Clercq, 1992; Faulds and
Brogden, 1992). All four triphosphates have been shown to be potent inhibitors
of HIV-1 reverse transcriptase when tested individually for their ability to
compete with the appropriate natural 5'-triphosphate as substrates for the
enzyme. Using the 16S rRNA as the template, we tested combinations of AZT-
TP with ddCTP, ddATP or CBV-TP for their ability to interact and
consequently produce synergistic inhibition of HIV-1 reverse transcriptase. If
the two inhibitors cannot bind to the enzyme at the same time, i.e., their
binding is mutually exclusive, then the slope of the line of a plot of 1/V vs. the
concentration of one inhibitor will be independent of the concentration of the
other inhibitor (Segel, 1975). If the two inhibitors can simultaneously bind to
the enzyme, i.e., their binding is nonexclusive, then the family of lines created
from Dixon plots at different fixed concentrations of the second inhibitor will
intersect. No assumption about the type of inhibition, ¢.g., competitive, mixed
or noncompetitive, is necessary for these analyses of the data. The data for the
combinations with the RNA template are presented in Figs. 1-3, panels A and
B. The parallel lines are consistent with a mutually exclusive model of binding
to the reverse transcriptase for each compound in the combination of
inhibitors. Therefore, none of these combinations synergistically inhibit the
RNA-directed DNA polymerase activity of HIV-1 reverse transcriptase.

These compounds could also interact synergistically to inhibit the DNA-
directed DNA polymerase activity of the reverse transcriptase. This site of
activity was tested using the gapped duplex DNA. The data for the system,
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which approximates positive strand synthesis, is given in Fig. 1-3, panels C and
D. Again, the parallel lines, which are definitive for mutually exclusive binding
for each inhibitor in the combinations, show that none of these combinations
synergistically inhibit the enzyme with this template.

Since each of these analogs has also been shown to be a substrate for the
HIV-1 reverse transcriptase, addition of the analog to the growing DNA chain
results in termination of chain synthesis (Parker et al., 1991; Connolley and
Hammer, 1992a; De Clercq, 1992; Goff, 1990). Another way of evaluating
whether their synergistic antiviral activity is a result of inhibition of the reverse

0o 3 10 30 100 0O 3 10 30 100
AZT-TP (uM)

Fig. 4. Effect of CBV-TP on the incorporation of AZT-TP into DNA by HIV-1 reverse transcriptase. The

enzyme was incubated with either 50 uM CBV-TP or 50 uM dGTP in the presence of AZT-TP (0-100 uM),

50 uM dATP, 50 uM dCTP, 10 uM dTTP, and the **P-labeled DNA primer (B) annealed to ribosomal

RNA. The products are visualized by autoradiography after electrophoresis. The five lanes on the left

contained 50 uM CBV-TP and the five lanes on the right contained 50 uM dGTP. The sequence of the
nucleotides added to the primer is shown to the right of the figure.
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transcriptase is to determine the effect of one analog on the incorporation of a
second analog. The effect of CBV-TP on the incorporation of AZT-TP into the
growing DNA chain was studied with a **P-labeled DNA primer annealed to
ribosomal RNA (Fig. 4). Without CBV-TP, AZT-MP reaches maximum
incorporation into the DNA chain at approximately 20 uM, and the
concentration of AZT-TP at which half maximum incorporation was achieved
was 4.1+0.62 uM (Table 2). When 50 yM CBV-TP was present, the
concentration of AZT-TP at which half maximum incorporation was achieved
was the same (6.4 + 1.4 uM). Fifty uM CBV-TP was greater than 100 times the
K; for inhibition of the enzyme or the K., for the incorporation of CBV-MP
into the growing chain with either a running or standing start (Parker et al.,
1991). When other combinations of analogs were examined this way, no effect
of one analog on the incorporation of another could be detected (Table 2).

Discussion

Kinetic analysis of the interaction of combinations of dideoxynucleotide
analogs failed to show synergistic inhibition of HIV-1 reverse transcriptase. In
assays designed to measure the effect on the steady-state inhibition of either the
RNA-directed or DNA-directed DNA polymerase activity of HIV-1 reverse

TABLE 2

Effect of AZT-TP and CBV-TP on the incorporation of AZT-TP, CBV-TP, or ddCTP into DNA by
HIV-1 reverse transcriptase

First Nucleotide 50% Vmax Concentration (uM)*

AZT-TP CBV-TP ddCTP
dTTP - 6.1 + 2.5 9.7 + 40
AZT-TP - 59+ 0.2 6.9 + 44
dGTP 4.1 + 0.62 - 18 <+ 11
CBV-TP 64 + 1.4 - 163 + 4

