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Recent work indicates that mutations in the C-terminal domains of human immunodeficiency virus type 1
(HIV-1) reverse transcriptase (RT) increase 3'-azido-3'-dideoxythymidine (AZT) resistance. Because it is not
known whether AZT selects for mutations outside of the polymerase domain of RT, we carried out in vitro
experiments in which HIV-1, , or AZT-resistant HIV-1, ,, (M41L/L210W/T215Y) was passaged in MT-2 cells
in increasing concentrations of AZT. The first resistance mutations to appear in HIV-1, ,; were two polymerase
domain thymidine analog mutations (TAMs), D67N and K70R, and two novel mutations, A371V in the
connection domain and Q509L in the RNase H domain, that together conferred up to 90-fold AZT resistance.
Thereafter, the T2151 mutation appeared but was later replaced by T215F, resulting in a large increase in AZT
resistance (~16,000-fold). Mutations in the connection and RNase H domains were not selected starting with
AZT-resistant virus (M41L/L210W/T215Y). The roles of A371V and Q509L in AZT resistance were confirmed
by site-directed mutagenesis: A371V and Q509L together increased AZT resistance ~10- to 50-fold in combi-
nation with TAMs (M41L/L210W/T215Y or D67N/K70R/T215F) but had a minimal effect without TAMs
(1.7-fold). A371V and Q509L also increased cross-resistance with TAMs to lamivudine and abacavir, but not
stavudine or didanosine. These results provide the first evidence that mutations in the connection and RNase
H domains of RT can be selected in vitro by AZT and confer greater AZT resistance and cross-resistance to

nucleoside RT inhibitors in combination with TAMs in the polymerase domain.

Human immunodeficiency virus type 1 (HIV-1) reverse
transcriptase (RT) is responsible for the conversion of the
single-stranded viral RNA genome into double-stranded DNA.
The enzyme is multifunctional and exhibits both RNA- and
DNA-dependent DNA polymerase activity and RNase H ac-
tivity (6, 8, 34). HIV-1 RT is a heterodimer composed of a
560-amino-acid, 66-kDa subunit (p66) and a p66-derived 440-
amino-acid, 51- kDa subunit (p51) (12, 16). The p66 subunit
contains both the DNA polymerase and RNase H active sites
and is composed of three domains: the N-terminal polymerase
domain (residues 1 to 318), the connection domain (residues
319 to 426), and the C-terminal RNase H domain (residues 427
to 560). By contrast, the p51 subunit is composed of only the
polymerase and connection domains and may largely play a
structural role in RT heterodimer stability (35).

HIV-1 RT is an important therapeutic target, and two dis-
tinct groups of RT inhibitors have been identified. They are the
nucleoside or nucleotide RT inhibitors (NRTI), which include
zidovudine (3'-azido-3'-dideoxythymidine [AZT]), lamivudine
(3TC), emtrictabine, zalcitabine, didanosine (ddI), stavudine
(d4T), abacavir (ABC), and tenofovir (TNV), and the non-
nucleoside inhibitors, which include nevirapine, delavirdine,
and efavirenz. NRTT inhibit HIV-1 replication by competing
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with the natural deoxynucleoside triphosphate (dNTP) sub-
strate for binding and incorporation into the nascent DNA
chain. Once incorporated, NRTI act as chain terminators of
viral DNA synthesis. By contrast, nonnucleoside inhibitors
bind to RT in a location distinct from the polymerase active
site and act as allosteric inhibitors of HIV-1 reverse transcrip-
tion. Although combination therapies that contain two or more
RT inhibitors have profoundly reduced morbidity and mortal-
ity from HIV-1 infection, their long-term efficacy is limited by
the selection of drug-resistant HIV-1.

Mutations that confer resistance to NRTI have been iden-
tified by in vitro passage experiments and from sequences
amplified from patients experiencing virologic failure on NRTI
therapy. In general, NRTI-associated resistance mutations can
be broadly categorized into two groups, depending on their
mechanism of resistance (19, 32). The polymerase domain
mutations M41L, D67N, K70R, L210W, T215F/Y, and
K219Q/E are typically referred to as thymidine analog muta-
tions (TAMs). These mutations increase the ability of HIV-1
RT to excise a chain-terminating NRTI-monophosphate
(NRTI-MP) from a prematurely terminated DNA chain (1, 3,
20, 28). This resistance mechanism has been termed NRTI
excision. By comparison, the polymerase domain mutations
K65R, K70E, L74V, Q151M (in complex with A62V, V751,
F77L, and F116Y), and M184V increase the selectivity of RT
for incorporation of natural dNTP substrate versus the NRTI-
triphosphate (11, 17, 29, 31a). This resistance mechanism has
been termed NRTTI discrimination.

