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Successful generation, extension, and removal of the plus-strand primer is integral to reverse transcription.
For Moloney murine leukemia virus, primer removal at the RNA/DNA junction leaves the 3� terminus of the
plus-strand primer abutting the downstream plus-strand DNA, but this 3� terminus is not efficiently reutilized
for another round of extension. The RNase H cleavage to create the plus-strand primer might similarly result
in the 3� terminus of this primer abutting downstream RNA, yet efficient initiation must occur to synthesize the
plus-strand DNA. We hypothesized that displacement synthesis, RNase H activity, or both must participate to
initiate plus-strand DNA synthesis. Using model hybrid substrates and RNase H-deficient reverse transcrip-
tases, we found that displacement synthesis alone did not efficiently extend the plus-strand primer at a nick
with downstream RNA. However, specific cleavage sites for RNase H were identified in the sequence immedi-
ately following the 3� end of the plus-strand primer. During generation of the plus-strand primer, cleavage at
these sites generated a gap. When representative gaps separated the 3� terminus of the plus-strand primer
from downstream RNA, primer extension significantly improved. The contribution of RNase H to the initiation
of plus-strand DNA synthesis was confirmed by comparing the effects of downstream RNA versus DNA on
plus-strand primer extension by wild-type reverse transcriptase. These data suggest a model in which efficient
initiation of plus-strand synthesis requires the generation of a gap immediately following the plus-strand
primer 3� terminus.

Shortly after entrance of the viral cores into the cytoplasm of
a cell, the single-stranded plus-sense RNA genome of a retro-
virus is converted into a double-stranded DNA molecule that
subsequently integrates into the host cell genome (4). This
process, termed reverse transcription, requires two distinct
RNA primers to synthesize the double-stranded DNA. The
first primer is a host cell-derived tRNA that is used for the
initiation of minus-strand DNA synthesis. The second is a
short RNA derived by RNase H cleavages within a purine-rich
sequence in the viral genome called the polypurine tract
(PPT). This primer is used to begin plus-strand synthesis and is
referred to as the plus-strand primer or the PPT primer (ref-
erence 2 and references therein).

These RNA primers are extended by the viral-encoded re-
verse transcriptase, a multifunctional enzyme that carries out
DNA polymerization, strand displacement synthesis, and the
strand transfer reaction and that possesses an RNase H activity
required at several steps during genome replication (4). The
DNA polymerase activity of reverse transcriptase resides in the
N-terminal two-thirds of the protein and utilizes either RNA
or DNA as a template. Although displacement synthesis is not
as efficient as nondisplacement synthesis (13, 15, 25, 43), re-
verse transcriptase can simultaneously extend the 3� terminus
of a DNA primer and displace a downstream nontemplate
RNA or DNA strand, a function vital to complete reverse
transcription. Previous studies have demonstrated that reverse
transcriptase can access a 3� primer terminus and initiate DNA

and RNA displacement synthesis at a single-strand break or
nick (21, 25, 43).

The RNase H activity of reverse transcriptase comprises the
C-terminal one-third of the protein and cleaves RNA in an
RNA-DNA hybrid (3). RNase H effectively degrades the RNA
template both during and after minus-strand synthesis to facil-
itate strand transfer and plus-strand synthesis. Biochemical
studies have shown that polymerization-dependent RNase H
cleavages take place concomitant with DNA synthesis, are
positioned by the polymerase domain, and occur in the RNA
template strand 15 to 20 nucleotides (nt) from the DNA 3�
terminus (16, 17, 24). However, the polymerization-dependent
form of RNase H activity is not sufficient to eliminate all RNA
from the minus-strand DNA (6, 9, 10, 24).

The polymerization-independent form of RNase H activity
cleaves RNA in the absence of any DNA synthesis. These
RNase H cleavages can be positioned by the polymerase do-
main of reverse transcriptase binding to either a recessed DNA
3� end on a longer RNA strand or a recessed RNA 5� end on
a longer DNA strand (5, 7, 8, 16, 24, 35). In the latter case,
cleavages are referred to as 5�-end directed and generally oc-
cur about 15 to 20 nt from the RNA 5� end. Recently, it has
been proposed that primary 5� end-directed cleavages are fol-
lowed by two additional types of RNase H cleavages that ap-
pear to occur independent of other cleavages and with equal
probability (46–48). These sequence-independent cleavages
were classified either as secondary cuts that occur 7 to 10 nt
from the RNA 5� end or as 5-nt cuts that occur 4 to 7 nt from
the RNA 3� end.

The polymerization-independent form of RNase H activity
can also cleave hybrids internally without positioning by an
RNA 5� end or a DNA 3� end. An example is the generation of
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the PPT primer: RNase H efficiently generates the 3� end of
the PPT primer by a specific cleavage within the PPT at the
plus-strand origin, herein referred to as the �1/�1 site. Im-
portantly, this RNase H cleavage is sequence specific and can
occur internally on an RNA-DNA hybrid without 5� end-di-
rected binding (14, 37). Sequence recognition directly contrib-
utes to RNase H specificity for at least two other sites as well.
After plus-strand and minus-strand DNA syntheses have initi-
ated, RNase H removes both the PPT primer and the tRNA
primer at or near the RNA/DNA junctions (3). Other internal
and potentially sequence-specific RNase H cleavage sites in
the RNA genome have been observed but not characterized
(26).