“To determine the effect of AZT-TP on the incorporation of CBV-TP, HIV-1 reverse transcriptase
was incubated with 50 uM of either dTTP or AZT-TP with 10 uM dGTP, 50 uM dCTP, 50 uM
dATP, **P-labeled primer A annealed to rRNA, and varying concentrations of CBV-TP. To
determine the effect of AZT-TP on the incorporation of ddCTP, HIV-1 reverse transcriptase was
incubated with 50 uM of either dTTP or AZT-TP with 50 uM dGTP, 10 uM dCTP, 50 uM dATP,
32p _labeled primer A annealed to rRNA, and varying concentrations of ddCTP. To determine the
effect of CBV-TP on the incorporation of AZT-TP, HIV-1 reverse transcriptase was incubated with
50 uM of either dGTP or CBV-TP with 10 uM dTTP, 50 uM dCTP, 50 uM dATP, **P-labeled
primer B annealed to fRNA, and varying concentrations of AZT-TP. To determine the effect of
CBV-TP on the incorporation of ddCTP, HIV-1 reverse transcriptase was incubated with 50 uM of
either dGTP or CBV-TP with 50 uM dTTP, 10 uM dCTP, 50 uM dATP, 3°P-labeled primer B
annealed to rRNA, and varying concentrations of ddCTP. The DNA products were separated from
the primer by gel electrophoresis and were visualized by autoradiography as shown in Fig. 4. The
band representing the incorporation of the nucleotide analog was quantitated with the aid of a
densitometer and the concentration of nucleotide required for half maximal incorporation was
determined. The data are the average + S.D. for three experiments.
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transcriptase, AZT-TP and either ddATP, ddCTP, or CBV-TP showed
mutually exclusive binding, indicating that only one inhibitor could bind to
the enzyme at a time. In other assays designed to look at the chain termination
effect of these dideoxynucleotides on DNA chain elongation, none of the
analogs affected the ability of another analog to serve as a substrate for the
reverse transcriptase. Although we did not test all the combinations of
deoxynucleotide analogs that have been found to have synergistic antiviral
activity in cell culture against HIV-1, we believe that it is reasonable to
extrapolate from our results and conclude that synergistic inhibition of HIV-1
reverse transcriptase is not the basis for the synergistic antiviral activity seen in
cell culture with combinations of deoxynucleotide reverse transcriptase
inhibitors.

Although it is possible that the in vitro HIV-1 reverse transcriptase assay
may not accurately reflect the complex cellular environment in which reverse
transcription of the HIV-1 viral RNA takes place, the results presented in this
paper are consistent with what is known about the structure of the reverse
transcriptase (Goff, 1990; Reardon and Miller, 1990) and the catalytic
functioning of other DNA polymerases (Fry and Loeb, 1986). Catalytically
active HIV-1 reverse transcriptase, and the form of the enzyme believed to be
present in the virion, is a heterodimer with one subunit containing an RNase H
and a polymerase domain (p66) and the other subunit containing only the
polymerase domain (p51) (Goff, 1990). However, extensive experimental
evidence indicates that, during catalysis, deoxynucleotides bind only to the
single binding site on the p66 subunit of the reverse transcriptase. A kinetic
scheme for HIV-1 reverse transcriptase polymerase function has been proposed
which is similar to other DNA polymerases in which only one deoxynucleoside
5'-triphosphate can occupy the substrate site at a time (Reardon and Miller,
1990). The likelihood that some unknown cellular or viral factor would change
the basic catalytic functioning of the enzyme such that two deoxynucleotide
analogs could bind to the enzyme at the same time seems very small.

This study leaves unanswered the question of what is the mechuanism of the
synergistic anti-HIV activity of combinations of two nucleotide analogs in cell
culture tests. Reardon (1992) has recently calculated that for these obligate
chain terminators the intracellular level of each analog deoxynucleoside 5'-
triphosphate and the ratios of the natural deoxynucleotide triphosphates to the
analog triphosphates are such that each compound alone is sufficiently potent
to inhibit viral genome replication by greater than 80%. Given the potency of
these chain terminators as single agents, it is difficult to visualize how
combination drug treatment could produce a synergistic antiviral effect at the
reverse transcriptase step. If one accepts the antiviral synergy seen in cell
culture, then this unexplained synergy is one more piece of evidence that
suggests that AZT may have a second site of action other than the inhibition of
HIV-1 reverse transcriptase (Buckheit et al., 1992; Tudor-Williams and Emery,
1992; Lacey et al., 1992; Larder, 1992).
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