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The combination of an amino acid deletion at codon 67 (D67) and Thr-to-Gly change at codon 69 (T69G) in
the reverse transcriptase (RT) of human immunodeficiency virus type 1 (HIV-1) is associated with high-level
resistance to multiple RT inhibitors. To determine the relative contributions of the D67 and T69G mutations
on viral fitness, we performed a series of studies of HIV replication using recombinant variants. A high-level
3*-azido-3*-deoxythymidine (AZT)-resistant variant containing D67 plus T69G/K70R/L74I/K103N/T215F/
K219Q in RT replicated as efficiently as wild-type virus (Wt). In contrast, the construct without D67 exhibited
impaired replication (23% of growth of Wt). A competitive fitness study failed to reveal any differences in
replication rates between the D671T69G/K70R/L74I/K103N/T215F/K219Q mutant and Wt. Evaluation of
proviral DNA sequences over a 3-year period in a patient harboring the multiresistant HIV revealed that the
T69G mutation emerged in the context of a D67N/K70R/T215F/K219Q mutant backbone prior to appearance
of the D67 deletion. To assess the impact of this stepwise accumulation of mutations on viral replication, a
series of recombinant variants was constructed and analyzed for replication competence. The T69G mutation
was found to confer 2*,3*-dideoxyinosine resistance at the expense of fitness. Subsequently, the development of
the D67 deletion led to a virus with improved replication and high-level AZT resistance.

The emergence of antiretroviral drug-resistant forms of hu-
man immunodeficiency virus type 1 (HIV-1) has limited the
efficacy of currently available therapeutic reverse transcriptase
(RT) and protease inhibitors. Drug-resistant HIV-1 variants
have been isolated from HIV-1-infected patients treated with
monotherapy or combination therapy. The mutations associ-
ated with resistance to 39-azido-39-deoxythymidine (AZT)
have been found to emerge in a specific order (7, 25). Mark-
edly (.120-fold) higher levels of AZT resistance seem to co-
incide with the emergence of variants containing both M41L
and T215Y changes and/or other multiple mutations in the
HIV RT gene (7, 18, 21, 24, 25, 28–30). Following the cessation
of therapy, and thus removal of the selective pressure of AZT,
these drug-resistant mutants persist for a period of time (3, 8,
35) and are then replaced by viruses with fewer mutations
(13–15). This reemergence of the wild type is presumably due
to poor replicative fitness of the mutant virus compared to the
wild type in the absence of AZT (19). Even small differences in
viral fitness can quickly lead to the replacement of the less fit
variants in a population (10, 20, 34, 40).

In an attempt to suppress viral replication and delay or
prevent the development of drug-resistant viruses, antiretrovi-
ral drugs have been used in combination. Subsequently, mul-
tidrug-resistant variants of HIV-1 have emerged and been
characterized. A set of five mutations in the RT (A62V, V75I,
F77L, F116Y, and Q151M) has been characterized as associ-

ated with multiple dideoxynucleoside resistance (MDR) (23,
38, 39). In contrast to most drug-resistant mutations, this MDR
variant has been reported to be fitter than the wild type in the
absence of drugs (27, 32). A two-amino-acid insertion between
codons 69 and 70 with a Thr-to-Ser amino acid change at
position 69 has been described as a novel MDR mutation (11,
31, 41, 42). More recently, several groups have reported the
emergence of an amino acid deletion between codons 67 and
68 in the finger domain of the RT (22, 42). A deletion at codon
67 (D67 mutation) has been reported to be associated with
multidrug resistance (T. Imamichi, H. Imamichi, J. C. Lopez,
J. A. Metcalf, J. Fallon, and H. C. Lane, Abstr. 7th Conf.
Retroviruses Opportunistic Infect., abstr. 738, 2000; E.-Y.
Kim, L. Vang, B. Oberg, and T. C. Merigan, Abstr. 7th Conf.
Retroviruses Opportunistic Infect., abstr. 742, 2000). This, in
association with a novel change of Thr to Gly at codon 69
(T69G) and a combination of known AZT resistance muta-
tions (K70R/T215F/K219Q) and nonnucleoside RT inhibitor
(NNRTI) resistance mutations (L74I/K103N), leads to a virus
with much (.1,800-fold) higher levels of AZT resistance (22).

