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Recent clinical trials examining 3*-azido-3*-deoxythymidine (AZT, zidovudine, or Retrovir) combined with
(3TC or lamivudine) have shown that combination therapy with these nucleoside analogs affords significant virological and clinical benefits. The addition of 3TC to AZT delays AZT resistance in therapy-naive patients and can restore viral AZT susceptibility in patients who previously received
AZT alone. In some AZT-experienced patients, the virological response to AZT-3TC therapy is not sustained
and virus resistant to both drugs can be identified. To gain insight into the possible mechanism of dual
resistance, we studied a recently described variant resistant to both AZT and 3TC and obtained by simultaneous passage of an AZT-resistant clinical isolate in cell culture with AZT and 3TC. Genetic mapping and
site-directed mutagenesis experiments demonstrated that a polymorphism at codon 333 (Gly to Glu) of human
immunodeficiency virus type 1 reverse transcriptase (RT) was critical in facilitating dual resistance in a
complex background of AZT and 3TC resistance mutations. To assess the potential clinical relevance of RT
codon 333 changes, we studied dually resistant viruses from patients taking AZT and 3TC. Genetic mapping
of RT molecular clones derived from patients’ plasma samples demonstrated that in some cases polymorphism
at codon 333 was responsible for facilitating dual resistance.

L-2*,3*-dideoxy-3*-thiacytidine

Zidovudine (39-azido-39-doexythymidine, AZT, or Retrovir)
is commonly used in combination with other antiretroviral
agents for the treatment of human immunodeficiency virus
type 1 (HIV-1) infection. AZT therapy delays the development
of AIDS and increases the survival of patients with AIDS (6,
12, 39). Long-term treatment with AZT monotherapy results
in the eventual development of resistance to AZT (22, 26, 33),
which ultimately leads to treatment failure (4, 32). Site-directed mutagenesis experiments have demonstrated that at
least five amino acid changes in reverse transcriptase (RT) of
HIV-1 (at codons 41, 67, 70, 215, and 219) are responsible for
AZT resistance (16, 20; for reviews, see references 19 and 31).
The first mutation to arise after several months of AZT monotherapy is typically at codon 70, which results in an approximate eightfold increase in the 50% inhibitory concentration
(IC50). More resistant viruses, usually having combinations of
mutations that include changes at codons 41 and 215, subsequently become dominant in the resistant virus population (3,
17). Highly AZT-resistant variants (with IC50s increased more
than 100-fold) require the accumulation of four to six muta-

tions in RT, frequently including a recently recognized mutation at codon 210 of RT (10, 11).
In contrast to AZT resistance, high-level resistance to the
nucleoside analog L-29,39-dideoxy-39-thiacytidine (3TC or lamivudine) is conferred by a single mutation in HIV-1 RT at
codon 184 (Met-184 to Val or occasionally Ile) (2, 7, 34, 38).
The appearance of this mutation during 3TC therapy is associated with an increase in plasma HIV-1 levels and treatment
failure (35). Of note is that the 184 Val mutation causes a
concomitant increase in AZT sensitivity in genotypically AZTresistant backgrounds (2, 24, 38). Furthermore, AZT-3TC
combination therapy in drug-naive patients leads to a delay in
the appearance of AZT resistance mutations even though 3TC
resistance occurs rapidly (18, 24). These observations have
prompted speculation that dual resistance to both drugs may
not develop easily, as phenotypic AZT resistance in the presence of the 184 Val mutation may be rare.
The results of several clinical trials examining the safety and
efficacy of AZT-3TC combination therapy have recently been
published (1, 5, 14, 37). Collectively, these studies showed substantial effects on virological markers and significant clinical
benefit in either therapy-naive or AZT-experienced patients.
One plausible explanation for the duration of this benefit in
therapy-naive patients is the observed delay in the development of AZT resistance, as discussed above. In AZT-experienced patients, more complex patterns of virological response
and resistance have been observed, ranging from restoration of
AZT susceptibility to the development of AZT-3TC dual resistance (13, 27, 28).
An HIV-1 variant that was selected in cell culture and that
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became simultaneously highly resistant to AZT and 3TC was
recently described (8). This mutant was obtained by cell culture passage in both AZT and 3TC of a preexisting highly
AZT-resistant clinical isolate (1373). To increase our understanding of how HIV-1 can become resistant to both AZT and
3TC, we describe a mapping and site-directed mutagenesis
study designed to define the genetic basis of dual resistance of
this cell culture-selected variant. A novel polymorphism at RT
codon 333 was shown to be responsible for facilitating dual
resistance in the context of AZT and 3TC resistance mutations. To determine the relevance of this codon 333 polymorphism in AZT- and 3TC-treated patients, we studied HIV-1
clinical isolates by genetic mapping of RT molecular clones. In
some cases, polymorphism at codon 333 was responsible for
facilitating dual resistance.