When RNase H removes the PPT primer from plus-strand
DNA during reverse transcription, the 3� end of the PPT
primer is followed immediately by the 5� end of the newly
synthesized downstream DNA, which presents an interesting
substrate for reverse transcriptase. Despite the ability of re-
verse transcriptase to carry out DNA displacement synthesis at
a nick (21, 25, 43), the PPT primer is not efficiently reutilized
for additional plus-strand synthesis (19, 37). A similar situation
might arise when RNase H creates the PPT primer if RNase H
were to make only a single cleavage at the �1/�1 site. This
would offer reverse transcriptase a nick with the 3� end of the
PPT primer abutting downstream RNA as a substrate to initi-
ate plus-strand DNA synthesis. Although numerous studies
have addressed utilization of the PPT primer (3, 14, 18, 19, 22,
33, 34), none have considered the effect of extension at a nick
with downstream RNA. In this report, we have used the re-
verse transcriptase of Moloney murine leukemia virus (M-
MuLV) to ask whether displacement synthesis is sufficient to
initiate plus-strand synthesis or whether further RNase H
cleavages might facilitate extension of the PPT primer. The
results of these experiments offer insights into how M-MuLV
reverse transcriptase initiates plus-strand synthesis.

MATERIALS AND METHODS

Enzymes. Recombinant wild-type M-MuLV reverse transcriptase, calf intesti-
nal alkaline phosphatase, and T7 DNA polymerase (Sequenase version 2.0 [a
modified form of phage T7 DNA polymerase lacking 3� to 5� exonuclease activ-
ity]) were purchased from Amersham Pharmacia Biotech. Superscript (RT�H)
and Superscript II (H� RT) were obtained from Invitrogen. T4 DNA polymer-
ase, T4 polynucleotide kinase, T4 DNA ligase, and all restriction endonucleases
were purchased from New England Biolabs.

Oligonucleotides. RNA oligonucleotides were obtained from Oligos Etc.,
DNA oligonucleotides were purchased from Invitrogen, and all oligonucleotides
were gel purified prior to use. The cleavage site that generates the 3� terminus of
the PPT primer is located on the plus-sense M-MuLV genome between positions
7815 and 7816 (39), which are designated as the �1 and �1 positions, respec-
tively, in this study. The sequences, names, and positions of oligonucleotides and
RNAs used are shown in Fig. 1. The names and sequences of DNA template
strands are as follows: template 2, 5�-GTGGGGTCTTTCATTCCCCCCTTTT
TCTGGAGACTAAATAAAATCTTTTATTTTATCTATGGCTCGTACGAG
CTCCCGA-3�; template 2A, 5�-AGGTGGGGTCTTTCATTCCCCCCTTTTTC
TGGAGACTAAATAAAATCTTTTATTTTATCTATGGCTCGTACGAGCT
CCCGA-3�; template 2B, 5�-TACAGGTGGGGTCTTTCATTCCCCCCTTTTT
CTGGAGACTAAATAAAATCTTTTATTTTATCTATGGCTCGTACGAGC
TCCCGA-3�; template 2C, 5�-CCAAACCTACAGGTGGGGTCTTTCATTC
CCCCCTTTTTCTGGAGACTAAATAAAATCTTTTATTTTATCTATGG
CTCGTACGAGCTCCCGA-3�; template 5, 5�-ACAGGGACTTGAAAGCCC
CCCTTTTTCTGGAGACTAAATAAAATCTTTTATTTTATCTATGGCTCG
TACGAGCTCCCGA-3�; and template 5B, 5�-ACAGGGACTTGAAAGCT
CATTCCCCCCTTTTTCTGGAGACTAAATAAAATCTTTTATTTTATCT
ATGGCTCGTACGAGCTCCCGA-3�.

Preparation of PPT62 and 79-nt MLV RNAs. To prepare the transcription
template for PPT62, the 62-nt RNA, a 70-mer DNA oligonucleotide
(5�-AATTCGTCTCACCCCCCTTTTTCTGGAGACTAAATAAAATCTTTT
ATTTTATCTATGGCTCGTACGAGCT-3�) was annealed to a 62-mer DNA
oligonucleotide (5�-CGTACGAGCCATAGATAAAATAAAAGATTTTATTT
AGTCTCCAGAAAAAGGGGGGTGAGACG-3�) in 10 mM Tris-HCl (pH
7.5)–10 mM MgCl2–50 mM NaCl by heating to 90°C for 5 min and then slowly
cooling to room temperature. The resulting duplex DNA was inserted into
EcoRI- and SacI-digested pGEM9Zf(�) (Promega) to generate plasmid pGEM-
BsmBI. Using the T7 MEGAshortscript kit (Ambion, Inc.) to generate the
PPT62 RNA, which begins at the 5� end with 8 nt (5�-GGGAGCUC-3�) of
plasmid-derived sequence followed by 54 nt of M-MuLV sequence from posi-
tions �54 through �1 (39), the pGEM-BsmBI plasmid was linearized by BsmBI
and transcribed in vitro by T7 RNA polymerase. Using the 19-mer DNA oligo-
nucleotide (5�-TCGGGAGCTCGTACGAGCC-3�) for first-strand synthesis and
the 32-mer DNA oligonucleotide (5�-GGAATTCGTCTCAAGGTGGGGTCT
TTCATTCC-3�) for second-strand synthesis, the M-MuLV sequence from po-
sitions 7762 to 7831 (39) was amplified by PCR from template 2A to prepare the
transcription template for the 79-nt MLV RNA. After digestion with EcoRI
and SacI, the PCR product was introduced into EcoRI- and SacI-linearized
pGEM9Zf(�). The resulting plasmid was linearized with BsmBI and transcribed
in vitro as described above to generate the 79-nt MLV RNA, which begins at its
5� end with the same 8 nt as PPT62 and ends at position �17.

