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ABSTRACT: We investigated the effects of the nonnucleoside reverse transcriptase inhibitor-resistant mutant
Y181C on RNA 5′-end-directed RNase H cleavage by HIV-1 reverse transcriptase, using an RNA‚DNA
hybrid in which a radiolabeled RNA 5′ end was recessed. Y181C produced a higher ratio of secondary
(9 nucleotide long) to primary (18 nucleotide long) products than wild type. When the RNA was 3′-end-
labeled, Y181C generated a long product, which results when secondary cleavage precedes the primary.
When using an RNA‚DNA hybrid in which the labeled RNA 5′ end and DNA 3′ end were flush, formation
of secondary product by both enzymes was inhibited. Under these conditions, Y181C cleaved closer to
the RNA 5′ end than wild type. Studies with this substrate labeled at the RNA 3′ end showed that Y181C
is no more likely than wild type to cleave toward the RNA 3′ end. Thus, Y181C RT has a strong preference
to cleave in the direction of the RNA 5′ end even when secondary cleavage is prevented, resulting in a
disruption of the normal sequence of primary followed by secondary cleavages.

HIV-1 reverse transcriptase (RT)1 is an essential enzyme
in the virus life cycle and a major target for antiretroviral
therapy of HIV-1 infection. HIV-1 RT converts the RNA
genome of the virus to a double-stranded DNA, which is
ultimately integrated into the host chromosome (1). This
enzyme catalyzes several activities during the replication
cycle of the virus, including RNA- and DNA-dependent
polymerization, RNase H cleavage, strand transfer, and strand
displacement. HIV-1 RT is a heterodimer consisting of 66
and 51 kDa subunits (p66 and p51, respectively) (2, 3). p66
contains both the polymerase and RNase H active sites of
the enzyme (4-6). The RNase H domain is present in the
carboxy-terminal third of p66 (7-9). p51, which is derived
from p66 by proteolytic cleavage, may play a role in
facilitating binding to and initiation from the tRNALys3 primer
(10, 11).

RNase H cleavage is required for several steps during
reverse transcription and is essential for HIV-1 replication
(reviewed in ref12). RNase H cleavage degrades the viral
genome during and after synthesis of minus-strand DNA.
RNase H cleavage of the 5′ R region of the HIV-1 genome

is required for translocation of minus strong stop DNA to
the 3′ end of the genome (13, 14). Specific RNase H cleav-
ages are also required for formation of the polypurine tract
(PPT) RNA primer (15-18) that primes plus-strand synthe-
sis and for removal of the PPT (15-18) and tRNA primers
(19-22) after extension.

Two modes of RNase H cleavage have been described
(Figure 1). “Polymerase-dependent” cleavage, which we have
referred to as DNA 3′-end-directed cleavage, is thought to
occur in concert with DNA polymerization to degrade the
genomic RNA during minus-strand DNA synthesis (19, 23,
24). The position of the initial, or primary, DNA 3′-end-
directed cleavage occurs approximately 18 NT from the
recessed 3′ end of the DNA (19, 24). A second mode of
RNase H cleavage, in which the position of the primary
cleavage occurs approximately 18 NT from a recessed RNA
5′ end, occurs independently of DNA polymerization (25,
26). This mode of cleavage, which we have referred to as
RNA 5′-end-directed RNase H cleavage, can occur with
RNA‚DNA hybrids in which the DNA is circular (i.e., has
no free end to direct cleavage) (26) and may contribute to
the degradation of larger genomic RNA fragments left be-
hind after DNA 3′-end-directed cleavage (25, 26). RNA 5′-
end-directed cleavage also appears to play an important role
in the formation and removal of the polypurine tract (PPT)
(15-17).

After the initial endonucleolytic cleavage approximately
18 NT from the end of the nucleic acid directing cleavage,
the enzyme shifts and makes an additional cleavage, ap-
proximately 7-9 NT from that end (see Figure 1) (25-27).
We have referred to this RNA 3′ f 5′ directional cleavage
or processing as the secondary RNase H cleavage. Measure-
ment of the rate of secondary cleavage by wild-type RT
shows that it is approximately 3-6-fold slower than the
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initial primary cleavage (28). Mutations that reduce second-
ary RNase H cleavages prevent strand transfer of minus
strong stop DNA to the 3′ end of the genome that is required
for viral replication (13, 29), as well as internal strand
transfers that likely contribute to HIV-1 recombination (23,
30). Reduction in secondary RNase H cleavages most likely
prevents strand transfer because the resulting larger genomic
RNA fragments form more stable hybrids and are less likely
to dissociate from minus-strand DNA.

