JOURNAL OF VIROLOGY, Sept. 2000, p. 8390-8401
0022-538X/00/$04.00+0

Vol. 74, No. 18

Copyright © 2000, American Society for Microbiology. All Rights Reserved.
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Three mutants of human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (V106A, V179D, and
Y181C), which occur in clinical isolates and confer resistance to nonnucleoside reverse transcriptase inhibitors
(NNRTIs), were analyzed for RNA- and DNA-dependent DNA polymerization and RNase H cleavage. All
mutants demonstrated processivities of polymerization that were indistinguishable from wild-type enzyme
under conditions in which deoxynucleoside triphosphates were not limiting. The V106A reverse transcriptase
demonstrated a three- to fourfold slowing of both DNA 3’-end-directed and RNA 5'-end-directed RNase H
cleavage relative to both wild-type and V179D enzymes, similar to what was observed for P236L in a previously
published study (P. Gerondelis et al., J. Virol. 73:5803-5813, 1999). In contrast, the Y181C reverse transcrip-
tase demonstrated a selective acceleration of the secondary RNase H cleavage step during both modes of RNase
H cleavage. The relative replication fitness of these mutants in H9 cells was assessed in parallel infections as
well as in growth competition experiments. Of the NNRTI-resistant mutants, V179D was more fit than Y181C,
and both of these mutants were more fit than V106A, which demonstrated the greatest reduction in RNase H
cleavage. These findings, in combination with results from previous work, suggest that abnormalities in RNase
H cleavage are a common characteristic of HIV-1 mutants resistant to NNRTIs and that combined reductions
in the rates of DNA 3’-end- and RNA 5’-end-directed cleavages are associated with significant reductions in the

replication fitness of HIV-1.

Infection with human immunodeficiency virus (HIV) is the
cause of AIDS and affects over 30 million people worldwide
(64). The primary targets of therapy for HIV infection include
the viral protease and reverse transcriptase (RT). HIV type 1
(HIV-1) RT is a heterodimer consisting of 66- and 51-kDa
subunits (p66 and p51, respectively) (3). p66 contains both the
polymerase and the RNase H active sites of the enzyme (34, 37,
39). The RNase H domain is present in the carboxy-terminal
third of p66. Although p51 is derived from p66 by proteolytic
cleavage, it assumes a very different tertiary structure and does
not contain a catalytic site (37, 39). The function of p51 is not
known, but it may play a role in binding the tRNAL*-template
complex (3, 39) and in maintaining the structural integrity of
the heterodimer (1).

RNase H cleavage is essential for HIV-1 replication (61; for
a review see reference 11). Two modes of RNase H cleavage
have been described (Fig. 1). “Polymerase-dependent” cleav-
age is thought to occur in concert with DNA polymerization to
degrade the genomic RNA during minus strand DNA synthesis
(26, 46). The position of the primary DNA 3’-end-directed
cleavage occurs 15 to 18 nucleotides (nt) from the recessed 3’
end of the DNA (26, 33); we have referred to this mode of
cleavage as DNA 3’-end-directed RNase H cleavage. A second
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mode of RNase H cleavage occurs independently of DNA
polymerization. The position of the primary RNA 5'-end-
directed RNase H cleavage occurs 15 to 18 nt from the 5" end
of the recessed RNA and can occur with RNA-DNA templates
in which the DNA is circular (i.e., it has no free end to direct
cleavage) (18, 42-44). RNA 5'-end-directed RNase H cleavage
is thought to degrade plus-strand genomic RNA fragments left
behind after DNA 3’-end-directed cleavage (18) and appears
to play an important role in the formation and removal of the
polypurine tract (48, 53, 63), which primes plus-strand synthe-
sis. In addition, RNA 5'-end-directed RNase H cleavage is
thought to expose the R region of minus-strong-stop DNA,
which is essential for translocation of minus-strong-stop DNA
to the 3’ end of the genome (30, 60). In addition to the primary
cleavage event, a secondary cleavage, which occurs at a slower
rate than does the primary cleavage, makes a cut approxi-
mately 5 to 7 nt from the end of the strand directing cleavage
(see Fig. 1) during both modes of RNase H cleavage (18, 42,
47).

Resistance of HIV-1 to antiretroviral drugs is a major factor
that limits the efficacy of current antiretroviral regimens (re-
viewed in references 10 and 35). There are three classes of
RT inhibitors: nucleoside analogs, nucleotide analogs, and
nonnucleoside reverse transcriptase inhibitors (NNRTIs).
NNRTIs inhibit HIV-1 RT by binding a specific region of the
p66 subunit of RT that is adjacent to the polymerase active site
of the enzyme (13, 39, 55). This binding causes an allosteric
change of the polymerase active site which inhibits DNA po-
lymerization (21, 22, 39, 55, 57). NNRTISs currently licensed for
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FIG. 1. Diagram of substrates used to measure DNA 3'-end-directed and RNA 5'-end-directed RNase H cleavage. RNA is represented by a thick line; DNA is
represented by a thin line. The stars represent the radiolabeled 5’ end of the RNA. The arrows represent the position at which cleavage of the RNA occurs. The
polymerase active site of RT is denoted by a “P,” and the RNase H active site is denoted by an “H.” DNA 3’-end-directed RNase H activity is assayed using a 41-nt
5’-end-radiolabeled RNA hybridized to a complementary DNA such that the 3’ end of the DNA is recessed. Cleavage is monitored by measuring the size of labeled
RNA products. RNA 5’-end-directed RNase H activity is assayed using the same 41-nt radiolabeled RNA, hybridized to a long complementary DNA, such that the

5" end of the RNA is recessed.

clinical use include nevirapine, delavirdine, and efavirenz
(DMP-266) (6, 20, 24, 25, 41, 45, 51, 59, 65).

Resistance of HIV-1 to NNRTIs is mediated by mutations in
residues that line the NNRTTI binding pocket of the viral RT.
The most common mutations that occur in clinical isolates of
patients treated with currently approved NNRTIs are Y181C
and K103N (17, 52) (L. T. Bacheler, B. Anton, D. Baker, et al.,
Abstr. 6th Conf. Retroviruses Opportunistic Infect., abstr. 109,
1999). A variety of other mutations of residues in the NNRTI
binding pocket can be seen less commonly in clinical isolates.
These mutations include L1001, K101E, V106A, V179D,
Y188H or Y188C, P225H, and P236L (16, 17, 52, 58) (Bacheler
et al., Abstr. 6th Conf. Retroviruses Opportunistic Infect.).

A number of studies have examined the effects of drug
resistance mutations on HIV-1 RT function. These studies
have demonstrated changes in the processivity and/or fidelity
of RTs that contain mutations conferring resistance to nucle-
oside analogue inhibitors (4, 5, 19, 36, 50, 54, 62). In addition,
zidovudine-resistant mutants have been shown to have in-
creased rates of pyrophosphorolysis (2, 40). In contrast, little is
known about the effects of NNRTI resistance mutations on the
biochemical activity of HIV-1 RT. Studies with the Y181C
mutant have shown that it has a k_,, similar to that of wild-type
enzyme (14), but it has reduced affinity for deoxynucleoside
triphosphates (56). The G190E mutant demonstrates reduc-
tions in polymerase activity and processivity (8, 23), as well as
in RNase H activity (23). We have shown that NNRTI-resis-
tant RTs with the P236L or K103N mutations each are slowed
in the rate of specific modes of RNase H cleavage with no
detectable effect on RNA-dependent DNA polymerization
(29). In this study, we have extended our original observations
and demonstrated that abnormalities in rates of RNase H
cleavage are commonly seen with this class of drug-resistant
mutants and that combined slowing of both DNA 3’-end- and

RNA 5’-end-directed RNase H cleavage is associated with a
significant reduction in the replication fitness of HIV-1.

