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Certain amino acid substitutions in the reverse transcriptase (RT), including D67N, K70R, T215Y, and
K219Q, cause high-level resistance of human immunodeficiency virus type 1 (HIV-1) to zidovudine (3'-
azidothymidine; AZT) and appear to approximate the template strand of the enzyme-template-primer complex
in structural models. We studied whether this set of mutations altered RT-template-primer interaction as well
as their effect on virus replication in the absence of inhibitor. When in vitro polymerization was limited to a
single association of an RT with an oligodeoxynucleotide-primed heteropolymeric RNA template (a single
processive cycle), recombinant-expressed mutant 67/70/215/219 RT synthesized 5- to 10-fold more high-mo-
lecular-weight DNA products (>200 nucleotides in length) than wild-type RT. This advantage was maintained
as deoxynucleoside triphosphate (ANTP) concentrations were decreased to limiting levels. In contrast, no
difference was seen between wild-type and mutant RTs under conditions allowing repeated associations of
enzyme with template-primer. Because intracellular ANTP concentrations are low prior to mitogenic stimu-
lation, we compared replication of mutant 67/70/215/219 virus and wild-type virus in peripheral blood mono-
nuclear cells (PBMC) stimulated before and after infection. In the absence of inhibitor, mutant 67/70/215/219
virus had a replication advantage in PBMC stimulated with phytohemagglutinin and interleukin-2 after
infection, but virus replication was similar in PBMC stimulated before infection in vitro. The results confirm
that RT mutations D67N, K70R, T215Y, and K219Q affect an enzyme-template-primer interaction in vitro and
suggest that such substitutions may affect HIV-1 pathogenesis during therapy by increasing viral replication

capacity in cells stimulated after infection.

Human immunodeficiency virus type 1 (HIV-1) pathogene-
sis is driven by highly dynamic, ongoing virus replication (16,
54). HIV-1 plasma RNA can be partially and transiently sup-
pressed by inhibitors which block virion entry into uninfected
cells or reverse transcription in newly infected cells (16, 33, 54).
The resurgence of virus plasma RNA during therapy is largely
due to replication of drug-resistant mutant viruses selected
from the virus population by antiretroviral therapy (7, 33, 46,
54). It has been theorized that in the absence of chemothera-
peutic selection pressure, drug-resistant mutants have de-
creased replication capacity relative to wild-type virus in vivo
(7). This idea is supported by the low frequency of preexisting
drug-resistant mutants in virus populations of untreated indi-
viduals (37, 38) and comparisons of in vitro replication in
proliferating, drug-free cells of wild-type and some drug-resis-
tant mutant viruses (2, 6, 32). Zidovudine (3'-azidothymidine;
AZT)-selected reverse transcriptase (RT) mutations T215Y
(2) and T215Y and K219Q (6) slightly decreased replication in
vitro compared with wild-type RT, but the effects of other
AZT-selected RT mutations have not been reported.

Recent clinical observations suggest that some AZT-resis-
tant mutants may have a replication advantage over wild-type
virus in vivo in the absence of AZT therapy. The presence of
highly AZT-resistant HIV-1 isolates has been associated with
an increase in risk of death among patients switched from AZT
to didanosine (ddI) monotherapy (8). Also, the increased risk
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of clinical progression or death associated with AZT resistance
mutations in RT codons 41 and 215 was independent of ran-
domization to either continued AZT or ddI therapy (23). Oth-
ers have shown that addition of ddI or nevirapine to AZT
therapy was unable to suppress the level of HIV-1 RNAs
containing RT T215Y or F mutations in patients’ plasmas,
although it did suppress those containing a wild-type RT codon
215 (17). Finally, the proportion of AZT resistance mutations
in the virus RNA population in serum continued to increase
for months following AZT withdrawal in the absence of treat-
ment with any other antiretroviral agent (33). Mechanistic
explanations for all these observations have not been eluci-
dated.

The enzymologic mechanisms underlying high-level AZT
resistance also remain unclear. Highly AZT-resistant viruses
containing multiple RT mutations, including D67N, K70R,
T215Y, and K219Q (referred to as mutant 67/70/215/219),
show a >100-fold increase in the 50% inhibitory concentration
(ICsp) of AZT for viral replication in cell culture but exhibit
only a minimal change in AZT-triphosphate (AZT-TP) bind-
ing to RT or inhibition of RT polymerase activity in cell-free
assays (10, 29-31, 35). This suggests that a change in an enzyme
function other than AZT-TP binding may result in high-level
AZT resistance. In contrast, RT L74V-mediated ddI resistance
is caused by decreased binding of the active inhibitor (ddATP)
to the mutant enzyme (10, 35, 49), which is due to altered
positioning of RT-bound template-primer (3).

