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Cloned variants of human immunodeficiency virus type 1 that contain the K65R mutation in reverse
transcriptase have previously been shown to display approximately 10- to 30-fold resistance against 2*,3*-
dideoxycytidine, 2*,3*-dideoxyinosine, and 2*,3*-dideoxy-3*-thiacytidine. On the basis of tissue culture studies
with both primary T cells and established cell lines, we now report that the K65R mutation confers approx-
imately 12- to 15-fold resistance to 9-(2-phosphonylmethoxyethyl)adenine (PMEA). Likewise, a chain termi-
nation system revealed that mutated recombinant K65R reverse transcriptase displays resistance to PMEA
diphosphate, the active metabolite of PMEA, in cell-free enzyme assays. Parallel studies have shown that the
M184V mutation in reverse transcriptase, associated with high-level resistance against the (2) enantiomer of
2*,3*-dideoxy-3*-thiacytidine, does not confer resistance to PMEA in tissue culture. Viruses and enzymes that
included both the K65R and M184V mutations were resistant to PMEA and PMEA diphosphate, respectively,
but only to the extent conferred by the K65R mutation alone.

The reverse transcriptase (RT) enzyme of retroviruses plays
a key role in the viral life cycle and is therefore an important
target for inhibition by antiviral drugs (16). However, the er-
ror-prone nature of this enzyme has resulted in a number of
mutations in the RT open reading frame that are associated
with resistance to these compounds (1, 13, 15, 17, 19, 22).
Drug-resistant variants of human immunodeficiency virus
(HIV) have been isolated from patients undergoing prolonged
therapy with antiviral drugs as well as through tissue culture
selection in the presence of increasing concentrations of these

antiviral compounds (1, 5, 7, 14, 20, 23). A series of five distinct
mutations is associated with resistance against 39-azido-39-de-
oxythymidine (AZT) (13, 15). A K65R mutation is associated
with resistance against 29,39-dideoxycytidine (ddC), 29,39-
dideoxyinosine (ddI), and the (2) enantiomer of 29,39-dideoxy-
39-thiacytidine (3TC) (6, 8, 9, 26). An L74V mutation also
confers resistance to ddI and ddC (22). Finally, an M184V
substitution is associated with high-level resistance to 3TC and
lower levels of resistance to ddI and ddC (9, 10).
9-(2-Phosphonylmethoxyethyl)adenine (PMEA) is active

TABLE 1. Sensitivities of HIV-1 variants to antiviral drugsa

Virus strain or
clinical isolate Culture

EC50 (mM) of b:

AZT PMEA 3TC ddC ddI

Strains
HXB2D MT-2 0.1 6 0.07 10 6 1.6 1.0 6 0.01 2.0 6 0.5 4.0 6 0.5
HXB2D(K65R) MT-2 0.1 6 0.03 .120 6 0 40 6 3.5 .30 6 0 20 6 1.1
HXB2D CBMC 0.01 6 0.002 0.22 6 0.03 1.1 6 0.1 0.8 6 0.1 6.4 6 0.4
HXB2D(K65R) CBMC 0.01 6 0.001 3.5 6 0.5 20.6 6 3.2 10.3 6 1.2 22.7 6 0.9
HXB2D(M184V) CBMC 0.005 6 0.001 0.3 6 0.05 740 6 101 2.2 6 0.3 15.5 6 1.9
HXB2D(K65RM184V) CBMC 0.01 6 0.0005 5.01 6 0.7 825 6 63 2.9 6 0.4 18.5 6 2.2