Elucidation of the mechanism(s) by which these mutations
affect the replication of resistant viruses may help us to under-
stand and predict the nature of future mutant viruses and
changes in virus population after changes in therapy. To this
end, we performed the present study to determine the impact
of the D67 and T69G mutations on the replication and resis-
tance profile of HIV.

MATERIALS AND METHODS

Cells and viruses. Peripheral blood mononuclear cells were obtained from a
patient with HIV-1 infection who had been treated with interleukin-2 and a
variety of antiretroviral drugs including RT and protease inhibitors (22) under
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the auspices of National Institute of Allergy and Infectious Diseases-Institution
Review Board-approved protocols. The MT-2 cell line (16, 17) and the HIV-1
pNL4.3 proviral DNA clone (1) were obtained from the AIDS Research and
Reference Reagent Program, National Institute of Allergy and Infectious Dis-
eases (Rockville, Md.), and were contributed by Douglas Richman and Malcolm
Martin, respectively. RD (human embryonal rhabdomyosarcoma) cells were
obtained from the American Type Culture Collection (Manassas, Va.). MT-2
cells were maintained in RPMI 1640 supplemented with 10% fetal bovine serum
(HyClone Laboratories Inc., Logan, Utah), 10 mM L-glutamine, 100 U of pen-
icillin/ml, and 100 mg of streptomycin/ml (RPMI-10). RD cells were maintained
in Eagle’s minimal essential medium supplemented with 10% fetal bovine serum,
10 mM L-glutamine, 100 U of penicillin/ml, and 100 mg of streptomycin/ml
(EMEM-10).

PCR amplification. Genomic DNA was extracted from 106 peripheral blood
mononuclear cells from selected time points, using a QIAamp DNA Blood Mini
kit (Qiagen Inc., Valencia, Calif.). A 1,685-bp fragment of the HIV-1 genome
containing the gag (p7/p1/p6) regions, the protease gene, and part of the RT gene
was amplified by PCR using the Expand high-fidelity PCR system (Roche Mo-
lecular Biochemical, Indianapolis, Ind.) with forward primer (nucleotides [nt]
1881 to 1904) 59-GAAGCAATGAGCCAAGTAACAAAT-39 and reverse
primer (nt 3543 to 3566) 59-GATATGTCCATTGGCCTTGCCCCT-39. A
nested PCR was then carried out with forward primer (nt 1965 to 1988) 59-TT
CAATTGTGGCAAAGAAGGGCA-39 and reverse primer (nt 3482 to 3505)
59-ATAATACACTCCATGTACTGGTTC-39. Reaction mixtures (50 ml) con-
taining 13 Expand HF buffer, oligonucleotide pairs (400 nM), deoxynucleoside
triphosphates (200 nM), and 1.75 U of Expand high-fidelity PCR system enzyme
mix were subjected to 25 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 2 min,
with the final extension at 72°C for 7 min. The PCR products were purified with
a QIAquick spin PCR purification kit (Qiagen).

Cloning and sequencing. The purified PCR products were ligated into the
pCRII vector (Invitrogen, Carlsbad, Calif.), and the ligation products were used
to transform Escherichia coli TOP10F9 competent cells (Invitrogen). Positive
colonies were identified, and the presence of a 1.6-kb insert was confirmed by
restriction enzyme digestion with EcoRI. Plasmid DNAs containing the PCR
fragments were purified with a S.N.A.P. Miniprep kit (Invitrogen). Sequencing
reactions were performed with an ABI PRISM Dye Terminator cycle sequencing
kit with AmpliTaq DNA polymerase FS (PE Biosystems, Foster City, Calif.); the
reaction products were resolved by electrophoresis on 6.0% polyacrylamide gels
and analyzed with an Applied Biosystems 373 automated sequencing system (PE
Biosystems). Nucleotide sequences of the gag (p7/p1/p6) regions, the protease
gene, and the RT gene were translated and aligned with Sequence Navigator (PE
Biosystems). Changes in the RT regions were compared with the HIV-1 clade B
consensus sequence as a reference (33).

