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Retroviral reverse transcriptases contain a DNA polymerase activity
that can copy an RNA or DNA template and an RNase H activity that
degrades the viral RNA genome during reverse transcription.
RNase H makes both specific and nonspecific cleavages; specific
cleavages are used to generate and remove the polypurine tract
primer used for plus-strand DNA synthesis and to remove the tRNA
primer used for minus-strand DNA synthesis. We generated mu-
tations in an HIV-1-based vector to change amino acids in the RNase
H domain that contact either the RNA and DNA strands. Some of
these mutations affected the initiation of DNA synthesis, demon-
strating an interdependence of the polymerase and RNase H
activities of HIV-1 reverse transcription during viral DNA synthesis.
The ends of the linear DNA form of the HIV-1 genome are defined
by the specific RNase H cleavages that remove the plus- and
minus-strand primers; these ends can be joined to form two-long-
terminal repeat circles. Analysis of two-long-terminal repeat circle
junctions showed that mutations in the RNase H domain affect the
specificity of RNase H cleavage.

HIV-1 reverse transcriptase (RT) is the virally encoded
enzyme that converts the single-stranded RNA genome

found in virions into double-stranded DNA. The conversion of
the RNA genome into DNA is accomplished through the
collaboration of the two enzymatic activities of RT: a DNA
polymerase that can use either RNA or DNA as a template and
an RNase H that cleaves RNA if (and only if) it is present in an
RNA�DNA duplex (reviewed in refs. 1–3). Both polymerase and
RNase H activities are required for the conversion of the RNA
genome into double-stranded DNA; mutations that inactivate
either the polymerase or RNase H block viral replication (4–7).

In vitro assays showed that polymerase and RNase H activities
of HIV-1 RT are interdependent (8–13). Both the polymerase
and RNase H domains of HIV-1 RT simultaneously contact the
nucleic acid substrate and contribute to the binding (and proper
positioning) of the nucleic acid. In in vitro assays, mutations in
the RNase H domain can affect polymerase activity (and vice
versa). We found that reducing RNase H activity by cotrans-
fecting a mixture of wild-type HIV-1 vector DNA and DNA
encoding HIV-1 vectors with mutations in the RNase H active
site reduced the efficiency of initiation of DNA synthesis (14).
On the basis of these observations, we wanted to determine
whether mutating amino acids that make specific contacts with
the nucleic acid substrate in the vicinity of the RNase H active
site would also affect the initiation of DNA synthesis and�or the
specificity of RNase H cleavage.

Reverse transcription requires that RNase H make both
specific and nonspecific cleavages. The process of reverse tran-
scription is shown schematically in Fig. 1 (reviewed in refs. 1 and
3). The RNase H cleavages that remove the tRNA primer, and
the cleavages that generate and remove the polypurine tract
(ppt) primer define the ends of the unintegrated linear viral
DNA that is the substrate for the integration reaction. HIV-1 RT
removes the tRNA one base from the RNA-DNA junction
(15–18); other retroviral RTs remove the entire tRNA (2).

Removal of the tRNA primer defines the right end of the viral
DNA; the generation and removal of the ppt primer defines the
left end of the viral DNA. If RNase H fails to remove either the
tRNA or the ppt primers, additional sequences will be present
at the ends of the viral DNA. Although retention of the primers
would interfere with integration, the presence of the primers
would not interfere with the strand-transfer reactions.