MATERIALS AND METHODS

Reagents and cell lines. The following reagents were obtained through the
AIDS Research and Reference Reagent Program, Division of AIDS, National
Institute of Allergy and Infectious Diseases: the infectious molecular clone
pNL4-3 was obtained from Malcolm Martin, and the HeLa-CD4-LTR-B-Gal cell
line was obtained from Michael Emmerman. H9 and 293 cell lines were obtained
from ATCC. All cell lines were propagated as described previously (29). The
expression vector pRSET was from Invitrogen. Mscl, Spel, and Agel were ob-
tained from New England Biolabs. Metal affinity columns (Talon) were obtained
from Clontech, and Sepharose columns were from Pharmacia. T4 polynucleotide
kinase, poly(rA), and oligo(dT) were purchased from Boehringer Mannheim.
Oligonucleotides were purchased from Oligos, Etc.; radiolabeled chemicals were
from New England Nuclear; and all other chemicals were from Sigma.

Site-directed mutagenesis. The V106A, V179D, and Y181C mutations were
each introduced into the vector pRHAI1, which contains a 4.1-kb region of
pNL4-3 flanked by the Sphl and EcoRI restriction sites (29), using site-directed
mutagenesis (QuikChange; Stratagene). The sequences of the mutagenic oligo-
nucleotides used were 5'-GAA AAA ATC AGC AAC AGT ACT GGA TGT
G-3' (V106A), 5'-CAA AAT CCA GAC ATA GAC ATC TAT CAA TAC-3’
(V179D), and 5'-CAT AGT CAT CTG TCA ATA CAT-3’ (Y181C). A clone
containing the desired mutation was sequenced on both strands across the entire
length of HIV-1 sequence to verify that no extraneous mutations had been
introduced during the process of mutagenesis.

HIV-1 RT expression and purification. HIV-1 RT sequences derived from
pNL4-3 were expressed as separate p66 and p51 subunits in Escherichia coli,
using the pRSET expression vector, as previously described (29). MscI and Agel
were used to subclone the region of pol containing the NNRTI mutations into the
p66 and p51 expression vectors. HIV-1 RT p66 and p51 subunits were purified to
>95% homogeneity, using metal affinity and ion-exchange chromatography, as
previously described (29).

Measurement of specific activities of DNA polymerization and K,,, for dTTP.
Protein concentrations of RT preparations were determined by using the Brad-
ford assay (9) (Bio-Rad, Hercules, Calif.). DNA polymerization activity of each
RT preparation was measured in at least three independent experiments, using
incorporation of [**P]dTTP with a poly(rA)-oligo(dT) template-primer. A unit
was defined as the amount of enzyme required to incorporate 1 nmol of dTTP
into nucleic acid product in 10 min at 37°C using the poly(rA)-oligo(dT) tem-
plate-primer. The specific activities of RT preparations of different mutant RTs
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differed by less than threefold, and were reproducible in independent experi-
ments. Relative activities of polymerization by the different mutants were used to
normalize amount of RT added to both processivity and RNase H reactions.
Preliminary experiments showed that the specific activity of the Y181C mutant
relative to wild-type RT differed depending on the deoxynucleoside triphosphate

Time

FIG. 2. Processivities of RNA- and DNA-dependent DNA polymerization by
NNRTI-resistant mutant RTs. (A) Comparison of wild-type, V106A, and V179D
RT processivities on a 142-nt heteropolymeric RNA template. Lanes 1, trap
control, in which heparin trap was added along with RT and magnesium; lanes
2, 0 min after addition of magnesium; lanes 3, 15 s; lanes 4, 30 s; lanes 5, 45 s;
lanes 6, 1 min; lanes 7, 2 min; lanes 8, 4 min; lanes 9, 8 min; lanes 10, 12 min;
lanes 11, 16 min; lanes 12, no trap control, incubated for 16 min. (B) Comparison
of wild-type and Y181C RT processivities on a 545-nt heteropolymeric RNA
template. Lanes 1, trap control, in which heparin trap was added along with RT
and magnesium; lanes 2, 0 min after addition of magnesium; lanes 3, 15 s; lanes
4, 30 s; lanes 5, 1 min; lanes 6, 2 min; lanes 7, 4 min; lanes 8, 8 min; lanes 9, 16
min; lanes 10, no trap control incubated for 16 min. (C) Comparison of wild-type,
V106A, and Y181C RT processivities on a 105-nt heteropolymeric DNA tem-
plate. Lanes 1, trap control, in which heparin trap was added along with RT and
magnesium; lanes 2, 0 min after addition of magnesium; lanes 3, 15 s; lanes 4,
30 s; lanes 5, 1 min; lanes 6, 2 min; lanes 7, 4 min; lanes 8, 8 min; lanes 9, 16 min;
lanes 10, no trap control incubated for 16 min.

concentration; therefore, the K,,, of the Y181C and wild-type enzymes for dTTP
was formally quantitated by measuring [*?P]dTTP incorporation on a poly(rA)-
oligo(dT) template under conditions in which the dTTP concentration was varied
from 1 to 100 uM. K,,, was determined by determining the x intercept of a
Lineweaver-Burk plot.

RNase H assays. DNA 3'-end-directed and RNA 5’-end-directed RNase H
cleavages were measured as previously described (29). The substrates used to
measure DNA 3'-end-directed and RNA 5’-end-directed RNase H cleavage are
illustrated in Fig. 1. In each case a 41-nt 5’-end 3?P-labeled RNA was annealed
either to a short DNA such that the 3’ end of the DNA was recessed (to measure
DNA 3'-end-directed RNase H cleavage) or to a longer DNA such that the 5’
end of the RNA was recessed (to measure RNA 5'-end-directed RNase H
cleavage). Amounts of RT added to each reaction were normalized based on the
relative activity of RNA-dependent DNA polymerization under conditions in
which deoxynucleoside triphosphates were not limiting. Molar amounts of RT
added to each reaction differed by less than threefold.

Processivity assays. Processivities of the different RTs on heteropolymeric
142- or 545-nt RNA substrates (29) and a heteropolymeric 105-nt DNA substrate
(5'-TGA TTA CGC CAA GCT CGG AAT TAA CCC TCA CTA AAG GGA
ACA AAA GCT TGC ATG CCT GCA GGT CGA CTC TAG AGG ATC CCC
GGG TAC CGA GCT CGA ATT CGC CCT-3") were measured by annealing 40
fmol of a 5'-end 3?P-labeled DNA oligonucleotide, PBS-1281 (5-TCGCTTTC
AAGTCCCTGTT), to 20 fmol of the RNA template or the labeled DNA
oligonucleotide PBS-21 (5'-GGG CGA ATT CGA GCT CGG TAC-3") to the
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DNA template, as previously described (29). Reactions were carried out in the
presence of a heparin trap and sampled at times ranging from 15 s to 16 min.