Nearly all combination antiretroviral regimens recom-
mended for the initial therapy of HIV-1 infection include
inhibitors of the HIV-1 reverse transcriptase (RT) (31). A
widely used group of RT inhibitors are the nonnucleoside
RT inhibitors (NNRTIs), which are highly active, specific
inhibitors of HIV-1 RT that inhibit polymerization by binding
a specific region of p66 adjacent to the polymerase active
site of the enzyme (8, 32, 33). Drug binding induces an
allosteric change of the polymerase active site which results
in nonproductive binding of the incoming dNTP (8, 33-
36). NNRTIs in combination with nucleoside analogues can
provide antiviral effects that are equal to or greater than
protease inhibitor-containing regimens (37) and may have
fewer long-term toxicities (31).

Development of drug resistance is a major factor limiting
the efficacy of antiretroviral therapies for HIV-1 infection
(reviewed in ref38). Resistance of HIV-1 to NNRTIs is
mediated by mutations of residues that line the NNRTI
binding pocket of the viral reverse transcriptase and reduce
drug binding (32). The most common mutations that occur

in clinical isolates of patients treated with currently approved
NNRTIs are Y181C and K103N (39-41).

It has been postulated that drug-resistance mutations,
because they rarely arise in the absence of drug selection
pressure, reduce the replication fitness of HIV-1 (42). A
number of studies have examined the effects of RT inhibitor
resistance mutations on HIV-1 replication fitness and RT
function. These studies have demonstrated that reductions
in HIV-1 replication fitness can be associated with changes
in RT processivity and/or fidelity of nucleoside analogue-
resistant mutants (43-50). Zidovudine-resistant mutants have
been shown to have increased rates of pyrophosphorolysis
(51, 52), which accelerate the removal of incorporated
nucleoside analogues from chain-terminated DNAs. We have
shown that NNRTI-resistant RTs with the P236L, K103N,
Y181C, or V106A mutations each specifically alter the rate
of one or both modes of RNase H cleavage with no sig-
nificant effects on RNA- or DNA-dependent DNA polym-
erization (53, 54). In addition, we found that greater reduc-
tions in RNase H activity were associated with greater
reductions in replication fitness (53, 54).

In our previous study, the Y181C mutant, which is one of
the two most common NNRTI-resistant variants that emerge
during therapy with NNRTIs, demonstrated an increase in
the ratio of secondary to primary RNase H cleavage products
during both RNA 5′-end- and DNA 3′-end-directed modes
of cleavage (54). In this study, we further explore the effects
of the Y181C mutant on RNA 5′-end-directed RNase H
cleavage and demonstrate that this mutant cleaves prefer-

FIGURE 1: Diagram illustrating the two modes of RNase H cleavage carried out by HIV-1 RT. RNA is represented by a stippled line and
DNA by a solid line. DNA 3′-end-directed RNase H cleavage is thought to occur in concert with DNA polymerization and is diagramed
on the left-hand side of the figure. During this mode of cleavage, the polymerase active site of the enzyme (represented by the letter P) is
positioned at the 3′ end of the DNA, which is recessed. The RNase H active site (represented by the letter H) is positioned approximately
18 NT from the polymerase active site, and its position from the 3′ end of the DNA is thought to determine the position of the primary
cleavage. After the primary cleavage, wild-type RT then repositions and makes a secondary cleavage 7-9 NT from the recessed 3′ end of
the DNA. A second mode of RNase H cleavage, which has been referred to as RNA 5′-end-directed RNase H cleavage, or polymerase-
independent cleavage, is assayed with a RNA‚DNA hybrid in which the RNA 5′ end is recessed. The RT is positioned to make the primary
cleavage, which is approximately 18 NT from the 5′ end of the RNA. Of note is that the position of RT during this mode of cleavage would
not allow polymerization to occur at the 3′ end of the DNA. The RT then repositions to make a secondary cut 7-9 NT from the 5′ end of
the RNA.
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entially toward the RNA 5′ end of the RNA‚DNA hybrid.
This cleavage preference results in smaller RNase H cleavage
products, which should be more likely to dissociate from
plus-strand DNA and may lead to increased rates of minus
strong stop DNA transfer and recombination.

