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Human immunodeficiency virus type I (HIV-1) reverse transcriptase (RT) resistance mutations reduce the
susceptibility of the virus to nucleoside analogues but may also impair viral DNA synthesis. To further
characterize the effect of nucleoside analogue resistance mutations on the efficiency and kinetics of HIV-1 DNA
synthesis and to evaluate the impact of the depletion of deoxynucleoside triphosphates (dNTP) on this process,
DNA synthesis was evaluated by allowing DNA synthesis to proceed with natural HIV-1 templates and primers,
either within permeabilized viral particles or in newly infected cells, and quantifying the products by real-time
PCR. Three recombinant viruses derived from three pNL4-3 molecular clones expressing mutations associated
with resistance to zidovudine: a clone expressing RT mutation M184V, a clone expressing mutations M41L plus
T215Y (M41LⴙT215Y), and clinical isolate BV34 (carrying seven resistance mutations). Following infection of
P4 cells, the BV34 mutant, but not viruses expressing the M184V mutation or M41LⴙT215Y, exhibited a defect
in DNA synthesis. Importantly, however, for mutants carrying the M184V mutation or M41LⴙT215Y mutations, a defect could be detected by using target cells in which dATP pools had been reduced by pretreatment
with hydroxyurea. Based on these observations, we developed a recombinant-virus assay to assess the effects
of hydroxyurea pretreatment on infectivity of viruses carrying plasma-derived RT sequences from patients with
nucleoside resistance. Using this assay, we found that many, but not all, viruses carrying RT resistance
mutations display an increased sensitivity to hydroxyurea, suggesting that the impact of RT resistance
mutations on viral replication may be more profound in cell populations characterized by smaller dNTP pools.
such as K65R, and the Q151M multinucleoside resistance
pathway (14, 44, 53). Other resistance mutations act through a
primer rescue mechanism, by facilitating the ability of ATP or
pyrophosphate to excise the analogue from the prematurely
terminated strand of viral DNA (1, 9, 37). This mechanism is
principally the consequence of mutations known as TAMs
(thymidine analogue mutations), which include the M41L,
D67N, K70R, L210W, T215Y/F, and K219Q/E substitutions,
as well as the rare dual amino acid insertions at amino acid 69
(14, 16).
Although resistance mutations confer a decisive growth advantage to the mutated variants over their wild-type (WT)
parental counterparts for replication in the presence of antiretroviral drugs, there is accumulating evidence that resistant
HIV-1 strains are less fit than the WT for replication in the
absence of drug and that, overall, the replicative capacities of
many drug-resistant HIV variants are reduced. While this important phenomenon has been extensively studied for HIV-1
resistance to protease inhibitors (4, 12, 15, 34, 54), our understanding of the replicative impact of resistance to nucleoside
analogues remains incomplete. The M184V mutation has received considerable attention. Reversion of M184V is observed in patients interrupting treatment with lamivudine (6,
10), indicating that the mutation impairs fitness. The M184V
mutation has also been shown to decrease the processivity of
the RT in vitro and to impair viral replicative capacity in tissue
culture systems (3, 8, 32, 40, 47). Similarly, the L74V mutation,
which reduces the incorporation of dideoxyadenosine triphos-

Nucleoside analogues are the most frequently prescribed
antiretroviral agents for the treatment of human immunodeficiency virus type 1 (HIV-1)-infected patients. In most cases,
these drugs are administered as part of combinations of antiretroviral drugs often referred to as highly active antiretroviral
therapy (HAART), which succeed in suppressing detectable
virus replication and reversing the evolution of HIV disease
(41). In some patients, however, the suppressive effect of
HAART is incomplete, permitting the selection of viral variants with resistance to antiretroviral agents, including nucleoside analogues (14, 16).
Although all nucleoside analogues inhibit HIV-1 replication
by similar mechanisms, i.e., premature termination of viral
DNA synthesis by the virally encoded reverse transcriptase
(RT), HIV-1 resistance to these agents involves at least two
radically different biochemical mechanisms. Some resistance
mutations impair the incorporation of the analogue into the
nascent chain of viral DNA. The M184V mutation involves a
residue situated within the nucleoside triphosphate-binding
site of RT, and the high-level resistance to lamivudine conferred by this mutation constitutes the prototypical example of
resistance through impaired incorporation (19, 45, 49). This
mechanism is also fostered by less-frequent RT mutations,
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MATERIALS AND METHODS
Construction of plasmids. Several mutations known to decrease the susceptibility of HIV-1 to nucleoside analogues were introduced into the RT sequence of
HIV-1 by site-directed mutagenesis as previously described (35). Mutagenesis
was performed in the plasmid (pSK-RTS), which carries a fragment of the HIV-1
genome encompassing the entire pol open reading frame from HIV-1 cloned into
pBluescript SKII (Stratagene) between the ClaI and EcoRI sites. The viral
sequence in this plasmid was obtained from pNL4-3XCS, a variant of pNL4-3,
which carries an XbaI site upstream of the protease coding region, a ClaI site at
the junction between the protease and RT coding sequences, and a SnaBI site at
the junction between the RT and RNase H coding sequences. For site-directed
mutagenesis, the following plus-strand primers were used, together with their
cognate minus-strand equivalents: M41L⫹, 5⬘-GTAGAAATTTGTACAGAGC
TCGAAAAGGAAGGAAAAATTTC; M184V⫹, 5⬘-CATAGTCATCTATCAA
TACGTGGATGATTTGTATGTAGG; and T215Y⫹, 5⬘-GTTGAGGTGGGG
ATTTTACACTCCGGACAAAAAACATCAG. Following mutagenesis, a
1,308-bp fragment covering the coding sequence for the entire polymerase domain of the HIV-1 RT was excised from the mutated pSK-RTS plasmids by ClaI