In order to better characterize RT enzymology and the viral
replicative capacity of AZT-resistant mutant 67/70/215/219, we
compared wild-type and mutant 67/70/215/219 RTs in an assay
system which limited processive RNA-dependent DNA poly-



VoL. 70, 1996

merization to a single association between an RT and a het-
eropolymeric primer-template by using heparin as a trap for
free and dissociated RT molecules (44). We also compared a
single processive cycle of DNA synthesis of wild-type and mu-
tant 67/70/215/219 RTs in vitro over a range of decreasing
deoxynucleoside triphosphate (dNTP) concentrations, since
nonproliferating peripheral blood mononuclear cells (PBMC)
have lower intracellular dNTP concentrations than mitogen-
stimulated PBMC (13) and most circulating cells are not pro-
liferating. In addition, the replication of wild-type and mutant
67/70/215/219 viruses was compared in drug-free PBMC stim-
ulated by phytohemagglutinin (PHA) and interleukin-2 (IL-2)
before and after in vitro infection.

MATERIALS AND METHODS

Molecular cloning. Site-directed mutagenesis was performed by the method of
Kunkel et al. (28) on a plasmid subclone containing an HIV-1 SphI-Sall fragment
(HxB2, nucleotides 1447 to 5786 [42]) to introduce the L74V substitution (mu-
tant 74) and the T215Y and K219Q substitutions (mutant 215/219) in RT. The
complete RT coding region of each resulting plasmid subclone was sequenced
for confirmation (10). These mutant 74 and 215/219 plasmids were used as
templates for separate PCR amplifications in order to construct mutant 74
(pK74) and mutant 215/219 (pK215/219) RT plasmid expression vectors. Strin-
gent precautions to prevent carryover were used for these and all other ampli-
fications. To control for potential contamination, multiple reagent controls lack-
ing template DNA were included. Amplifications with Tag polymerase (Perkin
Elmer Cetus) were performed with a 5’ primer containing an Ncol site (under-
lined, which introduced a translation initiation codon), 5'-TGCCATGGCCATT
AGCCCTATTG AGACTGT-3', and a 3’ primer containing a HindIII site (un-
derlined, which introduced a translation termination codon), 5'-CGAAGCTTT
ATAGTAT TTTCCTGATTCCAG-3’ (9). The amplification products were di-
gested with both Ncol and HindlIII and then cloned into the larger Ncol-HindIII
restriction digestion fragment of an RT expression vector (pKRT2) (9, 10). DNA
sequencing of the RT coding sequences confirmed the presence of the intended
mutations in the appropriate plasmids and ruled out possible errors introduced
during PCR.

The D67N and K70R mutations in RT were introduced into a wild-type RT
expression plasmid by a modification of recombinant PCR (41, 57). A 430-bp
fragment that included the relevant RT sequences (from the beginning of the
coding sequences at nucleotide 2549 to the EcoRV restriction site at HxB2
nucleotide 2979 [42]) was amplified with Tag polymerase (Perkin Elmer Cetus)
from wild-type pKRT2 (9). Two primer pairs were used, including overlapping,
internal mutagenic primers which had dUMP incorporated in place of TMP and
were designed to insert codon changes at D67N and K70R (mutations under-
lined in primer sequences below). The 5'-end primer pair was 5'-CUACUACU
ACUACCATGGCCATTAGCCTATTG-3' (5 CA 2550) and 5'-CUACTAATU
TTCUCCAUCUAGUACUGTUTT-3’ (3 CA 67,70); the 3'-end primer pair was
5'-AAAACAGUACUAGAUGGAGAAAAUUAGUAG-3' (5 CA 67,70) and
5'-CAUCAUCAUCAUACTGATATCTAATCCCGGGTG-3' (3 CA 2986).
The PCR products were mixed with pAMP vector DNA and digested with uracil
deglycosylase (UDG; CloneAmp System, Gibco-BRL, Gaithersburg, Md.),
which allowed annealing of the strands complementary to the internal mutagenic
primers as well as annealing of the flanking ends of each PCR product to the
complementary strands of pAMP vector DNA (40, 57). Bacteria were trans-
formed with this mixture of annealed DNA. The 430-bp fragment derived from
PCR was sequenced from the resulting plasmid (named pK67/70) to confirm the
intended sequence. An RT expression clone with D67N, K70R, T215Y, and
K219Q (mutant 67/70/215/219) was constructed by directional cloning of the
Ncol-EcoRV restriction fragment from pK67/70 into the larger fragment of
Ncol- and EcoRV-digested pK215/219 by standard ligase-mediated methods to
yield an expression plasmid called pK67/70/215/219.