EXPERIMENTAL PROCEDURES

Reagents.The expression vector pRSET was obtained
from Invitrogen.MscI, SpeI, and AgeI were obtained from
New England Biolabs. Metal affinity columns (Talon) were
obtained from Clontech. TheO-methyl-substituted RNA
oligonucleotide was purchased from Dharmacon Research,
Inc.; all other oligonucleotides were purchased from Oligos
Etc.

HIV-1 RT Expression and Purification.HIV-1 RTs with
and without the Y181C mutation were expressed as separate
p66 and p51 subunits inEscherichia coli, using pRSET
expression vectors, as previously described (53, 54). HIV-1
RT p66 and p51 subunits were purified to greater than 95%
homogeneity, using metal affinity and ion-exchange chro-
matography, as previously described (53, 54).

Measurement of Specific ActiVities of DNA Polymerization.
Protein concentrations of RT preparations were determined
in triplicate, using the Bradford assay, and averaged (55).
DNA polymerization activity of each RT preparation was
determined in at least four independent experiments, by
measuring incorporation of32P-dTTP into a poly(rA)-oligo-
(dT) template-primer. The specific activities of the wild-type
and Y181C RTs used in these experiments were 5830 and
2810 units/mg of RT, respectively, where a unit is defined
as the amount of dTTP (in nanomoles) incorporated in 10
min. Relative activities of polymerization by the different
mutants were used to normalize the amounts of wild-type
and mutant RTs used in assays of RNase H activity.

Preparation of Oligonucleotide Substrates.The substrates
used in the RNase H assays are diagramed in Figures 2-8.
A 41 nucleotide (NT) RNA was labeled either at its 5′ end
as previously described, using T4 polynucleotide kinase (53),
or at its 3′ end, using Sequenase. For 3′-end labeling of RNA,
the RNA was annealed to a 77 NT long DNA oligonucleotide
MB-8 (5′-TCG ATC GCT GCA GGT CGA CTC TAG AGG
ATC CCC GGG TAC CGA AAA AAA AAA AAA AAA
AAA AAA AAA AAA AAA AAA AA-3 ′, in which the
underlined base is annealed to the 3′-most end of the RNA).
3′-End-labeling reactions contained 100 pmol each of the
41 NT RNA and MB-8, 20 mM Tris-HCl (pH 7.5), 10
mM MgCl2, 25 mM NaCl, 13 units of Sequenase, and 75
µCi of R-32P-dATP in a final volume of 30µL. Extension
products were purified using 2-propanol precipitation fol-
lowed by separation and elution from a denaturing 20%
polyacrylamide gel. An internally labeled 36 NT long
oligonucleotide with the same sequence as the 5′ end of the
41 NT substrate was created by 5′-end labeling a 22 NT
RNA oligonucleotide with the same sequence as the 15-
36th NT of the 41 NT long substrate, and annealing it, along
with a synthetic 14-mer RNA corresponding to the first 14
NT of the 41 NT RNA, to the 77 NT long MEW-3 DNA
(53). T4 DNA ligase was then used to ligate the two RNA
oligonucleotides. The resultant internally labeled RNA 36
NT substrate was then denatured, gel purified, quantitated,
and annealed to MEW-3.

RNase H Assays.To measure DNA 3′-end-directed RNase
H cleavage, the labeled RNA described above was annealed
to the 26 NT long DNA oligonucleotide PG003 (53) such
that the 3′ end of the DNA was recessed. To measure RNA
5′-end-directed RNase H cleavage, the same RNA was
annealed to the 77 NT long DNA MEW-3 (53) such that
the 5′ end of the RNA was recessed. Annealing the RNA to
the oligonucleotide 50pbs-41bl (5′-GCC TGC AGG TCG
ACT CTA GAG GAT CCC CGG GTA CCG AGC TCG
AAT TCG CCC-3′) resulted in an RNA‚DNA hybrid in
which the 5′ RNA and 3′ DNA ends were flush; the presence
of a blunt end results in significant inhibition of the secondary
RNase H cleavage event (56). RNase H assays were carried
out as previously described for times ranging from 15 s to
16 min (53), using a 2-4-fold molar excess of RT relative
to substrate. Cleavage products were resolved using denatur-
ing 10% polyacrylamide gels and quantitated using Phos-
phorImaging (Molecular Devices).