On the basis of the crystal structure of HIV-1 RT in complex
with an RNA-DNA template primer, we generated a series of
mutations in the HIV-1 RT RNase H primer grip [a network of
amino acids that contacts the primer strand near the RNase H
active site (19)] and in amino acids that contact the RNA
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Fig. 1. Reverse transcription of viral RNA. (i) Minus-strand DNA synthesis is
initiated from a tRNALys-3 primer (gray arrow) annealed to the pbs. (ii) The U5
and R regions of the viral RNA (thin line) are copied into DNA (thick line), and
the RNase H activity of RT degrades the viral RNA (the dotted line represents
degraded RNA). (iii) Minus-strand DNA can be transferred to the 3� end of the
viral RNA because of the complementarity of the viral RNA R region and the
minus-strand DNA. (iv) Minus-strand DNA elongation copies the RNA genome,
and the RNase H activity of RT degrades the viral RNA. The ppt is resistant to
RNase H cleavage and serves as the primer for plus-strand DNA synthesis. Two
specific cleavages by RNase H generate the ppt primer (arrowheads). (v)
Plus-strand DNA synthesis is initiated from the ppt and copies the U3, R, and
U5 regions of the minus-strand DNA. RNase H removes the tRNA primer 1 base
from the RNA�DNA junction and the ppt at the RNA�DNA junction (arrow-
heads). (vi) Plus-strand transfer occurs using the complementarity of the pbs
and the ends of the viral DNA. Extension of the plus- and minus-strands
complete the synthesis of the viral DNA. The ribonucleotide (rA) at the 5� end
of the minus strand is derived from the tRNA. HIV-1 RT removes the tRNA one
base from the RNA-DNA junction (15–18); other retroviral RTs remove the
entire tRNA (2). (vii) The structure of full-length viral DNA.
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template near the RNase H active site (Fig. 2). The idea that the
RNase H primer grip plays a critical role in how RT interacts
with its nucleic acid substrate is supported by data that show that
contacts with the DNA primer strand are similar in HIV-1 RT
in complexes with RNA-DNA and DNA-DNA template primers
(19–21). If these mutations alter the positioning of the nucleic
acid relative to the polymerase active site or the RNase H active
site, this could, in turn, affect DNA synthesis and�or induce
alterations in the RNase H cleavages. Altering RNase H cleav-
ages could affect the proper removal of the tRNA and the
generation and removal of the ppt primer. For the mutants
tested, the decrease in titer was due primarily to a decrease in the
efficiency of the initiation of viral DNA synthesis. We also tested
the effects of these mutations on the specificity of RNase H
cleavages by monitoring the sequences at the ends of the viral
genome (22).

The two-long-terminal-repeat (2-LTR) circles arise from the
joining of the ends of unintegrated viral DNA, presumably by
host cell ligases (23). The 2-LTR circles derive from the portion
of viral linear DNA that fails to integrate; linear DNAs with
abnormal ends are not good substrates for integration and are
more likely to be converted into circular DNA. Because we are
particularly interested in viral DNAs with abnormal ends, this
enrichment should be helpful. As a surrogate for the ends of the
viral DNA, we analyzed the 2-LTR circle junction sequences
derived from cells infected with wild-type virus and viruses with
mutations in the RNase H primer grip that displayed moderate
(5- to 10-fold) reductions in virus titer by using an HIV-1 vector
that undergoes a single replication cycle. Samples derived from
cells infected with mutant viruses displaying moderate decreases
in virus titer had a significantly larger proportion of aberrant
circle junctions than samples derived from the cells infected with
the wild-type virus. In vitro analysis showed that some of the
mutations affect the specificity of the RNase H cleavage; these

cleavage defects can explain the genesis of some of the aberrant
2-LTR circle junctions.

Materials and Methods
Site-Directed Mutagenesis. The Asp718 to SalI fragment of
pNLNgoMIV R�E�.HSA was cloned into the plasmid KS
(Stratagene) (14). Mutations in the RNase H primer grip were
generated by using the Quick-Change mutagenesis kit (Strat-
agene) and confirmed by DNA sequencing.

Cells. Human embryonic kidney cell line 293 was obtained from
American Type Culture Collection. Human osteosarcoma cell
line HOS was obtained from Richard Schwartz (Michigan State
University, Lansing, MI). 293 and HOS cells were maintained as
previously described (14).