and SnaBI digestion and cloned in pNL4-3XCS, previously digested with the
same enzymes.
For the construction of a recombinant virus carrying the HIV-1 RT sequences
from a clinical isolate (BV34), a 1,325-bp segment was amplified by RT-PCR
after extraction of RNA from plasma with primers RTC⫹ (5⬘-AGTCCTATCG
ATACTGTACCAGTA) and RTS⫺ (5⬘-CCCATCTACGTAGAAAGTTTCT
GC), which introduce unique ClaI and SnaBI sites near the ends of the amplification products. The amplified sequences were digested by ClaI and SnaBI,
cloned into pSK-RTS, and cloned into pNL4-3XCS as described above. The RT
coding sequences in pSK-RTS (after site-directed mutagenesis or cloning from a
clinical isolate) used to generate the recombinant viruses were verified by sequencing.
Cell culture and preparation of viral stocks. HeLa cells and P4 cells (HeLa
CD4⫹ long terminal repeat-LacZ) were cultured in Dulbecco’s modified Eagle’s
medium. MT4 cells were cultured in RPMI 1640 medium. All media were
supplemented with 10% fetal calf serum, 50-g/ml streptomycin, and 50-U/ml
penicillin G. P4 cells were cultured in the presence of 500-g/ml G418.
To produce viral stocks for endogenous reverse transcription, HeLa cells (4 ⫻
105 cells/well in six-well plates) were transfected with 1.5 g of plasmid DNA by
using PolyFect transfection reagent (QIAGEN, Valencia, Calif.) according to the
manufacturer’s instructions. After culture for 24 h, cells were washed extensively,
and 3 ml of complete medium was added. After an additional 24 h of culture,
medium was harvested and passed through a 0.45-m-pore-size filter and aliquots were frozen. To produce viral stocks used for intracellular reverse transcription, virions (100 ng of p24) produced by HeLa cells were treated with
DNase I and used to infect MT4 cells (5 ⫻ 106 cells in 10 ml of complete
medium). The viability of the cultures was monitored daily. Culture medium
obtained the day before the viability fell below 80% was filtered (0.45-m-poresize filter) and stored in aliquots. To verify that reversion of resistance mutations
had not occurred during culture, viral RNA was purified, RT-PCR was performed, and the sequence of the RT was confirmed.
Endogenous reverse transcription. Endogenous reverse transcription was performed by a modification of the technique of Borroto-Esoda and Boone (7).
Viral stocks (30 l) were mixed with an equal volume of buffer containing 100
mM Tris-HCl (pH 8.0), 2 mM CaCl2, 10 mM MgCl2, and 340 U of DNase I/ml
and incubated at 37°C for 30 min. Forty microliters of a solution containing 7.5
mM EGTA, 0.25% (vol/vol) NP-40, and 1.25 mM (each) dNTP was added, and
the mixture was incubated at 39°C for 120 min. DNA was purified with the
QIAquick 8 PCR purification kit (QIAGEN). Parallel reactions in which dNTPs
were omitted were performed.
Intracellular reverse transcription. Viral stocks in complete medium were
mixed with an equal volume of solution containing 100 mM Tris-HCl (pH 8.0),
0.2 mM CaCl2, 19.2 mM MgCl2, and 340 U of DNase I/ml and incubated at 37°C
for 30 min. One hundred microliters of the solution was transferred onto P4 cells
which had been plated at 105 cells/well in 0.2 ml of complete medium in 96-well
culture plates 18 h before infection. P4 cells were infected by spinoculation at 860
⫻ g for 120 min at 22°C (39). The medium was removed, the cells were rinsed
once with phosphate-buffered saline, and 0.1 ml of complete medium was added.
Cells were either processed immediately (time zero) or cultured at 37°C for
various lengths of time. Medium was removed, cells were detached with proteinase K and lysed, and DNA was purified as described above.
Real-time PCR. The quantities of DNA corresponding to sequences in U5, env,
and gag were measured by real-time PCR with the primers and Taqman probes
shown in Table 1. DNA was diluted 1:10 in 10 mM Tris-HCl (pH 8.0) containing
0.1 mM EDTA and 10 ng of salmon sperm DNA/ml. Reaction mixtures (final
volume, 50 l) contained 1⫻ Taqman Universal PCR mixture (Applied Biosystems, Foster City, Calif.), 200 nM (each) primer, 100 nM Taqman probe, and 10
l of diluted DNA. Amplification was performed with a 7000 sequence detection
system (Applied Biosystems). Cycling conditions were as follows: 50°C for 2 min,
95°C for 10 min, and 40 cycles at 95°C for 15 s and 60°C for 1 min each. The same
serial dilutions of linearized pNL4-3XCS plasmid were used as standards for the
quantification of U5, env, and gag.
Quantification of intracellular dNTP pools. The methods used to quantify
dNTP pools have been described (26). Briefly, P4 cells were cultivated in the
presence or absence of hydroxyurea (250 M) for 18 h, trypsinized, and washed
twice with 0.9% NaCl (pH 7.5) at 4°C, and a cell pellet containing 2 ⫻ 107 cells
was frozen at ⫺70°C. Cell extracts were prepared as described previously (42)
and analyzed by liquid chromatography coupled to tandem mass spectrometry
without (dATP and dTTP) or with (dCTP and dGTP) prior periodate oxidation.
Determination of the effect of mutations in RT on replication in hydroxyureapretreated cells by a recombinant-virus assay. To evaluate the effect of hydroxyurea pretreatment of target cells on the replication of viruses carrying
resistance mutations in RT, a modification of the previously described recombi-
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phate, the active metabolite of didanosine, has also been reported to impair the processivity of RT in most studies and to
impair viral replicative capacity (18, 46–48).
The evaluation of the effect of mutations that promote
primer rescue on viral replication capacity and enzyme function has given more-divergent results. The reversion of TAMs
in patients not receiving treatment has been described (23), but
some TAMs can persist for long periods in untreated patients.
Studies evaluating the function of RTs expressing TAMs in
vitro have identified defects in processivity for only some combinations of TAMs (11, 36, 46). Similarly, while several studies
have found that viruses expressing TAMs have reduced replicative capacity compared to WT viruses in tissue culture systems (6, 24, 25, 27, 28, 30), the replicative capacities of viruses
expressing other combinations of TAMs were not different
from, or even better than, that of WT virus (11, 46).
It is noteworthy that the apparent effects of resistance mutations on viral replicative capacity can be strongly influenced
by the conditions under which enzyme activity or viral replication is measured. In particular, Back and Berkhout (2) showed
that the defect in RT activity resulting from the M184V mutation could be accentuated under conditions where deoxynucleoside triphosphates (dNTPs) are limiting, but the potential effect of reduced dNTP concentrations on the
replicative capacity of viruses carrying other RT mutations has
received scant attention (6, 11).
In this study, we have further analyzed the effect of reductions in dNTP concentrations on the replication of viruses
carrying different RT resistance mutations. In initial studies,
recombinant viruses, one carrying the M184V mutation, one
carrying two TAMs (M41L plus T215Y [M41L⫹T215Y]), and
a clinical isolate with multiple mutations, were evaluated. To
reproduce the natural conditions of reverse transcription in the
replicative environment of the virus with natural HIV-1 templates and primers, the efficiency and the kinetics of viral DNA
synthesis within permeabilized viral particles and in newly infected cells were evaluated. These results were then extended
to the evaluation of RTs carrying a variety of different combinations of mutations, including mutations that impair analogue
incorporation and those that promote primer rescue, by developing a recombinant-virus assay permitting the evaluation of
the effect of depletion of dATP in target cells by hydroxyurea
pretreatment on viral replication.
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TABLE 1. Primers and probes used for quantification of viral sequences by real-time PCR
Sequencea

