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The inhibitory effects of several nucleoside triphosphate analogs on Rauscher murine leukemia virus (RMuLV)
and human immunodeficiency virus (HIV) type 1 reverse transcriptases (RTs) were studied. With RNA as the
template, the apparent Km and apparent Ki values of HIV RT toward its substrates and inhibitors are 12 to 500
times lower than the corresponding values for RMuLV RT. However, the Ki/Km ratios (inhibition efficiencies)
for HIV and RMuLV RTs are similar for AZTTP (zidovudine triphosphate), d4TTP [3*-deoxythymidine-2*-
ene-(3*-deoxy-2*,3*-didehydrothymidine) triphosphate], PMEADP [9-(2-phosphonylmethoxyethyl)adenine diphos-
phate], FIAUTP [1-(2-fluoro-2-deoxy-b-D-arabinofuranosyl)-5-iodouracil triphosphate], and HPMPCDP [(S)-
1-(3-hydroxy-2-phosphylmethoxypropyl)cytosine diphosphate]. With DNA as the template, the Km values are
similar for HIV and RMuLV RTs. However, the Ki/Km values of HIV and RMuLV RTs are significantly different
for ddCTP, ddATP, and 3TCTP (2*,3*-dideoxy-3*-thiacytidine). The RTs of RMuLV and HIV are sufficiently
different from one another that the kinetic inhibition constants for a particular antiviral compounds should be
determined to indicate whether anti-RMuLV activity is likely to be predictive for the anti-HIV activity of the
compound. This information, in conjunction with species-specific drug metabolism differences and tissue
culture antiviral activity, is important in determining the suitability of a particular animal model.

Rauscher murine leukemia virus (RMuLV) (15) has been pur-
sued as a murine antiretroviral drug screening model for hu-
man immunodeficiency virus (HIV) infection in humans. Sev-
eral features of RMuLV make it an attractive model: RMuLV
is infectious and pathogenic in adult animals, it has a short in-
cubation period, and RMuLV splenomegaly is proportional to
the virus titer (5). Furthermore, AZT (zidovudine) and PMEA
[9-(2-phosphonylmethoxyethyl)adenine] have been shown to
provide antiviral protection in mice infected with RMuLV (10a,
16). Reverse transcriptase (RT) is the target of antiviral nu-
cleoside and nucleoside phosphonate analogs after their phos-
phorylation to deoxynucleoside triphosphate (dNTP) equiva-
lents. Therefore, a kinetic analysis of interactions between these
two RTs and various inhibitors was conducted.
The triphosphates of d4T [39-deoxythymidine-29-ene-(39-

deoxy-29,39-didehydrothymidine)] and 3TC (29,39-dideoxy-39
thiacytidine) were synthesized by the method of Ludwig and
Eckstein (12). The triphosphates of FIAU [1-(2-fluoro-2-
deoxy-b-D-arabinofuranosyl)-5-iodouracil] and the analogous
diphosphates of PMEA and HPMPC [(S)-1-(3-hydroxy-2-
phosphylmethoxypropyl)cytosine] were synthesized as de-
scribed previously (3, 4). All other dNTPs were obtained com-
mercially.
Concentrated 1,0003 HIV type 1 (HIV-1) virions were pur-

chased from Advanced Biotechnologies (Columbia, Md.).

These virions were disrupted with 0.2% Triton X-100 and used
as the source of HIV RT. RMuLV virions were harvested from
RMuLV-infected SC-1 cell culture supernatant. The superna-
tant (250 ml) was clarified at 400 3 g for 10 min and then
filtered through a 0.45-mm-pore-size filter. The virions were
collected by centrifugation at 100,000 3 g for 90 min. The
RMuLV pellet was resuspended in 2 ml of 20 mM Tris-HCl
(pH 7.5), 20% glycerol, 1 mg of bovine serum albumin per ml,
5 mM b-mercaptoethanol, and 1% Nonidet P-40 and used as
the source of RMuLV RT. The activities of HIV RT and
RMuLV RT remained linear for at least 1 h during the assay.
Enzyme assays for HIV RT were carried out as described by