Clinical isolatesc

1 (AZTr) CBMC 1.25 6 0.2 0.17 6 0.02 NDd 0.4 6 0.06 9.5 6 1.8
2 (AZTr) CBMC 0.73 6 0.1 0.46 6 0.1 ND 0.8 6 0.1 7.0 6 1.4
3 (ddCr) CBMC 0.08 6 0.01 6.5 6 1.3 ND 9.3 6 2.0 32.6 6 5.9
4 (ddCr) CBMC 0.04 6 0.01 8.2 6 1.9 ND 12.6 6 2.3 29.4 6 2.8

a Results for CBMCs were calculated on the basis of p24 antigen levels in culture fluids. Results for MT-2 cells were calculated on the basis of XTT assays.
b EC50, 50% effective concentration. Values represent the means 6 standard deviations of four different experiments.
c Clinical isolates 1 and 2 were derived from patients who had received AZT monotherapy for 12 and 16 months, respectively. Clinical isolates 3 and 4 were derived

from patients who had received ddC monotherapy for 6 and 8 months, respectively.
d ND, not done.
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against several herpesviruses (3, 4) and retroviruses (18) and
has shown anti-HIV activity in clinical trials (11). This com-
pound is an acyclic adenine derivative; its active intracellular
form is PMEA diphosphate (PMEApp), a competitive inhibi-
tor of HIV type 1 (HIV-1) RT with regard to dATP substrate
(2). HIV resistance to PMEA has occurred in tissue culture
protocols, and a K65R mutation has been observed to develop
in HIV cultured in the presence of this drug (21a, 24). In
addition, PMEA is a derivative of deoxyadenosine, suggesting
the possibility of cross-resistance with ddI and/or ddC. For
these reasons, we explored whether either the K65R or M184V
mutation confers resistance to PMEA both in tissue culture
and in a cell-free assay that employs recombinant HIV-1 RT to
generate minus (2) strong-stop DNA.
(Portions of this work were performed by Z. Gu in partial

fulfillment of the requirements for a Ph.D. degree, Faculty of
Graduate Studies and Research, McGill University.)
Tissue culture studies. The construction of recombinant

HIV variants that contain either the K65R or M184V substi-
tution or both of these substitutions has been previously de-
scribed (8, 9). Wild-type (WT) cloned HXB2D infectious HIV
was kindly supplied by R. C. Gallo, National Institutes of
Health, Bethesda, Md. The viruses relevant to this study are
named HXB2D(K65R), HXB2D(M184V), and HXB2D
(K65RM184V) and carry K65R, M184V, and joint K65R and
M184V mutations, respectively. Both cord blood mononuclear
cells (CBMCs) and MT-2 cells were used for viral replication
to high titers and for determinations of drug sensitivity as
described elsewhere (9, 21). Previous research has shown that
CBMCs may be used in place of peripheral blood mononuclear
cells to generate equivalent results in drug sensitivity assays
(21). Experiments conducted with CBMCs were carried out
according to the protocol of the AIDS Clinical Trials Group
and U.S. Department of Defense (12). Drug concentrations
that inhibited viral replication by 50% were determined on the
basis of p24 antigen levels in culture supernatants by using a kit
(Abbott Laboratories, North Chicago, Ill.).
Experiments conducted with MT-2 cells were carried out by

a modified assay with 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-
5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide (XTT)
(25). Briefly, 96-well plates were set up as previously described,
except that assays were done in the absence of Polybrene and
that the infection proceeded for 3 h rather than 1 h before
seeding. At 5 days postinfection, XTT and N-methylphenazo-
nium methosulfate were added to each well for 1 h and then
mixed and read at 450 nm. Data were plotted and fitted to a
curve with a Deltagraph Professional program. The 50% ef-
fective concentrations of the drugs were defined as those con-
centrations that reduced killing due to virus infection by 50%.
The results in Table 1 show that both the K65R and

K65RM184V mutated viruses displayed decreased sensitivity
to PMEA, ddC, ddI, and 3TC in both MT-2 cells and CBMCs.
Control studies indicated that each of these viruses retained
sensitivity to AZT. However, whereas the M184V substitution
conferred high-level resistance to 3TC and low-level resistance
to ddC and ddI in CBMCs, it did not confer diminished sen-
sitivity to PMEA. It should be noted that the 50% inhibitory
concentrations obtained from PMEA varied among the differ-
ent cell types tested. This may reflect the different efficiencies
of diphosphorylation of PMEA to its active form in different
cell types.
Parallel studies showed that clinical isolates resistant to AZT

did not display reduced sensitivity to PMEA. In contrast, the
clinical isolates that were resistant to ddC did display cross-
resistance to PMEA.
Cell-free assays. Recombinant mutated forms of RT con-