Replication kinetics of wild type and NNRTI-resistant mutants of HIV-1 in
parallel cultures. The pol region of HIV-1, containing the V106A, V179D, or
Y181C mutations, was subcloned from pRHA1 into pNL4-3 using Spel and Agel.
Individual clones of each mutant were isolated and sequenced to verify the
integrity of the cloning sites and the presence of the appropriate RT resistance
mutation. 293 cells were transiently transfected with each pNL4-3 mutant con-
struct using lipofection (SuperFect; Qiagen, Santa Clarita, Calif.), as previously
described (29). A total of 0.2 X 10° H9 cells were infected separately with each
virus stock at a multiplicity of infection (MOI) of 0.001, as previously described
(29). Infections were performed in triplicate and assayed for p24 antigen content.
At least two independently generated virus stocks were used in separate exper-
iments with similar results.

Growth competition assays for relative replication fitness of wild type and
NNRTI-resistant mutants of HIV-1. Relative replication fitness of NNRTI-re-
sistant mutants of NL4-3 was measured using growth competition experiments in
HO cells. H9 cells (10°) were infected with a pair of virus stocks at an MOI of
0.0005 each, in a final volume of 1 ml at 37°C for 1 h. After washing, infected cells
were resuspended in 2 ml of medium and incubated at 37°C in 5% CO,. Each
growth competition experiment between a given pair of mutants was performed
in triplicate. After 7 days (1 passage), 10 ul of culture supernatant was used to
infect an additional 10° H9 cells. Cultured cells were harvested and pelleted at
time zero and at the termination of each passage. Genomic DNA was harvested
from cell pellets using the QIAamp DNA Blood Mini kit (Qiagen). A region of
the pol gene encompassing codons 106, 179, and 181 was amplified using PCR
(Expand; Roche Molecular Systems) and the following primers: antisense, 5'-
CTA TTC CAT CTA GAA ATA GTA CTT TCC TGA TTC C-3'; and sense,
5'-AAA GCC CGG GAT GGA TGG CCC AAA AG-3' (underlined sequences
represent Xbal and Xmal restriction sites, respectively). Cycling conditions were
those recommended by the manufacturer, using an annealing temperature of
65°C. Direct sequencing of PCR products was performed using BigDye fluores-
cent-labeled terminators and AmpliTaqFS (PE Biosystems, Foster City, Calif.).
The sequencing primers used were RT060 (sense, 5'-CTG AAA ATC CAT ACA
ATA CTC C-3') and 215D (antisense, 5'-TCT GTA TGT CAT TGA CAG TCC
AGC-3"). The relative prevalence of mutant variants at each passage was quan-
titated by averaging the relative peak heights from the sense and antisense
sequencing reactions of a minimum of two replicate infections.

FIG. 2—Continued.

= =

RESULTS

RNA- and DNA-dependent DNA polymerization by NNRTI-
resistant HIV-1 RTs. We found that the Y181C mutant RT
demonstrated an approximately threefold increase in K, for
dTTP (10.8 M for Y181C versus 3.25 pM for wild-type RT)
using a homopolymeric RNA template. When measured under
conditions in which the deoxynucleoside triphosphate concen-
trations were not limiting (100 uM dTTP), the RNA-depen-
dent DNA polymerase specific activities of wild-type, V106A,
V179D, and Y181C RTs were similar to each other (5,830 =
223 U/mg for wild-type RT, 4,760 = 862 U/mg for V106A RT,
4,720 = 502 U/mg for V179D RT, and 2,810 = 651 U/mg for
Y181C RT). We measured the processivities of wild-type,
V106A, V179D, and Y181C RTs on heteropolymeric RNA
templates under conditions in which deoxynucleoside triphos-
phates were not limiting and found that the distribution of
primer extension lengths was similar for the wild-type and each
mutant RT (Fig. 2A and B). We also found no differences
among wild-type, V106A, and Y181C RTs in their processivi-
ties of polymerization on a heteropolymeric DNA template
(Fig. 2C).

DNA 3’-end-directed RNase H cleavage by V106A and
V179D RTs. Because we had observed slowing of DNA 3’-end-
directed RNase H cleavage by both the P236L and K103N RTs
in previous studies (29), we asked whether the other NNRTI-
resistant RT mutants also demonstrated altered kinetics of this
mode of RNase H cleavage. We first tested the VI106A and
V179D mutant RTs, using an RNA-DNA hybrid with a re-
cessed DNA 3’ end (Fig. 3A). Input amounts of each RT were
adjusted, based on the relative activity of DNA polymerization
using a homopolymeric RNA template. The time course of
RNase H activity using this substrate was measured in the
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FIG. 3. DNA 3'-end-directed RNase H activity of wild-type, V106A, and V179D RTs. (A) Autoradiogram of a representative experiment. Lane “—,” no RT control.
Lanes 1, 0 min; lanes 2, 15 s; lanes 3, 30 s; lanes 4, 45 s; lanes 5, 1 min; lanes 6, 2 min; lanes 7, 3 min; lanes 8, 4 min; lanes 9, 6 min; lanes 10, 8 min; lanes 11, 12 min;
lanes 12, 16 min. Numbers to the left of the autoradiogram represent the length in nucleotides. Bands of approximately 21 nt represent primary cleavage products (13
nt from the recessed DNA 3’ end), and bands of approximately 16 nt represent secondary cleavage products (8 nt from the recessed DNA 3’ end). (B) DNA
3’-end-labeled RNase H cleavage. A graph of the quantitation data, obtained by using phosphorimaging, is shown. Datum points are means of five independent
experiments; vertical bars represent standard deviations. The vertical axis represents the fraction of substrate remaining relative to time zero.

absence of deoxynucleoside triphosphates, from 15 s to 16 min. directed RNase H cleavage by the V106A mutant was repro-
The time required for the V106A mutant to degrade half of the ducible in five independent experiments. The formation of the
substrate was approximately three- to fourfold slower than for primary (14 to 18 nt) and secondary (6 to 7 nt) cleavage
the wild-type enzyme (Fig. 3B). The slowed DNA 3’-end- products by the V106A mutant appeared to be affected to a
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similar extent (Fig. 3A and data not shown). In contrast, there
was little detectable effect of the V179D mutation on 3’-end-
directed RNase H cleavage (Fig. 3). No aberrantly sized cleav-
age products were seen with either mutant.

RNA 5’-end-directed RNase H cleavage by V106A and
V179D RTs. We next examined whether the V106A or V179D
mutations affected RNA 5’-end-directed cleavage, using the
same 5'-end-labeled RNA, which was hybridized to a comple-
mentary DNA such that the 5’ end of the RNA was recessed.
Similar to what was seen with DNA 3’-end-directed RNase H
cleavage, the V106A mutant demonstrated a four- to sixfold
slowing of RNA 5’-end-directed RNase H cleavage (Fig. 4).
Formation of both primary and secondary cleavage products
appeared to be similarly affected (Fig. 4A), and no aberrant
cleavage products were detected. No consistent abnormality in
RNase H cleavage by the V179D mutant was detected using
this substrate, although in one experiment a slight acceleration
of cleavage was detected (data not shown).