RESULTS

RNase H CleaVage by Y181C RT Leads to an Increased
Ratio of Secondary to Primary CleaVage Products.We have
previously reported that RNase H cleavage by the Y181C
mutant results in an increased ratio of secondary to primary
RNase cleavage products during both DNA 3′-end- and RNA
5′-end-directed cleavage (54). The substrate used to measure
DNA 3′-end-directed cleavage is a 5′-end-labeled 41 NT long
RNA annealed to a shorter complementary DNA, such that
the DNA 3′ end is recessed (Figure 2A). During DNA 3′-
end-directed cleavage, wild-type RT positions with its
polymerase domain at the 3′ end of the DNA and produces
an initial cut 18 NT from the 3′ end of the DNA (resulting
in an approximately 26 NT long labeled product), followed
by a subsequent accumulation of a 17 NT long labeled
product resulting from a secondary cleavage approximately
9 NT from the 3′ end of the DNA (Figure 2A).

Previous studies have demonstrated that the initial primary
RNase H cleavage, whose position is determined by the
distance between the polymerase active site (positioned at
the end of the nucleic acid strand directing cleavage) and
the RNase H active site, is followed by a subsequent shifting
of the RT by a distance of approximately 9 NT toward the
5′ end of the RNA (25, 28, 57, 58). The primary product is
then converted into the shorter secondary product. The time
course of accumulation of these two products suggests either
that the secondary cleavage can only occur after the primary
or that it occurs at a significantly slower rate than the primary
cleavage. The factors that influence the location of the
secondary RNase H cleavage are not well understood. Y181C
RT produces the same size primary and secondary cleavage
products as wild-type RT but produces an increased ratio of
secondary to primary cleavage products (Figure 2A).

The substrate used to measure RNA 5′-end-directed
cleavage is a 5′-end-labeled 41 NT long RNA annealed to a
longer complementary DNA such that the RNA 5′ end is
recessed (Figure 2B). During RNA 5′-end-directed cleavage,
we have postulated that the wild-type RT positions with its
polymerase domain at the 5′ end of the RNA and produces
an initial cut 18 NT from the 5′ end of the RNA (resulting
in a 18 NT long labeled product), followed by a subsequent
accumulation of an approximately 9 NT long labeled
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secondary product resulting from a second cleavage ap-
proximately 9 NT from the 5′ end of the RNA (Figure 2B).
With a substrate in which the 5′ end of the RNA is recessed,

incubation with wild-type RT results in an initial accumula-
tion of the expected 18 NT primary product, followed by
subsequent accumulation of a 9 NT secondary product
(Figure 2B). Similar to what was seen during DNA 3′-end-
directed cleavage, Y181C RT produces a greater ratio of
secondary to primary cleavage products during RNA 5′-end-
directed RNase H cleavage compared to wild-type RT
(compare the relative ratios of the 18 and 9 NT products for
Y181C and wild-type RT in Figure 2B).

We next quantitated the rates at which the substrate was
degraded, and the rates at which the different RNase H
cleavage products were formed during RNA 5′-end-directed
RNase H cleavage, using PhosphorImaging. When the
amount of substrate degradation during RNA 5′-end-directed
RNase H cleavage was plotted over time, there were no
significant differences in the overall rate of RNase H
degradation between wild-type and Y181C RTs (Figure 3A).
However, when looking at the accumulation of specific
cleavage products, there was a decrease in the extent to which
Y181C produced primary cleavage products (Figure 3B) and
an increase in the extent to which it produced secondary
cleavage products (Figure 3C). The initial rate at which the
secondary product accumulated was estimated by measuring
the linear slope of the curve representing accumulation of
the secondary cleavage product during the first minute of
the reaction (Figure 3D). The rate of accumulation of
secondary product by Y181C RT was 80% more rapid than
wild-type RT for the RNA 5′-end-directed mode of cleavage.

The reduced accumulation of the primary cleavage product
with Y181C RT could be due solely to a more rapid
secondary cleavage event (which would degrade the primary
product more rapidly) or could reflect an additional defect
resulting in a decrease in the rate of the primary cleavage
event. Although there was a slight slowing of the initial rate
of accumulation of primary product with Y181C relative to
wild-type RT (Figure 3B), we were not able to precisely
measure the rate of primary product formation, since it is
being degraded to the secondary product as it is being
produced. We thus cannot rule out a direct effect of Y181C
on the rate of primary cleavage.