Construction of molecular clones. The BalI and a PflM1 sites of pNL4.3
located at nt 4553 and 5303, respectively, were deleted using a Quickchange site
mutagenesis kit (Stratagene, La Jolla, Calif.) according to the manufacturer’s
protocol. A new PflM1 restriction site located at nt 3492 within the RT region
was introduced using sense (59-ATAATACACTCCATGTACTGGTTC-39) and
antisense (59-GAACCAGTACATGGAGTGTATTAT-39) primers. The result-
ing plasmid (pNL4.3PFB) thus contained one BalI site at nt 2622 and one PflM1
site at nt 3492 in RT. These two restriction enzyme sites were then used to
construct a series of chimeric infectious clones of HIV-1. In some clones, an
aspartic acid at RT codon 67 in the chimeric clone was induced using a mu-
tagenesis kit with a sense primer (59-GCCATAAAGAAAAAAGACAGTTGG
TAGATGGAG-39) and corresponding antisense primer.

To construct HIV variants containing multiple mutations in the RT gene,
site-directed mutagenesis reactions were carried out on plasmid pCRII contain-
ing the wild-type RT gene from pNL4.3PFB, using a Quickchange site mutagen-
esis kit. The mutagenesis primers were designed according to the manufacturer’s
protocol. The presence of the intended mutations without unexpected second-
site mutations was confirmed by DNA sequencing. Fragments from BalI and
PflM1 digestion were used to replace the corresponding fragment of pNL4.3PFB.
DNA sequencing was used to ascertain that each of the chimeric pNLPFB and
mutated pNL4.3PFB variants possessed the intended mutations.

Transfections, infections, and generation of viral stocks. Transfections were
performed with a Perfect Lipid Pfx-3 kit (Invitrogen) as previously described
(43). Briefly, 3.5 3 105 RD cells in 35-mm-diameter culture dishes were used for
each transfection with 2 mg of the molecular clones in 5 ml of EMEM-10. After
24 h of transfection, 106 fresh MT-2 cells were added to the dishes, which were
then incubated at 37°C for further 24 h. The MT-2 cells thus infected were
collected, washed, and cultured at 37°C for 3 days in 5 ml of RPMI-10. Cell-free
culture supernatants were obtained and stored at 280°C until used as virus
stocks. Nucleotide sequencing of the stocks was performed to confirm that each
stock had the intended mutation(s) without any unexpected mutations in the RT
gene. The 50% tissue culture infectious dose (TCID50) of each stock was deter-
mined as previously described (43). Cultures of MT-2 cells and serial fourfold
dilutions of the appropriate recombinant HIV stock were set up in triplicate.
After incubation of the tissue culture plates at 37°C for 7 days, culture superna-
tants were collected and p24 antigen assays were performed (p24 antigen capture
kit; Beckman-Coulter, Miami, Fla.). Using a cutoff value for p24 of ,50 pg/ml,
TCID50s were calculated for each stock by the Spearman-Karber method (2).

Drug resistance assays. MT-2 cells (3 3 106) were incubated with 1,250
TCID50 of HIV-1 for 2 h at 37°C, washed twice, and resuspended at a cell density
of 0.2 3 106/ml in RPMI-10. A 0.2 ml aliquot of the suspension was added to
each well of a 96-well flat-bottom plate in the presence or absence of various
concentrations of drugs and cultured for 7 days at 37°C. p24 values in day 7
culture supernatants were measured with a p24 antigen capture kit. Each assay
was performed in quadruplicate. AZT and 29,39-dideoxyinosine (ddI) were pur-
chased from Sigma (St. Louis, Mo.). Sensitivities were reported as the concen-
trations of drugs that inhibited p24 production by 50% (IC50) (22).

HIV growth kinetics and comparative replication assays. For growth kinetic
studies, 106 infected MT-2 cells were cultured in 10 ml of RPMI-10 in T-25
culture flasks in the presence or absence of 1 mM AZT. Culture supernatants
(200 ml) were collected every day and replaced with an equal volume of fresh
complete medium. Drug concentrations were maintained throughout the culture
period. For comparative replication assays, infected MT-2 cells were cultured in
2 ml of RPMI-10 at a density of 0.1 3 106/ml in 24-well plates. Each assay was
performed in triplicate. p24 levels in day 7 culture supernatants were measured
by p24 antigen assays; results were expressed as percentage of growth of the wild
type, NL4.3 (Wt), in the absence of drugs.