Cherrington et al. (3) using either activated calf thymus DNA,
poly(rA) z oligo(dT)12–18 or a defined DNA-RNA primer tem-
plate. One unit of RT is designated as the amount of enzyme
activity that incorporates 1 nmol of [3H]dNTP into acid-insol-
uble form in 60 min at 378C. The defined DNA-RNA primer
template used for the RT assays was derived as follows. The
oligonucleotides 59GATCCTCTCTTCTCTCTGTCAAATCC
CACGTTACATGGTCAG39 and 59TCGACTGACCATGTA
ACGTGGGATTTGACAGAGAGAAGAGAG39 were an-
nealed and ligated into pGEM3Z that had been digested with
BamHI and SalI. The resultant recombinant plasmid was lin-
earized with HindIII and then transcribed with T7 RNA poly-
merase, generating an RNA molecule of 86 nucleotides. This
RNA template was annealed to the DNA primer 59TGACC
ATGTAACGTG39 and used as the primer template for RNA-
directed DNA synthesis by RT. This specifically designed
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primer template allowed the incorporation of 13 molecules of
dATP, 7 molecules of dCTP, and 8 molecules of dTTP during
reverse transcription. The Km of this primer template was
determined to be 136 nM (dNTP at 1 mM for HIV RT);
reactions carried out to determine apparent Ki values of vari-
ous inhibitors contained three times (408 nM) the Km concen-
tration of this primer template. RMuLV RT was found to have
a similar Km toward this DNA-RNA primer template (dNTP at
60 mM). RMuLV RT assays were conducted as described for
HIV RT except that MnCl2 was substituted for MgCl2 to a final
concentration of 5 mM, 0.0005 U of RMuLV RT was used per
60 ml of reaction mixture with DNA as the primer template,
0.0007 U of enzyme was used in reaction mixtures with
poly(rA) z oligo(dT)12–18, and 0.00004 U of enzyme was used
in reaction mixtures with the defined-sequence DNA-RNA
primer template (3). All of the Ki, Km, apparent Ki, and ap-
parent Km determinations were performed as previously de-
scribed (3, 4), and kinetic constants were determined by fitting
the initial rate data to the KinetAsyst program (6).
The Km values for the natural substrates and the Ki values of

the inhibitors for HIV RT and RMuLV RT with activated calf
thymus DNA as the template are shown in Table 1. The Km
values for dATP, dTTP, and dCTP are very similar between
the two enzymes. The Ki/Km ratios (inhibition efficiencies) for
the eight inhibitors against the two RTs fall into two general
classes. The Ki/Km values for PMEADP, AZTTP, FIAUTP,
HPMPCDP, and d4TTP are similar (within 4-fold) for the two
enzymes, while the Ki/Km values for ddCTP, ddATP, and
3TCTP are significantly different (10- to 15-fold) between the
two enzymes.
The apparent Km values for the natural substrates and the

apparent Ki values of the inhibitors for HIV RT and RMuLV
RT obtained with the defined sequence DNA-RNA primer
template are shown in Table 2. The apparent Km values deter-
mined for dNTP substrates are very different between HIV RT
and RMuLV RT. The apparent Km values of RMuLV RT for
dATP, TTP, and dCTP are 14 to 43 times higher than the
apparent Km values of HIV RT for these dNTPs. In contrast to

the results with the DNA template, the apparent Ki values
obtained with the RNA template for all eight inhibitors are
very different between the two enzymes, being 10 to 500 times
higher for RMuLV RT than for HIV RT. The largest differ-
ence in apparent Ki values for the two enzymes was measured
for 3TCTP. Schinazi et al. (19) have shown that RT from
another murine retrovirus, Moloney murine leukemia virus, is
naturally ‘‘resistant’’ to 3TC because it carries a valine in place
of methionine at the position in its RT corresponding to 3TC-
‘‘sensitive’’ amino acid 184 in HIV RT. While DNA sequence
information concerning this region of RMuLV RT is not avail-
able, the extremely high apparent Ki value of RMuLV RT for
3TCTP might suggest that this position is also a valine, isoleu-
cine, or other amino acid rather than methionine in RMuLV
RT.
Interestingly, when the RNA template is used, the apparent

Ki/apparent Km ratios for the eight inhibitors against the two
RTs fall into the two general classes defined by the DNA tem-
plate results. The apparent Ki/apparent Km values for PMEADP,
AZTTP, FIAUTP, HPMPCDP, and d4TTP are similar (with-
in 3-fold) for the two enzymes, while the ratios for ddCTP,
ddATP, and 3TCTP are significantly different (4.5 to 32-fold)
between the two enzymes. Although dideoxycytidine (ddC)
and dideoxyinosine (ddI) are strong inhibitors of HIV replica-
tion in cell culture, higher concentrations are required to in-
hibit RMuLV in tissue culture or in vivo (2). While intracel-
lular metabolism differences between murine and human cells
account for much of this difference, the data presented here
might suggest that this is in part due to the fact that ddCTP and
ddATP (the active metabolite of ddI) are poorer inhibitors of
RMuLV RT than of HIV RT.
Since there was such a large difference in apparent Ki and

apparent Km values between HIV and RMuLV RTs when the
defined-sequence DNA-RNA primer template was used, a sec-
ond RNA template was used for the experiment. Poly(rA) z
oligo(dT)12–18 was used as the template primer to determine
the Km value of TTP and the Ki values of AZTTP, FIAUTP,
and d4TTP. Results of these experiments are presented in