In vitro-transcribed RNAs were purified by electrophoresis through 15% de-
naturing polyacrylamide gels, visualized by UV shadowing, and removed from
gel slices by elution into TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA).
The eluates were precipitated in 0.3 M sodium acetate (pH 5.2) with 2 volumes
of 100% ethanol and resuspended in TE buffer. The 5� triphosphate was re-
moved by incubation with calf intestinal alkaline phosphatase in 50 mM Tris-HCl
(pH 7.5)–10 mM MgCl2 for 60 min at 37°C, the RNA was recovered by extraction
with phenol and chloroform and was ethanol precipitated, and concentrations
were determined by UV spectroscopy.

5�- and 3�-end labeling of RNAs. Using 5 to 10 pmol of [�-32P]ATP (NEN Life
Science Products) (3,000 Ci/mmol) as described previously (37, 38) for 5�-end
labeling, 10 pmol of phosphatase-treated RNA was labeled in 20-�l reaction
mixtures. After labeling, 5� end-labeled 79-nt RNA was gel purified. For 3�-end
labeling, 10 pmol of 79-nt MLV RNA was annealed to 20 pmol of template 2B
in 25 mM Tris-HCl (pH 8.0)–200 mM NaCl by heating to 90°C for 3 min, slowly
cooling to room temperature, and precipitating with ethanol and 2 �g of glyco-
gen. The resulting hybrid contained a single-stranded extension with the se-
quence CAT-5� and was incubated with T7 DNA polymerase and [�-32P]dGTP
(NEN Life Science Products) (3,000 Ci/mmol) in 20 �l of extension buffer (50
mM Tris-HCl [pH 8.0], 50 mM KCl, 6 mM MgCl2, 5 mM dithiothreitol) at 37°C
for 60 min and then chased with 200 �M dGTP at 37°C for 15 min. Reactions
were stopped by the addition of 25 mM EDTA (pH 8.0), and the 3� end-labeled
RNA was gel purified from 10% denaturing polyacrylamide gels.

Preparation of hybrid substrates. Hybrids containing primer PPT62 were
annealed at a primer/template ratio of 1:1.5, and when required, downstream
oligonucleotide generating a nick or 2-base gap was added at a 6-fold excess and
downstream oligonucleotide generating a 5-base or 12-base gap was added at a
12-fold excess. Then, 79-nt MLV RNA was annealed at a primer/template ratio
of 1:2. Hybrid substrates were made by heating in 10 mM Tris-HCl (pH 7.5)–200
mM KCl at 90°C for 3 min and slowly cooling to room temperature. The ends of
all RNA-DNA hybrids had a 3� overhang of 2 bases to preclude primer terminus
positioning by reverse transcriptase.

Extension analysis of 5� end-labeled PPT62. Hybrid substrate (0.1 pmol) was
incubated with equal amounts of polymerase activity units (15 units) of wild-type
reverse transcriptase, RT�H, or H� RT or with 5 units of T7 DNA polymerase
or with 0.5 units of T4 DNA polymerase in 20-�l reaction mixtures containing
extension buffer and 200 �M dNTPs at 37°C for 15 min or for the indicated
times. For each time point, 5-�l aliquots were added to 10 �l of formamide stop
buffer (95% deionized formamide, 20 mM EDTA, 0.025% bromphenol blue,
0.025% xylene cyanol). Samples were analyzed in 15% denaturing polyacryl-
amide gels, visualized by PhosphorImager analysis, and quantified using Image-
Quant software (Molecular Dynamics).

Extension analysis by incorporation of [�-32P]dGTP. For analysis of DNA
synthesis by wild-type reverse transcriptase, extension reactions identical to those
for 5� end-labeled PPT62 were carried out, except that reactions contained 313
nM [�-32P]dGTP (800 Ci/mmol) and 200 �M dATP, dCTP, and dTTP. At the
indicated times, 5-�l aliquots were added to 5 �l of 40 mM EDTA, pH 8.0, to
stop the reactions. Samples were treated with 0.3 N NaOH at 65°C for 30 min,
neutralized with 0.3 M acetic acid, and mixed with 2 volumes of formamide stop
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buffer. Samples were analyzed in 20% denaturing polyacrylamide gels and visu-
alized as described above.

Cleavage analysis of substrate containing the 79-nt MLV RNA. Hybrid (0.2
pmol) containing either 5� or 3� end-labeled 79-nt MLV RNA was incubated with
2 pmol of wild-type reverse transcriptase in 20-�l reaction mixtures as previously
described (37). Size ladders of labeled RNAs were prepared in 20-�l reactions
containing 50 mM sodium acetate (pH 5.2), 200 ng of tRNA, and 5 ng of
nuclease P1 (PL Biochemicals)/ml for 4 min at 37°C.

RESULTS

Downstream RNA impedes extension from the plus-strand
primer. The 3� end of the PPT primer is generated by an
RNase H cleavage at a specific site in the PPT between G and
A residues, which are referred to herein as the �1 and �1
positions on the M-MuLV RNA genome (3). Accordingly,
base positions upstream of the �1/�1 cleavage site are num-
bered as negative and base positions downstream are num-
bered as positive. To examine how downstream RNA might
affect extension of the PPT primer, four different types of
model hybrid substrates were created (substrates I to IV; Fig.
1A). The sequences of primer and nontemplate strand oligo-
nucleotides and RNAs for these substrates are shown in Fig.

1B, while those of the template strands are given in Materials
and Methods.