Competitive replication assays. Wt and mutant viruses containing the D67 and
T69G/K70R/L74I/K103N/T215F/K219Q mutations were mixed together at Wt/
mutant ratios of 1:1 and 4:1. Each culture was inoculated with 1,250 TCID50 of
virus. The mixed viral samples were incubated with 3 3 106 fresh MT-2 cells for
2 h at 37°C. The infected MT-2 cells were then washed with RPMI-10 and
resuspended at 0.1 3 106 cells/ml. Five milliliters of each suspension was incu-
bated in T-25 flasks in the presence or absence of 10 mM AZT. After 4 to 6 days,
0.5 ml of cell-free supernatant was collected and used to reinfect a fresh aliquot
of 3 3 106 MT-2 cells, and the entire process was repeated. HIV-1 RNA was
isolated from 130 ml of cell-free supernatant at the end of each passage, using a
QIAamp Viral RNA Mini kit (Qiagen). HIV-1 RNA was reverse transcribed to
cDNA with a minus-strand primer (59-TTGTTTTTACATCATTAGTGTGGG
C-39; nt 3626 to 3649 of HIV-HXB2), using the Superscript preamplification
system (Life Technologies, Gaithersburg, Md.). The cDNA was PCR amplified,
and then the products were subjected to direct DNA sequencing using the
dRhodamine Terminator Cycle Sequencing Ready reaction with AmpliTaq
DNA polymerase FS (PE Biosystems) and analyzed with an Applied Biosystems
377 automated sequencing system (PE Biosystems). The data were imported into
the software package EditView (PE Biosystems) for further analysis of relative
peak height (19). To assess the viral population changes in each passage, the
peak heights of each nucleotide at codon 67 were compared. To determine the
emergence of unexpected mutations during tissue culture passages, a single
strain of virus was used as a control for infection, passage, and DNA sequencing.
No spontaneous mutations were found in these cultures.

Statistical analysis. Differences between HIV variants in comparative repli-
cative ability were calculated by using the unpaired t test of the StarView pro-
gram (Abacus Concepts, Berkeley, Calif.).

RESULTS

Impact of D67 on HIV replication. To assess the impact of
the D67 mutation on HIV replication, a series of chimeric and
site-directed-mutated recombinant viruses was created. Figure
1A compares the rates of growth of chimeric HIV containing
the RT of the patient’s virus predominating at 36 months
following the initiation of antiviral therapy (Fig. 2,
HIVRT31980), Wt, and HIVRTP31980 with an aspartic acid at
codon 67, in the absence of drug (22). The chimeric
HIVRT31980 possessed seven mutations associated with drug
resistance: D67, T69G, three mutations associated with AZT
resistance (K70R/T215F/K219Q), and two mutations associ-
ated with NNRTI resistance (L74I/K103N) (22). The chimera
also contained 11 uncharacterized amino acid substitutions
(V35I, S48T, Q102K, K122E, I135M, C162S, G196E, R277K,
R284K, V291I, and E297A) which were not clearly associated
with drug resistance. The chimeric HIV grew at rates compa-
rable to that of Wt (123% of growth of Wt at day 7) in the
absence of drug. However, a construct in which the wild-type
amino acid aspartic acid was introduced at the codon 67 posi-
tion in the chimeric HIV (HIVRT319801D67) demonstrated a
replication rate only 23% of the rate of Wt at day 7. To define
the role of the 11 uncharacterized substitutions in the chimeric
virus, a recombinant HIV containing only seven mutations
(D671T69G/K70R/L74I/K103N/T215F/K219Q) was con-
structed and analyzed for replicative activity. This mutant dem-
onstrated activity comparable to that of Wt (106% of Wt [Fig.

VOL. 74, 2000 IMPACT OF DELETION OF HIV-1 RT CODON 67 ON VIRAL FITNESS 10959



1B]) and chimeric virus HIVRT31980. Thus, it appeared that the
11 uncharacterized mutations in the RT of the chimeric virus
did not affect the rate of replication. Of note, constructs con-
taining only D67 or the combination T69G/K70R/L74I/K103N/
T215F/K219Q did not grow as well as Wt (60 or 25%, respec-
tively, of Wt on day 7). Thus, the HIV mutant T69G/K70R/
L74I/K103N/T215F/K219Q was an impaired virus, whereas
replication was enhanced by addition of D67.

To further compare the replicative fitness of the mutant to
that of Wt, a competitive fitness assay was performed. In the
absence of 10 mM AZT, the ratio of the two virus populations
remained the same through four tissue culture passages (Fig.

3). In the presence of 10 mM AZT, however the mutant virus
rapidly became the predominant species during the first pas-
sage.