Mutant RT coding sequences from pK67/70/215/219 were amplified by PCR
with a proofreading thermostable polymerase (Ultma; Perkin Elmer Cetus) and
cloned into a 5" half-genome plasmid, called pS'LTR, that contained pNL4-3
sequences from the Stul site in 5'-flanking cellular sequences to the Sall site at
nucleotide 5785 (1). The resulting plasmid was called pRT2. DNA sequencing
confirmed RT sequence throughout the PCR-derived region of pRT2. This
plasmid was used, with a 3’ half-genome plasmid called p3'LTR derived from
pNLA4-3 (1), to generate molecular clone-derived RT mutant 67/70/215/219 virus.
The p3’LTR plasmid contains pNL4-3 sequences from the Sall site at nucleotide
5785 to the Pstl site in the 3'-flanking cellular sequences and includes the
complete 3’ long terminal repeat (LTR). The construction of the 5’ half-genome
plasmids pS’LTR and pRT?2 as well as the 3’ half-genome plasmid p3'LTR from
pNL4-3 will be detailed elsewhere (unpublished data). The half-genome plasmid
DNAs pRT2 and p3'LTR were mixed together (5 pg of each) prior to electro-
poration (Gene Pulser; Bio-Rad) into MT-2 cells to yield infectious mutant
67/70/215/219 virus (14). pNL4-3 DNA was also electroporated into MT-2 cells
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to generate wild-type molecular clone-derived virus. Each resulting virus was
passaged once in MT-2 cells. The infectivity of these cell-free (filtered) virus
stocks was determined in PBMC cultures stimulated by PHA and IL-2 before
infection by a standard method (22). The titers of the wild-type and mutant
67/70/215/219 virus stocks were equivalent.

Preparation of recombinant-expressed RT. Escherichia coli JM109 containing
either a wild-type (pKRT2) or a mutant (either pK67/70/215/219 or pK74) RT
expression vector was grown to late logarithmic phase at 37°C in 2XYT medium
containing 100 wg of ampicillin (Sigma, St. Louis, Mo.) per ml. RT expression
was induced with 0.5 mM isopropyl-B-p-thiogalactopyranoside (IPTG) for 12 to
16 h. Recombinant-expressed wild-type and mutant RTs were purified by the
method of Kohlstaedt et al. (26). For experiments comparing wild-type with
mutant 67/70/215/219 recombinant-expressed RTs, the enzymes were purified as
follows. Cells were lysed by French press in 50 mM 2-(N-morpholino)ethanesul-
fonic acid (MES, pH 6.0)-2 mM EDTA-0.02% 1-hexyl-B-p-glucopyranoside
(BHG; Calbiochem-10% glycerol. After centrifugation, the pellet was resus-
pended in 50 mM MES (pH 6.0)-50 mM KCI-50 mM potassium phosphate—
0.02% BHG-10% glycerol (HSE buffer). Polyethyleneimine was added to 0.05%
to remove nucleic acid, and the RT activity was precipitated with 60% saturated
ammonium sulfate. The ammonium sulfate precipitate was redissolved in HSE
buffer and applied to a hydroxyapatite column (Bio-Rad) equilibrated in the
same buffer. The column was eluted with a linear gradient from 50 to 250 mM
potassium phosphate. Fractions containing RT were pooled, precipitated with
ammonium sulfate, and redissolved in 50 mM 1,3-bis[tris(hydroxymethyl)meth-
ylamino]-propane (Bis-Tris propane, pH 7.0)-100 mM ammonium sulfate—
0.02% BHG-10% glycerol (BTP buffer). The sample was applied to a heparin
column (Pharmacia) equilibrated in the same buffer and eluted with a linear
gradient from 0.1 to 1.0 M ammonium sulfate (26). For experiments comparing
wild-type RT with mutant 74, the recombinant expressed RTs were purified with
minor modifications of this procedure. The bacterial cells were lysed by gentle
sonication. Both the lysis buffer and HSE buffers contained 0.02% Triton X-100
rather than BHG. Both the hydroxyapatite and the heparin columns were eluted
with stepwise gradients.

Polymerase assays. Polymerase activity was measured on both heteropoly-
meric and homopolymeric template-primers. A 756-bp heteropolymeric RNA
template was synthesized by T7 polymerase in vitro transcription with Xmnl-
linearized pSP72 DNA as the template (Riboprobe Gemini II Core System;
Promega). A 20-base deoxyoligonucleotide (nucleotides 1818 to 1838 of pSP72)
complementary to the RNA template was 5'-end labeled with [y->?P]ATP and
T4 polynucleotide kinase (45). **P-labeled primer (64 nM), RNA template (60
nM), and purified RT (6 nM) were preincubated in 40 mM Tris (pH 8.0) and 8
mM dithiothreitol (DTT) for 5 min. Reactions were initiated with the addition of
dNTP (final concentration, 150 M each of dATP, dCTP, dGTP, and TTP; 600
wM total ANTP concentration unless otherwise noted) and 10 mM MgCl, with
or without the simultaneous addition of heparin (0.15 mg/ml) as a trap for free
and dissociated RT (44). Reactions were run for various times, and DNA prod-
ucts were separated on 6% polyacrylamide gels (8 M urea) and visualized by
autoradiography. The autoradiographs were quantitated with a computerized
scanning densitometer (Molecular Dynamics PhosphorImager). Total protein
concentration and polymerase activity on a homopolymeric template-primer
were quantitated for wild-type and mutant RTs to ensure that the same amount
of wild-type and mutant RTs were used in each of the reactions on the hetero-
polymeric template-primer. Protein concentration was measured with the BCA
(Pierce) enhanced protocol, with bovine serum albumin as the standard. Poly-
merase activity was measured by [*PH]TTP incorporation into poly(rA)-oligo(dT)
template-primer (Pharmacia), as previously described (24). In each experiment
involving synthesis from heteropolymeric template-primer, wild-type and mutant
RTs had equivalent (+10%) protein concentration and polymerase activity on
poly(rA)-oligo(dT).