All the NRTI mutations included in the most widely used
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resistance tables, such as that from the International AIDS
Society-USA expert panel (13), are located in the DNA poly-
merase domain of HIV-1 RT. This is the case, in part, because
most commercial genotype assays do not analyze the complete
connection and RNase H domains of RT. Recently, Nikolenko
et al. reported that the mutations D549N and H539N, which
decrease RT RNase H activity, also increase resistance to AZT
(22). Specifically, the D549N and H539N mutations increased
AZT resistance by 12-fold and 180-fold, respectively, and re-
duced d4T susceptibility by 2.4-fold and 10-fold, respectively
(22). Furthermore, when D549N was present with the TAMs
D67N, K70R, T215Y, and K219Q, AZT and d4T resistances
increased 1,230-fold and 12.5-fold, respectively. The mutations
had no effect on susceptibility to efavirenz or to ddI and 3TC.
The authors proposed that mutations in the RNase H domain
that decrease RNase H activity also reduce RNA template
degradation, thereby increasing the time for AZT-MP to be
excised from the terminated primer and for polymerization to
resume on an intact template.

It is not known, however, whether mutations in the RNase H
domain of RT are selected for by AZT. Therefore, we carried
out in vitro selections of AZT-resistant HIV-1, sequenced the
entire coding region of RT to identify all drug resistance-
related mutations, and characterized the effects of these mu-
tations using site-directed recombinant viruses.

MATERIALS AND METHODS

NRTI. AZT and ddI were obtained from Sigma Chemical Corporation (St.
Louis, MO). 3TC and d4T were provided by Raymond Schinazi (Emory Uni-
versity). TNV was provided by Gilead Sciences (Foster City, CA) and ABC by
GlaxoSmithKline (Research Triangle Park, NC). NRTI were prepared as 10 mM
or 30 mM stock solutions in dimethyl sulfoxide or sterile water and stored at
—20°C. The compounds were diluted immediately before use to the desired
concentrations in Dulbecco’s modified Eagle medium, phenol red free (Gibco-
BRL, Grand Island, NY).

Cells and viruses. MT-2 cells (AIDS Research and Reference Reagent Pro-
gram, National Institute of Allergy and Infectious Diseases, National Institutes
of Health) were cultured in RPMI 1640 (Whittaker MA Bioproducts, Walkers-
ville, MD) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 10
mM HEPES buffer, 50 IU/ml of penicillin, and 50 mg/ml of streptomycin (re-
ferred to as R10). The P4/RS reporter cell line (provided by Nathaniel Landau,
Salk Institute, La Jolla, CA), which expresses the B-galactosidase gene under the
control of the HIV long terminal repeat promoter that is transactivated by HIV-1
tat, was maintained in Dulbecco’s modified Eagle medium, phenol red free,
supplemented with 10% fetal bovine serum, 50 IU/ml of penicillin, 50 pg/ml of
streptomycin, and 0.5 pg/ml of puromycin (Clontech, Palo Alto, CA). Stock
viruses were prepared in MT-2 cells as described previously (23). Briefly, 5 to 10
ng of plasmid DNA was electroporated into 1.3 X 107 MT-2 cells. Cell-free
supernatants were collected 7 days after transfection at peak cytopathic effect
(CPE) and stored at —80°C. The infectivity of the virus stocks was determined by
a threefold endpoint dilution in P4/RS5 cells, and the 50% tissue culture infectivity
dose was calculated using the Reed and Muench equation (25). To confirm the
genotype of the stock viruses, viral RNA was extracted from cell supernatants
and treated with 1 U/l of DNase I for 2 h. Codons 1 to 560 of RT were amplified
using the following primers: RT forward, 5'-AAGCTATAGGTACAGTATTA
GTAGGACCTAC-3', and RT reverse, 5'-TGCTCTCCAATTACTGTGATAT
TTCTCA-3'. The PCR products were purified (Wizard PCR purification system;
Promega, Madison, WI) and sequenced using a Big Dye terminator kit (v.3.1) on
an ABI 3100 automated DNA sequencer (Applied Biosystems, Foster City, CA).
The ratios of mutant to wild type at specific nucleotide positions were estimated
by comparison of peak heights, as previously described (10).