Determination of Virus Titer. Virus was produced by pseudotyping
the pNLNgoMIVR�E�.HSA vectors with the VSV-g envelope
glycoprotein (expressed from pHCMV-g; obtained from Jane
Burns, University of California, San Diego). The vector under-
goes only a single cycle of replication. Virus titers were deter-
mined as previously described (14).

Analysis of 2-LTR Circle Junctions. 293 cells were transfected with 5
�g of pNLNgoMIVR�E�.HSA vector and 3 �g of pHCMV-g by
the calcium phosphate method. The 48-h supernatants were
harvested and used to infect HOS cells plated at 1 � 106 cells per
100-mm-diameter plate on the day before infection. The super-
natants were left on the cells for 4 h, then fresh medium was
added to the cells. Thirty-six hours after infection, the total DNA
was isolated by the QIAamp DNA Blood Mini kit (Qiagen,
Chatsworth, CA). The 2-LTR circle junctions were amplified in
100-�l reactions by using an upstream oligonucleotide that
anneals near the RU5 junctions and a downstream oligonucle-
otide that anneals to the U3 region of the LTR. The sequence
of the upstream primer was 5�-CGATGAATTCGCTAAC-
TAGGGAACCCACTGCT-3�; the sequence of the downstream
primer was 5�-GCCATTCTAGAGTTCTCTCCTTTATTG-
GCCTC-3�. Each PCR sample contained 9 �l of total DNA, 90
�l of Platinum PCR Supermix (Invitrogen), and 0.5 �l of
upstream and downstream primers (final concentration of 100
nM for each primer). The size of the PCR product was approx-
imately 350 bp, and the fragment was flanked by EcoRI and XbaI
sites that were introduced by the PCR primers. The PCR product
was digested with EcoRI and XbaI and cloned into the plasmid
SK (Stratagene). Clones containing 2-LTR circle junctions were
analyzed by digestion with restriction enzymes and DNA
sequencing.

Determination of DNA Copy Number by Real-Time PCR. Real-time
PCR was used to determine the effects of mutations on DNA
synthesis, as previously described (14).

Results and Discussion
Effects of RNase H Mutations on Viral Titer. Mutations were made
that substitute alanines for amino acids in the RNase H primer
grip (T473, I505, K476, Q475, Y501) and in the amino acids that
contact the RNA template near the RNase H active site (R448,
N474, Q475, Q500). One mutant is in both groups: Q475
contacts both the RNA and DNA strands (Fig. 2). The mutations
were introduced into an HIV-1-based vector system that was
limited to single round of replication (Fig. 3A; ref. 14) and tested
for their effects on viral titer (Fig. 3B). T473A abolished
replication, R448A and I505A had no discernible effect on titer;
and N474A, K476A, and Q500A reduced the titer less than
2-fold. Q475A, Y501A, and the N474A � Q475A double mu-
tation reduced the titer 5- to 10-fold.

All of the single mutations that had significant effects on

Fig. 2. Stereo diagram showing the structure of the RNase H primer grip. The
RNA template strand is shown in turquoise, the DNA primer strand, in purple.
The scissile phosphate is designated with a red arrow pointing to the phos-
phate. The RNase H domain is shown in orange; the connection subdomain is
in yellow. Amino acids contacting the nucleic acid are labeled. Amino acids
that were not mutated are labeled in black. Amino acids that had minimal
(�2-fold) effects on titer when converted to alanine are labeled in green.
Amino acids where alanine substitutions had a moderate (�5-fold) or strong
effect on titer are labeled in blue. Contacts between individual amino acids
and the RNA template are shown in black, contacts with the DNA primer are
shown in red. Most of the contacts are shown as dotted lines; contacts with
Q475 (which contacts both strands) are shown as solid lines. The nucleic acid
strands are numbered relative to the site of cleavage on the RNA strand.
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replication (T473A, Q475A, and Y501A) are located in the
RNase H primer grip and contact the DNA primer relatively
close to the RNase H active site at positions �4 or �5. [The
numbering of the DNA positions relative to the RNA is affected
by mispairing in the ppt (19).] However, Q475 also contacts the
RNA strand (at �1 and �2). In each case, the alanine substi-
tution changes the nature of the amino acid in a fashion expected
to disrupt the interaction with the nucleic acid. In contrast,
alanine substitutions at R448, N474, and Q500 had little or no
effect on viral titer. These amino acids contact the RNA
template, rather than the DNA primer. These data suggest that,
in the vicinity of the RNase H active site, the DNA contacts may
be more important for infectivity than the RNA contacts. I505
contacts the phosphate between �5 and �6 on the DNA primer;
however, the I505A substitution may not have perturbed the
nature and size of the amino acid sufficiently to produce a
significant effect on viral replication. K476 contacts the phos-
phate between �4 and �5 on the DNA primer. The K476A
substitution did change the nature of the amino acid but had only
a small (less than 2-fold) effect on replication.