TABLE 1. Kinetic constants against HIV RT and RMuLV RT with activated calf thymus DNA as a template

RT
Km (mM)a Ki (mM)b

dTTP dCTP dATP AZTTP d4TTP ddCTP 3TCTP ddATP PMEADP FIAUTP HPMPCDP

HIV 2.1 4.6 4.6 0.51 (0.24) 0.19 (0.091) 0.53 (0.12) 2.3 (0.50) 0.87 (0.19) 0.98 (0.21) 3.6 (1.7) 21 (4.6)
RMuLV 3.2 2.5 3.5 0.38 (0.12) 0.99 (0.31) 3.0 (1.2) 19 (7.6) 8.6 (2.5) 0.81 (0.23) 1.4 (0.44) 14 (5.6)

a Values are averages from at least three experiments. The average standard error for Km values is 15%.
b The average standard error for Ki values is 14.6%. Numbers in parentheses are Ki/Km ratios.

TABLE 2. Kinetic inhibition constants against RMuLV RT and HIV RT with RNA as a templatea

Template and RT
Km (mM)b Ki (mM)c

dTTP dCTP dATP AZTTP d4TTP ddCTP 3TCTP ddATP PMEADP FIAUTP HPMPCDP

RNA
HIV 0.087 0.14 0.051 0.0081 (0.093) 0.042 (0.48) 0.054 (0.39) 0.10 (0.71) 0.031 (0.61) 0.012 (0.24) 0.078 (0.89) 0.83 (5.9)
RMuLV 3.7 2.1 2.2 0.89 (0.24) 3.0 (0.81) 8.6 (4.1) 50 (24) 5.5 (2.5) 0.59 (0.27) 0.98 (0.27) 11 (5.2)

Poly(rA) z oligo(dT)12–18
HIV 2.6 0.012 (0.0046) 0.023 (0.0089) 0.066 (0.025)
RMuLV 38 0.18 (0.0047) 0.47 (0.012) 0.91 (0.024)

a Km and Ki values obtained with the heteropolymeric RNA-DNA template primer are apparent Km and Ki, respectively. The relationships of Ki, Km, apparent Ki,
and apparent Km are as follows: apparent Ki 5 Ki[(Ka/A) 1 1], and apparent Kb 5 Kb[(Kb/A) 1 1], where Ka is the limiting Michaelis constant for substrate A, A is
the concentration of substrate A, and Kb is the limiting Michaelis constant for substrate B.
b Values are averages from at least three experiments. The average standard error for Km values is 18%.
c The average standard error for Ki values is 19%. Numbers in parentheses are Ki/Km ratios.
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Table 2. The Km and Ki values for TTP and AZTTP, respec-
tively, are in agreement with literature values for HIV RT
obtained with poly(rA) z oligo(dT)12–18 (15). As predicted
from the kinetic constants determined by using the defined
sequence DNA-RNA primer template, the Km value for TTP
was 14-fold higher for RMuLV RT than for HIV RT and the
Ki values against the three inhibitors exhibited a similar 13- to
23-fold differential as well. Therefore, the Ki and Km results
obtained with two different DNA-RNA primer templates were
consistent.
AZT (14), PMEA (7, 8), 3TC (18), ddC (13), ddI (13), and

d4T (11) show selective anti-HIV activity in cell culture. All of
these compounds are able to serve as alternate substrates for
the natural dNTP by HIV RT (17). These compounds are
incorporated into the viral DNA and subsequently result in
termination of viral DNA synthesis. AZT and PMEA (10a, 14)
also have been shown to exert an antiviral effect in mice in-
fected with RMuLV. The data presented here show that both
of these inhibitors are active against HIV and RMuLV RTs
when DNA or RNA is used as the template.
Included in this study were two additional antiviral com-