Selection of AZT-resistant viruses. Resistant virus was selected in two inde-
pendent experiments by the passage of wild-type HIV} o; or HIVy 4; containing
the M41L/L210W/T215Y mutations (AZT-resistant HIV| 5;) in MT-2 cells in
increasing concentrations of AZT. To initiate each selection experiment, MT-2
cells (1 X 10°) were pretreated for 2 hours with 0.5 M and 25 uM AZT for
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wild-type HIVy o1 and AZT-resistant HIV| ;, respectively, before virus was
added. Viral replication was monitored by CPE. At +3/4 CPE (three or four
syncytia per field at X100 magnification), the cell supernatant was harvested and
0.1 ml of supernatant was added to fresh MT-2 cells to initiate a new passage.
The concentration of AZT was doubled every three passages. The selection
pressure was increased from an initial AZT concentration of 0.5 uM to a final
concentration of 32 uM for wild-type HIV o; and from 25 uM to 150 pM for the
AZT-resistant HIV| ;. The concentration of drug required to inhibit viral rep-
lication by 50% (ICs,) was calculated every five passages to identify changes in
AZT susceptibility, and the resistance (n-fold) was determined by dividing the
1Cs of the mutant virus by the ICs, of wild-type HIV-1; 4;. The genotype of the
passaged virus was determined as described above.

Drug susceptibility assays. NRTI susceptibility was determined in P4/R5 cells
as described previously (23). Briefly, two- or threefold dilutions of inhibitor were
added to P4/RS5 cells in triplicate, and the cells were infected with an amount of
virus that produced 100 relative light units (RLU) in no-drug virus control wells.
After 48 h, the cells were lysed (Gal-Screen; Tropix/Applied Biosystems, Foster
City, CA) and the RLU were measured using a ThermoLabSystems luminometer
(Waltham, MA). The ICs, and resistance were calculated as described above.
ICs, values from three to nine experiments were log,, transformed and com-
pared for statistically significant differences using the two-sample Student’s ¢ test.

Clonal analysis of HIV-1 RT for mutation linkage. The entire sequence of
HIV-1 RT from passaged viruses was RT-PCR amplified using RT forward and
RT reverse primers (defined above), and the PCR product was cloned into the
TOPO TA cloning vector (Invitrogen, Carlsbad, CA). After transformation into
Escherichia coli TOP10 competent cells, clones containing the correct insert were
identified through blue-white screening. DNA from clones was purified and
sequenced as described above.

Construction of mutant recombinant HIV-1. Mutant recombinant plasmid
clones of virus were generated by oligonucleotide site-directed mutagenesis as
described previously (31), using the pbHRT-MO plasmid. peHRT-MO contains
the entire RT and protease coding sequence as previously described (18) and
four silent restriction sites (Xmal, Mlul, Xbal, and NgoMIV from the 5’ to 3’
end of RT at codons 14, 358, 490, and 554, respectively). After site-directed
mutagenesis (QIAamp kit; QIAGEN, Valencia, CA), the mutated RT was li-
gated into pxxHIV-1; ,; MO, which contains the entire genome of HIV-1; ,; and
the same silent restriction sites as poHRT-MO. Infectious virus was generated by
electroporating the mutated xxHIV-1; ,; MO plasmid into MT-2 cells as de-
scribed above. All mutations in recombinant viruses were confirmed by full-
length sequencing of the entire RT coding region.

Assays of replication capacity and replication kinetics. The p24 (ng/ml) of
each viral stock was determined by enzyme-linked immunosorbent assay (Alli-
ance HIV-1 p24 ELISA kit; Perkin-Elmer, Wellesley, MA), and the single-cycle
replication capacity was measured by adding 10 ng of viral p24 to 5 X 10* P4/R5
cells in a 96-well plate (6 wells per virus). After 48 h, the cells were lysed and the
RLU were measured as described above. Mean RLU from three independent
experiments were compared for statistically significant differences using the
two-sample Student’s ¢ test. The multiple-cycle replication kinetics was deter-
mined in MT-2 cells. Virus (10 ng of p24) was added to 5 X 10°® MT-2 cells. After
2 h, R10 was added to the infected MT-2 cells to give a final concentration of 1 X
10° cells/ml. An initial aliquot was taken after the 2-h infection as background,
and 0.5-ml samples were collected every day for 7 days. The cultures were
replenished with 0.5 ml of R10 after each aliquot was harvested. The p24 (ng/ml)
concentration of each aliquot was measured, and values from three independent
experiments were compared for statistically significant differences using the
two-sample Student’s ¢ test.