AZT-TP ICs,s were determined under conditions in which DNA synthesis was
limited to a single association of RT and primer-template. The 300-bp product
band resulting from each synthesis at various AZT-TP concentrations (0 to 30
wM) was excised from a polyacrylamide gel. The band is indicated in Fig. 1, 3,
and 4. Gel slices were hydrated in Soluene (Packard, Meriden, Conn.), and the
amount of 3?P-labeled DNA product was quantitated by scintillation counting.
The ICs, was calculated by nonlinear regression analysis of the median effect
equation (5, 11).

Viral replication assays. PBMC from a single HIV-1-seronegative donor were
obtained by Ficoll-Hypaque (Histopaque; Sigma) density gradient centrifugation
of heparinized venous blood. Cells were stimulated with phytohemagglutinin
(PHA; 2 pg/ml; Difco Laboratories) for 3 days and maintained in IL-2 (10%;
Collaborative Biomedical Products) prior to in vitro infection, as described
before (19, 25), a standard method in many HIV-1 virology laboratories to
maximize viral replication in vitro (15). An aliquot of PBMC from the same
sample of blood used to prepare stimulated PBMC was cultured in the absence
of PHA or IL-2 for 3 days prior to infection; these are referred to as unstimulated
cells. Cell proliferation of stimulated and unstimulated PBMC was compared at
the time of infection by measuring incorporation of [*H]thymidine into DNA
with an automated multiwell harvester (Filtamate 196; Packard) (21).

In order to compare the kinetics of replication of molecular clone-derived
wild-type and mutant 67/70/215/219 viruses, equivalent amounts of each virus
(3,000 50% tissue culture infective doses [TCIDs(s]) were used to infect separate
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cultures (5 X 10° PBMC) that were either unstimulated, stimulated before
infection (prestimulated), or stimulated after infection. The prestimulated
PBMC were passaged and fed with medium alone (containing 10% IL-2) on days
4, 11, 17, and 24 after infection and wtih PHA- and IL-2-stimulated allogeneic
PBMC on days 7, 14, 21, and 28 after infection. The unstimulated cells were
maintained in the absence of PHA, IL-2, or added cells either throughout the
experiment (unstimulated) or until day 10 after infection (stimulated after in-
fection). For experiments with cells stimulated after infection, the cultures were
fed with medium containing PHA (2 pg/ml) and IL-2 (10%) on day 10 and
subsequent feedings on days 14, 17, 21, 24, and 28 after infection. No allogeneic
cells were added to cells stimulated after infection at any time. Cell-free super-
natant fluids were assayed by an HIV-1 p24 antigen enzyme-linked immunosor-
bent assay (ELISA) (NEN Research Products, Boston, Mass.) every 3 or 4 days
after infection.

RESULTS

Comparison of RNA-dependent DNA polymerization by mu-
tant 67/70/215/219 and wild-type RTs. When RT is preincu-
bated with template-primer, a stable complex consisting of
enzyme, primer, and template is formed. DNA synthesis is
initiated from these complexes by the addition of dNTPs and
magnesium chloride; synthesis can be limited to a single pro-
cessive cycle by also adding a trap such as heparin to bind free
and dissociating RT (18, 44). A representative experiment
showing DNA synthesis of wild-type and mutant 67/70/215/219
RTs in the presence and absence of heparin is shown in Fig.
1A. Reactions were run for 0, 10, and 30 s and 1 and 5 min with
a 756-bp RNA heteropolymer as the template and a comple-
mentary >?P-end-labeled 20-bp DNA primer. The amount of
DNA which accumulated at longer time points (5 min) was
greater for mutant 67/70/215/219 RT than for the wild-type RT
under conditions which limit DNA synthesis to a single pro-
cessive cycle (Fig. 1A, reactions with heparin as the trap; com-
pare lane E for mutant RT [M] with lane E for wild-type RT
[W]). In the absence of heparin, there was no apparent differ-
ence between enzymes (Fig. 1A, reactions without heparin).
When primer, template, and RT were preincubated with trap,
no DNA synthesis occurred with either wild-type or mutant
67/70/215/219 RT (Fig. 1A, lanes 2 and 3). Since excess heparin
(>2 mg/ml) could cause an artifactual reduction of primer
usage (44), the minimum concentration of heparin that pre-
vented DNA synthesis in the preincubation was used in these
experiments (0.15 mg/ml). Similar results were obtained in two
additional experiments that compared wild-type and mutant
67/70/215/219 RTs (data not shown). In contrast, there was no
difference in the amount or length of DNA synthesized under
either processive or nonprocessive conditions by mutant 74 RT
in comparison to wild-type RT (Fig. 1B; second experiment not
shown).