Relevance of the emergence of D67. The D67 and T69G
mutations emerged in a patient undergoing combination ther-
apy with AZT and ddI (22). To determine the temporal rela-
tionship between the emergence of these mutations, longitu-
dinal sequence analyses were performed at different time
points. As shown in Fig. 2, the well-described AZT mutations
D67N, K70R, T215F, and K219Q were the first to emerge
under this combination therapy. The T69G mutation then
emerged, followed by D67. To evaluate the effects of these

FIG. 1. Growth kinetics of recombinant HIV variants. MT-2 cells were infected with chimeric (A) or mutated (B) NL4.3. Virus growth was monitored by daily
quantitation of p24 antigen in culture supernatants. (A) Open circles, Wt; closed circles, HIVRT31980; triangles, HIVRT31980 with an aspartic acid at RT codon 67. (B)
Open circles, Wt; open triangles, recombinant HIV with D67; closed triangles, HIV mutant T69G/K70R/L74I/K103N/T215F/K219Q; closed circles, HIV D671T69G/
K70R/L74I/K103N/T215F/K219Q mutant. Results are representative of three independent experiments.

FIG. 2. Serial total CD41 cells count, HIV RNA copy number, and HIV-1 RT genotypes in a patient treated with AZT monotherapy followed by AZT-ddI
combination therapy (27). Particle-associated HIV-1 RNA levels in plasma were determined by the branched-DNA signal amplification assay (version 1; Chiron
Diagnostics Corporation, East Walpole, Mass.) (12), the detection limit of which was 10,000 copies per ml. Sequence data were obtained from PCR-amplified proviral
DNA. Boxed numbers 67, 70, 74, 103, 215, and 219 refer to amino acid changes at codons 67 (Asp to Asn), 69 (Thr to Gly), 70 (Lys to Arg), 74 (Leu to Ile), 103 (Lys
to Asn), 215 (Thr to Phe), and 219 (Lys to Gln), respectively. Short arrows indicate time points when interleukin-2 was administered.
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amino acid changes, we constructed recombinant viruses and
evaluated their replicative ability and sensitivity to AZT and
ddI.

The HIV mutant K70R/T215F/K219Q replicated poorly
compared to Wt (49.6% 6 4.66% of Wt, P , 0.01) (Fig. 4).
Addition of the D67N mutation in this context (K70R/T215F/
K219Q) led to a further decrease in replicative ability (38.0%
6 3.50% of Wt, P 5 0.04). The addition of T69G to D67N/
K70R/T215F/K219Q further reduced the replication potential
(20.8% 6 5.30%). In contrast, deletion of amino acid 67 from
D67N/T69G/K70R/T215F/K219Q (D671T69G/K70R/T215F/
K219Q) partially restored replicative ability (41% 6 3.72% of
Wt, P 5 0.024), and the addition of L74I and K103N restored

it to 100% of Wt. Significant differences in replication were
noted between K70R/T215F/K219Q and D67N/K70R/T215F/
K219Q (P 5 0.04), between D67N/K70R/T215F/K219Q and
D67N/T69G/K70R/T215F/K219Q (P 5 0.013), and between
D67N/T69G/K70R/T215F/K219Q and D671T69G/K70R/
T215F/K219Q (P ,0.01).

The drug sensitivities of each variant were also analyzed
(Table 1). As mutations accumulated in RT, AZT sensitivity
decreased. Emergence of the T69G mutation in the D67N/
K70R/T215F/K219Q backbone led to ddI resistance (Table 1).
The deletion of codon 67 led to an increase in ddI sensitivity
but had no effect on ddI resistance in the presence of AZT or
on AZT resistance.

High-level replication profile. To define the interactions
among the RT mutations associated with the increased repli-
cative potential of the D671T69G/K70R/L74I/K103N/T215F/
K219Q mutant (Fig. 1), comparative replication assays were
carried out in a series of HIV-1 mutants in the presence or
absence of 1 mM AZT. Replicative activity was measured on
day 7 postinfection (Fig. 5). In the absence of AZT, the T69G,
L74I, K103N, T69G/L74I, T69G/K103N, L74I/K103N, and
T69G/L74I/K103N mutants showed no significant difference in
growth compared to Wt (P . 0.05). All were sensitive to 1 mM
AZT (Fig. 5A). The deletion of codon 67 resulted in a 61% 6
5.0% decrease in the replication of Wt (P , 0.01) in the
absence of AZT (Fig. 5B). The addition of T69G or L74I to the
D67 mutant increased the replicative potential to 87% 6 10%
and 99% 6 13% of Wt (P , 0.05 and P , 0.01, respectively).
The addition of K103N alone to the D67 mutant had no effect.
In the presence of 1 mM AZT, the mutants designated
D671GI and D671GIN in Fig. 5B showed significant growth
(P , 0.01) compared to Wt, indicating resistance to AZT (22).