RNase H cleavage by the Y181C mutant RT. When we stud-
ied RNA 5’-end-directed RNase H cleavage by the Y181C
mutant RT, we observed that the relative accumulation of
cleavage products by this mutant differed from that observed
with either wild-type or other NNRTI-resistant mutants (Fig.
5). Overall, cleavage of the 41-nt RNA substrate was un-
changed relative to the wild-type enzyme (Fig. 5). However, we
did observe a reduction in accumulation of the first cleavage
product and an acceleration of formation of the second cleav-
age product by the Y181C mutant relative to the wild-type
enzyme (Fig. 5). Similar results were seen when the Y181C
mutant was assayed for DNA 3’-end-directed RNase H cleav-
age (data not shown).

Replication kinetics of NNRTI-resistant mutants. The rep-
lication fitness of these three NNRTI-resistant mutants were
compared in parallel infections of H9 cells (Fig. 6). Y181C and
V179D each had a 1.5- to 2-fold reduction in accumulation of
p24 antigen relative to the wild-type virus. In contrast, V106A,
showed 5- to 10-fold-lower p24 antigen concentration than
with the wild-type virus and consistently replicated more slowly
than either Y181C or V179D. The replication kinetics of
V106A were similar to those of P236L (data not shown). The
relative order of replication fitness (wild type > V179D,
Y181C > V106A, P236L) was seen in three independent ex-
periments using two independently generated sets of virus
stocks.

Growth competition experiments of wild-type and NNRTI-
resistant HIV-1. The relative replication fitness of wild type
and NNRTI-resistant mutants of NL4-3 was also assessed us-
ing growth competition experiments in H9 cells. Pairwise com-
parisons of fitness included wild type versus V106A, wild type
versus V179D, wild type versus Y181C, V106A versus V179D,
V106A versus Y181C, and V179D versus Y181C. H9 cells were
infected with each pair of virus stocks at an MOI of 0.0005
each, as measured in the MAGI assay (38). At day 7, a fraction
of the culture supernatant was used to infect fresh H9 cells.
Relative amounts of each genotypic variant were measured by
quantitating the relative peak heights of mixed position bases
after direct sequencing of PCR product amplified from provi-
ral DNA. Figure 7 summarizes the proportion of each mutant
over time for each pairwise growth competition experiment.
Panel A shows the relative prevalence of the V106A mutant
compared with wild-type, V179D, or Y181C viruses. Of note is
that the direct sequencing method we used was more sensitive
for the presence of the V106A mutant than would have been
predicted based on relative inputs of infectious virus. By the
first passage, there was a dramatic decrease in V106A relative
to the other three genotypes, with essentially complete loss of
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the V106A mutant after only two passages. These findings are
consistent with the results from parallel infections, which
showed that the V106A mutant replicated more poorly than
the wild type or the other two NNRTI-resistant mutants.

The reduced replication fitness of the V106A mutant is
supported by the results shown in panels B and C, which
demonstrate a parallel rise in the prevalence of V179D and
Y181C, respectively, when these mutants are each competed
with the V106A mutant. We found that direct sequencing was
relatively insensitive to the presence of the V179D mutant
(Fig. 7B), resulting in an apparent proportion of V179D at
baseline of only 10%, despite infecting with equal amounts of
each stock based on infectivity assays. We have observed this
relative insensitivity of direct sequencing methods for detecting
the V179D mutant in a previous study of clinical isolates (15).
Despite the apparent low prevalence of the V179D mutant at
baseline in the competition assays, it quickly overgrew the
Y181C and V106A mutants (Fig. 7B). Although there ap-
peared to be a slight growth disadvantage of the V179D mu-
tant relative to wild-type NL4-3 (Fig. 7B), we are unable to
definitively establish the relative replication fitness of the
V179D and wild-type viruses in these competition experiments
because of the relative insensitivity of the direct sequencing
assay for this NNRTI-resistant mutant.

DISCUSSION

It is important to determine the effects of drug resistance
mutations on HIV-1 RT function in order to better understand
the consequences of selection for drug resistance on HIV-1
replication fitness and pathogenic potential. NNRTIs are now
commonly used as part of combination antiretroviral regimens
and appear to provide a similar antiviral effect to protease
inhibitors with fewer long-term toxicities (reviewed in refer-
ence 28). A major disadvantage of NNRTIs is that the genetic
barrier to the development of drug-resistant HIV is relatively
low, and only one to two mutations are usually required for
high-level drug resistance. In order to design drug regimens
with more durable antiviral effects, it will be necessary to un-
derstand what factors impact on the emergence of drug-resis-
tant mutants and how resistance mutations affect HIV repli-
cation fitness and RT function.

Mutations conferring drug resistance are unlikely to result in
severe impairment of HIV-1 replication fitness, since they de-
velop readily in clinical isolates during therapy. One might
anticipate that any biochemical abnormalities associated with
such mutations would be subtle and difficult to detect in bio-
chemical assays. Remarkably, we found that measurable bio-
chemical abnormalities in NNRTI-resistant mutants of RT are
quite common. The most commonly observed effect of NNRTI
resistance mutations is a change in the ratio of RNase H to
polymerase activities.

Mutants of HIV-1 resistant to NNRTISs all line the NNRTI
binding pocket, which is adjacent to the polymerase active site,
and are thought to confer resistance through a reduction in
drug binding. Despite their proximity to the polymerase active
site, the mutants analyzed in this and our previous studies (29)
demonstrated no significant alterations in RNA- or DNA-de-
pendent DNA polymerization. We found no consistent differ-
ences in polymerization activities or processivities of these
mutants, although the Y181C mutant did demonstrate a mod-
est increase in K,,, for dTTP, a finding consistent with previous
observations by another group (56). The fact that these
NNRTI-resistant mutants all demonstrated processivities of
DNA polymerization equivalent to wild-type RT strongly sug-
gests that the polymerization reaction cycle, which consists of
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primer binding, nucleotide addition, and dissociation after
primer elongation, is not significantly altered. It should be
noted that we did not exhaustively assay other activities asso-
ciated with the polymerase active site, such as fidelity of nu-
cleotide incorporation or binding affinity for template-primer.

Thus, we cannot definitively rule out the possibility that these
mutants affect aspects of the polymerization cycle not directly
assayed in our studies.

We have demonstrated that four of the five NNRTI-resistant
mutants tested in this and a previous study (29) exhibit repro-
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ducible alterations in rates of RNase H cleavage. It should be
emphasized that the relative amounts of mutant and wild-type
enzymes were carefully normalized to each other, so that any
differences in specific activities of the different preparations
could not account for the results that were observed.

When analyzing overall substrate degradation, three mutant
RTs (K103N, V106A, and P236L) demonstrated a reduction in
the ratio of RNase H to polymerase activities. Apparently,
HIV-1 can tolerate some alteration in the ratio of RNase H to
polymerase activities of RT, although our results suggest that
the greater reductions in the ratio of RNase H to polymerase
activities seen with the V106A and P236L mutants have an
adverse effect on HIV-1 replication fitness as measured in cell
culture. Reductions in this ratio could adversely impact viral
replication fitness by impairing the degradation of the RNA
genome and the initiation of plus-strand DNA synthesis. If
there is a disadvantage to reducing the ratio of RNase H to
polymerase activities of RT, it does not necessarily follow that
increasing this ratio would prove to be an advantage to the
virus, since wild-type RT is likely to have evolved an optimal
ratio of these activities.