pounds, HPMPC, a compound exhibiting antiviral activity
against a broad range of DNA viruses (8), and FIAU, which
has demonstrated anti-hepatitis B virus activity (10). These
were included to probe the active sites of these two RTs and to
determine whether weak inhibitors of HIV RT would also be
weak inhibitors of RMuLV RT. Indeed, this was the case, as
shown in Tables 1 and 2.
The kinetic inhibition data generated from these eight in-

hibitors and their interactions with HIV RT and RMuLV RT
support the rationale for the activity of AZT, PMEA, and d4T
against HIV and RMuLV replication. Certainly, this has been
demonstrated for AZT and PMEA not only in cell culture but
also in vivo. In contrast, HPMPCDP and FIAUTP are rela-
tively weak inhibitors of HIV RT, and because the free nucleo-
sides are poor inhibitors of HIV replication in cell culture
(Table 3) and weak inhibitors of RMuLV RT, they might not
be expected to provide antiviral protection for RMuLV-in-
fected mice. ddCTP, ddATP, and 3TCTP inhibit HIV RT with
good potency, and ddC (13), ddI (13), and 3TC (18) also dem-
onstrate anti-HIV activity in cell culture. However, ddCTP,
ddATP, and 3TCTP are weak inhibitors of RMuLV RT, and,
not unexpectedly, ddC and ddI have correspondingly weaker
anti-RMuLV activity in cell culture (2). On the basis of the RT
experiments described here, one might predict that d4T would
exert a better antiviral effect against RMuLV than 3TC does.
It is important to keep in mind that inhibition of the target
enzyme, RT, addresses only part of a molecule’s ability to

function as an antiviral agent in tissue culture or in vivo. For
example, the metabolism of AZT, d4T, ddI, and ddC was
shown (9, 21) to be different in activated and in resting periph-
eral blood mononuclear cells. The extent of metabolism of
nucleoside drugs to the triphosphate form has also been shown
to be different between murine and human cells. Therefore,
clearly the efficiency of the metabolism of the parent molecule
to its active moiety in specific cell types is critical as well. In our
laboratory, endogenous nucleotide pools did not differ mark-
edly between murine SC-1 cells (TTP, 51.5 pmol/106 cells;
dCTP, 5 26.5 pmol/106 cells; dATP, 56.2 pmol/106 cells; and
dGTP, 13.4 pmol/106 cells) and the human T-cell line A3.01
(TTP, 49.6 pmol/106 cells; dCTP, 28.8 pmol/106 cells; dATP,
15.3 pmol/106 cells; and dGTP, 5.52 pmol/106 cells [20a]). Our
recent data also show that 3TC is a poor inhibitor of RMuLV
replication in cell culture (50% inhibitory concentration 5 120
mM), while d4T is a potent inhibitor of RMuLV replication
(50% inhibitory concentration 5 0.077 mM) (Table 3).
The data presented here show that the RTs of RMuLV and

HIV are distinct from one another and may interact similarly
or differently with a particular antiviral compound. Our data
underscore the need to compare antiviral susceptibilities of
target enzymes between HIV and a proposed model virus in
order to correctly interpret in vitro and/or in vivo animal model
results. This information as well as intracellular nucleotide
metabolism differences between animal model species and hu-
mans can be used to predict a model’s utility for evaluating a
particular drug. The development and evaluation of animal
models for antiretroviral treatment requires several stages to
provide useful information on a practical basis. As an initial
screen, RMuLV provides retroviral targets shared with HIV,
e.g., RT and protease. We examined RT inhibitors in the
Rauscher model for its validation; indeed, the validity of the
model is dependent upon demonstrating that antiviral drugs
act the same way against the same targets in the model and in
HIV infections in vivo. A small-animal model such as RMuLV
also permits examination of the pharmacokinetics of the drug,
as well as possible toxicity, and the effects upon an immune
system, together with antiviral efficacy. We select successful
candidate drugs from the Rauscher model for further evalua-
tion in the human peripheral blood mononuclear cell-severe
combined immunodeficiency (HuPBMC-SCID) model. In the
HuPBMC-SCID model, the in vivo activity of the agent against
HIV may be examined. For comparison, the Rauscher model
allows large experimental groups, providing enhanced statisti-
cal significance in a model system which does not involve a hu-
man pathogen requiring extensive safety precautions, as does
HIV. The Rauscher model is far less labor-intensive as well as
much less expensive. These criteria establish these two models
in a two-tier hierarchy in our laboratory. Validation of a small-
animal model for in vivo testing of compounds exhibiting in
vitro anti-HIV activity would be very useful for the timely
development of novel potent therapeutics.
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