The increase in DNA synthesis by mutant 67/70/215/219 RT
relative to that by wild-type RT in the presence of a trap
appeared more pronounced for higher-molecular-weight prod-
ucts (Fig. 1A, reactions with heparin). In order to quantify this,
a ratio of band intensity for mutant 67/70/215/219 RT versus
wild-type RT was determined for each DNA product band.
There was a 5- to 10-fold increase in DNA synthesis for mutant
67/70/215/219 versus wild-type RT for some DNA products of
greater than 200 bp (peaks 1 to 9, Fig. 2). Smaller relative
increases were found for mutant RT in lower-molecular-weight
products. The most prominent product band in mutant reac-
tions at a molecular size of about 300 bp (arrow in Fig. 1A and
B) was quantified as a fourfold increase in intensity for mutant
67/70/215/219 RT versus wild-type RT (peak 6 in Fig. 2). How-
ever, when product bands were quantified from reactions per-
formed in the absence of heparin, there was no difference in
the amount or size of DNA synthesized by mutant 67/70/215/
219 RT compared with wild-type RT (data not shown). Addi-
tional controls examined a longer (30 min) time course of
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FIG. 1. DNA synthesis under processive and nonprocessive conditions. (A)
DNA polymerization by wild-type (W) and mutant 67/70/215/219 (M) RTs was
measured at various time points (0, 10, and 30 s and 1 and 5 min for lanes A to
E, respectively). Reactions were run using a heteropolymer RNA template and
a complementary DNA primer in the presence (+, processive conditions) and
absence (—, nonprocessive conditions) of heparin (0.15 mg/ml) as a trap for free
RT. Controls included (lane 1) no RT added, (lane 2) heparin added at the
preincubation step for wild-type RT, and (lane 3) heparin added at the prein-
cubation step for mutant 67/70/215/219. The intensities of the two most heavily
labeled product bands of each enzyme in the presence of heparin were deter-
mined by densitometry; these bands are indicated by an arrow and a dot. (B)
DNA synthesis for wild-type and mutant 74 RT. DNA synthesis by wild-type (W)
and mutant 74 (M) RT was measured at 5-min time points under processive (+
heparin) and nonprocessive (— heparin) conditions. The mature product band is
indicated by an arrow.

DNA synthesis from poly(rA)-oligo(dT) (data not shown) and
were consistent with the conclusion that a heparin trap limited
DNA synthesis to a single processive cycle.

Determination of AZT-TP IC,,s under conditions limiting
DNA synthesis to a single processive cycle. DNA synthesis was
measured with mutant 67/70/215/219 and wild-type RTs in the
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FIG. 2. Ratio of mutant 67/70/215/219 to wild-type product band intensity
(MUT/WT) under conditions limiting synthesis to a single processive cycle. DNA
products synthesized by wild-type and mutant 67/70/215/219 RTs in the presence
of a heparin trap were quantified by scanning densitometry of the autoradio-
graph depicted in Fig. 1A. A ratio of mutant 67/70/215/219 to wild-type peak
intensity was obtained.
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FIG. 3. In vitro DNA synthesis limited to a single processive cycle at various
AZT-TP concentrations. DNA synthesis was determined for wild-type (WT) and
mutant 67/70/215/219 (MUT) RTs in the presence of heparin (0.15 mg/ml) at
various concentrations of AZT-TP. Reactions were run for 5 min. The AZT-TP
concentrations were 0, 5, 10, 20, and 30 pM (lanes A to E, respectively). AZT-TP
inhibition was quantified by measurements of the major product band, indicated
by the arrow, as described in Materials and Methods.

presence of heparin and various concentrations of AZT-TP (0
to 30 uM). AZT-TP ICs,s were calculated by quantitating the
most visually prominent band on the gel (shown by an arrow in
Fig. 3; same product as indicated by the arrows in Fig. 1A and
B), as described in Materials and Methods. At every AZT-TP
concentration, more DNA was synthesized by mutant 67/70/
215/219 than by wild-type RT (Fig. 3). However, in the pres-
ence of heparin, mutant 67/70/215/219 RT showed only a min-
imal increase in AZT-TP ICs, compared with wild-type RT,
14.3 = 3.8 pM and 8.6 = 0.85 uM, respectively. The results are
the mean * standard error of the mean (SEM) for three
experiments, including two experiments in addition to the one
depicted in Fig. 3.