Initiation of plus-strand synthesis was assayed by extending a
PPT-containing primer annealed to a template DNA strand.
Initially we used a 13-mer RNA primer exclusively containing
the PPT sequence with 5� and 3� ends at the �13 and �1
positions, respectively. However, when this 5� end-labeled 13-
mer was extended with wild-type reverse transcriptase, analysis
of extension products was difficult due to poor utilization of
this short primer and efficient primer removal by the RNase H
activity (data not shown). Since reverse transcriptase utilizes a
longer PPT primer more efficiently (37, 38), we improved the
efficiency of extension by employing a 62-nt PPT primer with a
3� end at position �1 (PPT62; Fig. 1) and eliminated the
complications of primer removal by using reverse transcrip-
tases deficient in RNase H. Importantly, it has been shown that
RNase H-deficient reverse transcriptases have displacement
synthesis activities comparable to those of the wild-type en-
zyme (13, 44).

When RT�H, a form of reverse transcriptase that contains a
C-terminal deletion of the RNase H domain, was used to

FIG. 1. Model hybrid substrates with RNAs and oligonucleotides used in extension and cleavage analyses. (A) General structures of model
hybrid substrates I to IV. Template strands are shown as thin lines with their 5� and 3� ends indicated. Oligonucleotides or RNAs annealed to
template strands are shown as arrows originating at the 3� ends. When applicable, positions of RNAs or oligonucleotides are described as upstream
or downstream relative to the PPT primer cleavage site (indicated by vertical dashed line), which is based upon the plus-strand origin found within
the PPT of the M-MuLV genome. Substrate I contains a 62-nt plus-strand primer (PPT62) with a 3� end at position �1. Substrate II contains a
downstream DNA or RNA oligonucleotide abutting the 3� end of PPT62 and creating a nick. In substrate III, the 5�-end position of the
downstream oligonucleotide creates a gap of 2, 5, or 12 bases from the 3� end of PPT62. Substrate IV contains a 79-nt MLV RNA, which is a
continuous RNA without a gap or nick. (B) The names and sequences of RNAs and oligonucleotides annealed to the template strands are shown
relative to the �1 and �1 positions that border the plus-strand origin. The downstream oligonucleotides derived from the M-MuLV sequence are
termed MLV, while the downstream oligonucleotide derived from an unrelated sequence is referred to as HET (for heterologous). The PPT
sequence for the 79-nt MLV RNA is underlined. Sequences not derived from the M-MuLV genome are boxed. With the exception of the
deoxyribonucleotide MLVnickD, all sequences are ribonucleotides.
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extend 5� end-labeled PPT62 in the context of nondisplace-
ment synthesis (substrate I), runoff extension products corre-
sponding to primer length plus 15 to 16 nt were observed,
representing full-length extension with some nontemplated ad-
dition of a single base (32) (Fig. 2, lane 10). When a 17-mer
DNA corresponding to positions �1 to �17 of M-MuLV plus-
strand DNA (MLVnickD) was placed downstream of PPT62 in
substrate II, extension from PPT62 dropped sixfold (Fig. 2;
compare lanes 10 and 12). When an equivalent 17-mer RNA
(MLVnick) abutted PPT62 in substrate II, synthesis of full-
length extension products decreased threefold (Fig. 2, lane 11).
Similar results were observed in a time course assay with H�

RT, an intact form of reverse transcriptase containing specific
point mutations in the active site of the RNase H domain (Fig.
2, lanes 16 to 27). At the 1-min time points, 90-fold more
full-length product was synthesized with substrate I than with
both forms of substrate II (lanes 17, 21, and 25). By 16 min, the
difference in synthesis of full-length extension products was
five- to sevenfold (lanes 19, 23, and 27).

In this assay, displacement synthesis through 4 nucleotides is
required before the downstream oligonucleotide melts off and
nondisplacement synthesis can proceed. To verify the struc-
tures of the model hybrid substrates, control extensions were
performed with modified T7 DNA polymerase, which has
strand displacement activity, and T4 DNA polymerase, which
lacks significant strand displacement activity (43). T7 DNA
polymerase efficiently extended PPT62 in substrate I but gen-
erated twofold less full-length product when MLVnick or
MLVnickD was present in substrate II (Fig. 2, lanes 4 to 6). As
expected, T4 DNA polymerase extended PPT62 in substrate I
but poorly extended PPT62 in either form of substrate II (Fig.
2, lanes 7 to 9).

These substrates were also extended with wild-type reverse
transcriptase, but a shorter time period was required to visu-
alize extension products due to RNase H cleavage between

the primer RNA and the nascent DNA. When either form of
substrate II containing PPT62 was extended with wild-type
reverse transcriptase for 1 min, the amount of full-length prod-
uct synthesized was reduced 20-fold or more compared to that
resulting from extension with substrate I (Fig. 2, lanes 13 to
15).

Together, these data indicated that extension of a PPT
primer by reverse transcriptase was impeded when either a
DNA or an RNA nontemplate strand abutted the 3� terminus
of the RNA primer.

RNase H cleaves specifically downstream of the plus-strand
primer. Since downstream RNA with a 5� end at position �1
greatly diminished extension from a PPT primer, it seemed
possible that RNase H cleavages in addition to the one at the
�1/�1 site that generates the 3� end of the PPT primer might
facilitate the efficient initiation of plus-strand DNA synthesis.
To ask whether RNase H exhibited specificity for any addi-
tional sites downstream of the �1 position, we employed an
RNase H cleavage assay with substrate IV, which has a 79-nt
RNA containing plus-sense M-MuLV sequences extending
from positions �54 to �17 and therefore an internal PPT (Fig.
1A and B). When this 79-nt MLV RNA was 5� end labeled in
hybrids that were treated with wild-type reverse transcriptase,
the most prominent bands resulted from internal cleavages at
the �23/�22, �14/�13, and �1/�1 sites (Fig. 3, lanes 2 and
3). Significant cleavages sites were also apparent downstream
of the �1/�1 site between positions �1 and �6 and at �8/�9.
However, due to background bands in the untreated 5� end-
labeled 79-nt MLV RNA and strong cleavage at the �1/�1
site, it was necessary to confirm these observations by use of a
3� end-labeled substrate.