Gene and primer or probe

U5
Forward primer ....................................................5⬘-CAATAAAGCTTGCCTTGAGTGCT
Reverse primer.....................................................5⬘-TGACTAAAAGGGTCTGAGGGATCTC
Probe .....................................................................5⬘-(6-Fam)AGTGTGTGCCCGTCTGTTGTGTGACTC(Tamra)(phosphate)
env
Forward primer ....................................................5⬘-ACCATGCTCCTTGGGATATTGA
Reverse primer.....................................................5⬘-AATAGAGTGGTGGTTGCTTCCTTC
Probe .....................................................................5⬘-(6-Fam)TGCTACAGAAAAATTGTGGGTCACAGTCTATTATGG(Tamra)(phosphate)

a

Fam, carboxyfluorescein; Tamra, carboxytetramethylrhodamine.

nant-virus assay was used (29, 38, 43). The plasmid used in these studies (pSRT)
was derived from pNL4-3 and contains deletions in the regions coding for RT
(nucleotides 2618 to 3886) and envelope (nucleotides 6343 to 7611). A unique
NruI restriction site is present at position 3890. RNA was isolated from plasma,
and a region encoding the RT was amplified by nested RT-PCR. The oligonucleotides used in the first amplification were MJ3 (5⬘-AGTAGGACCTACACC
TGTCA) and RT-EXT (5⬘-TTCCCAATGCATATTGTGAG). The oligonucleotides used in the nested amplification reaction were A35 (5⬘-TTGGTTGCAC
TTTAAATTTTCCCATTAGTCCT) and RT-IN (5⬘-CAATGCATATTGTGA
GTCTG). To perform the test, subconfluent 293T cells in T25 flasks were
transfected by the calcium phosphate precipitation method with 8 g of NruIlinearized pSRT, 0.1 g of the vesicular stomatitis virus G plasmid, and 0.5 to 1
g of the HIV RT amplification product. The transfection precipitate was
washed off the cells after 18 h, and medium was added. After a further 24 h of
culture, supernatant was clarified by centrifugation (500 ⫻ g, 15 min) and transferred to P4 indicator cells (13) that had been preincubated for 4 h with serial
dilutions of hydroxyurea. The level of expression of ␤-galactosidase in the P4 cell
lysates was measured by a colorimetric assay based on the cleavage of chlorophenol red-␤-D-galactopyranoside by ␤-galactosidase. To determine the 50%
inhibitory concentration (IC50), optical density data were fitted to a sigmoid
curve with variable slope.
Statistical methods. Results are presented as means ⫾ standard deviations
(SD) unless otherwise indicated. Groups were compared by analysis of variance.
Posttest comparisons (performed only if P was ⬍0.05) were made with the
Newman-Keuls multiple-comparison test. A P value of ⬍0.05 was considered
significant.

viral DNA have been detected in intact viral particles (33, 50),
preformed DNA resulting from intraparticle reverse transcription or contamination with plasmid DNA represented only
0.6% ⫾ 0.3% (U5), 1.8% ⫾ 1.1% (env), and 2.5% ⫾ 1.2% (gag)
of total DNA detected after 2 h of incubation.
Effect of resistance mutations on endogenous retrotranscription. Using this system, we then compared the efficiencies
of endogenous reverse transcription within permeabilized viral
particles carrying RTs with different resistance mutations (Fig.
2). The M184V mutant has a substitution of a valine for a
methionine at position 184 of HIV-1 RT, which induces highlevel resistance to lamivudine. The M41L⫹T215Y mutant carries two classic TAMs, frequently associated with HIV-1 resistance to nucleoside analogues and conferring strong resistance
to zidovudine. Mutant BV34, reconstructed from a clinical
isolate exhibiting high-level resistance to several nucleoside

RESULTS
Quantification of endogenous reverse transcription in permeabilized virions. To quantify the efficiency of viral DNA
synthesis by RT in the context of the natural HIV template and
primers, endogenous RT reactions were conducted on permeabilized virion preparations. The kinetics of endogenous reverse transcription by WT virus is shown in Fig. 1. Synthesis of
minus-strand strong-stop DNA (U5) occurred very quickly and
was complete after 15 min, the shortest time examined. Reverse transcription into env and gag was detected later (30 and
60 min, respectively) but reached a plateau after 2 h. Synthesis
of strong-stop DNA was considerably more efficient than extension of transcripts to env and gag, and after 2 h of incubation
the percentages of U5 transcripts that had been extended to
env and gag were 20.1% ⫾ 5.0% and 7.7% ⫾ 2.3%, respectively
(n ⫽ 7). When virions were permeabilized and incubated in the
absence of dNTPs for 2 h, only low levels of DNA were detected compared to that observed for virions incubated in the
presence of 500 M dNTPs. Thus, although small amounts of

FIG. 1. Kinetics of synthesis of DNA by WT virus in endogenous
transcription reactions. Viral stocks were treated with DNase I and
incubated at 39°C in a solution containing 3 mM NP-40 (to permeabilize the virions) and 500 M dNTPs. At the indicated times, DNA
in the reaction mixtures was isolated and DNA corresponding to sequences in the U5, Env, and Gag regions was quantified by real-time
PCR. Results are the means ⫾ SEMs for three experiments. When
virions were incubated for 2 h in the absence of dNTPs, the amount of
DNA detected was ⬍2% of that present in reactions containing
dNTPs.
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gag
Forward primer ....................................................5⬘-GCGAAAGTAAAGCCAGAGGAGAT
Reverse primer.....................................................5⬘-TTTTGGCGTACTCACCAGTCG
Probe .....................................................................5⬘-(6-Fam)CTCGACGCAGGACTCGGCTTGCT(Tamra)(phosphate)
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analogues, carries seven mutations in RT: M41L, D67N,
K70R, L74I, V75L, T215F, and K219Q.
The amount of total U5 DNA synthesized per nanogram of
p24 for WT virus was not significantly different from those for
mutant viruses (data not shown; P ⫽ 0.36). This finding supports the conclusion that the viral stocks, normalized by measurement of p24, contained equivalent amounts of active reverse transcriptase. As shown in Fig. 2, the extension of
transcripts to env and gag by viruses carrying the RT from
clinical isolate BV34 was significantly reduced (P ⬍ 0.001 for
both comparisons), and a small reduction in the extension of
sequences to env and gag was observed for the RT with the
M41L and T215Y mutations (P ⬍ 0.05 for both comparisons).
In contrast, no significant difference in the extension of transcripts to env and gag between the M184V mutant RT and that
of WT virus was observed.
Effect of reduced dNTP concentrations on endogenous reverse transcription. In an effort to accentuate a defect in reverse transcription by resistant RT variants, endogenous reverse transcription was performed in the presence of
suboptimal concentrations of dNTPs (i.e., ⬍500 M). When
the dNTP concentration was reduced to 250 M, the synthesis
of U5 DNA per nanogram of p24 by WT virus fell to 31% ⫾
6% of that observed with 500 M dNTPs. In addition, the
proportion of U5 sequences extended to env and gag was also
reduced (percentages of WT sequences extended to env: 500
M dNTPs, 20.1% ⫾ 5.0%; 250 M dNTPs, 9.9% ⫾ 1.7%; P
⬍ 0.01; percentages of WT sequences extended to gag: 500 M
dNTPs, 7.7% ⫾ 2.3%, 250 M dNTPs, 4.1% ⫾ 1.1%; P ⬍
0.01). As a result of this reduction in the synthesis of U5 DNA
and the extension of transcripts, the background of the assay