Effects of the Y501A Mutation and the N474A � Q475A Double
Mutation on Viral DNA Synthesis. Viral DNA synthesis was moni-
tored in cells infected with mutants that had a significant effect
on viral titer (Y501A and N474A � Q475A). Analysis of the viral
DNA showed that Y501A and N474A �Q475A reduced the
efficiency of DNA synthesis (Fig. 4). During the first step of
reverse transcription, the R and U5 regions of the viral RNA are
copied into minus-strand DNA. To monitor the initiation of
DNA synthesis, we measured the amount of RU5 DNA synthe-
sized by real-time PCR (Fig. 4). The effects of the primer grip
mutations on the initiation of DNA synthesis were similar to the
effects of the mutations on virus titer (Fig. 3B). To measure the
first-strand transfer, the level of RU5 DNA was compared with
the level of U3 DNA (see Fig. 1). The Y501A mutation caused
a small reduction in the relative amount of U3 DNA compared
with the wild-type virus; this suggests that the mutation may have
a modest effect on first-strand transfer. Measuring the level of
gag specific DNA sequences monitors elongation; measuring the
level of DNA spanning the primer-binding site (pbs) region
measures plus-strand DNA transfer. Y501A had no measurable

effects on minus-strand elongation or on second-strand transfer.
The N474A � Q475A double mutant had no measurable effect
on first- or second-strand transfer (Fig. 4).

In vitro analysis suggested that the initiation of viral DNA
synthesis is a difficult step for HIV-1 RT (24, 25). Previous
experiments in cell culture with viruses derived by transfecting
mixtures of a wild-type vector and a vector containing the RNase
H active site mutation E478Q mutation showed that decreasing
the level of RNase H activity significantly reduced the initiation
of viral DNA synthesis (14). Mutations in the RNase H domain
that contact the RNA or DNA strands could perturb the
interactions of RT with its nucleic acid substrate, which could
affect both RNase H and polymerase activity. Taken together,
the available data suggest that the initiation of HIV-1 viral DNA
synthesis is a difficult step in vivo as well as in vitro. Minus-strand
DNA synthesis is initiated on an RNA�RNA duplex. Because an
RNA�RNA duplex will assume an A-form structure, it may be
difficult for the enzyme to bend an RNA�RNA duplex to form
a structure similar to that found in DNA�DNA and RNA�DNA
duplexes bound to HIV-1 RT (19–21). Bending an RNA�RNA
duplex may require contacts in both the polymerase and RNase
H domains; loss of contacts in either domain could affect the
initiation of reverse transcription. Mutations that reduced the
initiation of viral DNA synthesis in vivo (Y501A and N474A �
Q475A) were tested to determine whether they would reduce the
initiation of DNA synthesis in vitro using a 32P-end-labeled
tRNALys-3 primer annealed to a 105-nt pbs RNA derived from
the HXB2 strain of HIV-1. No measurable effect was seen
however the in vitro assays were done in the absence of nu-
cleocapsid and may not have been sensitive enough to show a
defect (22).