When the 79-nt MLV RNA was 3� end labeled and used in
an otherwise equivalent analysis, bands were evident that re-
sulted from cleavages at the �1/�1, �14/�13, and �23/�22
sites and at every internucleotide linkage between positions �1

FIG. 2. Extension from PPT62 at a nick followed by the M-MuLV RNA. 5� end-labeled PPT62 without a downstream oligonucleotide (none)
(lanes 1, 4, 7, 10, 13, and 16 to 19) or with downstream MLVnick (lanes 2, 5, 8, 11, 14, and 20 to 23) or MLVnickD (lanes 3, 6, 9, 12, 15, and 24
to 27) was annealed to template 2. Extensions were carried out with T7 DNA polymerase (T7; lanes 4 to 6), T4 DNA polymerase (T4; lanes 7 to
9), RT�H (lanes 10 to 12), wild-type reverse transcriptase (wt RT; lanes 13 to 15) or H� RT (lanes 17 to 19, 21 to 23, and 25 to 27) for the indicated
times. Substrates incubated without enzyme are shown in lanes 1 to 3, 16, 20, and 24. The products were analyzed in a 20% sequencing gel and
visualized using a PhosphorImager. A schematic of the nicked substrate II tested is shown at top, and the positions of unextended PPT62 and the
full-length extension product are indicated on the right.
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and �9 except at �6/�7 and �7/�8 (Fig. 3, lanes 6 to 8). Faint
cleavage at �9/�10 was observed only with the 3� end-labeled
substrate (Fig. 3, lanes 6 to 8), presumably because the stron-
ger upstream cleavage sites precluded visualization of this site
with the 5� end-labeled RNA. Importantly, each of these bands

resulted from recognition and cleavage at a single internal site
independent of positioning by the RNA 5� end. In addition, 5�
end-directed cleavages were evident between positions �42
and �38 on the 79-nt MLV RNA (Fig. 3, lanes 6 to 8; data not
shown for 5� end-labeled substrate), and no significant internal

FIG. 3. RNase H cleavage sites in the vicinity of the �1/�1 cleavage site on the 79-nt MLV RNA containing an internal PPT. Either 5�
end-labeled (lanes 1 to 4) or 3� end-labeled (lanes 5 to 9) 79-nt MLV RNA (containing M-MuLV sequence from �54 to �17) was annealed to
template 2 in substrate IV (schematic at top), and these hybrids were incubated with a 10:1 (lanes 2 and 6) or 50:1 (lanes 3,7, and 8) molar ratio
of wild-type reverse transcriptase/substrate for 15 or 30 s as indicated. Substrate incubated without enzyme is shown in lanes 1 and 5, and substrate
digested with nuclease P1 to generate marker bands is shown in lanes 4 and 9. Samples were analyzed in a 20% sequencing gel and visualized using
a PhosphorImager. Shown vertically at the left and right is the region of sequence containing the PPT (boxed) from the plus-sense M-MuLV
genome (positions 7798 to 7832). In the sequence, the positions of observed cleavage sites are indicated with arrows. For prominent sites, the base
positions bordering each site are given opposite the arrows and the arrows are connected to corresponding bands by dashed lines. For both 5� and
3� end-labeled substrates, positions of bands resulting from cleavage at the �23/�22 site are indicated in the center. In lanes 6 to 8, bands resulting
from 5� end-directed cleavages are indicated with a bar and line at right (5� end direct.).
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cleavages were observed between positions �13 and �1 within
the PPT when the 79-nt RNA was labeled at either end (Fig. 3,
lanes 2, 3, and 6 to 8). Overall, these results indicated that the
RNase H activity of reverse transcriptase specifically cleaves
the M-MuLV RNA at multiple sites downstream of the PPT
primer.

A gap downstream of the plus-strand primer improves ex-
tension efficiency. If multiple cleavages occurred on the same
RNA immediately downstream of the �1/�1 site, these cleav-
ages would create a gap beyond the 3� terminus of the PPT
primer. We addressed whether such a gap might facilitate
extension from the PPT primer and thereby solve the imped-
iment presented by downstream non-template-strand RNA.
To test this possibility, substrates with three different gap sizes
following the 3� terminus of the PPT primer were construct-
ed by using downstream 17-mer RNAs derived from the M-
MuLV sequence. These 17-mers, termed MLV2b, MLV5b,
and MLV12b, have 5�-end positions at �3, �6, or �13 to
generate gaps of 2, 5, or 12 bases following the PPT primer 3�
end, respectively (Fig. 1A and B).

Extension of 5� end-labeled PPT62 in the context of sub-
strate III (containing a 2-, 5-, or 12-base gap) was compared to
extension in both substrate II (containing a nick) and substrate
I (which lacks downstream RNA) (Fig. 4A). In this experi-
ment, the lengths of downstream duplex through which dis-
placement synthesis had to occur were kept constant; there-
fore, extension products differed depending on the size of the
gap. As described above, both forms of RNase H-deficient
reverse transcriptase showed limited extension of PPT62 when
downstream RNA was present (Fig. 4C and D; compare lanes
1 to 8 for H� RT and RT�H). By contrast, introduction of a 2-
or 5-base gap downstream of PPT62 significantly improved
synthesis for RT�H and H� RT (Fig. 4C and D; compare lanes
9 to 24). For both enzymes, a 12-base gap permitted synthesis
levels approximately equivalent to those of nondisplacement
synthesis with substrate I (Fig. 4C and D, lanes 25 to 32).