now represented 6.2% ⫾ 3.4% (env) and 7.9% ⫾ 2.8% (gag) of
the total DNA detected in these samples (n ⫽ 5).
When endogenous transcription by viruses carrying resistance mutations was evaluated with 250 M dNTPs, DNA
synthesis was also found to be strongly reduced compared to
that observed with 500 M dNTPs. Because dNTP depletion
reduced DNA synthesis without affecting the assay background, however, the background now represented 42.9% ⫾
9.8% (env; n ⫽ 7) and 51.8% ⫾ 13.2% (gag; n ⫽ 7) of total
DNA detected. In view of the small amplitude of the specific
signals observed for the mutant viruses, the reliability of these
measurements appeared uncertain, and this approach was not
pursued.
Quantification of reverse transcription following infection
of target cells. To further characterize the effect of resistance
mutations on reverse transcription by HIV-1, we developed
techniques permitting the quantification of reverse transcription products synthesized after infection of HeLa-derived
CD4⫹ P4 cells. Virions produced by transfected HeLa cells
could not be used for these studies, because the amount of
DNA synthesized following infection was less than that produced in endogenous RT reactions. As a result, residual plasmid DNA, even that following DNase treatment prior to infection, produced an unacceptable background. To reduce the
background resulting from the residual plasmid DNA, we used
viruses produced by infected cells in place of viruses produced
directly by transfection. Thus, MT4 cells were infected with the
virions produced by transfected HeLa cells, the medium was
changed daily, and viruses produced over the 24-h interval
preceding the time when the viability of the cultures fell below
80% were used. In these passaged viruses, no reversion of
resistance mutations occurred during culture in MT4 cells, as
confirmed by sequencing the RT region of RT-PCR-amplified
virion RNA. These virions were treated with DNase and sedimented onto target P4 cells by spinoculation (39) at room
temperature, and viral entry was initiated by culturing cells at
37°C. At various times after infection, DNA was isolated, and
real-time PCR was used to quantify the transcripts as described
above.
The kinetics of reverse transcription by WT virus is shown in
Fig. 3A. Few transcripts were present 1 h after incubation of
cells at 37°C, but, by 5 h, synthesis of U5, env, and gag had
reached an apparent plateau. Unlike what was found for synthesis of DNA during endogenous reverse transcription, the
extension of U5 transcripts to env and gag following infection
was quite efficient, and 5 h after infection the products were
present in amounts close to the expected 1:0.5:0.5 ratios
(amounts of env and gag relative to U5, 0.59 ⫾ 0.04 and 0.38 ⫾
0.02, respectively [n ⫽ 6]). Synthesis of U5, env, and gag increased linearly as a function of the amount of virus used for
infection (data not shown).
Effect of resistance mutations on reverse transcription in P4
cells. Using the system described above, we compared levels of
reverse transcription in P4 cells exposed to viral particles containing mutant RTs. A 5-h incubation period was chosen for
these studies because DNA synthesis by WT virus was near
completion by that time, assuring a high signal/noise ratio, and
because the 5-h point was near the time when DNA reached
maximal values and therefore the system would be sensitive for
the detection of delays in DNA synthesis. As shown in Fig. 4A,
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FIG. 2. Extension of transcripts to env and gag in endogenous transcription reactions. WT virions and those with the indicated resistance
mutations in RT were evaluated in endogenous RT reactions. The final
concentration of dNTPs in the reaction mixtures was 500 M. Results
are expressed as the number of env (A) or gag (B) sequences detected
relative to the number of U5 transcripts. Each point represents the
results of an independent experiment and is the mean of duplicate
determinations. Statistical comparisons are presented in Results.
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no reduction in DNA synthesis at 5 h was observed for either
the M184V or the M41L⫹T215Y mutants (P ⬎ 0.05 for all
comparisons with WT virus). By contrast, the synthesis of U5,
env, and gag DNA by the highly mutated BV34 mutant was
significantly reduced compared to that of WT virus (P ⬍ 0.001
for all comparisons).
Effect of pretreatment of P4 cells with hydroxyurea on reverse transcription by WT virus. Hydroxyurea, a free-radical
scavenger that inhibits ribonucleotide reductase, has been
shown to produce specific depletion of dATP, because no
salvage pathway is available for the synthesis of this nucleotide.
Consistent with results obtained for other cell types (5, 21),
pretreatment of P4 cells with 250 M hydroxyurea resulted in
a specific twofold reduction in the amount of dATP, as measured by mass spectrometry (hydroxyurea-pretreated cells:
dATP, 9.1 ⫾ 0.6 pmol/106 cells; dTTP, 42.6 ⫾ 2.9 pmol/106
cells; dCTP, 11.8 ⫾ 2.2 pmol/106 cells; dGTP, 11.3 ⫾ 0.6
pmol/106 cells; unpretreated cells: dATP, 18.7 ⫾ 1.8 pmol/106
cells; dTTP, 45.1 ⫾ 2.5 pmol/106 cells; dCTP, 12.6 ⫾ 0.3 pmol/
106 cells; dGTP, 10.6 pmol/106 cells; n ⫽ 2). To evaluate the
effect of dATP depletion on reverse transcription, P4 cells
were pretreated with hydroxyurea for 18 h before infection.
The comparison of the kinetics of reverse transcription by WT
virus in cells pretreated with 250 M hydroxyurea with that
observed in unpretreated cells is shown in Fig. 3 and demonstrated a delay in DNA synthesis in hydroxyurea-pretreated