The Formation of Secondary RNase H CleaVage Products
by Y181C RT Can Occur Independently of Primary CleaV-
age.We asked whether secondary RNase H cleavage by the
Y181C RT could occur independently of primary cleavage.
To study this question, we utilized the same RNA‚DNA
hybrid substrate but with the radiolabel on the 3′ end of the
RNA (Figure 4). A primary cleavage 18 NT from the RNA
5′ end will result in a 24 NT long product. Because the
primary cleavage occurs between the secondary cleavage site
and the radiolabel, the 33 NT long product of secondary
cleavage will only be observed if it precedes the primary
cleavage. We did not observe the 33 NT long product with
wild-type RT but did detect this product using Y181C RT
(Figure 4). The interpretation of these findings depends on
whether wild-type RT requires that the primary cleavage
occur before it can catalyze the secondary cleavage. If this
is the case, then the Y181C mutation could inhibit or alter
the process by which the two cleavages are coupled. If the
earlier accumulation of the primary product with wild-type
RT merely reflects the faster rate of the primary relative to
the secondary cleavage, the effect of Y181C may instead be
to sufficiently increase the rate of the secondary cleavage

FIGURE 2: RNase H cleavage of RNA‚DNA hybrids by wild-type
and Y181C RTs. Panel A: Polymerase-dependent or DNA 3′-end-
directed RNase H cleavage. The substrate, as diagramed here, is a
41 NT long 5′-end-labeled heteropolymeric RNA (stippled line),
hybridized to a DNA (black line), such that the DNA 3′ end is
recessed. RT was allowed to prebind to the substrate before
initiation of the reaction with magnesium. Degradation of the
starting material into primary (26 NT long) and secondary (17 NT
long) cleavage products can be seen to accumulate over time.
Lanes: 1, 0 min; 2, 15 s; 3, 30 s; 4, 45 s; 5, 1 min; 6, 2 min; 7, 4
min; 8, 8 min; 9, 16 min. Panel B: Polymerase-independent or
RNA 5′-end-directed RNase H cleavage. The substrate is a 41 NT
long 5′-end-labeled heteropolymeric RNA (stippled line), hybridized
to a DNA (black line), such that the RNA 5′ end is recessed.
Reaction conditions and time points were otherwise the same as in
panel A. Accumulation of the approximately 18 NT primary
products and the 9 NT secondary products can be seen over time.
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relative to the primary cleavage, leading to an increased
probability of the secondary cleavage preceding the primary
cleavage.

Inhibition of Primary CleaVage Does Not Alter the Ability
of Y181C To Make Secondary CleaVages More Rapidly Than
Wild-Type RT.We studied the effect of inhibiting the primary
RNase H cleavage, using an RNA substrate in which
nucleotides 12 through 22 (counting from the 5′ end of the
RNA) were replaced withO-methyl-substituted ribonucleo-
tides. As expected, study of the 3′-end-labeledO-methyl-
substituted RNA hybridized to a DNA such that the RNA
5′ end was recessed showed complete inhibition of the
primary RNase H cleavages by both wild-type and Y181C
RTs (Figure 5). Interestingly, despite this inhibition of the
primary RNase H cleavage, the Y181C RT still showed a
strong preference, relative to wild-type RT, for making an
isolated secondary cut, represented by the 33-35 NT long
bands. Thus, the effect of Y181C on the order of primary
and secondary cleavages cannot be explained solely by a
reduction in the rate of primary RNase H cleavage, since
inhibition of the ability of wild-type RT to make the primary
cleavage does not result in similar cleavage patterns for the
wild-type and mutant enzymes.

Primary RNase H CleaVages Can Occur before or after
Secondary CleaVages with the Y181C RT.We wanted to

determine whether the Y181C mutant RT always performed
the secondary cleavage before the primary. To study this,
we created an RNA‚DNA hybrid in which a specific internal
label was placed in the RNA at a position between the
primary and secondary cleavages (Figure 6). The RNA
included the first 36 NT of the 41 NT RNA studied in the
previous experiments. Using the substrate with an internal
label placed 14 NT from the 5′ end of the RNA resulted in
cleavage products representing isolated primary (18 NT) or
secondary (27 NT) cleavages (Figure 6). The 27 NT product
representing the secondary cleavage alone was only seen with
the Y181C mutant but appeared to represent a minority of
the cleavage products produced by Y181C RT. Cleavage
products representing the primary cleavage alone were also
seen with the mutant enzyme, although their relative
prevalence was lower than with the wild-type enzyme (Figure
6). The mutant enzyme also demonstrated an increase relative
to wild type in products between 7 and 14 NT long that were
most prominent at later times (between 2 and 16 min; see
lanes 5-8 in Figure 6). The selective formation of these
intermediate size products by the Y181C mutant may
represent an additional type of initial primary cut that occurs
after the first secondary cleavage but whose position is still
determined by the original 5′ end of the RNA despite the
presence of a nick at the site of the first secondary cleavage.