Visualization of the three-dimensional structure of HIV-1 RT. The Molecular
Operating Environment (Chemical Computing Group Inc., Montreal, Quebec,
Canada) was used to visualize structural images of RT bound to an RNA/DNA
template/primer (T/P) (Protein Data Bank access number 1HYS) (30).

RESULTS

Selection of AZT-resistant virus. Two independent AZT
selection experiments were conducted. One started with wild-
type HIV-1, 4;, and the second started with AZT-resistant
HIV-1, o; (M41L/L210W/T215Y). Both viruses were serially
passaged in MT-2 cells in increasing concentrations of AZT.
After every five passages, AZT susceptibility was measured in
a single-cycle viral-replication assay in P4/R5 cells (described
in Materials and Methods). Viral RNA was extracted and
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TABLE 1. Selection of AZT-resistant virus starting with wild-type HIV-1, 5; or HIV| ,; encoding M41L/ L210W/T215Y (AZT resistant)

Passage AZ(_{L l(\:/(l))n cn IC5o (kM) R(ZS_IfS(IIZ:jI;SC Mutation(s)
HIV-1, 4o,
1 0.5 0.2 1.5 ND?
10 0.5 0.3 1.6 ND
20 0.5 0.7 5.1 ND
25 1.0 0.7 4.1 D67D/N, K70K/R
30 2.0 3.0 26 D67D/N, K70K/R, A371A/V, Q509Q/L
35 2.0 10 66 D67N, K70R, A371A/V, Q509Q/L
40 4.0 10 86 D67N, K70R, A371A/V, Q509Q/L
55 16 39 255 D67N, K70R, T215T/1, A371A/V, Q509Q/L
60 32 56 489 D67N, K70R, T2151, A371A/V, Q509L
65 32 810 >16,200 D67N, K70R, T215I/F, A371A/V, Q509L
AZTR
1 25 21 6.0 ND
10 50 34 15 ND
25 100 126 39 M41L, D67D/N, L210W, L214F, T215Y
30 150 181 62 M41L, D67D/N, L210W, L214F, T215Y
35 150 >810 >1,332 M41L, D67N, L210W, L214F, T215Y

“ Resistance compared to wild-type HIV-1, ,; passaged in parallel without AZT.

? ND, not done.

converted to cDNA, and the entire coding region of RT (res-
idues 1 to 560) was PCR amplified and sequenced to monitor
the appearance of mutations. In the selection experiment start-
ing with HIV-1, 5, AZT susceptibility was reduced 4.1-fold by
passage 25, and two polymerase domain TAMs were identified
as a 1:6 mutant-wild-type mixture of D67N and K70R (Table
1). By passage 30, the virus was 26-fold resistant to AZT, with
an increase in the mutant/wild-type ratio of D67N and K70R to
1:3 and 1:2, respectively, in conjunction with the appearance of
two novel mutations in RT, A371V (1:8 mutant-wild-type mix-
ture) and Q509L (1:7 mixture), in the connection and RNase H
domains of RT, respectively. Between passages 30 and 55,
AZT resistance increased up to 255-fold as the D67N, K70R,
A371V, and Q509L mutants became dominant in the popula-
tion. By passage 55, the T2151 mutation appeared but was
replaced by T215F by passage 65, increasing AZT resistance
>16,200-fold.

In the selection experiment starting with AZT-resistant
HIV-1, o, (M41L/L210W/T215Y), AZT resistance increased
from 6-fold to >1,000-fold by passage 35 (Table 1). This in-
crease in AZT resistance was associated with the acquisition of
two additional mutations in the polymerase domain of RT:
D67N and L214F. Mutations in the connection or RNase H
domains of RT were not detected. Because each passage ex-
periment was carried out once, the reproducibility of the ob-
served mutant selection is unknown.