FIG. 4. Synthesis of viral DNA after infection of P4 cells with
recombinant virions expressing WT RT or RT containing resistance
mutations. Unpretreated P4 cells (A) and P4 cells cultured for 18 h in
the presence of 250 M hydroxyurea (B) were infected by spinoculation with WT virions or virions with the indicated resistance mutations
in RT. The cells were then incubated at 37°C for 5 h, after which DNA
was extracted. Viral DNA corresponding to sequences in the U5, Env,
and Gag regions was quantified by real-time PCR. Each point represents the results of an independent experiment and is the mean of
duplicate determinations. Statistical comparisons are presented in Results.

cells. This was particularly striking for the accumulation of gag
sequences, especially at the 3-h time point. It is also noteworthy that U5, env, and gag sequences continued to accumulate
between 5 and 9 h after infection of hydroxyurea-pretreated
cells. Considering all experiments in which DNA synthesis was
measured at 5 h, the amount of DNA synthesized by WT virus
following infection of cells pretreated with 250 M hydroxyurea was decreased by 51.6% ⫾ 4.2% (U5), 46.2% ⫾ 3.3%
(env), and 48.1% ⫾ 4.2% (gag), respectively, compared to that
observed following infection of unpretreated cells with the
same amount of virions (Fig. 4).
Effect of resistance mutations on reverse transcription in P4
cells pretreated with hydroxyurea. To evaluate whether dATP
depletion would accentuate a defect in reverse transcription by
RT carrying resistance mutations, P4 cells pretreated with 250
M hydroxyurea for 18 h prior to infection were infected with
the recombinant viruses expressing RTs carrying resistance
mutations. Although DNA synthesis by the mutants carrying
the M184V and M41L⫹T215Y mutations was similar to that of
WT virus following infection of unpretreated cells, DNA synthesis by these mutant viruses was reduced compared to that of
WT virus following infection of hydroxyurea-pretreated cells.
For both the M184V and M41L⫹T215Y mutants, the synthesis
of U5 (P ⬍ 0.05 for both comparisons), env (P ⬍ 0.01 and 0.05,
respectively), and gag (P ⬍ 0.001 for both comparisons) was
reduced compared to that for WT virus. Furthermore, the
extent of this reduction was significantly greater for gag (67%
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FIG. 3. Kinetics of synthesis of DNA by WT virus following infection of P4 cells. Viral stocks were prepared by infecting MT4 cells with
virions produced by transfected HeLa cells and collecting culture medium on the day of peak virus production. The virions were treated
with DNase I and used to infect P4 cells by spinoculation. The cells
were then washed and incubated at 37°C. After various times of culture, DNA was extracted from the cells, and DNA corresponding to
sequences in the U5, Env, and Gag regions was quantified by real-time
PCR. (A) Kinetics of synthesis of viral DNA in unpretreated P4 cells.
(B) Kinetics of synthesis of viral DNA in P4 cells that had been
pretreated with 250 M hydroxyurea for 18 h prior to infection. Results are the means ⫾ SEMs for two experiments.
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TABLE 2. Percentage of env Sequences extended to gaga
% env sequences extended to gag
5 h after infection

Resistance mutation(s)

None (pNL4-3)
M41L ⫹ T215Y
M184V
BV34 mutationsb

9 h after infection

Unpretreated

Hydroxyurea
pretreated

Unpretreated

Hydroxyurea
pretreated

71 ⫾ 18
74 ⫾ 11
77 ⫾ 9
35 ⫾ 7ⴱⴱ

71 ⫾ 15
46 ⫾ 10ⴱⴱ
54 ⫾ 14ⴱ
3 ⫾ 4ⴱⴱ

86 ⫾ 1
76 ⫾ 7
81 ⫾ 15
86 ⫾ 2

86 ⫾ 4
84 ⫾ 9
81 ⫾ 11
66 ⫾ 50

⫾ 10% and 64% ⫾ 4% reductions, respectively, compared to
WT) than for U5 (42% ⫾ 18% and 39% ⫾ 10% reductions,
respectively; P ⬍ 0.05 and 0.01 for comparison of the decreases
in gag and U5 synthesis). Consistent with the idea that reverse
transcription by the viruses carrying the M184V and
M41L⫹215Y resistance mutations progressed more slowly in
hydroxyurea-pretreated cells, the proportion of env sequences
extended to gag at 5 h was significantly reduced compared to
that observed for WT viruses (Table 2). When incubation was
extended to 9 h following infection of hydroxyurea-pretreated
cells, however, the proportion of env sequences extended to gag
for the M184V and M41L⫹215Y mutants approached values
observed in unpretreated cells infected with these mutant viruses and that observed for WT virus replicating in hydroxyurea-pretreated cells. Although DNA synthesis at 5 h was reduced in hydroxyurea-pretreated cells, the detection of newly
synthesized DNA generally remained robust. For WT viruses
and the M184V and M41L⫹T215Y mutants, the assay background represented ⬍6% (U5), ⬍6% (env), and ⬍7% (gag) of
the total signal in all cases.
As observed for infections of unpretreated cells, synthesis of
U5, env, and gag by the BV34 mutant at 5 h was significantly
reduced (P ⬍ 0.001 for all comparisons), and indeed synthesis
of gag at 5 h was barely detectable (Fig. 4B). Because DNA
synthesis by the BV34 mutant was more strongly inhibited in
hydroxyurea-pretreated cells, assay background represented
8% ⫾ 3% (U5), 14% ⫾ 4% (env), and 66% ⫾ 22% (gag) of the
total signal.
Evaluation of the effect of hydroxyurea on the infectivity of
virions carrying nucleoside analogue resistance mutations using a recombinant-virus infectivity assay. In the studies evaluating viral DNA synthesis, the pretreatment of target cells
with hydroxyurea had a greater impact on the three mutant
viruses evaluated than on WT virus. To extend these observations, we sought to evaluate whether this impairment in DNA
synthesis is associated with detectable reductions in viral infectivity and to develop a test that would facilitate the assessment of the effect of hydroxyurea pretreatment on the infectivity of viruses carrying other resistance genotypes. To do so,
P4 cells, which express ␤-galactosidase under the control of a
tar promoter, were pretreated with different concentrations of
hydroxyurea and the cells were then infected with viruses obtained following the cotransfection of HeLa cells with a PCR
product containing the RT gene to be evaluated and a linear-

ized pNL4-3 plasmid in which the RT coding sequence had
been deleted, a technique that generates a stock of recombinant viruses. Forty-eight hours after infection of P4 cells, viral
infectivity was assessed by colorimetric detection of ␤-galactosidase activity.
Figure 5 shows the hydroxyurea dose-response curves obtained when the PCR product containing the RT gene was
derived from the four viruses for which DNA synthesis had
been studied. IC50 values are shown in Table 3. The replication
of WT virus was moderately impaired at the higher doses of
hydroxyurea; 50% inhibition was achieved at the dose of 669 ⫾
141 M hydroxyurea (mean ⫾ standard error of the mean
[SEM]; n ⫽ 5). As was observed in the studies evaluating DNA
synthesis, the BV34 mutant showed the greatest sensitivity to