natants containing virus were harvested at the peak of cytopathic effect, which
occurred 5 to 7 days after transfection.
Fragment exchange and site-directed mutagenesis in the xxLAI-np vector. The
1,460-bp XmaI-XbaI fragment was cut from single coresistant proviral clones,
separated by agarose gel electrophoresis, and purified with a GeneClean II kit
(Bio 101, Inc., La Jolla, Calif.). The fragment was then digested with BstYI,
PflmI, and Bsp1286I to generate XmaI-BstYI, XmaI-PflmI, and XmaI-Bsp1286I
fragments corresponding to codons 14 to 190, 14 to 315, and 14 to 359 of RT,
respectively. Similarly, BstYI-XbaI, Pflm1-XbaI, and Bsp1286I-XbaI fragments
were isolated from wild-type xxLAI. The fragments were gel purified and ligated
with the xxLAI-np backbone to generate proviruses with RT amino acid residues
14 to 190, 14 to 315, and 14 to 359 derived from coresistant clones. Site-directed
mutagenesis of the XmaI-XbaI RT fragment was carried out with an Altered
Sites in vitro mutagenesis system (Promega). XmaI-XbaI fragments from individual viral clones were ligated into the pALTER-1 mutagenesis vector, and
single-stranded DNA was prepared and used as a template in mutagenesis
reactions. Mutant colonies were screened by direct sequencing of the plasmid
DNA. XmaI-XbaI fragments containing the desired mutations were then cloned
into xxLAI-np for the production of infectious virus by electroporation of MT-2
cells as described above.
AZT and 3TC susceptibility assays. The AZT and 3TC susceptibilities of
HIV-1 variants with recombinant RT genes and site-directed mutant viruses
were determined by a plaque reduction assay with the HeLa-CD41 cell line
HT4LacZ-1 by infection of cell monolayers as described previously (21, 36). The
resulting syncytia were counted following staining with either methyl violet (21)
or 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside (36). The IC50s were determined by linear regression analysis of the log10 inhibitor concentration versus
percent inhibition of syncytium formation.