Linkage analysis of mutations. To evaluate whether D67N,
K70R, T215F, A371V, and Q509L were selected on the same
viral genome, the RT coding region from passage 65 virus was
amplified by RT-PCR and cloned, and the full-length RT coding
regions of 12 clones were sequenced (Table 2). All 12 clones
contained D67N, K70R, and Q509L. Six of the clones had all five
mutations, and three clones contained T2151 with D67N, K70R,
A371V, and Q509L. The remaining three clones contained
D67N, K70R, Q509L, and either T215I or T215F, but not
A371V. Additional mutations that were identified included
R358K in four clones and F416Y in three clones (Table 2).

Drug susceptibilities of recombinant viruses. To confirm the
roles of A371V and Q509L in AZT resistance, recombinant
mutant viruses were generated by site-directed mutagenesis.
Five mutant viruses were constructed to represent the appear-
ance of mutations in the AZT selection experiment at passages
25, 35, 60, and 65 (Table 1). An additional 10 mutant viruses
were generated to delineate the roles of A371V and Q509L
alone and together with different combinations of TAMs (Ta-
ble 3). The A371V and Q509L mutations, alone or together,
did not confer significant AZT resistance in the absence of
TAMs. When the A371V mutation alone was added to viruses
that contained different combinations of TAMs, AZT resis-
tance was only marginally increased (1.2- to 2-fold). By con-
trast, viruses that contained Q509L and different combinations
of TAMs exhibited significantly greater resistance to AZT (3.0-
to 11-fold). When both A371V and Q509L were combined with
TAMs, AZT resistance was also significantly greater (9- to
52-fold) than those of viruses that contained only one of the
mutations or neither of them. It was also of interest to deter-
mine whether A371V and Q509L increased AZT resistance in
a M41L/L210W/T215Y background, because A371V and
Q509L were not selected in viruses having these TAMs. The
addition of A371V and QS509L to M41L/L210W/T215Y did
significantly increase AZT resistance (10-fold) (Table 3).

Of note, there was only a small difference in AZT resistance
between the D67N/K70R/A371V/Q509L mutant (39-fold) and
the D67N/K70R/T2151/A371V/Q509L mutant (41-fold) (Table
3). Thus, the selective advantage of T215I was not obvious
from these drug susceptibility analyses. In addition, clonal
analysis of passage 65 virus also identified R358K and F416Y
mutants in the selected virus population (Table 2). Suscepti-
bility testing of site-directed mutants showed that R358K in the
background of D67N/K70R/T215F (TAMs) did not increase
AZT resistance compared to TAMs alone (data not shown).
However, F416Y and R358K/F416Y in the background of
TAMs increased AZT resistance two- and fourfold, respec-
tively (data not shown).
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TABLE 2. D67N, K70R, T215I/F, A371V, and Q509L are linked on the same genome

Residue in clone no.

HIV| 4, residue

% of clones

5 6

7 8 9 10 11 12
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L26
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7 Z
7 Z
7 Z
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~Z
- ®mZ7" 9|+
-z

3
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~Z
~Z
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8

Co 0o o o

16
42 (1), 58 (F)
8

1
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Cross-resistance to other NRTI. The effect of A371V and
Q509L in combination with TAMs on cross-resistance to other
NRTI was also analyzed (Table 4). Statistically significant in-
creases in cross-resistance to 3TC (P = 0.047 and 0.014 for
D67N/K70R/A371V/QS509L and D67N/K70R/T215F/A371V/
Q509L, respectively) and ABC (P = 0.020 and 0.23, respec-
tively) were noted in viruses that contained A371V and Q509L
in combination with TAMs compared with those that con-
tained only TAMs. Viruses that contained TAMs and A371V/
Q509L also exhibited a trend toward greater cross-resistance
to TNV (P = 0.10 and 0.058, respectively), but not to d4T or
ddI (Table 4).