Analysis of 2-LTR Circle Junctions As a Surrogate for the Ends of the
Viral DNA. Approximately 100 clones were sequenced from cells
infected with the wild-type vector, for a vector with reduced
RNase H activity (produced by cotransfection of wild-type
vector DNA and vector DNA encoding the RNase H active site
mutation E478Q), and for the RNase H primer grip mutants
displaying a 5- to 10-fold decrease in titer. For each experiment,
clones were derived from at least two independent PCR reac-
tions. In all cases, the independent PCR reactions gave similar
sets of aberrant 2-LTR circle junctions. Of the 2-LTR circle
junctions derived from infection with the wild-type vector, the

Fig. 3. (A) The HIV-1 vector pNLNgoMIVR�E�.HSA expresses the murine cell
surface marker CD24 (heat-stable antigen, HSA) from the nef ORF. The env and
the vpr genes have been inactivated. The drawing is not to scale. (B) The effect
of mutations in the RNase H domain on virus titer. The relative infectivity of
the mutants, normalized to the p24 concentration, is shown on the y axis and
the mutants are shown on the x axis.

Fig. 4. Viral DNA synthesis by RNase H mutants. The amount of viral DNA
synthesized by the RNase H primer grip mutants relative to wild-type is shown
on the y axis. The virus used to infect cells is indicated on the x axis the different
steps of reverse transcription that were monitored are shown by the differ-
ently shaded bars, as designated in the figure key. The amount of virus used
for the infections was measured by using a p24 ELISA. The copy numbers of
different products measured for the different steps of reverse transcription
for wild-type virus were 6 � 105 copies of RU5 specific DNA, 5 � 105 copies of
U3 specific DNA, 4 � 105 copies of gag-specific DNA, and 2 � 105 copies of DNA
specific for plus-strand transfer.
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fraction that had the consensus sequence was 0.60. This number
is similar to results reported previously for HIV-1 where the
fraction of correct 2-LTR circle junctions was reported to be 0.59
(10�17, ref. 26) and 0.85 (22�26, ref. 8). A similar frequency of
correct 2-LTR junctions was also reported for wild-type Molo-
ney murine leukemia virus (70 of 91, ref. 27); our results with the
HIV-1 vector system are similar to the results obtained using
replication competent retroviruses.

We first measured the effects of reducing RNase H activity on
the sequences at the ends of the viral DNA. Alterations at the
circle junctions could be caused either by a reduction in the level
of RNase H activity or by changes in the specificity of RNase H
cleavage. To distinguish between these possibilities, we deter-
mined the effects of decreasing RNase H activity by cotrans-
fecting a mixture of wild-type vector DNA and vector DNA
encoding RT with the RNase H active site mutation E478Q.
Reducing the level of RNase H activity by approximately 90%
(transfecting a 1:9 mixture of wild-type and mutant DNA)
reduced the titer about 5-fold (14), similar to the reduction in
titer caused by the RNase H primer grip mutations that were
chosen for analysis. The initiation of DNA synthesis was de-
creased in the virions with reduced RNase H activity (14), which
is similar to the effect on initiation by the Y501A and N474A �
Q475 mutants. Reducing RNase H activity approximately 10-
fold had a relatively small effect on the fraction of consensus
circle junctions (Fig. 5, line i); however, there was a shift in the
pattern of aberrant forms relative to wild-type virus. There was
a significant increase in the number of tRNA sequences seen at
the circle junction (Fig. 5, line v), suggesting that tRNA removal
is sensitive to the overall level of RNase H activity. However,
reducing the level of RNase H activity did not significantly affect
the number of ppt sequences inserted at the 2-LTR circle
junction.