RESULTS
Analysis of an AZT- and 3TC-resistant laboratory strain.
We first confirmed by a plaque reduction assay with HeLaCD41 cells the previously reported drug susceptibility of the
1373 virus before and after passage in AZT and 3TC (8). As
anticipated, the initial isolate was AZT resistant and 3TC sensitive (respective IC50s, 1.98 and 3.89 mM). In contrast, the passaged virus remained AZT resistant but was also 3TC resistant
(respective IC50s, 0.86 and .200 mM). We next sequenced the
entire RT coding regions from the AZT- and 3TC-resistant
variant AZTr3TCr as well as the parental virus. Both viruses
had the following AZT resistance mutations: Met41Leu,
Asp67Asn, Lys70Arg, Leu210Trp, and Thr215Tyr. In addition,
we found six differences between these viruses in the deduced amino acid sequence of RT (i.e., Arg20Lys, Thr39Lys,
Met184Val, Asp192Glu, His480Gln, and Lys558Arg). The only
recognizable drug resistance mutation induced during the passage experiment was the 3TC resistance mutation Met184Val.
Mapping AZT and 3TC dual resistance mutations by marker transfer. In order to map the mutation(s) responsible for
the AZT and 3TC dual resistance phenotype of the AZTr3TCr
virus, experiments were performed in which RT DNA fragments were transferred between the dually resistant virus and
the laboratory-derived mutant RTMQ1184V (carrying
Met184Val and the AZT resistance mutations Met41Leu,
Asp67Asn, Lys70Arg, and Thr215Tyr in the HIV-1HXB2-D
background). The source of DNA for these marker transfer
experiments was M13 clones containing mutant RT coding
regions. As shown schematically in Fig. 1, the EcoRI-EcoRV
fragment encompassing codons 1 to 143 of the RT polymerase
domain was exchanged between the M13 clone mpAZTr3TCr
described above and mpRTMQ1184V. The KpnI fragment
carrying codons 428 to 535 of RT (virtually all of the RNase H
domain) was exchanged between the M13 clone HXB2
mpAZTr3TCr. Infectious viruses with recombinant RT genes
were recovered by recombination with the RT deletion proviral clone pHIVRTBstEII. A PCR fragment derived from
mpAZTr3TCr with the oligonucleotide primer pair comb2
and comb3 was also used in the recombination experiments, but in this case, with the partial RT deletion clone
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MATERIALS AND METHODS
Cloning and sequencing of the HIV-1 RT gene from virus resistant to AZT
and 3TC. The RT coding region (1.7 kb) of the AZT- and 3TC-resistant virus
was amplified by PCR from infected-cell DNA and cloned into the M13 vector mptac18.1 as described previously (20). Single-stranded DNAs from this
clone (mpAZTr3TCr) and the 3TC-susceptible, AZT-resistant parental clone
(mpAZTr1373) were sequenced with a PRISM Sequenase terminator singlestranded DNA sequencing kit (Applied Biosystems) and resolved on an ABI 373
DNA sequencer (25). Recombinant clones containing a 1.7-kb fragment were
assessed for the ability to express active RT by induction of M13-infected Escherichia coli (strain 5KCPolAtsF9) with isopropyl-D-thiogalactopyranoside and
measurement of RT activity in E. coli lysates as described previously (20).
Construction of HIV-1 variants with recombinant RT genes. The EcoRIEcoRV fragment encoding the equivalent of RT codons 1 to 143 was purified
from mpAZTr3TCr and mpRTMQ1184V, a mutant construct that was described previously and that carries 41Leu, 67Asn, 70Arg, 184Met, and 215Tyr in
the HIV-1HXB2-D background (24). The fragments were then ligated with EcoRIEcoRV-digested mpRTMQ1184V and mpAZTr3TCr, respectively, to form recombinant clones. The KpnI fragment encoding the equivalent of RT codons 428
to 535 (i.e., most of the RNase H domain) was purified from M13 clone HIV1XHB2 and ligated with KpnI-digested mpAZTr3TCr. The entire RT coding
region from each of these recombinant clones was linearized by digestion with
EcoRI and HindIII and subsequently transferred into the otherwise wild-type
HIV-1HXB2-D background by homologous recombination. The T-cell line MT-2
(9) was cotransfected by electroporation with a mixture of the RT-deleted proviral clone pHIVRTBstEII and the EcoRI- and HindIII-digested DNA described
above (15). A PCR fragment (codons 7 to 243) derived from mpAZTr3TCr with
the oligonucleotide primer pair comb2 and comb3 (24) was also used in recombination experiments with the pHIVBst11071 clone, which contains a 578-bp
deletion in RT from codons 40 to 231 (24).
Site-directed mutagenesis of RT and construction of HIV-1 recombinants.
Mutations in the RT gene were created by site-directed mutagenesis of the M13
clones mpAZTr3TCr and mpRTMQ1184V as described previously (23). Variants were constructed to convert mutant RT codon 333 (Glu) to wild-type Gly in
mpAZTr3TCr and to convert wild-type RT codon 333 (Gly) in mpRTMQ1184V
to mutant Glu. Mutations were verified by DNA sequence analysis as described
above. M13 replicative-form DNA was prepared, and the altered RT coding
regions were transferred into the HIV-1HXB2-D genetic background by homologous recombination with pHIVRTBstEII as described above.
Construction of infectious clones containing RT derived from plasma HIV-1
RNA. To produce HIV-1 infectious clones from plasma viral RNA, we used a
recently described system based on the novel cloning vector xxLAI-np (36).
HIV-1 RNA was extracted from 1.0 ml of patient plasma with RNAzol B
(Biotecx Laboratories, Inc., Houston, Tex.). RNA from the equivalent of 100 to
500 ml of plasma and 10 pmol of downstream PCR primer were used for cDNA
synthesis with SuperScriptII RNaseH2 RT (Gibco-BRL, Long Island, N.Y.). A
nested PCR strategy was used to amplify the 1,460-bp RT fragment (codons 15
to 440) from the cDNA as described previously (36). The PCR products were
column purified (Promega Corporation, Madison, Wis.), digested with XmaI and
XbaI, and repurified by ethanol precipitation (this product is referred to as
xxRT). The vector backbone was prepared by digesting xxLAI-np with XmaI and
XbaI. Approximately 0.02 mg of xxRT was ligated with 0.02 mg of gel-purified
xxLAI-np backbone by use of T4 DNA ligase (Promega), and the entire ligation
mixture was used to transform competent E. coli JM109. The proviral libraries
were expanded by overnight growth in Luria-Bertani broth containing ampicillin.
Individual proviral clones were isolated by spreading the transformed cells onto
Luria-Bertani agar plates containing ampicillin. Proviral DNA was purified (Qiagen Inc., Chatsworth, Calif.) and screened for the 1,460-bp xxRT insert by
digestion with XmaI and XbaI. Recombinant viruses were produced by electroporating 5 mg of recombinant DNA into MT-2 cells as described above. Super-
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TABLE 1. AZT and 3TC susceptibilities of recombinant virus
clones derived from plasma HIV-1 RNA from five patients
Virus