Replication capacity and replication kinetics of mutant vi-
ruses. Since the selective advantage of T2151 was not evident
from the drug susceptibility analyses (Table 3), we next as-
sessed the replication capacities and kinetics of the four re-
combinant viruses with RT sequences identical to those in
viruses from passages 25, 35, 60, and 65. Replication capacity
was assessed in a single-cycle assay in P4/RS cells, and repli-
cation kinetics was assessed using a multiple-cycle assay in
MT-2 cells. Cells were infected with a standard inoculum (10

ng of p24) of each virus. Figure 1A shows that the replication
capacity of the D67N/K70R/A371V/QS509L mutant was re-
duced to 48% of that of the wild-type virus. This loss in rep-
lication capacity, however, was restored to wild-type levels by
the addition of the T215I mutation. By contrast, the T215F
mutation reduced the replication capacity of the D67N/K70R/
T215F/A371V/Q509L virus to 20% of that of the wild-type
virus. This reduction in replication capacity from the T215F
mutation was associated with significantly greater AZT resis-
tance (Table 3), illustrating a trade-off between replication
capacity and resistance. Similar results were observed in rep-
lication kinetics assays carried out in MT-2 cells over a 7- day
period (Fig. 1B). Specifically, the replication of the D67N/
K70R and D67N/K70R/A371V/QS509L mutant viruses was re-
duced 46% and 37%, respectively, on day 6 compared with
wild-type virus. The impaired replication of the D67N/K70R/
A371V/QS509L virus was restored to levels similar to that of
the wild type by the T2151 mutation. As described above, the
T215F mutation markedly impaired viral replication.
Locations of residues A371 and Q509 in RT. Analysis of the
crystal structure of HIV-1 RT in complex with an RNA/DNA
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TABLE 3. AZT susceptibilities of site-directed mutants

Mutation 1Cs5o (LM)? Itis_lfsgld d“)f,e P value®
Wild type 02=+0.1 0.75 0.75
A371V 0.2 = 0.04 0.7 0.2
Q509L 03+02 1.3 0.6
A371V/Q509L 0.3 = 0.06 1.7 0.4
D67N/K70R? 1.1+ 0.6 4.6 <0.001
D67N/K70R/A371V 14 +05 6.4 <0.001
D67N/K70R/Q509L 3.0+ 1.0 14 <0.001
D67N/K70R/A371V/Q509L* 91%52 39 <0.001
D67N/K70R/T2151 03+02 1.3 0.5
D67N/K70R/T2151/A371V 0.6 =03 2.6 0.07
D67N/K70R/T2151/Q509L 3.0+22 14 0.004
D67N/K70R/T2151/A371V/Q509L¢ 9.4 +6.7 41 <0.001
D67N/K70R/T215F 3.8+21 18 0.002
D67N/K70R/T215F/A371V 49+29 22 <0.001
D67N/K70R/T215F/Q509L* 28 + 17 128 <0.001
D67N/K70R/T215F/A371V/Q509L¢ 203 = 40 934 <0.001
MA41L/L210W/T215Y 63*19 22 <0.001
M41L/L210W/T215Y/A371V/Q509L 85 =40 291 <0.001

“ Mean * standard deviation from three to nine experiments.
b Resistance of mutant compared to wild type.

¢ Statistical significance compared to wild-type HIV| 5.

4 Mutation combination selected in vitro by AZT.

polypurine tract T/P substrate revealed that both A371 and
Q509 are located near the T/P DNA binding tract (Fig. 2).
A371is 2.8 A from K374, the side chain of which interacts with
the phosphate backbone of the RNA template strand through
a hydrogen bond (Fig. 2B). Q509 is close to the RNase H
primer grip (segment of RT that aligns the RNA template with
the RNase H active site through positioning of the DNA
primer [30]), in particular, residue I505. The RNase H primer
grip of HIV-1 RT contacts the DNA primer strand and posi-
tions the template strand near the RNase H active site, influ-
encing RNase H cleavage efficiency and specificity (30).

DISCUSSION

In this study, we showed that AZT selects novel mutations in
RT, specifically A371V in the connection domain and Q509L
in the RNase H domain, that increase AZT resistance up to
50-fold when combined with the TAMs in the polymerase
domain. This provides the first clear virologic evidence that
mutations in both the connection and RNase H domains of RT
can be selected by AZT. In addition, we show that these mu-
tations, when combined with TAMs, confer greater cross-re-

sistance to 3TC and ABC, with a trend toward greater TNV
resistance.