FIGURE 3: Kinetics of substrate loss (panel A), primary product formation (panel B), and secondary product formation (panel C) during
RNA 5′-end-directed RNase H cleavage by wild-type and Y181C RTs.Y-axes represent the amount of each band that remains, expressed
as a fraction of total counts in each lane. Wild-type RT, solid line; Y181C RT, dashed line. Panel D: Linear regression fit of the initial
accumulation of secondary RNase H cleavage product by wild-type (solid line) and Y181C (dashed line) RTs. The rate of accumulation of
secondary product with Y181C RT is 80% greater than with wild-type RT.
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Inhibition of Secondary CleaVage Results in a Smaller Size
Distribution of CleaVage Products by Y181C RT Compared
with Wild-Type RT.We postulated that the increased ac-
cumulation of secondary RNase H cleavage products that
occurred with Y181C RT could result from an increased
preference of the mutant enzyme to slide toward the 5′ end
of the RNA after making the initial primary cleavage. We
wanted to determine what impact removing the single-
stranded 3′ DNA tail, a structural change that inhibits
secondary cleavages by wild-type RT, would have on the
secondary cleavage by Y181C RT. We therefore studied the
size distribution of cleavage products resulting from wild-
type and Y181C RTs cleaving a blunt-ended RNA‚DNA
hybrid (Figure 7). This substrate inhibits the accumulation
of the 9 NT secondary cleavage product, presumably because
the absence of a single-stranded DNA tail limits the enzyme’s
ability to bind with its RNase H active site 9 NT from the 5′
end of the RNA. We found that, when using this RNA 5′-
end-labeled substrate, the formation of the 9 NT product by
both wild-type and Y181C RTs was severely inhibited
(Figure 7). However, the size distribution of primary cleav-
ages was smaller for the Y181C compared to wild-type RT.
The wild-type and Y181C RTs still made a primary cut 18
NT from the RNA 5′ end, but the Y181C made an additional

cut 14 NT from the 5′ end of the RNA to a much greater
extent than wild-type RT (Figure 7).

Y181C Increases the Preference of RT for CleaVing RNA‚
DNA Hybrids Closer to the RNA 5′ End. It appeared that
the preference for the Y181C RT to make smaller RNase H
cleavages reflected an increased ability to position toward
the 5′ end of the RNA. We then asked whether the Y181C
RT only showed a preference for positioning toward the 5′
end of the RNA or whether the mutant enzyme could also
reposition away from the point of primary cleavage toward
the 3′ end of the RNA. We compared the size distribution
of RNase H cleavage products with the wild-type and Y181C
RTs, using the same blunt-end RNA‚DNA hybrid, now
labeled at the 3′ end of the RNA (Figure 8). Primary RNase
H cleavage of this substrate results in a 24 NT product. Any
increased tendency of Y181C to cleave toward the 3′ end of
the RNA would result in an increase in cleavage products
smaller than 24 NT. Using this substrate, we found no
significant difference in the prevalence of smaller size
products between wild-type and Y181C RTs (Figure 8),
suggesting that Y181C preferentially cleaves toward the RNA
5′ end of an RNA‚DNA hybrid.

FIGURE 4: RNA 5′-end-directed cleavage of a 3′-end-labeled RNA‚
DNA hybrid by wild-type and Y181C RTs. Substrate, diagramed
at the top of the figure, consists of a 41 NT RNA (stippled line) to
which a32P-labeled dATP was incorporated at its 3′ end (represented
by the letter A), hybridized to a DNA (solid line), such that the
RNA 5′ end is recessed. Primary RNase H cleavage will yield an
approximately 24 NT long product, whereas an isolated secondary
cleavage will yield an approximately 33 NT long product. Products
resulting from a secondary cleavage following a primary cleavage
will not be visualized. Results from a representative time course
of RNA 5′-end-directed cleavage for Y181C and wild-type RTs
are shown below. Lanes: 1, 0 min; 2, 15 s; 3, 30 s; 4, 1 min; 5, 2
min; 6, 4 min; 7, 8 min; 8, 16 min. The appearance of a 33 NT
long band, which represents isolated secondary cleavages, is seen
with the Y181C mutant, whereas little if any of this product
accumulates with wild-type enzyme. The approximately 9 NT long
products are thought to result from the second primary cleavage
event and accumulate to a similar extent with each enzyme.