xxLAI-np (control)
G2-1b
G2-3g
V178a
G2-2a
V213b

pHIVBst11071 (24). This procedure resulted in the transfer of
a mutant RT fragment containing RT codons 40 to 231.
The sensitivity of these viruses to AZT and 3TC was assessed by a plaque reduction assay with the HeLa-CD41 cell
line HT4LacZ-1 (Fig. 1). The virus RR/Q184, constructed with
the RT fragment 59 of the EcoRV site from the dually resistant
virus and the RT fragment 39 of the EcoRV site from
RTMQ1184V, was sensitive to AZT (IC50, 0.07 mM) and
resistant to 3TC (IC50, .200 mM). Although this virus contained four of the known AZT resistance mutations (at codons
41, 67, 70, and 215), the codon 184 mutation suppressed AZT
resistance in this background (24). The recombinant Q184/RR,
constructed conversely to that above, was resistant to both
drugs (AZT IC50, 2.13 mM; 3TC IC50, .200 mM). This fact
indicated that the mutation(s) responsible for dual resistance
mapped to the RT fragment 39 of the EcoRV site (codons 143
to 560). To address the role of the mutations between codons
143 and 231, a recombinant virus was constructed by cotransfecting the comb2-comb3 PCR fragment (spanning RT codons
7 to 243) with the RT deletion clone pHIVBst11071 (with a
deletion of codons 40 to 231). The resulting virus, RRcomb2,3,
was AZT sensitive (IC50, 0.09 mM) and 3TC resistant (IC50,
.200 mM). Finally, we assessed the drug sensitivity of recombinant RR/KpnHXB2-D, which contained virtually the whole
RNase H domain from the wild-type virus (codons 428 to 535)
in the background of the dually resistant strain. This virus
retained AZT resistance (Fig. 1) and was also resistant to 3TC
(IC50, .200 mM). From these results, it was clear that the
mutation(s) responsible for dual resistance mapped to the 39
end of RT between codons 231 and 428 or between codons 536
and 560.
Construction of HIV-1 strains with codon 333 polymorphisms. Closer inspection of the 39 end of RT (from codons
231 to 428 and 536 to 560) revealed nine amino acid changes
between HIV-1HXB2-D and AZTr3TCr (i.e., Gly333Glu,
Gly359Ser, Ala371Val, Ile375Val, Thr376Ala, Lys390Arg,
Glu404Asp, Phe416Tyr, and Lys558Arg). All of these changes
were seen in the parental 1373 virus, except for codon 558,
which was Lys, as in HIV-1HXB2-D. Of these residues that could