The only mutations that arose during the selection that
started with AZT-resistant virus encoding the TAMs M41L,
L210W, and T215Y were D67N and L214F in the polymerase
domain (Table 1), which increased AZT resistance to >1,000-
fold at passage 35. No mutations were detected in the connec-
tion or RNase H domains. This indicates that very high-level
AZT resistance is possible with mutations restricted to the
polymerase domain. Nevertheless, we determined the effects of
A371V and Q509L mutations on the AZT susceptibility of
virus with M41L/L210W/T215Y. AZT resistance was increased
10-fold by the addition of A371V and Q509L to the M41L/
L210W/T215Y background, indicating that the phenotypic effects
of A371V/Q509L are not specific for a single TAM pattern.

Other evidence suggests that mutations outside of the poly-
merase domain of HIV-1 RT are involved in resistance to
NRTI. For example, Nikolenko et al. recently demonstrated
that mutations that reduce RNase H activity, such as D549N
and H539N, increase AZT resistance (22), but these mutations
have not been identified in viruses from antiretroviral-experi-

TABLE 4. Cross-resistance of site-directed mutants to NRTI

Mutation in HIVy 4; RT

1Cs, (resistance)”

3TC ABC TNV d4T ddI
Wild type 0.5+ 0.1 64+05 33+09 72+ 0.6 42+09
D67N/K70R 1.0 = 0.3 (1.9F 7.9 + 0.4 (1.2) 49+ 15(1.5) 10 = 3.1 (1.4) 50+09(1.2)
D67N/K70R/A371V/Q509L 2.7+ 1.4 (5.2)°4 13 + 2.5 (2.0 73+ 13 (22)° 9.6 + 2.9 (1.3) 49+09(12)
D67N/K70R/T215F 3.8+ 0.59 (7.0)° 15+ 1.5 (2.4)° 49 +0.7(1.5) 17 + 4.6 (2.4) 6.8 + 0.3 (1.6)°

D67N/K70R/T215F/A371V/Q509L 7.5 = 1.8 (15)"¢

19 + 4.5 (3.0)°

9.0 + 35 (2.7 14 = 4.4 (2.0) 6.6 + 0.4 (1.6)°

“ Mean * standard deviation from three experiments. Resistance (n-fold) compared to the wild type is in parentheses.

b ICs, is significantly different from wild type; P < 0.001.

¢ 1Cs, is significantly different from wild type; P < 0.05.

41Cs, is significantly different from D67N/K70R; P < 0.05.

¢ ICsy is significantly different from D67N/K70R/T215F; P < 0.5.
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B —@— wild-type HIV-LAI
—— D67N/KT0R
—— D67N/K70R/A371V/Q509L
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FIG. 1. Single-cycle and multiple-cycle replication assays of recombinant HIV ,; containing the A371V and Q509L mutations. (A) Single-cycle
replication was measured in P4/R5 cells infected with 10 ng p24 in a 96-well plate. After 48 h, cells were lysed and viral replication was measured
using RLU. (B) Multiple-cycle replication was measured in MT-2 cells infected with 10 ng p24. p24 was measured from cell supernatant harvested
daily for 7 days. The recombinant viruses analyzed were wild-type HIV| 4 (closed circle), D67N/K70R (open square), D67N/K70R/A371V/Q509L
(closed square), D67N/K70R/T2151/A371V/QS509L (open circle), and D67N/K70R/T215F/A371V/Q509L (closed triangle). The data represent the
means and standard deviations from three independent experiments. *, P values of <0.05 were considered significant compared to the wild-type

control (HIV| 4y).

enced patients, nor have they been selected for by AZT in
vitro. Initial analyses of clinical samples, however, have iden-
tified mutations in the connection and RNase H domains of
RT that can increase AZT resistance (7, 9, 21). For example,
mutations G335C, N348I, and A360I reduce AZT susceptibil-
ity 30-, 35-, and 30-fold, respectively, when present with TAMs
(9, 21). In addition, a polymorphism at RT amino acid 333 (G
to E) has been observed in samples from patients on combi-
nation therapy with AZT and 3TC (15). The G333E polymor-
phism counteracts the increase in AZT sensitivity of virus with
the 3TC resistance mutation, M184V (33).