FIG. 5. Evaluation of the effect of hydroxyurea on the infectivity of
virions carrying nucleoside analogue resistance mutations by a recombinant-virus infectivity assay. P4 cells, which express ␤-galactosidase
under the control of a tar promoter, were pretreated with hydroxyurea
at the indicated concentrations for 4 h, and the cells were then infected
with viruses obtained following the transfection of HeLa cells with
plasmids prepared by recombination between a PCR product containing the RT gene to be evaluated and a linearized pNL4-3 plasmid in
which the RT sequence had been deleted. Forty-eight hours after
infection of P4 cells, viral infectivity was assessed by colorimetric detection of ␤-galactosidase activity. In these studies, the same viruses
used in the evaluation of DNA synthesis were studied: WT (pNL4-3),
the M41L⫹T215Y and M184V mutants, and clinical isolate BV34.
Results, expressed as percentages of the infectivity observed in unpretreated cells, are the means ⫾ SD for four to six independent experiments.
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a
Unpretreated P4 cells or cells cultured in the presence of 250 M hydroxyurea for 18 h were infected with virions expressing the indicated resistance mutations.
The numbers of transcripts extended to env and gag were quantified by real-time PCR. Results are expressed as follows: (number of gag sequences)/(number of env
sequences) ⫻ 100. Results are the means ⫾ SD for 8 to 10 experiments (5 h) or 2 experiments (9 h). ⴱ, P ⬍ 0.05 compared to WT virus; ⴱⴱ, P ⬍ 0.01 compared to
WT virus.
b
Seven resistance mutations carried by clinical isolate BV34 (see Results).

TABLE 3. Effect of resistance mutation in the RT on the inhibition of viral replication in P4 cells pretreated with hydroxyurea as measured
by a single-cycle viral replication assaya
Mutant

TAMs

Other NRTIb
mutation(s)

NNRTI mutation(s)

WT
1 (pNL4-3)
2
3
4

184V
184V

7
8

41L, 215Y

20

67N, 215Y

101K/N/Q/H, 181C

21

67N, 70R

98S

67D, 70R, 219Q
41L, 210W, 215Y

98G

3 TAMs
22
23
24

41L, 67N, 215Y

25
26

41L, 67N, 215Y
41L, 210W, 215Y

5 TAMs
27
28

184V
184V

41M/L, 67N, 70R,
215F, 219Q
41L, 67N, 70R,

101E
103N, 181C

9
10

41L, 210W, 215Y

184V
62V, 151M, 184V

11

41L, 67N, 210W,
215Y

184V

41L, 67N, 70R,
215F, 219Q

74I, 75L

Other RT mutations
present
12 (BV34)
13
14

215Y, 219K/Q

15

41L, 70R, 219E

16

41L, 67E, 210W,
215Y

2 TAMs
17 (41 ⫹ 215)
18
19

41L, 215Y
41L, 215Y

101Q

151M
69S ⫹ VA, 62A,
74V
65R, 75I, 151M,
178M
69S ⫹ SV, 62V,
74V, 118V/I

Mean IC50
(M)
(SEM)

102Q, 122K, 162C
83K, 122K, 123E, 135T, 162A,
177E, 211K, 214F
39N, 64R, 123S, 135V, 162C,
173A, 174K, 177D/E, 200A,
207A, 211S, 214F
178L, 169E/D

669 (141)
777 (197)⫺

102Q, 122K, 162C
83K, 122E, 123D/E, 200T/A,
214F
49R, 122E, 177E, 202V
121C, 135T, 162C, 178L,
211K, 214F
72I, 74I, 75I, 86G, 89K, 91P,
93K, 95A, 136Q, 137H,
139M, 142V, 162Y, 177E,
207E, 214F
44K, 47N, 48T, 54K, 102K,
122Q, 123N, 166R, 177E,
211K, 214F

84 (4)ⴱ
211 (52)ⴱ

483 (153)⫺
364 (136)⫺

146 (43)ⴱⴱ
49 (11)ⴱⴱ
562 (129)⫺

382 (103)⫺

122K, 162N/D
43S, 121H, 135T, 143R/K,
177E, 211K, 214F
42E, 86E, 110D/N, 122K,
135V, 147N/K, 162C, 178L,
204A, 207E, 214F
122E, 135V, 200I, 211K, 214F
135T, 178L, 211K, 214F

120 (38)ⴱ
424 (112)⫺

122K, 123E, 135I/V, 162Y,
211K, 214F
69E, 122K, 135T, 150L/Q/M,
162Y,
39K, 43K, 122K, 214F
68G, 83K, 122K, 135K, 143S/
G, 162A, 203E/D, 207Q/E,
211K, 214L/F
122K, 123E, 177E, 202V,
211K, 214F, 245E