Four of the NNRTI resistance mutations also had specific
effects on the different modes of RNase H cleavage. The
V106A mutant demonstrated slowing in RNase H cleavage
when assayed for both DNA 3’-end- and RNA 5'-end-directed
modes of cleavage. The biochemical phenotype of the V106A
mutant is similar to that of the P236L mutant, which demon-
strated a replication defect in cell culture, relative to both
wild-type virus and the K103N mutant (29). The K103N mu-
tant, which has a more subtle replication abnormality in cell
culture than P236L, has slowed DNA 3'-end-directed cleavage
but normal RNA 5’-end-directed cleavage (29). We have pos-
tulated that the combined abnormalities in DNA 3’-end- and

RNA 5’-end-directed cleavages contribute to the decreased
replication fitness of the P236L mutant. Our current replica-
tion studies support this hypothesis, suggesting that a com-
bined reduction in both DNA 3’-end- and RNA 5’-end-
directed modes of RNase H cleavage is associated with a
significant reduction in the replication fitness of HIV-1.

One resistance mutation, Y181C, showed an alteration in
the relative distribution of primary and secondary RNase H
cleavage products. Previous work has shown that the primary
and secondary cleavages occur 14 to 20 nt and 5 to 7 nt,
respectively, from the end of the strand directing cleavage (18,
26, 33, 42-44, 47, 48, 64). Studies of the rates of accumulation
of these cleavage products suggest that the primary cleavage
occurs much more rapidly than the secondary cleavage, al-
though there are no published data on whether the primary
cleavage event is required for the secondary cleavage to occur.

Y181C, which along with K103N is one of the two most
common NNRTI-resistant mutants that develop in clinical iso-
lates, showed a selective increase in the accumulation of the
secondary RNase H cleavage product during both RNA 5'-
end- and DNA 3'-end-directed RNase H cleavage. The inter-
pretation of these findings depends on whether the primary
and secondary cleavage events can occur independently of
each other. If the secondary cleavage can only occur after the
primary cleavage, then the finding of a decrease in primary and
an increase in secondary product formation relative to sub-
strate with no change in the rate of substrate degradation is
most compatible with a selective acceleration by the Y181C
mutant of the secondary cleavage event, with little effect on the
rate of primary cleavage. However, if the secondary cleavage
event can occur independently of the primary cleavage, then a
slowing of the primary cleavage with an acceleration of the
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secondary cleavage would be the most likely explanation of
these findings.

It is uncertain to what extent these alterations in RNase H
activity contribute to the modest reduction in replication fit-
ness of Y181C relative to wild-type virus, in part because this
mutant also demonstrates a reduction in affinity for nucleotide
substrate. This reduction in substrate affinity is likely to be a
disadvantage to the virus and could explain the modest reduc-
tion in replication kinetics of Y181C relative to wild-type virus
that was seen in our study. In addition, we still do not com-
pletely understand what parameters of RNase H cleavage best
correlate with HIV replication fitness. The P236L and V106A
mutants, which show marked reductions in replication fitness
relative to wild-type and other NNRTI-resistant viruses, dem-
onstrate both a reduction in the rate of substrate degradation
and a reduction in the rate of secondary product formation.
Overall, the Y181C mutant showed no alteration in the rate of
RNase H degradation of full-length substrate. If this measure
of RNase H activity best correlates with replication fitness,
then one might expect that the altered RNase H activity of the
Y181C mutant would have little or no impact on replication
fitness. However, it is also possible that the formation of the
secondary RNase H cleavage product could be the parameter
that most influences viral replication fitness, since the second-
ary product is most likely to spontaneously dissociate from the
RNA-DNA hybrid. Potential advantages resulting from an ac-
celerated secondary cleavage event could include increased
rates of plus-strand DNA initiation and synthesis resulting
from increased dissociation of genomic RNA fragments and/or

accelerated rates of minus-strong-stop-DNA transfer due to
increased cleavage near the 5’ end of genomic RNA.

Our studies have not yet convincingly demonstrated a bio-
chemical abnormality that could account for the slightly re-
duced replication fitness of the V179D mutant. Although we
are still in the process of establishing correlations between
HIV-1 replication fitness in cell culture and RT function, our
experience with the Y181C and K103N mutants leads us to
expect that the V179D mutant should demonstrate an abnor-
mality in RT function. It is possible that this mutant has an
abnormality in RNase H cleavage that is too subtle to consis-
tently detect in our assays (an acceleration of cleavage was
observed in only one of four experiments). Alternatively,
V179D may have an abnormality in RT function that we have
not assayed for, such as DNA-dependent polymerization,
fidelity of nucleotide incorporation, or strand transfer.

The magnitude of difference in RNase H activities of these
NNRTI-resistant mutants relative to wild-type enzyme was
relatively modest (ca. fourfold). These differences, however,
were consistently observed in replicate experiments. It is not
surprising that the drug-resistant mutants examined here
would demonstrate modest alterations in biochemical function,
since these mutants are selected for in patients during therapy
and likely have relatively well-preserved replication fitness.
The presence of detectable biochemical abnormalities in four
of these five mutants is likely to have some subtle effect on
replication fitness and is consistent with the theory that drug-
resistant mutants rarely predominate in the absence of drug
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selection pressure because they have reduced replication fit-
ness relative to wild-type virus (12).

The mechanism of how these NNRTI-resistant mutants,
which are remote from the RNase H active site, affect RNase
H cleavage remains to be elucidated. There is extensive pre-
cedent in the literature that residues in the polymerase domain
of retroviral RTs can have significant effects on the positioning
of the RNase H domain and therefore affect the efficiency of
cleavage. Mutants in the fingers, palm, and thumb subdomains
of RT can affect the specificity and/or efficiency of RNase H
cleavage (7, 27, 31, 32, 44, 48, 49). The alterations in RNase H
cleavage seen with these NNRTI-resistant mutants may ad-
versely impact on the replication fitness of HIV-1 through a
number of mechanisms, including reducing rates of genomic
RNA degradation, slowing rates of minus-strong-stop-DNA
transfer, and reducing rates of PPT formation and removal.
Studies to assess whether these mutants affect these different
steps of reverse transcription in vivo and in vitro are in
progress in our laboratory.

ACKNOWLEDGMENTS

This work was supported primarily by R0O1-AI-041387 and in part by
RO1-GM-49573.
We thank Mini Balakrishnan and Michele Wisniewski for many

RNase CLEAVAGE BY NNRTI-RESISTANT HIV RTs 8399

B.

g0

80

70

60

S0

% V179D

[—a=—106/1739
181/179
—r=179/W1

10 /
1

0 1 2
PASSAGE NUMBER

FIG. 7. Replication competition experiments of combinations of wild-type
and NNRTI-resistant mutants of NL4-3. H9 cells were infected with two different
mutant (or with mutant and wild-type) stocks at time zero at an MOI of 0.005 for
each stock. At the end of each passage (7 days), 10 ul of culture supernatant was
used to infected a fresh culture of H9 cells. Cells were harvested at the time of
infection and at the end of each passage, and proviral DNA was PCR amplified
and directly sequenced to determine the relative proportion of the V106A (A),
V179D (B), and Y181C (C) mutants. Each datum point represents the propor-
tion of a mutant, as determined by averaging results obtained with sense and
antisense primers from at least two independent infections.

helpful discussions, Michael Chiulli and Luis Berrios for performance
of the p24 antigen assays, and Kora Fox for performance of the HIV
cultures.