AZT

3TC

0.006
0.32 (54)
1.0 (160)
0.8 (134)
0.2 (33)
3.7 (617)

0.3
.30 (.100)
.30 (.100)
.30 (.100)
.30 (.100)
.30 (.100)

have been responsible for the dual resistance phenotype, codon 333 was highly conserved among wild-type HIV-1 variants,
whereas the other residues were less conserved. It should be
noted, however, that the Gly333Glu polymorphism was not
selected during in vitro passage but was already present in the
parental virus (AZT-resistant isolate 1373). Nevertheless, because amino acid conservation implies an important role in the
function of the enzyme, we decided to construct variants by
site-directed mutagenesis to assess the potential role of the
Gly333Glu polymorphism in AZT and 3TC coresistance.
First, we converted codon 333Glu in the dually resistant
variant to the wild-type residue, Gly. The resulting variant was
3TC resistant but showed a marked increase in sensitivity to
AZT (3TC IC50, 200 mM; AZT IC50, 0.06 mM) (Fig. 2). Next,
we introduced the Gly333Glu polymorphism into the AZTsensitive, 3TC-resistant (IC50, .200 mM) laboratory variant
RTMQ1184V. This process rendered the resulting virus resistant to both AZT (IC50, 1.73 mM) and 3TC (IC50, .200 mM)
(Fig. 2).
Genetic analysis of dually resistant HIV-1 from AZT- and
3TC-treated patients. Recombinant viruses containing RT sequences derived from plasma HIV-1 RNA were constructed
with samples from five patients receiving AZT and 3TC and in
whom treatment failure was suspected from declining CD41
T-cell counts (50% decrease from baseline) and/or a new onset
of HIV-1-related symptoms (27). Baseline (pretherapy) samples were not available for analysis. HIV-1 RT fragments
(1,460 bp) were derived by RT-PCR of plasma viral RNA and
were subsequently ligated into the RT cassette cloning vector
xxLAI-np in order to obtain infectious HIV-1 molecular

FIG. 2. AZT susceptibility of recombinant HIV-1 variants with altered RT
codon 333. Recombinant viruses were constructed by site-directed mutagenesis
in order to alter RT codon 333. This codon was changed from Glu to Gly in the
dually resistant strain AZTr3TCr (designated RR) to produce RR/333G. In
addition, codon 333 was changed from Gly to Glu in the laboratory isolate
RTMQ1184Val (designated RTMQ1184V) to produce Q184V1333E.
RTMQ is an AZT-resistant strain based on HIV-1HXB2-D and containing the
following changes in RT; Met41Leu, Asp67Asn, Lys70Arg, and Thr215Tyr. Recombinant viruses were assessed for AZT susceptibility with the HeLa-CD41 cell
assay as described in Materials and Methods.
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FIG. 1. Mapping AZT and 3TC dual resistance in HIV-1 strain AZTr3TCr.
In order to map dual resistance in laboratory isolate AZTr3TCr, various RT
fragments were exchanged between either mpAZTr3TCr and the wild-type
virus (HIV-1HXB2-D) or AZTr3TCr and RTMQ1184Val (RTMQ1184).
RTMQ1184Val contains the following RT mutations in the HIV-1HXB2-D background: Met41Leu, Asp67Asn, Lys70Arg, Met184Val, and Thr215Tyr. The open
bars represent HIV-1HXB2-D RT, the solid bars represent AZTr3TCr RT, and the
hatched bars represent RTMQ1184Val RT. The numbers above the bars are the
amino acid positions at which RT fragments were exchanged. In recombinant
RRcomb2,3, residues 40 to 231 represent the size of the deletion in the deletion
clone used to construct the virus; since this virus was constructed by recombination, the maximum possible size of the mutant fragment in the virus is the size
of the deletion. Recombinant viruses were assessed for AZT susceptibility with
the HeLa-CD41 cell assay as described in Materials and Methods.