147 (18)ⴱⴱ

NAc

826 (211)⫺
404 (88)⫺
195 (53)ⴱ

70 (3)ⴱⴱ
101 (22)ⴱⴱ
89 (10)ⴱⴱ
103 (26)ⴱⴱ

42 (4)ⴱⴱ

181C
98G, 181C, 190A

102Q, 122K, 162C
83K, 200A, 203D

103N, 108I, 190A

68G, 112S, 121D/M, 142V,
177E, 211A, 214F
39A, 135T, 178I/L, 189V/I,
196E, 203D, 211K, 214F,
228R

61 (4)ⴱⴱ

102Q, 122K, 162C
102Q, 122E, 135T, 142V,
162C, 200A, 228R
49R, 83K, 178I/M, 196G/E,
211Q, 177G, 214F, 218E,
228H, 247R

251 (45)ⴱ
161 (36)ⴱ

98S, 101K/Q,
103N, 108V/I,
181C, 190A

103N, 181C

210L/W, 215Y,
215F, 219Q

107 (13)ⴱⴱ
46 (6)ⴱⴱ

47 (4)ⴱⴱ

123 (8)ⴱ

a
Viral infectivity in hydroxyurea-pretreated cells was evaluated as described in the Fig. 5 legend with RTs amplified from 25 clinical isolates and the recombinant
virions used in the evaluation of DNA synthesis. IC50s were calculated by fitting the optical density data to a sigmoid curve. For each viral population studied, both
the RT genotype and the IC50 for the inhibition of viral replication in hydroxyurea-pretreated cells were determined. The results are the means of four to six
independent experiments. Statistical analysis was performed using analysis of variance (P ⬍ 0.0001), followed by the Newman-Keuls multiple-comparison test. ⫺, not
significantly different from the WT pNL4-3 virus; ⴱ, P ⬍ 0.01 compared to the WT pNL4-3 virus; ⴱⴱ, P ⬍ 0.001 compared to the WT pNL4-3 virus.
b
NRTI, nucleoside RT inhibitor.
c
NA, not applicable.
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M184V present
5 (M184V)
6
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replication in hydroxyurea-pretreated cells (IC50, 42 ⫾ 8 M
hydroxyurea; P ⬍ 0.001 compared to WT). Similarly, levels of
replication of both the M41L⫹T215Y mutant and the M184V
mutant were more sensitive to replication in hydroxyurea-pretreated cells than that of the WT virus (IC50, 180 ⫾ 59 and 84
⫾ 7 M hydroxyurea, respectively; P ⬍ 0.01 for both comparisons). Although the replication of the M184V mutant appeared to show somewhat increased sensitivity to replication in
hydroxyurea-pretreated cells compared to that of the
M41L⫹T215Y mutant, the difference was not significant. It is
noteworthy that in the studies evaluating DNA synthesis in
cells pretreated with 250 M hydroxyurea (Fig. 4), the impairment observed for the M184V mutant also appeared to be
somewhat greater than that observed for the M41L⫹T215Y
mutant, but the differences in this system were also not significant. Taken together, these findings suggest that the reduction
in DNA synthesis observed at 5 h for the mutant viruses evaluated here could also be detected by measurement of the
sensitivity of these viruses to inhibition by hydroxyurea of viral
replication in the single-cycle replication assay.
RTs from 25 clinical isolates containing a spectrum of mutations associated with resistance to reverse transcriptase inhibitors were also evaluated using this assay. The IC50s for
inhibition by hydroxyurea are shown in Fig. 6. A complete
listing of RT genotypes of these virions, including both resistance mutations and other polymorphisms, is included in Table
3.
The impairment of viral replication in hydroxyurea-pretreated cells was significantly enhanced for all recombinant
viruses expressing the M184V mutation, regardless of the presence of other resistance mutations. A substantial impairment
in viral replication was also observed for the five recombinant
viruses carrying a combination of TAMs with other nucleoside