FIG. 1. Effects of PMEApp on reverse transcription. (A) Reverse transcrip-
tion assays were performed with HIV-PBS RNA template and [g-32P]ATP-
labeled dPR primer in the presence and absence of PMEApp. Full-length (2)
strong-stop DNA products are indicated by a solid arrow. The open arrow
designates a cluster of chain termination products caused by incorporation of
PMEApp. (B) Dose-dependent inhibitory effect of PMEApp on synthesis of (2)
strong-stop DNA. The results shown were calculated from the intensities of
full-length (2) strong-stop DNA products, as analyzed by phosphorimaging. The
relative intensities of the full-length products generated in the presence of
PMEApp were divided by those obtained in the absence of drug. Bars show
standard deviations.
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taining the K65R mutation have previously been shown to
cause diminished chain termination efficiency with regard to
ddCTP, ddATP, and 3TCTP (8). To determine whether simi-
lar results would be obtained in the case of the active metab-
olite of PMEA, i.e., PMEApp, we employed a cell-free assay
to monitor chain termination in the presence of this drug.
Both WT and mutated forms of RT, containing either the
K65R or M184V mutation or both of these substitutions (i.e.,
K65RM184V), were assessed in the presence of a viral RNA
template, termed HIV-PBS (containing primer-binding site)
sequences, 59 unique and repeat regions of HIV genomic
RNA, and oligodeoxynucleotide (dPR) complementary to the
PBS as a primer, as previously described (8). The reactions
were performed at 378C in volumes of 20 ml containing 50 mM
Tris-HCl (pH 7.8), 75 mM KCl, 10 mMMgCl2, 250 mM (each)
the four deoxynucleoside triphosphates, 50 nM HIV-PBS
RNA template, 100 nM dPR primer, and different concentra-
tions of PMEApp. After 60 min, the reactions were stopped
and the DNA products were electrophoresed on denaturing
5% polyacrylamide gels. Band intensities with regard to (2)
strong-stop DNA were analyzed by phosphorimaging. The re-
sults shown in Fig. 1A show that PMEApp caused a diminution
in the levels of (2) strong-stop DNA product in a concentra-
tion-dependent fashion with WT and mutated RT enzymes.
The addition of increasing concentrations of PMEApp also led
to increased levels of chain termination. However, in each
instance we observed that more (2) strong-stop DNA was
produced in the presence of PMEApp by mutated K65R and
K65RM184V RTs than by WT enzymes. In addition, less chain
termination was effected by PMEApp in the case of these
mutated enzymes.
Previous findings have shown that the increased synthesis of

full-length (2) strong-stop DNA in this assay can be correlated
with diminished nucleoside analog-mediated chain termination
(8). No apparent differences were shown to exist between the
K65R and K65RM184V enzymes with regard to PMEApp in
these experiments. In other assays, M184V mutant RT did not
display resistance to PMEApp (data not shown). These results
suggest that the M184V mutation does not play an important
role in the recognition of PMEApp.
We further calculated the inhibitory efficiencies for these

various enzymes by dividing the intensities of the full-length
(2) strong-stop DNA products formed in the absence of
PMEApp by those generated in the presence of various con-
centrations of this inhibitor. This dose-dependent inhibitory
effect is shown in Fig. 1B. These findings are consistent with
the tissue culture susceptibility data presented in Table 1.
In summary, our results indicate that the K65R mutation but

not the M184V mutation confers resistance against PMEA. It
will be of interest to determine whether viruses that are iso-
lated from patients receiving prolonged PMEA therapy will
also contain the K65R substitution.
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