REFERENCES

1. Amacker, M., and U. Hubscher. 1998. Chimeric HIV-1 and feline immuno-
deficiency virus reverse transcriptases: critical role of the p51 subunit in the
structural integrity of heterodimeric lentiviral DNA polymerases. J. Mol.
Biol. 278:757-765.

2. Arion, D., N. Kaushik, S. McCormick, G. Borkow, and M. A. Parniak. 1998.
Phenotypic mechanism of HIV-1 resistance to 3’-azido-3'-deoxythymidine
(AZT): increased polymerization processivity and enhanced sensitivity to
pyrophosphate of the mutant viral reverse transcriptase. Biochemistry 37:
15908-15917.

3. Arts, E. J., and S. F. Le Grice. 1998. Interaction of retroviral reverse tran-
scriptase with template-primer duplexes during replication. Prog. Nucleic
Acid Res. Mol. Biol. 58:339-393.

4. Back, N. K., and B. Berkhout. 1997. Limiting deoxynucleoside triphosphate
concentrations emphasize the processivity defect of lamivudine-resistant
variants of human immunodeficiency virus type 1 reverse transcriptase. An-
timicrob. Agents Chemother. 41:2484-2491.

5. Back, N. K., M. Nijhuis, W. Keulen, C. A. Boucher, B. O. Oude Essink, A. B.
van Kuilenburg, A. H. van Gennip, and B. Berkhout. 1996. Reduced repli-
cation of 3TC-resistant HIV-1 variants in primary cells due to a processivity
defect of the reverse transcriptase enzyme. EMBO J. 15:4040-4049.

6. Been-Tiktak, A. M., C. A. Boucher, F. Brun-Vezinet, V. Joly, J. W. Mulder,
J. Jost, D. A. Cooper, M. Moroni, J. M. Gatell, S. Staszewski, R.
Colebunders, G. J. Stewart, D. A. Hawkins, M. A. Johnson, J. M. Parkin,
D. H. Kennedy, J. F. Hoy, and J. C. Borleffs. 1999. Efficacy and safety of
combination therapy with delaviridine and zidovudine: a European/Austra-
lian phase II trial. Int. J. Antimicrob. Agents 11:13-21.

7. Boyer, P. L., A. L. Ferris, P. Clark, J. Whitmer, P. Frank, C. Tantillo, E.
Arnold, and S. H. Hughes. 1994. Mutational analysis of the fingers and palm
subdomains of human immunodeficiency virus type-1 (HIV-1) reverse tran-
scriptase. J. Mol. Biol. 243:472-483.

8. Boyer, P. L., H. Q. Gao, and S. H. Hughes. 1998. A mutation at position 190
of human immunodeficiency virus type 1 reverse transcriptase interacts with
mutations at positions 74 and 75 via the template primer. Antimicrob.
Agents Chemother. 42:447-452.

9. Bradford, M. M. 1976. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248-254.

10. Carpenter, C. C., M. A. Fischl, S. M. Hammer, M. S. Hirsch, D. M. Jacobsen,
D. A. Katzenstein, J. S. Montaner, D. D. Richman, M. S. Saag, R. T.



8400

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

ARCHER ET AL.

Schooley, M. A. Thompson, S. Vella, P. G. Yeni, and P. A. Volberding. 1998.
Antiretroviral therapy for HIV infection in 1998: updated recommendations
of the International AIDS Society—-USA Panel. JAMA 280:78-86.
Champoux, J. J. 1993. Roles of ribonuclease H in reverse transcription, p. ix
and 492. In A. M. Skalka and S. P. Goff (ed.), Reverse transcriptase. Cold
Spring Harbor monograph series, no. 23. Cold Spring Harbor Laboratory
Press, Plainview, N.Y.

Coffin, J. M. 1995. HIV population dynamics in vivo: implications for genetic
variation, pathogenesis, and therapy. Science 267:483-489.

De Clercq, E. 1993. HIV-1-specific RT inhibitors: highly selective inhibitors
of human immunodeficiency virus type 1 that are specifically targeted at the
viral reverse transcriptase. Med. Res. Rev. 13:229-258.

. Debyser, Z., K. De Vreese, P. P. Knops-Gerrits, V. Baekelandt, R. Bhikha-

bhai, B. Strandberg, R. Pauwels, J. Anne, J. Desmyter, and E. De Clercq.
1993. Kinetics of different human immunodeficiency virus type 1 reverse
transcriptases resistant to human immunodeficiency virus type 1-specific
reverse transcriptase inhibitors. Mol. Pharmacol. 43:521-526.

Demeter, L. M., P. M. Meehan, G. Morse, M. A. Fischl, M. Para, W.
Powderly, J. Leedom, J. Holden-Wiltse, C. Greisberger, K. Wood, J. Tim-
pone, Jr., L. K. Wathen, T. Nevin, L. Resnick, D. H. Batts, and R. C.
Reichman. 1998. Phase I study of atevirdine mesylate (U-87201E) mono-
therapy in HIV-1-infected patients. J. Acquir. Immune Defic. Syndr. Hum.
Retrovir. 19:135-144.

Demeter, L. M., P. M. Meehan, G. Morse, P. Gerondelis, A. Dexter, L.
Berrios, S. Cox, W. Freimuth, and R. C. Reichman. 1997. HIV-1 drug
susceptibilities and reverse transcriptase mutations in patients receiving
combination therapy with didanosine and delavirdine. J. Acquir. Immune
Defic. Syndr. Hum. Retrovirol. 14:136-144.

Demeter, L. M., R. W. Shafer, P. M. Meehan, J. Holden-Wiltse, M. A. Fischl,
W. W. Freimuth, M. F. Para, and R. C. Reichman. 2000. Delavirdine sus-
ceptibilities and associated reverse transcriptase mutations in human im-
munodeficiency virus type 1 isolates from patients in a phase I/IT trial of
delavirdine monotherapy (ACTG 260). Antimicrob. Agents Chemother. 44:
794-797.

DeStefano, J. J., L. M. Mallaber, P. J. Fay, and R. A. Bambara. 1993.
Determinants of the RNase H cleavage specificity of human immunodefi-
ciency virus reverse transcriptase. Nucleic Acids Res. 21:4330-4338.
Drosopoulos, W. C., and V. R. Prasad. 1996. Increased polymerase fidelity of
E89G, a nucleoside analog-resistant variant of human immunodeficiency
virus type 1 reverse transcriptase. J. Virol. 70:4834-4838.

Dueweke, T. J., S. M. Poppe, D. L. Romero, S. M. Swaney, A. G. So, K. M.
Downey, I. W. Althaus, F. Reusser, M. Busso, L. Resnick, et al. 1993.
U-90152, a potent inhibitor of human immunodeficiency virus type 1 repli-
cation. Antimicrob. Agents Chemother. 37:1127-1131.

Esnouf, R., J. Ren, C. Ross, Y. Jones, D. Stammers, and D. Stuart. 1995.
Mechanism of inhibition of HIV-1 reverse transcriptase by non-nucleoside
inhibitors. Nat. Struct. Biol. 2:303-308.