FIGURE 5: Effect of inhibition of the primary cleavage event on
RNase H cleavage by wild-type and Y181C RTs. The substrate
used was a 41 NT long synthetic RNA (stippled line) containing
2-O-methyl substitutions at nucleotide positions 12-22 (solid gray
line), which was labeled at its 3′ end as described in Figure 4, and
hybridized to a DNA (black line), such that the 5′ end of the RNA
was recessed. Results from a representative time course are shown
below. Lanes: 1, 0 min; 2, 15 s; 3, 30 s; 4, 1 min; 5, 2 min; 6, 4
min; 7, 8 min; 8, 16 min. The effective inhibition of primary RNase
H cleavages can be seen by the virtual absence of 16-30 NT long
cleavage products. Under conditions in which the primary cleavages
are inhibited, wild-type RT is still less likely than Y181C to produce
the 33-35 NT long products, which represent independent second-
ary cleavages.
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DISCUSSION

Our studies have demonstrated that the presence of the
Y181C mutation in HIV-1 RT increases the prevalence of
secondary RNase H cleavage products. Determination of
relative activities of RNA-dependent DNA polymerization
of the mutant and wild-type enzymes were carefully calcu-
lated, using several replicate determinants. Thus, it is unlikely
that this difference in RNase H activity between the Y181C
and wild-type RTs is due to differences in relative input of
mutant and wild-type enzymes. In addition, the finding of
an alteration in size preference of RNase H cleavage products
suggests an intrinsic alteration in the mechanism of RNase
H cleavage rather than an overall alteration in the ratio of
RNase H to polymerase activities. Interestingly, another
group has demonstrated that the Y232A mutant, which is
located in the primer grip region near the NNRTI binding
pocket, also demonstrates a qualitatively similar, although
much stronger, preference for performing the secondary
RNase H cleavage (59).

We found that Y181C RT produced a higher proportion
of secondary cleavage products independent of the mode of
RNase H cleavage, during both DNA 3′-end-directed as well
as RNA 5′-end-directed RNase H cleavage. This finding
suggests that the event(s) in RNase H cleavage altered by
the Y181C mutant is (are) common to both modes of RNase

H cleavage. Because the Y181C RT alters the size distribu-
tion of products resulting from both modes of RNase H
cleavage, it may have wide-ranging effects on reverse
transcription. Studies of other mutants that affect the relative
ratio of secondary and primary cleavage products have
provided support for the hypothesis that the secondary
cleavage event is required for efficient strand transfer (29,
59), although potential effects on other steps in reverse
transcription have not been fully examined.

Our studies have focused on examining the underlying
biochemical mechanism for the Y181C RT’s preference to
make secondary cleavages. We have demonstrated that the
usual order of primary followed by secondary RNase H
cleavages is disrupted by the Y181C mutation. When
assaying a 3′-end-labeled RNA‚DNA hybrid, we observed
a long product corresponding to an isolated secondary
cleavage that was unique to the Y181C mutant. Inhibition
of primary cleavage using an RNA‚DNA hybrid in which
the positions of primary RNase H cleavage were substituted
with O-methyl nucleotide derivatives showed that wild-type
RT did not produce more rapid secondary cleavages,
suggesting that the effect of Y181C on the order of RNase
H cleavages is not due solely to an inhibition of primary
RNase H cleavage. When using a substrate in which the
radiolabel was placed between the position of the primary
and secondary cuts, we found that, although the secondary

FIGURE 6: Cleavage of an internally labeled RNA 5′-end-recessed
RNA‚DNA hybrid by wild-type and Y181C RTs. The substrate,
diagramed at the top of the figure, was a 36 NT long RNA (stippled
line) that was internally labeled at nucleotide 14 (position noted
with a star) as outlined in Experimental Procedures. Results from
a representative time course are depicted in the bottom half of the
figure. Lanes: 1, 0 min; 2, 15 s; 3, 30 s; 4, 1 min; 5, 2 min; 6, 4
min; 7, 8 min; 8, 16 min. Y181C RT results in less accumulation
of 18 NT primary products and more 27-29 NT long products
(which represent isolated secondary cleavages) than wild-type RT.
The origin of the 7-14 NT long products, which are more prevalent
with the Y181C RT, is not known. These products could represent
an attempt of the Y181C RT to create a primary cut after the first
secondary by measuring from the original 5′ end of the nicked RNA.