mutations (e.g., 151M, K65R, L74V, and 69 insertions), an
impairment that approached that observed for the BV34 clinical isolate, the mutant investigated in the studies evaluating
viral DNA synthesis (Fig. 5).
The effect of TAMs on viral replication in hydroxyureapretreated cells was more variable. RTs containing
M41L⫹T215Y showed greater sensitivity to replication in hydroxyurea-treated cells than viruses with WT RT, as did the
virus expressing 210W⫹215Y, but not viruses with 67N⫹215Y
or 67N⫹70R. Similarly, some viruses with three TAMs demonstrated greater sensitivity to replication in hydroxyurea-pretreated cells, while others did not. The two viruses with
M41L⫹D67N⫹T215Y did not demonstrate the reduced sensitivity seen for viruses expressing only M41L⫹T215Y. Both
viruses with five TAMs were found to have substantially increased sensitivity to replication in hydroxyurea-pretreated
cells. RTs expressing only nonnucleoside RT inhibitor
(NNRTI) mutations in isolation were not evaluated in this
assay. However, several of the viruses with TAMs that did not
demonstrate increased sensitivity to replication in hydroxyurea-pretreated cells also expressed NNRTI mutations, suggesting that NNRTI mutations were not necessarily deleterious
for viral replication under these conditions.
DISCUSSION
The impairment in viral replicative capacity resulting from
the acquisition of mutations conferring resistance to antiretroviral drugs may have implications for viral pathogenicity, viral
transmission, and the treatment of HIV-1 infection. Despite
the potential importance of the extent and mechanisms of
resistance-associated loss of replicative capacity during evolution of RT resistance to nucleoside analogues, our understanding of them is incomplete. Our results extend previous observations in several ways. First, our studies indicate that RT
resistance mutations previously shown to impair viral fitness in
tissue culture systems and/or to impair RT activity in vitro
produce a measurable defect in DNA synthesis following infection of target cells with virus expressing these mutations.
Importantly, however, for mutants carrying the M184V (2) and
M41L⫹T215Y mutations, this defect could be detected only
with target cells in which dATP pools had been reduced by
pretreatment with hydroxyurea. The impairment of RT activity
in these mutant viruses could also be detected by their increased sensitivity to inhibition of viral infectivity in hydroxyurea-pretreated cells, as measured by a single-cycle recombinant-virus assay. Using this assay, we found that many, but not
all, viruses carrying RT resistance mutations display similar
increased sensitivities to hydroxyurea, suggesting that the impact of RT resistance mutations on viral replication may be
more profound in cell populations characterized by smaller
dNTP pools.
At least two distinct mechanisms could account for the impairment in DNA synthesis observed in hydroxyurea-pretreated cells. Our finding of a clear delay in the extension of
nascent DNA transcripts to gag is compatible with a general
defect in the processivity of RT, a defect that could be accentuated by resistance mutations, as has been observed in vitro
for the M184V mutant (3, 32). It is also known, however, that
the initiation of DNA synthesis is an important rate-limiting
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FIG. 6. Inhibition of the infectivity of virions carrying nucleoside
analogue resistance mutations in hydroxyurea-pretreated cells measured by a recombinant-virus infectivity assay. Viral infectivity in hydroxyurea-pretreated cells was evaluated as described in the Fig. 5
legend with RTs amplified from 25 clinical isolates and the recombinant virions used in the evaluation of DNA synthesis. IC50s were
calculated by fitting the optical density data to a sigmoid curve. The
results are presented as the means ⫾ SEMs for three to six independent experiments. The precise genotypes of the virions studied are
detailed in Table 3. The group labeled M184V had this mutation either
alone or in combination with other resistance mutations. The group
labeled “other” had a variety of mutations, including both TAMs and
other resistance mutations (e.g., L74I/V, V75T, Q151M, and 69 insertions). The virions used in the evaluation of DNA synthesis are indicated by the following symbols: WT (pNL4-3), square; M184V, triangle; M41L⫹T215Y, diamond; clinical isolate BV34, inverted triangle.
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46–48, 53). Consistent with the possibility that the defects in
RT activity produced by these mutations are accentuated by
low dNTP concentrations, we found that the replication of
viruses carrying an RT with these mutations, as measured by
the single-cycle assay, was more sensitive to inhibition in hydroxyurea-pretreated cells than was that of WT virus.
Our results provide further insights into the impact of TAMs
on viral replication. No defect in DNA synthesis for viruses
carrying the M41L⫹T215Y mutations could be detected either
in endogenous RT reactions or following infection of unpretreated P4 cells. In this regard, no clear defect for this mutant
was observed when the DNA-dependent DNA polymerase activity of the mutant RT was evaluated in vitro (36), although an
approximately 15% reduction in fitness was observed in a cell
culture system (24). In our studies, however, DNA synthesis by
viruses carrying the M41L⫹T215Y mutations was clearly delayed following infection of hydroxyurea-pretreated cells.
Thus, as was observed for the M184V mutation, defects in RT
activity produced by these TAMs appear to be accentuated by
depletion of dNTP pools. The results obtained by the recombinant-virus assay suggest that both the number of TAMs and
the specific TAMs present can influence their impact on RT
activity. The replication of both viruses whose RTs contained
combinations of five TAMs was considerably more sensitive to
inhibition in hydroxyurea-pretreated cells than was that of WT
virus. In contrast, although some viruses whose RTs contained
two or three TAMs showed sensitivity to replication in hydroxyurea-pretreated cells, others did not. It is noteworthy that
four of the five RTs without increased sensitivity to replication
in hydroxyurea-pretreated cells expressed the D67N or K70R
mutation or both and that, although both viruses expressing
the M41L⫹T215Y mutations showed increased sensitivity to
replication in hydroxyurea-pretreated cells, the two viruses
with the M41L⫹D67N⫹T215Y combination did not. In this
regard, prior studies have shown that the K70R mutation had
only a small impact on viral replication in vitro and that replication of a virus expressing the D67N⫹K70R⫹T215Y⫹
K219Q combination of TAMs was actually superior to that of
WT virus under conditions thought to be associated with small
dNTP pools (25). Together with our findings, these studies
indicate that, although TAMs frequently impair RT activity, at
least when dNTP levels are suboptimal, some combinations
appear to have little effect and may actually improve replication under these conditions. The recombinant-virus assay described here may prove to be a useful method to define the
impact of various combinations of TAMs and other RT mutations on viral replication under conditions of suboptimal nucleotide pools.
The tumor cells commonly used for the measurement of
drug susceptibility have markedly higher intracellular pools of
dNTPs than most primary human cells, including phytohemagglutinin-stimulated peripheral blood mononuclear cells (5,
20). As was already shown for M184V mutants (3), our results
suggest that viruses with a wide variety of resistance mutations
in RT could be significantly impaired in their capacity for
replication in primary cells, in spite of apparently normal replication kinetics in tumor cell-derived CD4⫹ cell types in tissue
culture. It is noteworthy that viruses with distinct resistance
genotypes have been identified in vivo in different cellular
compartments (22, 51). Although differences in the penetra-
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step in reverse transcription, and resistance mutations, including M184V, can also impair the initiation of DNA synthesis
(18, 31, 52). In this regard, the synthesis of U5 DNA by WT
virus was reduced in hydroxyurea-pretreated cells compared to
that observed in unpretreated cells, and U5 synthesis by the
mutant viruses was reduced to an even greater extent in hydroxyurea-pretreated cells. These findings are compatible with
the possibility that the depletion of dNTPs impaired the initiation of reverse transcription and that this effect was accentuated by resistance mutations. It should be stressed, however,
that factors other than an impairment in initiation could have
contributed to the reductions in U5 synthesis observed. First,
hydroxyurea pretreatment blocked cell replication and, although untreated and hydroxyurea-treated cells were plated at
the same density, the number of cells present in hydroxyureatreated cultures after 18 h was reduced by approximately 50%
(data not shown), which may have reduced the number of
virions that attached to these cells during spinoculation and
reduced the number of infection events occurring in these
cultures. Such an effect could explain the lower synthesis of U5
by WT viruses in hydroxyurea-pretreated cells than in unpretreated cells but would not account for the observation that
WT virus synthesized more U5 in hydroxyurea-pretreated cells
than mutant viruses. In addition, the synthesis of the last two of
the four strands of U5 generated by RT must be preceded by
the completion of the synthesis of gag, and we found that gag
synthesis by the mutant viruses was decreased to a greater
extent than U5 synthesis. Thus, the synthesis of the last two
copies of U5 by the M184V and M41L⫹T215Y mutants, which
must be preceded by the extension of sequences to gag, may
not have advanced by 5 h after infection to the extent that it
had advanced in cells infected with WT virus. Because we did
not specifically evaluate the kinetics of U5 synthesis at early
time points, our data do not permit conclusions concerning the
relative importance of delays in the initiation of DNA synthesis
and the extension of nascent transcripts to the overall impairment. We did find, however, that the synthesis of U5 by the
mutant viruses was reduced to a smaller extent than the synthesis of gag, suggesting that a delay in DNA synthesis, reflecting a delay in initiation and/or elongation, not an irreversible
block in initiation, was the predominant effect.
Our observation that the M184V mutation leads to an impairment of DNA synthesis in hydroxyurea-pretreated cells is
entirely compatible with prior observations that the defect in
the processivity of RT containing this mutation measured in
vitro is accentuated by reductions in dNTP concentrations and
the observation that viral replication is impaired in primary
cells (smaller dNTP pools), but not in some transformed T-cell
lines (large dNTP pools) (2, 3). Using the recombinant-virus
assay, we found that the replication of all viruses carrying an
RT with the M184V mutation in hydroxyurea-pretreated cells
was considerably reduced compared to that of WT virus, suggesting that compensatory mutations to correct this defect may
not be readily available. Other mutations in RT known to
inhibit the incorporation of nucleoside triphosphate analogs
have also been studied and have been found to impair to a
variable extent RT processivity and viral replicative capacity.
This is the case for mutation L74V, selected by didanosine
when used as a single nucleoside analogue, and K65R, associated with resistance to zalcitabine and tenofovir (17, 18, 44,
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tion of antiretroviral agents into these compartments is likely
to be an important factor, differences in the dNTP pools in
different cell types could also influence the fitness cost of
resistance mutations and favor the persistence of less-mutated
or even WT virus at some sites. Further studies, involving
larger panels of viruses with diverse RT resistance mutation
profiles, should focus on the impact of resistance on HIV DNA
synthesis and replication in primary cells, with an emphasis on
cell types with the lowest DNA turnover and smallest dNTP
pools.
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