IC50, mM, of (fold resistance):
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TABLE 2. Mapping AZT and 3TC dual resistance
in clones from clinical isolates

Sample

G2-1b
G2-3g
V178a
G2-2a
V213b

Fold AZT resistance (relative to that of LAI) of mutant
virus comprising RT amino acids:
14 to 190

14 to 315

14 to 359

2.0
1.0
2.0
1.4
Not done

172
40
220
1.1
2.0

Not done
Not done
150
35
114

DISCUSSION
The initial aim of this study was to elucidate the genetic basis
of AZT and 3TC dual resistance in a laboratory-derived HIV-1
isolate. This topic was of interest for a number of reasons.
First, early attempts to select such variants by cell culture
passage experiments were unsuccessful, presumably because of
the effect of the 184Val mutation on AZT resistance (24).
Second, it has recently become evident that in addition to the
occurrence of restored phenotypic AZT susceptibility, AZTand 3TC-resistant variants may emerge during combination
AZT-3TC therapy (13, 27, 28). This finding appears more
common in the context of extensively AZT-experienced patients receiving AZT-3TC combination therapy and who already have AZT-resistant virus. Thus, we anticipated that a
clearer understanding of the genetic nature of dual resistance

Mutation in amino acidsa
LAI

190 to 315

315 to 359

G2-1b

G2-3g

V178a

G2-2a

V213b

M41
D67
K70
M184
L210
T215
K219

L
—
—
V
W
Y
E

L
N
—
V
W
Y
—

L
N
R
V
W
—
E

L
—
—
V
W
Y
—

—
N
—
V
W
Y
—

G196
T200
E203
Q207
H208
R211
L214
L228
V245
P272
R277
L283
R284
T286
I293
E297
E300
K311

—
I
—
E
—
K
F
—
—
—
K
—
K
—
—
—
—
—

—
—
—
—
Y
K
F
—
—
—
—
—
—
—
V
A
—
—

—
I
K
—
—
K
F
H
E
A
K
I
—
P
—
—
—
R

—
—
D
A
—
K
F
—
M
—
N
I
K
—
—
—
D
R

E
—
—
D
—
K
F
—
—
—
—
—
—
—
—
—
Q
—

I326
I329
G333
Q334
T338
F346
K347
R356
T357
G359
A360
A371
T376
K388

V
V
—
—
—
—

—
—
—
—
—
—
—
K
M
S
—
V
A
R

—
—
—
—
—
—
—
—
M
S
—
—
—
—

—
V
D
N
—
Y
—
—
M
S
—
V
—
—

—
—
E
—
S
—
R
K
M
—
—
—
—
—

K
—
—
T
—
—
—

a
Boldfacing indicates the amino acid substitutions in the fragment conferring
dual resistance. —, wild-type sequence (relative to LAI).

in a laboratory variant would provide a broader understanding
of this mechanism, particularly in clinical strains.
It was quite unexpected that our mapping and site-directed
mutagenesis studies would reveal a polymorphism at codon
TABLE 4. AZT susceptibility of HIV-1 clones from clinical
samples with a reversion at RT codon 333
Viral recombinant

AZT IC50, mM
(fold resistance)

xxLAI......................................................................................
G2-2a ......................................................................................
G2-2a/D333G (revertant) ....................................................
V213b .....................................................................................
V213b/E333G (revertant) ....................................................
xxLAI-np/41L/184V/210W/215Y .........................................
xxLAI-np/41L/184V/210W/215Y/333D...............................