Effect of decreasing concentration of dANTPs on DNA poly-
merization. DNA synthesis was also measured in the presence
of heparin and various dNTP concentrations (1 to 150 pM
each dNTP; 4 to 600 uM total dNTP concentration). With
decreasing, equimolar concentrations of dNTPs, the amount of
DNA synthesized was decreased to a similar degree for both
wild-type and mutant 67/70/215/219 RTs (Fig. 4), based on
densitometric quantitation of the prominent approximately
300-bp product (arrow, Fig. 4). There was no difference in the
size distribution of DNA synthesized by mutant 67/70/215/219
RT compared with wild-type RT at lower equimolar dNTP
concentrations (Fig. 4). However, mutant 67/70/215/219 RT
synthesized more DNA than wild-type RT at every equimolar
dNTP concentration from 150 to 5 uM (Fig. 4). At 1 pM
dNTP, DNA synthesis appeared to be limited to an equivalent
degree for both mutant and wild-type RTs (Fig. 4).

Comparison of mutant 67/70/215/219 and wild-type virus
replication. In order to assess whether the RT mutations
D67N, K70R, T215Y, and K219Q altered viral replication in
the absence of an inhibitor, PBMC were infected in vitro with
wild-type and mutant 67/70/215/219 molecular clone-derived
viruses. Because we had noted differences from the wild type in
RT polymerization that were limited to a single processive
cycle in vitro over a wide range of dNTP concentrations, viral
replication was compared in unstimulated PBMC, which con-
tain lower intracellular ANTP concentrations than PHA-stim-
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FIG. 4. In vitro DNA synthesis limited to a single processive cycle at various
dNTP concentrations. DNA synthesis was determined for wild-type (WT) and
mutant 67/70/215/219 (MUT) RTs in the presence of heparin (0.15 mg/ml) at
various concentrations of dNTPs. Reactions were run for 5 min. The concentra-
tions of each dNTP (total ANTP concentration) were 150 uM (600 wM), 50 uM
15 uM, 5 uM, and 1 uM (lanes A to E, respectively). The mature product band
is indicated by an arrow.

ulated cells (13), as well as in PBMC stimulated with PHA and
IL-2 3 days before infection. The proliferative response of
unstimulated PBMC, as measured by [*H]thymidine incorpo-
ration into DNA, was 2.0% = 0.6% (mean = SEM for three
experiments) of that measured for PHA- and IL-2-stimulated
PBMC. Unstimulated cells remained >80% viable, based on
trypan blue dye exclusion, although they did not proliferate
over the course of the experiment. HIV-1 p24 antigen levels in
culture supernatant fluids decreased to the same degree for
wild-type- and mutant virus-infected unstimulated cells over an
18-day period to below detectable levels (data not shown). This
indicates that progeny virions were not produced from un-
stimulated cells by either wild-type or mutant virus.
Differences in replication between mutant 67/70/215/219 and
wild-type virus were also measured in experiments involving
stimulation of cells (from the same HIV-1-seronegative donor)
either before or after infection. In PBMC which were stimu-
lated with PHA and IL-2 on day 10 after infection, mutant
virus produced significantly higher levels of supernatant HIV-1
p24 antigen than wild-type virus on days 7 to 21 after stimu-
lation (for each measured time point, P < 0.05, Mann-Whitney
U test) that peaked at sixfold higher p24 antigen levels for
mutant virus over wild-type virus (Fig. 5). These differences
persisted when p24 antigen production was expressed as nano-
grams per 10° viable cells. In contrast, the replication of mu-
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FIG. 5. Comparison of mutant 67/70/215/219 and wild-type virus replication
in PBMC stimulated either before or after infection. Prestimulated (open sym-
bols) and initially unstimulated (solid symbols) PBMC were infected with 3,000
TCIDsgs of wild-type (circles) or mutant 67/70/215/219 (squares) molecular
clone-derived HIV-1. Initially unstimulated PBMC were stimulated with PHA
and IL-2 starting on day 10 after infection. Results are expressed as mean
nanograms of HIV-1 p24 antigen per milliliter = SE for independent cultures
infected with each virus (two infections of prestimulated cells with each virus and
three infections of initially unstimulated cells with each virus). On days 17, 21, 24,
and 28 after infection, mutant 67/70/215/219 virus-infected cultures which were
stimulated on day 10 after infection (solid squares) had a significantly higher
concentration of HIV-1 p24 antigen in culture supernatant fluid than wild-type-
virus-infected cultures stimulated on day 10 after infection (solid circles) (P <
0.05, Mann-Whitney U test). In cells stimulated before infection, there were no
differences between mutant (open squares) and wild-type (open circles) viruses.