In further studies to define the role of additional mutations
in the AZT resistance backbone (K70R/T215F/K219Q), mu-
tant K70R/T215F/K219Q demonstrated partially decreased
replicative potential compared to Wt (43% 6 7.6% of Wt, P ,
0.01). This impaired ability was compensated for by the addi-
tion of L74I (108% 6 8.0%, P , 0.01) or L74I/K103N (110%
6 15%, P , 0.01)) (Fig. 5C). Addition of D67 alone to the
K70R/T215F/K219Q mutant did not increase replicative ca-
pacity (Fig. 5D). However, the constructs containing
D671K70R/T215F/K219Q with the GI and GIN mutations
(Fig. 5D) replicated to 97% 6 12% and 103% 6 5.5% of Wt
(P , 0.01), respectively.

DISCUSSION

This study has characterized the D67 and T69G mutations
that were noted to emerge in the setting of combination drug
therapy. The T69G mutation appeared to be critical for the
development of high-level resistance, while D67 restored viral
fitness that was lost as a consequence of earlier mutations. A
model based on our results is presented in Fig. 6.

The accumulation of multiple mutations in association with
the development of AZT resistance does not occur at random
but follows a certain order (7, 25). Harrigan et al. performed a
relative replication fitness study to address the impact of mu-
tations conferring AZT resistance on HIV replicative fitness
(19). All variants tested in that study displayed reduced repli-
cative fitness compared to the wild type in the absence of
drugs. In the presence of drugs, they observed a dose-depen-
dent selection according to the resistance profile of each virus.
Coffin has suggested that any mutations conferring resistance
to drugs should be at least slightly detrimental to virus repli-
cation and thus would be present at very low levels in the
absence of selective pressure by the drug (10). This proposal is

FIG. 3. Competitive replication assays of Wt and mutant D671T69G/K70R/
L74I/K103N/T215F/K219Q, mixed at ratios of 1:1 (A) and 4:1 (B). Infected cells
were cultured in the presence (closed circles) or absence (open circles) of 10 mM
AZT. Data were generated based on relative peak heights of electropherograms
produced from direct DNA sequencing of virion RNA from tissue culture su-
pernatants at the end of each passage.

FIG. 4. Replication of HIV variants containing mutations associated with in
vivo growth. Recombinant mutants were constructed by site-directed mutagen-
esis. The mutations in the variants correspond to mutations existing in proviral
DNA derived from a patient (Fig. 2). To generate viruses, MT-2 cells were
infected with 1,250 TCID50/3 3 106 cells and cultured for 7 days. Levels of p24
antigen were measured on day 7 to determine the growth properties of each
virus. Viruses were cultured in the absence (closed bars) or presence of 1
(hatched bars) or 10 (opened bars) mM AZT. Results are expressed as the
percentage of growth 6/standard error of the mean compared to Wt growth in
the absence of AZT. In this experiment, the p24 concentration of Wt was 644 6
75 ng/ml. Three independent experiments were performed. Numbers 70, 215,
219, 67, 74, and 103 on the x axis indicate K70R, T215F, K219Q, D67N, L74I, and
K103N, respectively.
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consistent with the observed lower fitness of viruses resistant to
AZT and/or 3TC (6, 19, 30). In our study, longitudinal nucle-
otide sequence analysis demonstrated that the loss of fitness
that resulted as a consequence development of drug resistance
could be reversed with compensatory mutations; in this case, it
was a deletion at amino acid 67.

To define the relative biologic effects of the D67 and T69G
mutations, we created a series of recombinant mutants to study
virus replication capabilities. Consistent with the finding of
others (19), the accumulation of a set of three mutations

(K70R/T215F/K219Q) was associated with AZT resistance and
impaired replicative activity (43% of Wt). Replication capacity
was restored by the addition of an L74I mutation; addition of
T69G to this motif, while conferring ddI resistance (data not
shown), led to a new decrease in replicative capacity, which was
then increased with the emergence of the D67 deletion (Fig. 5C
and D). Thus, while the L74I change was originally reported as
a mutation associated with NNRTI resistance (26), our data
suggest that this change may more likely be associated with an
increase in viral fitness in the setting of nucleoside resistance.