Two specific cleavages are required to generate the normal ppt
primer; a third cleavage is required to remove the primer.
Reducing the RNase H activity could interfere with any or all of
these cleavages. There was no obvious difference in the number
of simple ppt sequences (i.e., ppt-derived sequences without any
flanking sequences) inserted at the 2-LTR circle junction when
RNase H activity was reduced approximately 10-fold; this result
suggests that a minimal amount of RNase H activity is sufficient
to accurately remove the ppt primer. A simple ppt insert could
also be generated if the enzyme failed to cleave at the ppt�U3
junction but did cleave at the junction of the ppt and a run of
uracils immediately upstream of the ppt (U-tract) and then used
the 3� end of the U-tract RNA as the plus-strand primer (Fig. 6).
That there was no increase in the number of simple ppt inserts
suggests that these events do not occur when the RNase H
activity is reduced.

Reducing the level of RNase H activity did lead to the
generation of ppt inserts with long (�100 bp) flanking sequences
(Fig. 5). These inserts could arise in two ways: (i) by the initiation
of plus-strand DNA synthesis on some upstream RNA primer
(not the ppt), which might happen if the cleavages that normally
lead to the generation of the ppt primer did not occur; or (ii) by
plus-strand initiation from a long ppt primer, which could arise
by a failure to cleave at the U-tract�ppt junction. Taken together,
the tRNA and ppt insertion data suggest that reducing the level
of RNase H activity affects the ability of the enzyme to make
some of the specific cleavages it normally makes but does not
cause a significant increase in aberrant cleavages near the
normal cleavage sites used to generate the ppt primer.

The Y501A and N474A � Q475A RNase H Primer Grip Mutants Have
Altered RNase H Cleavage Specificity. The circle junctions derived
from infection with vectors containing the mutant enzymes had
more inserts containing ppt sequences than did the circle
junctions derived from infection with the wild-type vector or the

phenotypically mixed vector with reduced RNase H activity
[WT � E478Q (Fig. 5, lines ii–iv)]. This comparison suggests that
the mutants have difficulty removing the ppt primer that is not
simply a matter of having reduced RNase H activity. In vitro
analysis has also shown that the mutant enzymes were less
efficient than the wild-type enzyme in their ability to remove a
ppt primer from a model substrate; in an in vitro ppt primer
removal assay, the Y501A mutant was particularly deficient (22).
The RNase H primer grip mutants also generated 2-LTR circle
junctions with ppt inserts containing a short f lanking sequence.
Inserts of this type were not seen in the circle junctions derived
from infections with the wild-type vector or the vector with
reduced RNase H activity (WT � E478Q).