For T7 DNA polymerase, the levels of full-length product
synthesized with all versions of substrate III matched those
observed with substrate I, and as expected, control extensions
with T4 DNA polymerase confirmed the structures of these

FIG. 4. Extension from PPT62 at a nick or a gap followed by M-MuLV RNA. (A) Schematic of model substrates. (B, C, and D) 5� end-labeled
PPT62 was annealed with downstream oligonucleotide MLVnick to template 2 to create a nick, with downstream oligonucleotide MLV2b to
template 2A to create a gap of 2 bases, with downstream oligonucleotide MLV5b to template 2B to create a gap of 5 bases, or with downstream
oligonucleotide MLV12b to template 2C to create a gap of 12 bases following the 3� end of PPT62, as indicated. Control extensions were carried
out with 5� end-labeled PPT62 without downstream oligonucleotide on each template strand (none), and all samples were analyzed as described
in the legend to Fig. 2. Extensions were done with T7 DNA polymerase (T7; panel B, lanes 1 to 8) or T4 DNA polymerase (T4; panel B, lanes
9 to 16) for 15 min or with H� RT (C), or RT�H (D) for the indicated times. The positions of unextended PPT62 are indicated on the right.
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substrates (Fig. 4B, lanes 1 to 16 for T7 and T4). These data
indicated that a gap significantly improved the extension effi-
ciency of the PPT primer.

Downstream sequence does not affect PPT primer extension
at a nick or a gap. To ask whether the downstream sequence
specifically impaired PPT primer extension or whether the PPT
primer was inherently recalcitrant to extension at a nick, ex-
tension of PPT62 was tested with a different downstream non-
template strand. For the downstream RNA, an unrelated 18-
mer RNA termed HET (Fig. 1B) was used in the context of the
nicked substrate (substrate II). When compared to nondis-
placement synthesis of PPT62 in substrate I, the efficiency of
extension at a nick in substrate II was dramatically reduced for
all of the enzymes tested, as shown in a time course assay (Fig.
5; compare lanes 1 to 8). Surprisingly, extension of PPT62
appeared even more inefficient with downstream HET than
with downstream MLVnick (compare lanes 1 to 8 of Fig. 4C
and D with lanes 1 to 8 of Fig. 5 for RT�H and H� RT). This
observation could not be attributed to a difference in the
amount of downstream oligonucleotide annealed in these two
substrates, as T4 DNA polymerase generated faint levels of
full-length product with substrate II containing HET (Fig. 5,
lanes 5 to 8) but synthesized no detectable full-length products
with substrate II containing MLVnick (Fig. 4B, lane 10). The
HET oligonucleotide itself was not intrinsically inhibitory to
displacement synthesis, as T7 DNA polymerase extended a
non-PPT RNA primer at a nick with downstream HET at a
level comparable to that of nondisplacement synthesis (data
not shown).

Since a gap preceding a nontemplate strand of viral RNA
sequence improved the extension of PPT62, a gap of 5 bases
was introduced between the 3� end of PPT62 and the 5� end of
HET in substrate III. When this substrate was extended with
T7 DNA polymerase, synthesis of full-length products equaled
that carried out by nondisplacement synthesis (Fig. 5, lanes
9 to 16). For RT�H and H� RT, the 5-base gap greatly im-
proved extension, although the amounts of full-length exten-
sion products were still significantly less than those observed
without downstream HET (Fig. 5, lanes 9 to 16).

These data indicated that the 3� terminus of the PPT primer
was poorly extended at a nick irrespective of the downstream
sequence but that the presence of a gap beyond this primer
consistently and significantly improved extension.

RNase H activity facilitates plus-strand primer extension by
wild-type reverse transcriptase. Since RNase H specifically
recognized cleavage sites downstream of the PPT primer (Fig.
3) and gaps resulting from such RNase H activity facilitated
plus-strand primer extension (Fig. 4 and 5), it was curious that
either RNA or DNA positioned immediately downstream of
the PPT primer appeared to equally impede extension by wild-
type reverse transcriptase (Fig. 2, lanes 13 to 15). However,
due to the highly efficient primer removal activity of RNase H,
longer time periods to examine extension of 5� end-labeled
PPT62 were not feasible in this assay.

Using substrate I or substrate II containing MLVnick or
MLVnickD in a time course analysis, plus-strand DNA synthe-
sis was measured by the incorporation of [�-32P]dGTP into
extension products to better assess extension of these sub-
strates by the wild-type enzyme. For each time point, the ex-
tension products were treated with alkali to eliminate any
RNA not removed by RNase H and samples were analyzed in
20% sequencing gels. Because primer removal by RNase H
leaves a 5� phosphate while RNA removal by alkali treatment
leaves a 5� hydroxyl, two species of bands were observed for each
full-length and full-length-plus-one-nucleotide extension prod-
uct. To simplify interpretation of these data, these bands were
quantified together at each time point, and the accumulation
of total full-length DNA extension products synthesized by
wild-type reverse transcriptase is presented graphically in
Fig. 6.

Compared to nondisplacement synthesis using PPT62 in
substrate I (Fig. 6), wild-type reverse transcriptase initially gen-
erated far fewer extension products with both forms of sub-
strate II containing either downstream MLVnick or MLVnickD
at the 1-min time point. This result was consistent with the data
presented in Fig. 2, lanes 13 to 15. However, at later time
points, a significant difference was observed between the ex-
tension reactions carried out with downstream RNA versus
DNA. Compared to extension with substrate I at 4 min, exten-
sion with RNA downstream was only 2.5-fold lower but that
with DNA downstream was approximately 20-fold lower. At 16
min, synthesis levels in the presence and absence of down-
stream RNA were almost equal but synthesis that required dis-
placement of downstream MLVnickD was still fourfold lower.