tant and wild-type viruses did not differ significantly in PHA-
and IL-2-prestimulated PBMC isolated from the same donor
(Fig. 5). In cultures stimulated 10 days after infection, p24
antigen production from wild-type virus peaked at less than
half the amount produced in prestimulated cultures. However,
peak p24 antigen production from mutant 67/70/215/219 virus
in cultures stimulated 10 days after infection equalled the
amount present in cultures stimulated before infection (Fig. 5).
These observations were confirmed in a second experiment
with PBMC from a different HIV-1-seronegative donor. Sim-
ilar differences in mean supernatant fluid p24 antigen levels
(three cultures for each virus) for the wild-type (WT) and
mutant (Mut) viruses were seen only in cultures stimulated
after infection (expressed as nanograms of p24 antigen per
milliliter = SE): day 7 after stimulation, Wt = 312 = 30 and
Mut = 586 = 27; day 10 after stimulation, Wt = 114 = 13 and
Mut = 510 *= 46; day 14 after stimulation, Wt = 56 * 3 and
Mut = 152 = 10; day 17 after stimulation, Wt = 20 * 2 and
Mut = 53 * 1; day 21 after stimulation, Wt = 8 = 1 and Mut
= 29 = 3 (for each time point, P < 0.05, Mann-Whitney U
test). The cultures stimulated 3 days before infection each
reached similar peak levels of p24 antigen production on day
10 after infection (Wt = 541 = 8 and Mut = 591 * 67).
Mean cell counts per milliliter did not differ between mu-
tant- and wild-type-infected cultures at any time point (data
not shown), suggesting that differences in cellular proliferation
did not explain the replication advantage of mutant virus in
cells stimulated after infection. Sequencing of PCR products
from infected PBMC confirmed the correct identity of viruses
produced in cultures stimulated both before and after infec-
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tion. DNA from cells infected with wild-type virus contained
wild-type sequences, whereas DNA from cells infected with
mutant virus contained mutant bases at RT codons 67, 70, 215,
and 219. These analyses confirm that the similarity of replica-
tion of mutant and wild-type virus in prestimulated cells was
not artifactual.

DISCUSSION

Mutant 67/70/215/219 RT synthesized 5- to 10-fold more
high-molecular-weight DNA products (>200 nucleotides)
from an oligonucleotide-primed heteropolymeric RNA tem-
plate than did wild-type RT under conditions that limited RT
to a single association with template-primer (Fig. 1A). This
advantage for the mutant persisted even as dNTP concentra-
tions were decreased (Fig. 4). In the absence of a trap for free
RT, DNA was synthesized to the same degree by wild-type and
mutant 67/70/215/219 RTs, as in a number of earlier studies
that did not limit DNA synthesis to a single processive cycle
(29, 31, 35). An important control for our experiments was an
RT containing the ddI resistance mutation at codon 74 that
synthesized amounts and sizes of DNA that were similar to
those synthesized by the wild-type enzyme during a single pro-
cessive cycle (Fig. 1B). Thus, an increase in DNA synthesis
during a single processive cycle does not occur with every
nucleoside resistance mutation in the “fingers” subdomain of
RT p66.

In structural models of RT, amino acid residues 67, 70, and
215 as well as 74 are in close proximity to the RNA template
(20, 27, 52). Therefore, the set of AZT resistance mutations
D67N, K70R, T215Y, and K219Q has been hypothesized to
alter interactions between RT and template-primer. A number
of biochemical mechanisms could explain increased DNA syn-
thesis by this mutant during a single processive cycle. Each
would involve a change in an enzyme-template-primer inter-
action, although our data do not allow a conclusive choice to
be made among the possible mechanisms. The processivity of
the mutant RT, defined as the number of nucleotides incor-
porated into a growing DNA primer strand before polymerase
dissociation, may be greater than that of the wild-type RT.
Although the mutant and wild-type enzymes appear to synthe-
size products of similar size in the presence of heparin, the
largest products (>600 bp) were only evident with mutant RT
at the longest time point in some experiments (Fig. 1A, lanes
A through E for both wild-type and mutant in the presence of
heparin). In addition, densitometric analyses of the two most
prominent products in the presence of heparin at the longest
time point indicated that there was a different ratio of larger to
smaller products for each enzyme (Fig. 1A, lanes E for both
wild-type and mutant in the presence of heparin). The larger of
the two major products (arrow in Fig. 1A) of the wild-type RT
reaction was almost half as intense as the smaller product (dot
in Fig. 1A). In contrast, the mutant RT synthesized approxi-
mately twofold more larger product than smaller product. In
the absence of heparin, the ratio of these two products was
similar for both enzymes. Differences between the enzymes in
the ratio of larger to smaller products were less evident in
comparisons of other product bands. A second possible bio-
chemical explanation is based on earlier studies showing that
HIV-1 RT switches to a processive mode of synthesis on a
homopolymeric RNA template-primer only after one or a few
distributive nucleotide incorporations have occurred (18, 34,
43). The mutant enzyme may differ from the wild-type enzyme
in the switch from the distributive to the processive mode
rather than in the number of incorporations during a single
processive cycle. A third alternative is that the K, for tem-
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plate-primer may be altered so that mutant enzyme binds more
tightly to the template-primer. However, this is not consistent
with the lack of difference between the enzymes when heparin
was absent. An earlier study also showed no difference be-
tween wild-type and 67/70/215/219 mutant HIV-1 RTs in a
different type of gel electrophoretic primer extension assay
with a heteropolymeric RNA template-oligodeoxynucleotide
primer without a trap for free RT (29).