Several retrospective statistical analyses of clinical-genotype
databases have identified other mutations in the connection
and RNase H domains of RT that appear more frequently in
samples from antiretroviral-experienced patients than antiret-
roviral-naive patients (5, 7, 26, 27). However, the roles of these
mutations in NRTI resistance have not been proven. The
A371V mutation has been identified in patient genotypes in
the Stanford HIV Drug Resistance Database (26), and our
preliminary analysis of this database revealed that patients
treated with AZT showed an increase in the frequencies of
several mutations in the C terminus of RT (amino acids 350 to
560). For example, A371V was detected in 5.6% of 160 sam-
ples from treatment-naive individuals and in 10.9% of 91 sam-
ples from patients treated with AZT monotherapy. Another
mutation at codon 371 (A to T) was also seen at 2.1% fre-
quency in AZT monotherapy samples. In addition, A371V was
associated with mutations at T215 (Y/F/I/S) in 77% of the AZT
monotherapy samples and with 46%, 23%, 31%, 23%, and
15% of the samples with M41L, D67N, K70R, L210W, and
K219Q, respectively. Only 16 full-length sequences (to codon
560) from AZT monotherapy samples are available in the

Stanford database, and none of these have mutations at codon
509. Additional full-length RT sequences from patients who
have received AZT therapy are being generated to examine
the RNase H domain, including codon 509.

Two phenotypic mechanisms of NRTI resistance have been
proposed. The first is NRTI discrimination, and it involves
mutations in RT (such as K65R, K70E, L74V, Q151M, and
M184V) that enable RT to preferentially incorporate the nat-
ural dNTP substrate versus the NRTI-triphosphate (2, 4, 29,
31a). The second mechanism has been termed NRTI excision
associated with TAMs. The available biochemical evidence
suggests that TAMs increase the ability of HIV-1 RT to phos-
phorolytically excise AZT-MP from the chain-terminated T/P
(3, 28). Because A371V and Q509L were selected in combina-
tion with TAMs and do not confer resistance to AZT alone, we
hypothesize that these mutations enhance the RT-mediated
excision reaction.

Analysis of the crystal structure of RT bound to an RNA/
DNA T/P showed that A371V and Q509L reside close to the
DNA binding tract in RT (Fig. 2). This suggests that the mu-
tations may affect either T/P interactions (in the case of A371V
and Q509L) or RNase H activity (in the case of Q509L). With
regard to the latter, several studies have clearly demonstrated
that mutations in the RNase primer grip can significantly im-
pact the rates and efficiency of RNase H cleavage (14, 24).
Mechanistic studies are currently under way to define the bio-
chemical mechanisms by which A371V and QS509L increase
AZT resistance.

Because there was only a small difference between the ICs,,
values of viruses with D67N/K70R/A371V/Q509L and D67N/
K70R/T2151/A371V/QS509L (Table 3), replication capacity and
kinetics assays were performed to determine whether the
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Polymerase
Active Site

J. VIROL.

FIG. 2. Structural representation of AZT-selected mutations in the p66 subunit of RT. (A) Locations of residues A371 and Q509 in relation
to TAMs D67, K70, and T215, the polymerase active site, and the RNase H active site. (B) Both A371 and Q509 are located near the T/P DNA
binding tract. A371 is 2.8 A from K374, whose side chain interacts with the phosphate backbone of the RNA template strand (white line). Q509
is in proximity to I505, a residue that makes up the RNase H primer grip. p66 subunit of RT, cartoon; DNA primer, green ribbon; RNA template,
purple ribbon. The structure was drawn using the Molecular Operating Environment, based on coordinates from Sarafianos et al. (30). Protein

Data Bank access number 1HYS.

T2151 mutation affected viral replication capacity/kinetics. Sin-
gle-cycle and multiple-cycle replication assays clearly showed
that the T215I mutation restored the replication capacity and
kinetics of the D67N/K70R/T215I/A371V/Q509L mutant to
wild-type levels (Fig. 1). This likely explains why the T2151
mutant emerged without having a significant impact on AZT
resistance. The T2151 mutation was subsequently replaced by
T215F at higher AZT selective concentrations. This replace-
ment is likely explained by the fact that the T215F mutation

conferred ~25-fold-greater AZT resistance than T215I, but at
the cost of reduced replication capacity and kinetics in the
absence of AZT.

In summary, we have selected mutations in vitro in the 3’
region of RT that increase AZT resistance and cross-resistance
to other nucleoside analog RT inhibitors. Biochemical analyses
are in progress to define the mechanisms involved, and addi-
tional studies of clinical isolates are planned to define the
occurrence and clinical significance of the mutations.
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