Extension with substrate IV (containing the 79-nt MLV
RNA with an internal PPT) was essentially identical to exten-
sion of PPT62 at a nick with downstream RNA (Fig. 6). In
other experiments, synthesis with substrate III containing a
12-base gap was consistently higher than that seen when using

FIG. 5. Extension from PPT62 at a nick or a gap followed by HET
RNA. 5� end-labeled PPT62 without a downstream oligonucleotide
(none; lanes 1 to 4 and 9 to 12) or with downstream HET (lanes 5 to 8
and 13 to 16) was annealed to template 5 (lanes 1 to 8) or template 5B
(lanes 9 to 16) to create a nick or a 5-base gap following the 3� end of
PPT62. The enzyme used for each set of extensions is indicated at the
left. Experiments were performed and analyzed as described in the leg-
end to Fig. 2. The positions of unextended PPT62 are indicated at right.
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a continuous RNA with an internal PPT (data not shown). This
indicated that a preexisting nick at the �1/�1 position did not
improve the efficiency of plus-strand primer extension and that
additional RNase H cleavages facilitating this extension were
required as well.

These data with wild-type reverse transcriptase are consis-
tent with the results obtained using RNase H-deficient reverse
transcriptases: the RNase H activity of reverse transcriptase
can facilitate the extension of the PPT primer at a nick with
downstream RNA but, as expected, does not enhance synthesis
in the presence of downstream DNA.

DISCUSSION

Numerous studies have shown that specific cleavage at the
�1/�1 site by RNase H creates the 3� end of the PPT primer
(reference 3 and references therein) and that the sequence of
the PPT is sufficient to direct this cleavage (27, 33, 34). It is not
known whether cleavage at the �1/�1 site occurs by the po-
lymerization-dependent or polymerization-independent mode
of RNase H activity during reverse transcription, but polymer-
ization-dependent RNase H cleavages correlate with pause
sites during RNA-dependent DNA synthesis (40, 41) and no
strong pause sites corresponding to plus-strand primer gener-
ation are observed when the PPT region is copied (35, 51). The
polymerization-independent activity of RNase H can cleave at
the �1/�1 site in the PPT by an internal sequence-specific
cleavage without 5� end-directed positioning (12, 14, 37). Such
a cleavage could generate a nick at this position, leaving the 3�
end of the PPT primer abutting downstream nontemplate
RNA. To extend the 3� terminus of this plus-strand primer, re-
verse transcriptase must either initiate displacement synthesis
at a nick or alternatively generate a gap by additional RNase H
cleavages prior to extension of the plus-strand primer.

Previous studies employing DNA primers to assess the ef-
fects of downstream RNA on plus-strand DNA synthesis at a
nick have demonstrated that RNase H degradation of down-
stream RNA is not absolutely essential, but the presence of
such RNA fragments can impede displacement synthesis by
reverse transcriptase (13, 25). In our model hybrid substrates,
we have examined how extension of the RNA plus-strand
primer is affected by downstream nontemplate strand RNA
and have characterized the specificity of RNase H for this
downstream RNA sequence. We found that when the 3� ter-
minus of the PPT primer abuts nontemplate strand RNA of
either an M-MuLV sequence or an unrelated sequence, initi-
ation is remarkably inefficient for two RNase H-deficient forms
of reverse transcriptase and, initially, even for the wild-type
enzyme. In addition, T7 DNA polymerase, which possesses a
robust displacement activity, is relatively inefficient at initiation
from the plus-strand primer at a nick, irrespective of the down-
stream non-template-strand RNA. These data indicate that the
PPT RNA primer itself is inherently difficult to extend in a
configuration demanding immediate displacement synthesis of
downstream RNA.

It is interesting to consider why initiation from the PPT
primer at a nick with downstream RNA is intrinsically difficult.
First, reverse transcriptase is much more facile at nondisplace-
ment synthesis than displacement synthesis. Using DNA prim-
ers, nondisplacement synthesis is about 5- to 10-fold more
efficient than displacement synthesis with a nontemplate DNA
strand and at least 20-fold more efficient than displacement
synthesis with a nontemplate RNA strand (1, 13, 15, 20, 21, 25,
43). In our experiments with RNase H-deficient reverse tran-
scriptases, comparable differences were consistently observed
between nondisplacement versus displacement synthesis in
substrates containing the plus-strand RNA primer at a nick
with downstream RNA. Second, reverse transcriptase extends
DNA primers, including DNA versions of the PPT primer,
much more efficiently than any RNA primers (14, 31, 35, 37).
Third, the PPT assumes an unusual structure that might con-
tribute to the difficulty in initiating plus-strand synthesis at a
nick. This structural distortion promotes base unstacking and
may render the majority of this sequence more resistant to
RNase H degradation while facilitating RNase H cleavage at
the �1/�1 site to generate the primer 3� end (11, 28, 33, 36).
The unusual structure of the PPT RNA-DNA hybrid does not
require the binding of reverse transcriptase and is preserved
whether the PPT sequence consists only of RNA or contains
the RNA/DNA junction produced by plus-strand synthesis
(28). It is conceivable that the viral nucleocapsid protein facil-
itates the initiation of RNA displacement synthesis at a nick
without any additional RNase H cleavages. Although our re-
sults do not exclude this possibility, in a previous study only a
modest effect of nucleocapsid on RNA displacement synthesis
was observed (25).