Esnouf, R. M., J. Ren, A. L. Hopkins, C. K. Ross, E. Y. Jones, D. K.
Stammers, and D. I. Stuart. 1997. Unique features in the structure of the
complex between HIV-1 reverse transcriptase and the bis(heteroaryl)pipera-
zine (BHAP) U-90152 explain resistance mutations for this nonnucleoside
inhibitor. Proc. Natl. Acad. Sci. USA 94:3984-3989.

Fan, N,, K. B. Rank, D. E. Slade, S. M. Poppe, D. B. Evans, L. A. Kopta, R. A.
Olmsted, R. C. Thomas, W. G. Tarpley, and S. K. Sharma. 1996. A drug
resistance mutation in the inhibitor binding pocket of human immunodefi-
ciency virus type 1 reverse transcriptase impairs DNA synthesis and RNA
degradation. Biochemistry 35:9737-9745.

Freimuth, W. W. 1996. Delavirdine mesylate, a potent non-nucleoside HIV-1
reverse transcriptase inhibitor. Adv. Exp. Med. Biol. 394:279-289.
Friedland, G. H., R. Pollard, B. Griffith, M. Hughes, E. Morse, R. Bassett,
W. Freimuth, L. Demeter, T. Nevin, M. Hirsch, E. Connick, and M. Fischl.
1999. The efficacy and safety of delavirdine mesylate in combination with
zidovudine and didanosine compared to two drug combinations of these
drugs (ACTG 261). J. Acquir. Immune Defic. Syndr. Hum. Retrovirol. 21:
281-292.

Furfine, E. S., and J. E. Reardon. 1991. Reverse transcriptase RNase H from
the human immunodeficiency virus: relationship of the DNA polymerase
and RNA hydrolysis activities. J. Biol. Chem. 266:406-412.

Gao, H. Q., P. L. Boyer, E. Arnold, and S. H. Hughes. 1998. Effects of
mutations in the polymerase domain on the polymerase, RNase H and
strand transfer activities of human immunodeficiency virus type 1 reverse
transcriptase. J. Mol. Biol. 277:559-572.

Gazzard, B. G. 1999. Efavirenz in the management of HIV infection. Int.
J. Clin. Pract. 53:60-64.

Gerondelis, P., R. H. Archer, C. Palaniappan, R. C. Reichman, P. J. Fay,
R. A. Bambara, and L. M. Demeter. 1999. The P236L delavirdine-resistant
human immunodeficiency virus type 1 mutant is replication defective and
demonstrates alterations in both RNA 5’-end- and DNA 3'-end-directed
RNase H activities. J. Virol. 73:5803-5813.

Ghosh, M., K. J. Howard, C. E. Cameron, S. J. Benkovic, S. H. Hughes, and
S. F. Le Grice. 1995. Truncating alpha-helix E’ of p66 human immunodefi-
ciency virus reverse transcriptase modulates RNase H function and impairs

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

J. VIROL.

DNA strand transfer. J. Biol. Chem. 270:7068-7076.

Ghosh, M., P. S. Jacques, D. W. Rodgers, M. Ottman, J. L. Darlix, and S. F.
Le Grice. 1996. Alterations to the primer grip of p66 HIV-1 reverse tran-
scriptase and their consequences for template-primer utilization. Biochem-
istry 35:8553-8562.

Ghosh, M., J. Williams, M. D. Powell, J. G. Levin, and S. F. Le Grice. 1997.
Mutating a conserved motif of the HIV-1 reverse transcriptase palm subdo-
main alters primer utilization. Biochemistry 36:5758-5768.
Gopalakrishnan, V., J. A. Peliska, and S. J. Benkovic. 1992. Human immu-
nodeficiency virus type 1 reverse transcriptase: spatial and temporal rela-
tionship between the polymerase and RNase H activities. Proc. Natl. Acad.
Sci. USA 89:10763-10767.

Hansen, J., T. Schulze, W. Mellert, and K. Moelling. 1988. Identification and
characterization of HIV-specific RNase H by monoclonal antibody. EMBO
J. 7:239-243.

Hirsch, M. S., B. Conway, R. T. D’Aquila, V. A. Johnson, F. Brun-Vezinet, B.
Clotet, L. M. Demeter, S. M. Hammer, D. M. Jacobsen, D. R. Kuritzkes, C.
Loveday, J. W. Mellors, S. Vella, and D. D. Richman. 1998. Antiretroviral
drug resistance testing in adults with HIV infection: implications for clinical
management. International AIDS Society-USA Panel. JAMA 279:1984—
1991.

Hsu, M., P. Inouye, L. Rezende, N. Richard, Z. Li, V. R. Prasad, and M. A.
Wainberg. 1997. Higher fidelity of RNA-dependent DNA mispair extension
by M184V drug-resistant than wild-type reverse transcriptase of human
immunodeficiency virus type 1. Nucleic Acids Res. 25:4532-4536.
Jacobo-Molina, A., J. Ding, R. G. Nanni, A. D. Clark, Jr., X. Lu, C. Tantillo,
R. L. Williams, G. Kamer, A. L. Ferris, P. Clark, et al. 1993. Crystal structure
of human immunodeficiency virus type 1 reverse transcriptase complexed
with double-stranded DNA at 3.0 A resolution shows bent DNA Proc. Natl.
Acad. Sci. USA 90:6320-6324.

Kimpton, J., and M. Emerman. 1992. Detection of replication-competent
and pseudotyped human immunodeficiency virus with a sensitive cell line on
the basis of activation of an integrated beta-galactosidase gene. J. Virol.
66:2232-2239.

Kohlstaedt, L. A., J. Wang, J. M. Friedman, P. A. Rice, and T. A. Steitz. 1992.
Crystal structure at 3.5 A resolution of HIV-1 reverse transcriptase com-
plexed with an inhibitor. Science 256:1783-1790.

Meyer, P. R., S. E. Matsuura, A. M. Mian, A. G. So, and W. A. Scott. 1999.
A mechanism of AZT resistance: an increase in nucleotide-dependent
primer unblocking by mutant HIV-1 reverse transcriptase. Mol. Cell. 4:35—
43.

Montaner, J. S., P. Reiss, D. Cooper, S. Vella, M. Harris, B. Conway, M. A.
Wainberg, D. Smith, P. Robinson, D. Hall, M. Myers, and J. M. Lange. 1998.
A randomized, double-blind trial comparing combinations of nevirapine,
didanosine, and zidovudine for HIV-infected patients: the INCAS Trial.
Italy, The Netherlands, Canada, and Australia Study. JAMA 279:930-937.
Palaniappan, C., G. M. Fuentes, L. Rodriguez-Rodriguez, P. J. Fay, and
R. A. Bambara. 1996. Helix structure and ends of RNA/DNA hybrids direct
the cleavage specificity of HIV-1 reverse transcriptase RNase H. J. Biol.
Chem. 271:2063-2070.

Palaniappan, C., J. K. Kim, M. Wisniewski, P. J. Fay, and R. A. Bambara.
1998. Control of initiation of viral plus strand DNA synthesis by HIV reverse
transcriptase J. Biol. Chem. 273:3808-3816.