Fig. 5. Frequency of different classes of 2-LTR circle junctions. 2-LTR circle
junctions were analyzed from cells infected with the wild-type vector (WT),
vector with reduced RNase H activity (WT � E478Q), and vectors containing
the RNase H primer grip mutations Q475A, Y501A, and N474A � Q475A. At
the top is a schematic diagram of the unintegrated viral DNA. The pbs is shown
in navy blue, the viral leader sequence 3� of the pbs is shown in light blue, the
region 5� of the ppt is shown in gray, the U-tract is red, and the ppt is in green.
The drawing is not to scale. (i) The consensus 2-LTR circle junction arising from
the ligation of the ends of unintegrated viral DNA. The underlined T is derived
from the ribonucleotide A at the 3� end of the tRNALys-3 primer used for
minus-strand DNA synthesis. (ii) ‘‘Simple’’ ppt insertions (green box) that
contain part or all of the ppt but no upstream flanking sequences. This class of
defective circle junctions may also contain deletions in the U5 region. (iii)
Insertion of the ppt (green box) along with short flanking sequences (adjacent
red box) immediately upstream of the ppt. These flanking sequences are 1–5
bp in length and are probably caused by improper cleavages by RNase H (see
Fig. 6 and Results and Discussion). (iv) Insertion of the ppt with long flanking
sequences (gray box) upstream of the ppt. This class of inserts may also include
deletions in the U5 region. (v) Insertions of part of the tRNA Lys-3 sequences
(blue box) at the 2-LTR circle junction. Only a portion of the tRNA is reverse
transcribed and inserted; this portion corresponds to the tRNA sequences that
anneal to the pbs. This class of defective circle junctions may also include
deletions in the U3 region. (vi) Insertion of tRNA (navy blue box) and viral
leader sequence from downstream of the pbs (light blue box). During reverse
transcription, plus-strand DNA synthesis is initiated from the ppt primer and
copies both the minus-strand DNA and the portion of the tRNA primer that
hybridizes to the pbs (Fig. 1). Normally, this plus strand is transferred to the
minus strand after the tRNA is removed (see Fig. 1). However, if RNase H fails
to remove the tRNA primer before the plus strand is extended a second time
to complete the synthesis of viral DNA, the tRNA can be copied a second time.
If this happens, the DNA could undergo another strand-transfer reaction, and
RT could then copy the adjacent sequences on the leader, which could be
captured at the circle junction. This class of defective circle junctions may also
include deletions in the U3 region. (vii) Small deletions (1–5 bp) at the circle
junction in the U3, U5, or both U3 and U5 (white to black gradation). (viii)
Large deletions in the U5, the U3 or both U5 and U3 (white to black box
overlapping the circle junction). (ix) Insertions (yellow box) at the 2-LTR circle
junction that do not come from either the ppt or the tRNA primer. (x)
Deletions with insertions that do not derive from the ppt or the tRNA primer.
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Changes in the Cleavage Specificity of the Primer Grip Mutants in the
U-Tract and U3 Explain Many of the Aberrant 2-LTR Circle Junctions.
Miscleavage within the U-tract or just 5� of the U-tract would,
if the resulting ppt primer was retained, lead to an insertion at
the circle junction containing part or all of the U-tract [which
would, in the circle junction, appear as a T-tract (Fig. 6)].
Insertion of ppt sequences with a short f lanking sequence,
including part or all of the T-tract, was not observed in circle
junctions derived from infections with the wild-type vector or the
infections from the vector stock with reduced RNase H activity
(WT � E478Q) (Fig. 5). However, this type of insertion was
observed once for samples from infection with Q475A, and
several times with samples from Y501A and N474A � Q475A.

The fact that insertions of this type were not seen when the
RNase H activity was reduced suggests they are caused by an
alteration in RNase H specificity and not by an alteration in the
level of activity.

If there was an alteration in the specificity of cleavage such
that RNase H would cleave within U3 instead of at the ppt�U3
junction, and the aberrant ppt primer was removed, a small
deletion would be generated in U3 (Fig. 5, line vii, and Fig. 6).
If the mechanism for generating the U3 deletions is miscleavage
in U3, there should be no corresponding increase in U5 dele-
tions. Most other mechanisms that would lead to an increase in
U3 deletions (a failure to complete DNA synthesis for example)
would probably cause deletions in both U3 and U5. In the circle
junctions derived from infection with the wild-type virus, there
were more junctions with a 1-bp deletion in U5 than in U3 (Table
1). There were a modest number of 2- to 5-bp deletions; however,
for the wild-type vector, the frequency of 2- to 5-bp deletions was
approximately the same in U3 and U5. Reducing the level of
RNase H activity may have caused a slight increase in the 2- to
5-bp deletions in U3; if so, the effect was small. By contrast, both
the Y501A mutation and the N474A � Q475A double mutation
caused a dramatic increase in the number of 2- to 5-bp deletions
in U3; neither caused a corresponding increase in the 2- to 5-bp
deletions in U5. If anything, the Q475A mutation decreased the
number of 1- and 2- to 5-bp deletions in U3; the Q475A mutation
has more modest effects both on viral titer and on the number
of consensus circle junctions than the other two mutants (Y501A
and N474A � Q475A)