Because the displacement synthesis activity of reverse tran-
scriptase does not readily extend the PPT primer at a nick, it is
likely that additional RNase H cleavages or a combination of
RNase H cleavages and displacement synthesis must occur for
efficient plus-strand synthesis. An investigation of the specific-
ity of RNase H for the sequence immediately downstream
of the �1/�1 site in the PPT revealed that multiple internal
cleavage sites are recognized in this region. Most importantly,

FIG. 6. Plus-strand DNA synthesis by wild-type reverse transcrip-
tase using model substrates. Extension assays were performed as de-
scribed in the legend to Fig. 2, except that PPT62 was not 5�-end
labeled and assays included [�-32P]dGTP. Samples were collected at 0,
1, 4, or 16 min, treated with alkali, and analyzed in a 20% sequencing
gel. Extension products were visualized using a PhosphorImager, and
bands representing full-length extension products were quantified with
ImageQuant Software using volume integration. Total extension prod-
ucts are plotted as a function of time. Filled diamonds, PPT62 alone
in substrate I; filled squares, PPT62 followed by downstream RNA
MLVnick in substrate II; filled triangles, PPT62 followed by down-
stream DNA MLVnickD in substrate II; open squares, hybrid sub-
strate containing continuous 79-nt MLV RNA in substrate IV.
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each of these sites is cleaved independently and without posi-
tioning by an RNA 5� end in a hybrid containing the 79-nt
MLV RNA. This reveals that like the �1/�1 site, sequence
recognition is essential for cleavage of these downstream sites.
These sites are clustered and occur from �1/�2 through
�5/�6 and at �8/�9 and �9/�10. It is likely that a single
cleavage at any one of these sites in combination with the
�1/�1 cleavage would create a gap after the 3� terminus of the
PPT primer.

A gap downstream of the PPT primer might facilitate exten-
sion by allowing the polymerase domain of reverse transcrip-
tase better access to the 3� end of the PPT primer. Footprint
analyses have shown that M-MuLV reverse transcriptase con-
tacts the nontemplate strand from �1 through �7 or �8,
extends up to 6 bases on the template strand ahead of the
primer 3� end, and melts the 2 bp immediately following the
primer terminus (30, 45, 49, 50). In our substrates, the 2- and
5-base gaps fall within and the 12-base gap just outside the
potential initial contact of reverse transcriptase on the non-
template and template strands. Thus, these short gaps may
promote easier recognition or binding of the enzyme to the 3�
terminus of the PPT primer, which might otherwise be difficult
owing to the unusual configuration of the PPT.

Yet another possible benefit of a gap downstream of the
PPT primer is that limited but sufficient extension from the
plus-strand primer is permitted such that the nascent strand
(instead of a less efficient RNA primer) is recognized as a
preferred DNA 3� terminus. The rate of polymerization for
reverse transcriptase is affected by whether the primer strand is
RNA or DNA (23, 29). Initiation of minus-strand synthesis has
a distinct shift from a more distributive, slower mode of poly-
merization to a faster, more processive mode once the sixth
nucleotide has been incorporated (29, 42). For plus-strand
synthesis, significant pausing has been observed after a 1-nt
extension and initiation becomes more efficient after the sec-
ond nucleotide is incorporated (18, 19). Extension through a
gap following the 3� terminus of the PPT primer might allow
reverse transcriptase sufficient distance to transition from the
higher-fidelity mode of initiation to a more processive mode
that extends the DNA 3� terminus, which in turn promotes
displacement of the downstream nontemplate strand. Consis-
tent with this suggestion is the observation that DNA displace-
ment synthesis with a DNA version of the PPT primer is much
more efficient than that with an RNA PPT primer (37).

Our experiments comparing how wild-type reverse tran-
scriptase carries out plus-strand DNA synthesis with different
substrates directly test the hypothesis that RNase H activity
facilitates the initiation of plus-strand DNA synthesis. First,
plus-strand synthesis is initially delayed in the presence of
downstream RNA but ultimately approximates synthesis car-
ried out without downstream RNA. Second, displacement syn-
thesis alone is not sufficient for efficient extension of the PPT
primer, as plus-strand synthesis is impaired in the presence of
downstream DNA, where the RNase H activity is useless.
These data support the hypothesis that a combination of
RNase H cleavages and displacement synthesis is required for
efficient plus-strand synthesis.

Together, these results contribute to a better understanding
of how the M-MuLV reverse transcriptase efficiently initiates
plus-strand DNA synthesis (Fig. 7). After minus-strand DNA

synthesis has copied the RNA genome through the PPT, re-
verse transcriptase must bind the RNA strand of the hybrid
near the PPT to generate the plus-strand primer. Instead of a
single cleavage at the �1/�1 site to generate the 3� end of the
PPT primer, we propose that several RNase H cleavages occur
at specific sites in the PPT region both upstream and down-
stream of the plus-strand origin (step I). Downstream cleav-
ages occur at multiple sites between positions �1 and �9,
likely progress in the 3� to 5� direction, and ultimately cleave at
the �1/�1 site. These cleavages result in a gap following the 3�
terminus of the plus-strand primer. If cleavages also were to
occur at the �23/�22, �22/�21, and �14/�13 sites as previ-
ously reported (37), this might result in a gap upstream of the
PPT primer as well (step II). After RNase H has created a gap
in the RNA sequence downstream of the plus-strand primer 3�
terminus, reverse transcriptase rebinds the hybrid with the
polymerase domain positioned to initiate plus-strand synthesis
from the PPT primer by efficient nondisplacement synthesis
(step III). After the incorporation of 5 to 8 nucleotides (de-
pending upon the gap size), displacement synthesis appears
sufficient to continue DNA synthesis but additional RNase H
cleavages further downstream likely would provide additional
assistance (step IV) (13, 25). After limited extension, the PPT
primer is removed from the nascent DNA by cleavage at the
RNA/DNA junction.
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the PPT is boxed. RNase H cleavage sites are denoted by vertical
arrows, and several specific sites are indicated. The model is described
in the Discussion.
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