FIG. 5. Replication properties of HIV variants. Recombinant HIV-1 mutants were constructed by site-directed mutagenesis. MT-2 cells were infected with 1,250
TCID50/3 3 106 cells and cultured for 7 days. Levels of p24 antigen in day 7 culture supernatant were measured to determine the growth properties of each virus. Viruses
were cultured in the absence (closed bars) or presence (hatched bars) of 1 mM AZT. Results are expressed as in Fig. 4. In this experiment, the p24 concentration of
Wt was 468 6 52 ng/ml. Three independent experiments were performed. G, I, N, GI, GN, IN, and GIN denote HIV variants containing T69G, L74I, K103N,
T69G/L74I, T69G/K103N, L74I/K103N, and T69G/L74I/K103N mutations, respectively. (A) Recombinant viruses with Wt amino acid (aspartic acid) at codon 67; (B)
recombinant viruses with D67; (C) viruses containing K70R, T215F, and K219Q in addition to the indicated mutations; (D) same as panel C plus D67.

TABLE 1. Drug susceptibility of recombinant HIV

Virus

Mean IC50 (nM) 6 SEMa

AZT ddI

2ddI 11 mM ddI 2AZT 11 mM AZT

Wt (NL4.3) 14.7 6 6.50 NAb 305 6 101 NA
K70R/T215F/K219Q 170 6 62.0 NA 283 6 22 NA
D67N/K70R/T215F/K219Q 2,690 6 556 NA 403 6 55 281 6 65.0
D67N/T69G/K70R/T215F/K219Q 2,260 6 530 5,700 6 1,780 1,780 6 109 3,370 6 633
D671T69G/K70R/T215F/K219Q 3,600 6 737 5,250 6 1,320 327 6 68.0 3,700 6 850
D671T69G/K70R/L74I/K103N/T215F/K219Q 31,700 6 9,070 32,000 6 15,300 381 6 72.0 1,450 6 236

a Values were derived from at least three independent assays.
b NA, not applicable (presence of 1 mM ddI or AZT prevented determination IC50 for AZT or ddI).
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In a previous study, we demonstrated that emergence of the
K103N mutation following administration of delavirdine led to
high-level AZT resistance in a mutant D671T69G/L74I/
T215F/K219Q (22). Meanwhile, addition of the K103N muta-
tion to several variants had little effect on replication fitness
(Fig. 5C and D). Taken together, these data suggest that the
emergence of the K103N mutation may be associated with
drug resistance but not with increased fitness. Indeed, our data
suggested that the virus acquired the D67 and T69G mutations
to achieve better fitness rather than to develop drug resistance.

Recent studies have revealed the emergence of deletions in
the b3-b4 hairpin loop of the RT after AZT-ddI treatment as
well as in the setting of d4T-3TC-indinavir (22, 36a). Emer-
gence of the D67 mutation may be an uncommon event most
likely to occur in subjects with long-term antiretroviral therapy
and perhaps facilitated by prior monotherapy. Possibly current
combination therapies minimize the risk of seeing these mul-
tidrug-resistant isolates.

Previous studies have shown that AZT-resistant HIV-1 iso-
lates do not show cross-resistance to other nucleoside analogs
(4, 37). However, treatment of HIV-1-infected patients with
AZT plus ddI or ddC has resulted in the failure of both drugs
and the emergence of resistant HIV-1 harboring the M41L and
T215F mutations (9). Arts et al. have demonstrated that AZT-
mediated cross-resistance to other nucleoside analogs can be
induced in M41L and/or T215Y mutants (5). In our study, we
were able to clearly demonstrate not only multiple nucleoside
RT inhibitor resistance but also resistance to ddI that was only
seen in the presence of AZT. Recently, Meyer et al. reported
AZT resistance induced by an increase in nucleoside-depen-
dent primer unblocking by AZT resistance mutations (32a).
They demonstrated that HIV-1 RT containing AZT resistance
mutations had a higher level of nucleotide-dependent primer
unblocking activity in the presence of AZT-TTP. This mecha-
nism may be involved in the AZT-dependent ddI resistance
seen in the present study in two D67-containing mutants (Table
1).

It is likely that as our knowledge of different resistance
profiles increase, similar types of relationships may emerge. A
better understanding of these interactions should be of value in
the development of rational approaches to therapy.
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