Palaniappan, C., M. Wisniewski, P. S. Jacques, S. F. Le Grice, P. J. Fay, and
R. A. Bambara. 1997. Mutations within the primer grip region of HIV-1
reverse transcriptase result in loss of RNase H function. J. Biol. Chem.
272:11157-11164.

Para, M. F., P. Meehan, J. Holden-Wiltse, M. Fischl, G. Morse, R. Shafer,
L. M. Demeter, K. Wood, T. Nevin, N. Virani-Ketter, and W. W. Freimuth for
the ACTG Protocol 260 Team. 1999. ACTG 260: a randomized, phase I-II,
dose-ranging trial of the anti-human immunodeficiency virus activity of dela-
virdine monotherapy. Antimicrob. Agents Chemother. 43:1373-1378.
Peliska, J. A., and S. J. Benkovic. 1992. Mechanism of DNA strand transfer
reactions catalyzed by HIV-1 reverse transcriptase. Science 258:1112-1118.
Post, K., J. Guo, E. Kalman, T. Uchida, R. J. Crouch, and J. G. Levin. 1993.
A large deletion in the connection subdomain of murine leukemia virus
reverse transcriptase or replacement of the RNase H domain with Esche-
richia coli RNase H results in altered polymerase and RNase H activities.
Biochemistry 32:5508-5517.

Powell, M. D., W. A. Beard, K. Bebenek, K. J. Howard, S. F. Le Grice, T. A.
Darden, T. A. Kunkel, S. H. Wilson, and J. G. Levin. 1999. Residues in the
alphaH and alphal helices of the HIV-1 reverse transcriptase thumb subdo-
main required for the specificity of RNase H-catalyzed removal of the poly-
purine tract primer. J. Biol. Chem. 274:19885-19893.

Powell, M. D., M. Ghosh, P. S. Jacques, K. J. Howard, S. F. Le Grice, and
J. G. Levin. 1997. Alanine-scanning mutations in the “primer grip” of p66
HIV-1 reverse transcriptase result in selective loss of RNA priming activity.
J. Biol. Chem. 272:13262-13269.

Rezende, L. F., K. Curr, T. Ueno, H. Mitsuya, and V. R. Prasad. 1998. The
impact of multidideoxynucleoside resistance-conferring mutations in human
immunodeficiency virus type 1 reverse transcriptase on polymerase fidelity
and error specificity. J. Virol. 72:2890-2895.



VoL. 74, 2000

51.

52.

53.

54.

55.

56.

57.

58.

Richman, D., A. S. Rosenthal, M. Skoog, R. J. Eckner, T.-C. Chou, J. P.
Sabo, and V. J. Merluzzi. 1991. BI-RG-587 is active against zidovudine-
resistant human immunodeficiency virus type 1 and synergistic with zidovu-
dine. Antimicrob. Agents Chemother. 35:305-308.

Richman, D. D., D. Havlir, J. Corbeil, D. Looney, C. Ignacio, S. A. Spector,
J. Sullivan, S. Cheeseman, K. Barringer, D. Pauletti, et al. 1994. Nevirapine
resistance mutations of human immunodeficiency virus type 1 selected dur-
ing therapy. J. Virol. 68:1660-1666.

Schultz, S. J., M. Zhang, C. D. Kelleher, and J. J. Champoux. 1999. Poly-
purine tract primer generation and utilization by moloney murine leukemia
virus reverse transcriptase. J. Biol. Chem. 274:34547-34555.

Sharma, P. L., and C. S. Crumpacker. 1999. Decreased processivity of
human immunodeficiency virus type 1 reverse transcriptase (RT) containing
didanosine-selected mutation Leu74Val: a comparative analysis of RT vari-
ants Leu74Val and lamivudine-selected Met184Val. J. Virol. 73:8448-8456.
Smerdon, S. J., J. Jager, J. Wang, L. A. Kohlstaedt, A. J. Chirino, J. M.
Friedman, P. A. Rice, and T. A. Steitz. 1994. Structure of the binding site for
nonnucleoside inhibitors of the reverse transcriptase of human immunode-
ficiency virus type 1. Proc. Natl. Acad. Sci. USA 91:3911-3915.

Spence, R. A., K. S. Anderson, and K. A. Johnson. 1996. HIV-1 reverse
transcriptase resistance to nonnucleoside inhibitors. Biochemistry 35:1054—
1063.

Spence, R. A.,, W. M. Kati, K. S. Anderson, and K. A. Johnson. 1995.
Mechanism of inhibition of HIV-1 reverse transcriptase by nonnucleoside
inhibitors. Science 267:988-993.

Staszewski, S., F. E. Massari, A. Kober, R. Gohler, S. Durr, K. W. Anderson,
C. L. Schneider, J. A. Waterbury, K. K. Bakshi, V. I. Taylor, et al. 1995.
Combination therapy with zidovudine prevents selection of human immu-
nodeficiency virus type 1 variants expressing high-level resistance to

RNase CLEAVAGE BY NNRTI-RESISTANT HIV RTs

59.

60.

61.

62.

63.

64.

65.

8401

L-697,661, a nonnucleoside reverse transcriptase inhibitor. J. Infect. Dis.
171:1159-1165.

Staszewski, S., J. Morales-Ramirez, K. T. Tashima, A. Rachlis, D. Skiest, J.
Stanford, R. Stryker, P. Johnson, D. F. Labriola, D. Farina, D. J. Manion,
and N. M. Ruiz. 1999. Efavirenz plus zidovudine and lamivudine, efavirenz
plus indinavir, and indinavir plus zidovudine and lamivudine in the treatment
of HIV-1 infection in adults. Study 006 Team. N. Engl. J. Med. 341:1865-
1873.

Tanese, N., A. Telesnitsky, and S. P. Goff. 1991. Abortive reverse transcrip-
tion by mutants of Moloney murine leukemia virus deficient in the reverse
transcriptase-associated RNase H function. J. Virol. 65:4387-4397.
Tisdale, M., T. Schulze, B. A. Larder, and K. Moelling. 1991. Mutations
within the RNase H domain of human immunodeficiency virus type 1 reverse
transcriptase abolish virus infectivity. J. Gen. Virol. 72:59-66.

Wainberg, M. A., W. C. Drosopoulos, H. Salomon, M. Hsu, G. Borkow, M.
Parniak, Z. Gu, Q. Song, J. Manne, S. Islam, G. Castriota, and V. R. Prasad.
1996. Enhanced fidelity of 3TC-selected mutant HIV-1 reverse transcriptase.
Science 271:1282-1285.

Wohrl, B. M., and K. Moelling. 1990. Interaction of HIV-1 ribonuclease H
with polypurine tract containing RNA-DNA hybrids. Biochemistry 29:
10141-10147.

World Health Organization. 1998. The current global situation of the HIV/
AIDS pandemic. World Health Organization, Geneva, Switzerland.
Young, S. D., S. F. Britcher, L. O. Tran, L. S. Payne, W. C. Lumma, T. A.
Lyle, J. R. Huff, P. S. Anderson, D. B. Olsen, S. S. Carroll, et al. 1995. L-743,
726 (DMP-266): a novel, highly potent nonnucleoside inhibitor of the human
immunodeficiency virus type 1 reverse transcriptase. Antimicrob. Agents
Chemother. 39:2602-2605.