0.006
0.2 (33)
0.03 (5)
3.7 (617)
0.54 (90)
0.007 (1.2)
0.046 (7.7)
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clones. Clonal mixtures and individual subclones were used to
generate infectious virus for AZT and 3TC susceptibility determinations. Recombinant viruses derived from the clonal
mixtures (not shown) as well as the individual subclones (Table
1) showed dual resistance to AZT and 3TC for all five patients.
Recombinant viruses derived from four control patients who
had stable CD41 T-cell counts and no HIV-1-related symptoms on AZT and 3TC therapy showed resistance to 3TC
(IC50, .30 mM) but not AZT (IC50, ,0.01 mM) (data not
shown).
We next performed a series of fragment exchange experiments with dually resistant proviral clones in which mutant
sequences were exchanged for wild-type sequences to derive a
series of chimeric recombinant strains (containing fragments
from dually resistant clones corresponding to RT amino acids
14 to 190, 14 to 315, and 14 to 359). Dual resistance mapped to
RT regions encoding amino acids 190 to 315 in three of these
clones and to amino acids 315 to 359 in the remaining two
clones (Table 2). The genotypes of these clones, shown in
Table 3, revealed the presence of the codon 333 polymorphism
in the two clones (G2-2a and V213b) in which dual resistance
mapped to regions encoding amino acids 315 to 359. Sequencing of the original clonal mixtures from which the subclones
were derived also demonstrated the polymorphism at codon
333, indicating that it was the predominant species in the
plasma samples (data not shown).
The relevance of the Gly333Glu-Asp polymorphisms for the
dual resistance of these clones was determined by reversion of
the Glu or Asp residues by site-directed mutagenesis to the
wild-type residue, Gly. Drug susceptibility analysis showed that
the AZT susceptibility of the revertants had increased by six- to
sevenfold (Table 4). Conversely, conversion of the natural
Gly333 residue to Asp in the LAI background containing only
41Leu, 184Val, 210Trp, and 215Tyr resulted in a 7.7-fold decrease in AZT susceptibility (Table 4).

TABLE 3. Genotypes of five AZT- and 3TC-resistant
clones from patient samples
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plus AZT resistance mutations. Therefore, it appears that the
Asp substitution at codon 333 causes a phenotypic effect similar to that of the Glu substitution. We assume that, as in the
situation with the 1373 virus, the observed polymorphisms at
codon 333 in isolates G2-2a and V213b were preexisting. Since
we did not have pretherapy samples, we cannot rule out the
possibility that these changes at codon 333 appeared during
therapy. However, sequence analysis of baseline samples from
about 100 AZT-experienced individuals who participated in
the AZT-3TC combination therapy trial NUCB3002 showed
that the codon 333 polymorphisms preexisted in the viral population at a frequency of 10% (unpublished observations).
A recent report suggested that AZT and 3TC dual resistance
in clinical isolates from four individuals was a function of the
overall number of amino acid changes in RT (28). In that
study, changes in the C-terminal region of RT (between residues 261 and 561) were not found to play a major role in dual
resistance. However, only one of these isolates had a high level
of AZT resistance similar to that of the laboratory and clinical
isolates examined in our study. Only this isolate is analogous to
the clonal samples G2-1b, G2-3g, and V178a analyzed here.
The other three isolates reported by Nijhuis et al. (28) displayed various degrees of partial resistance to AZT. Although
sequence data were not shown, we anticipate that in these
isolates the 333Glu-Asp polymorphism was not present. Thus,
the fact that these isolates were not highly AZT resistant is
consistent with the 184Val mutation still having a suppressive
effect.
Our findings regarding the influence of residue 333 on AZT
resistance obviously have implications for the interpretation of
HIV-1 RT genotypic profiles from clinical samples. By focusing only on the six recognized AZT resistance mutations plus
codon 184, it is clearly not possible to derive an accurate
picture of the viral phenotype. Under certain circumstances, a
virus may be phenotypically AZT susceptible because of the
influence of 184Val, even though significant numbers of AZT
resistance mutations are present. Conversely, a virus may be
phenotypically AZT resistant when all of these mutations are
present along with polymorphism at codon 333. Therefore,
sequence information from the 39 region of RT in addition to
the 59 region is required to make more reliable predictions
about the likely phenotype. However, the situation regarding
AZT and 3TC dual resistance is obviously quite complex. Additional polymorphisms in the 39 region of RT may also turn
out to influence dual resistance, as may polymorphisms in the
59 region (implied by the study of Nijhuis et al. [28] and also by
three of the clonal clinical isolates in the present study). We
are now focusing on understanding the genetic basis of AZT
and 3TC dual resistance in a larger collection of clinical isolates. It is anticipated that this work will further help to define
polymorphisms in RT that facilitate dual resistance. Such information is of clear importance in situations in which only the
viral genotype is determined as a means of assessing drug
resistance of virus from treated individuals.
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