FIGURE 7: Cleavage of a flush 5′-end-labeled RNA‚DNA hybrid
by wild-type and Y181C RTs. The substrate, diagramed at the top
of the figure, was a 41 NT long RNA (stippled line) that was labeled
at its 5′ end and hybridized to a complementary DNA such that
the 5′ end of the RNA and the 3′ end of the DNA were flush with
each other. This substrate inhibits secondary RNase H cleavages
and would be expected to yield approximately 18 NT long products.
Results from a representative time course are shown below.
Lanes: 1, 0 min; 2, 15 s; 3, 30 s; 4, 1 min; 5, 2 min; 6, 4 min; 7,
8 min; 8, 16 min. The preference for Y181C RT to cleave closer
to the 5′ end of the RNA is reflected in the accumulation of a
smaller 14 NT product which is not seen with wild-type RT.
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cut could precede the primary cut with the Y181C enzyme,
there still were a substantial proportion of events in which
the primary cut preceded the secondary. A recently published
study has demonstrated that, under certain circumstances,
the primary and secondary cleavages by wild-type HIV-1
RT can also be uncoupled (28). Taken together, these
findings support the hypothesis that cleavage at the primary
position is not normally required for the secondary cut to
occur. Thus, the apparent strict ordering of primary followed
by secondary cleavages during RNase H activity with wild-
type HIV-1 RT is likely due to the fact that the rate of
primary cleavage is normally much faster than that of the
secondary cleavage. Thus, the most plausible explanation for
our findings is that the Y181C mutation increases the rate
of secondary cleavages enough that the uncoupling of
primary and secondary cleavages becomes more apparent,
resulting in the secondary cleavage preceding the primary a
certain fraction of the time.

Of interest is that the preference of the Y181C RT to
produce smaller RNase H cleavage products persists even
when the formation of secondary RNase H products is
inhibited. Thus, when assaying a blunt-end RNA‚DNA

hybrid in which the RT is physically unable to make the 9
NT secondary cut, there is still a strong preference of the
Y181C RT to make a 14 NT cut in addition to an 18 NT
cut, whereas the wild-type RT only makes an 18 NT cut.
We postulate that it is this tendency for the Y181C RT to
position toward the 5′ end of the RNA that leads to a
preference to produce secondary over primary RNase H
cleavage products. This hypothesis is further supported by
the finding that products resulting from cleavages in the
direction of the 3′ end of the RNA are not increased with
the Y181C RT. Thus, this mutant enzyme appears to have a
strong directional preference to position and cleave toward
the 5′ end of the RNA.

The effect of Y181C RT’s RNase H abnormality on viral
replication cannot be predicted with certainty. The fact that
Y181C RT also demonstrates a reduced affinity for nucleo-
tide substrate (54) complicates any attempt to correlate an
increase in the ratio of secondary to primary cleavage
products with the replication fitness of Y181C. Our previous
studies have demonstrated that, although Y181C HIV-1
replicates less well than wild-type virus, it clearly has an
improved replication fitness relative to other drug-resistant
mutants, such as V106A, which are associated with signifi-
cant reductions in the ratio of RNase H to polymerase
activities (54). It seems quite likely that a reduced affinity
for nucleotides would reduce the replication fitness of HIV-1
with the Y181C mutation. If an increase in the rate of
secondary RNase H cleavages by Y181C increased the
efficiency of reverse transcription (for example, by increasing
rates of minus strong stop DNA transfer), it may partially
overcome the negative impact of the mutant’s reduced
affinity for its nucleotide substrate. If an increase in the rate
of secondary RNase H cleavages reduces the efficiency of
reverse transcription, the magnitude of the effect is likely
modest, since Y181C replicates more efficiently than other
drug-resistant mutants and can readily emerge during natural
infection. Studies to address the effects of the Y181C
mutation on specific steps in reverse transcription are in
progress in our laboratories.

In summary, we have demonstrated that a common,
clinically occurring, drug-resistant mutant of HIV-1 alters
the ratio of secondary to primary RNase H cleavage products.
This finding is likely due to an increase in the rate of
secondary RNase H cleavages that results from a tendency
of the mutant enzyme to cleave toward the RNA 5′ end of
an RNA‚DNA hybrid. Potential consequences of this alter-
ation in cleavage preference could include increases in rates
of strand transfer and recombination. These findings have
important implications for HIV pathogenesis in humans
infected with this drug-resistant strain and may lead to the
development of strategies to selectively inhibit this mutant.
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