The mutants have also been tested for their ability to cleave
at the ppt�U3 junction in vitro (22). The wild-type enzyme
cleaved preferentially at the junction but also produced some
cleavages in the adjacent residues. The three mutants were able
to cleave at the junction; however, they were less specific than
wild-type RT. All of the mutant enzymes cleaved more exten-
sively in the U3 region adjacent to the ppt; if such cleavages in
U3 occurred during viral replication, they would generate small
deletions in U3 that would be exactly like those we observed in
infections with the vector containing Y501A or N474A �
Q475A. The Q475A mutation did not generate deletions of this
type in our 2-LTR circle junction assay; however, as has already
been mentioned, Q475A had a smaller effect on titer and on the
circle junction sequences than did Y501A or the N474A �
Q475A double mutation. The ppt insertion and U3 deletion data

Fig. 6. Miscleavages by RNase H lead to insertions of short flanking se-
quences 5� of the ppt and to small deletions in the U3 region. (Top) The
RNA�DNA duplex containing the ppt (green lettering). Wild-type RT cleaves at
the U-tract�ppt junction (black arrow) and at the ppt�U3 junction (gray arrow)
to generate the normal ppt primer used for plus-strand DNA synthesis. Mis-
cleavage (orange arrow) in the U-tract (orange lettering) can lead to the
insertion of flanking sequences if the ppt is retained. Miscleavage in U3 (blue
arrow) generates an incorrect ppt primer, which, if it is removed by RNase H,
creates a 5-bp deletion in U3.

Table 1. Fraction of small deletions in U3, U5, or both U3 and U5 at the 2-LTR circle junction

Size of
deletion, bp

Wild type
Reduced
RNase H Q475A Y501A

N474A
� Q475A

U5 U3 U5 U3 U5 U3 U5 U3 U5 U3

1 0.07 0.01 0.01 0.01 0.03 0.04 0.01 0.04 0.01
2 0.02 0.01 0.01 0.02 0.04 0.05
3 0.01 0.02 0.01 0.02 0.08
4 0.01 0.02
5 0.07 0.02 0.08

Deletion in U5 0.01 0.01 0.07 0.02
and U3, bp

(1) 1 1 (1) 1 1 (2) 1 1 (2) 1 1
(4) 1 4

The top portion of the table provides additional information about the circle junctions that have short
deletions in U3 or U5 at the 2-LTR circle junction. The size of the deletion is shown on the left-most column, and
the samples that the clones were derived from are shown in the columns on the right. The frequency of deletions
that were not observed (left empty) are �0.01. The bottom portion of the table shows the frequency of samples
containing deletions in both U3 and U5. The frequency of each class of deletion is shown in parentheses, and the
sizes for each of the U3 and U5 regions are shown.
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suggest that the Y501A mutation, the N474A � Q475A double
mutation, and possibly the Q475A mutation cause miscleavages
during viral replication, both at the U-tract�ppt junction and at
the ppt�U3 junction. Infection with a virus carrying the
N474A � Q475A double mutation clearly gave rise to many
more defective 2-LTR circle junctions than did infection with
virus carrying only Q475A. This shows that N474A does have a
role in determining the specificity of RNase H cleavage. How-
ever, the fact that the effect of the Q475A mutation on viral titer
and the initiation of DNA synthesis is nearly as great as the
N474A � Q475A double mutant also suggests that the role of
N474A in these processes is not as important as its role in
determining RNase H specificity.

Taken together, the data provide a link that connects the
structural analysis of HIV-1 RT to its role in the replication of
the viral genome. There are amino acids in the RNase H domain
that contact the nucleic acid and, in so doing, contribute to the
specificity of RNase H cleavage both in vitro (22) and in vivo (this
report). The in vivo analysis of the effects of the mutations in

RNase H also reinforces the importance of the interdependence
of the two domains of RT. There are considerable in vitro data
to support the idea that appropriate interaction between the
enzyme and its nucleic acid substrate depends critically on
contacts between the nucleic acid and the protein in both the
polymerase and RNase H domains. Because of this interdepen-
dence, altering amino acids in RNase H domain affects both the
initiation of viral DNA synthesis and the specificity of RNase H
cleavage in vivo.
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