Increased DNA synthesis of the AZT-selected mutant 67/
70/215/219 RT during a single processive cycle does not solve
the previously studied enigma concerning the enzymologic ba-
sis of high-level (100-fold) AZT resistance of virus (10, 29, 30,
35). When DNA synthesis was measured in the presence of
heparin and various concentrations of AZT-TP, there was little
difference in the AZT-TP IC,, between wild-type and mutant
67/70/215/219 RTs.

We also investigated whether there were differences in rep-
lication between wild-type virus (NL4-3) and the 67/70/215/219
mutant virus (derived from NL4-3) in the absence of an inhib-
itor. In fact, replication of the two viruses was similar in drug-
free PBMC stimulated with PHA and IL-2 before infection.
We also compared replication of these viruses in unstimulated
PBMC, since unstimulated PBMC have lower dNTP concen-
trations and permit less efficient synthesis of wild-type HIV-1
DNA than PHA-stimulated PBMC (13). HIV-1 p24 antigen
levels did not differ when unstimulated cultures were infected
with either wild-type or mutant viruses. PHA and IL-2 were
added to initially unstimulated cultures on day 10 after infec-
tion because more efficient synthesis of reverse-transcribed
replication intermediates by mutant virus RT in the presence
of low dNTP concentrations might only be evident after mito-
genic stimulation. In fact, replication of mutant 67/70/215/219
virus was significantly greater than that of wild-type virus under
these conditions in PBMC derived from two different HIV-1-
seronegative donors. Mutant virus replicated equally well in
cells stimulated either before or after infection. The observed
replication advantage of mutant virus in cells stimulated after
infection could not be explained by differences in extent of
proliferation of cells infected with either virus type. Prelimi-
nary data indicate a similar in vitro replication advantage for
another AZT-resistant mutant virus containing RT mutations
M41L, T215Y, and K219Q over wild-type virus in cells stimu-
lated after infection (data not shown).

A number of studies have shown that wild-type HIV-1 can
infect quiescent CD4™" cells in vitro and in vivo, but proviral
integration and virus production do not occur unless cells are
subsequently activated with mitogen (4, 36, 39, 48, 50, 51, 55).
Some data indicate that wild-type virus synthesizes complete,
stable reverse transcripts in unstimulated cells (48, 50), while
other data suggest incomplete reverse transcription of wild-
type unintegrated DNA (51, 55, 56). In our experiments, peak
production of wild-type virus was maximal in prestimulated
cultures and decreased when cultures were stimulated 10 days
after infection. In contrast, two studies that used higher mul-
tiplicities of infection reported the production of equivalent
amounts of wild-type virus in cells stimulated before and after
infection (48, 53).

A replication advantage for this AZT-resistant mutant virus
in cells stimulated after infection in vitro in the absence of
AZT may be consistent with the dominance of wild-type virus
in HIV-1 populations of untreated patients (7, 37), because
selection pressures change after initiation of AZT therapy.
Unstimulated PBMC contain a lower ratio of the chain-termi-
nating nucleoside competitor AZT-TP to the physiologic sub-
strate TTP than do activated PBMC (12). AZT has also been
shown to have less inhibitory activity against wild-type virus in
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PBMC stimulated after infection than in PBMC stimulated
before infection (47; unpublished data). This may result in a
selective advantage during AZT therapy for viruses with im-
proved replication efficiency in cells stimulated after infection
that was not present before initiation of AZT therapy. Such a
selective advantage would not be expected during therapy with
antiretroviral agents which accumulate similar levels of active
inhibitor in both unstimulated and activated PBMC, including
some other nucleosides (12, 47).

Clinical observations suggest that AZT-resistant mutant
HIV-1 may have a replication advantage over wild-type virus in
vivo, even in the absence of AZT selection pressure (8, 17, 23,
33). Our comparison of wild-type and mutant viruses raises the
possibility that some AZT-selected mutants produce greater
amounts of virus than the wild-type strain in cells stimulated
after infection in the absence of AZT. Such mutants may
increase the pool size of unstimulated, infected cells that har-
bor activatable, latent virus or the life span of HIV-1 replica-
tion intermediates in such cells. It will be of interest to deter-
mine if in vitro measures of HIV-1 replication in cells
stimulated after infection are associated with the pathogenic
potential of viruses selected during RT inhibitor therapy in vivo.
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