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During reverse transcription, plus strand DNA syn-
thesis is initiated at a purine-rich RNA primer gener-
ated by the RNase H activity of reverse transcriptase
(RT). Specific initiation of plus strand synthesis from
this polypurine tract (PPT) RNA is essential for the sub-
sequent integration of the linear viral DNA product.
Based on current models, it is predicted that priming
from sites upstream of the PPT may be tolerated by the
virus, whereas efficient extension from RNA primers
located downstream from the PPT is predicted to gen-
erate dead-end products. By using hybrid duplex sub-
strates derived from the Moloney murine leukemia virus
long terminal repeat, we investigated the extent to
which RNase H degrades the viral RNA during time
course cleavage assays, and we tested the capacity of the
polymerase activity of RT to use the resulting cleavage
products as primers. We find that the majority of the
RNA fragments generated by RNase H are 2-25 nucleo-
tides in length, and only following extensive degrada-
tion are most fragments reduced to 10 nucleotides or
smaller. Although extensive RNA degradation by RNase
H likely eliminates many potential RNA primers, based
on thermostability predictions it appears that some
RNA fragments remain stably annealed to the DNA tem-
plate. RNA primers generated by RNase H within the
long terminal repeat sequence are found to have the
capacity to initiate DNA synthesis by RT; however, the
priming efficiency is significantly less than that ob-
served with the PPT primer. We find that Moloney mu-
rine leukemia virus nucleocapsid protein reduces
RNase H degradation and slightly alters the cleavage
specificity of RT; however, nucleocapsid protein does
not appear to enhance PPT primer utilization or sup-
press extension from non-PPT RNA primers.

Retroviral replication involves a complex series of coordi-
nated steps that are catalyzed by the viral reverse tran-
scriptase (RT).! Reverse transcription of the viral RNA genome
into double-stranded DNA is a necessary step during the viral

* This work was supported by Grant R37 CA51605 from the National
Institutes of Health. The costs of publication of this article were de-
frayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

+ To whom correspondence should be addressed: Dept. of Microbiol-
ogy, Box 357242, University of Washington, Seattle, WA 98195-7242.
Tel.: 206-543-8574; Fax: 206-543-8297; E-mail: champoux@u.
washington.edu.

! The abbreviations used are: RT, reverse transcriptase; LTR, long
terminal repeat; NC, nucleocapsid protein; HIV, human immunodefi-
ciency virus; nt, nucleotide(s); bp, base pairs; PPT, polypurine tract;
cPPT, central polypurine tract; Mo-MLV, Moloney murine leukemia
virus; NCdd, zinc finger deleted mutant of Mo-MLV NC; DTT, dithio-
threitol; ddTTP, dideoxy-TTP; ddCTP, dideoxy-CTP.

This paper is available on line at http://www.jbc.org

life cycle, generating a terminally redundant DNA product that
subsequently becomes integrated into the host cell genome.
During reverse transcription two template switches and dis-
placement synthesis through a region of duplex DNA generate
long terminal repeats (LTR) that both duplicate unique se-
quences (U5 and U3) lost during transcription of the proviral
DNA and produce ends that can be recognized by the integra-
tion machinery of the virus. The final duplex DNA product has
the structure U3-R-U5 . .. (coding sequence) . . . U3-R-U5 (re-
viewed in Refs. 1-3). Although RT alone appears to possess all
the catalytic activities required to complete reverse transcrip-
tion, several studies have provided evidence that the viral
nucleocapsid protein (NC) may facilitate some steps (reviewed
in Refs. 4 and 5).

The multifunctional reverse transcriptase carries a polymer-
ase activity that utilizes both RNA and DNA strands as tem-
plates as well as an RNase H activity that cleaves RNA in
hybrid duplex with DNA (reviewed in Ref. 3). RNase H is
required to carry out the following three distinct steps during
reverse transcription: generation of the plus strand RNA
primer, removal of the plus and minus strand primers from the
nascent DNA strands, and degradation of the RNA genome
following minus strand DNA synthesis which is thought to
make the DNA template accessible for plus strand synthesis
(reviewed in Ref. 6).

The extent to which the RNase H activity of RT degrades
RNA has been investigated using a number of model systems.
During RNA-templated DNA synthesis some cleavage of the
template RNA concomitant with nucleotide incorporation ap-
pears to occur, and although the frequency of cleavage seems to
vary widely depending on the viral RT studied (7, 8), some
longer RNA fragments probably remain available as substrates
for subsequent synthesis-independent cleavage by RNase H
(7-10). The extent to which synthesis-independent cleavage by
RNase H contributes to RNA removal is less well characterized.
In vitro studies using uniformly labeled RNA from the human
immunodeficiency virus (HIV) gag region have shown that very
extensive degradation by HIV RT results primarily in frag-
ments ranging from ~6 to 14 nucleotides (nt) in length (11).
Whether this fragment distribution is representative of RNase
H cleavage activity on other regions of the viral sequence
remains to be determined.

In contrast to the relatively nonspecific cleavage that re-
moves genomic RNA from the nascent minus strand DNA,
RNase H is also required to make a precise cleavage at the
RNase H-resistant polypurine tract (PPT) sequence to generate
the primer for plus strand synthesis. Accurate plus strand
initiation from the PPT is required to generate an integration-
competent final DNA product. The finding that some retrovi-
ruses possess a second copy of the PPT (cPPT) near the middle
of the genome that efficiently primes synthesis, as well as
evidence that plus strands are discontinuous in a number of
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retroviral systems, indicates that priming from regions up-
stream of the PPT in addition to PPT priming may not be
detrimental to the virus (12-19). By contrast, current models
predict that plus strands initiated from primer RNAs down-
stream of the PPT will generate dead-end products (6). Since
RNA fragments within the LTR are closer to the end of the
minus strand template than the PPT, plus strands initiated
from LTR primers are predicted to have a temporal advantage
over PPT-primed products in completing plus strong stop syn-
thesis and the second strand transfer. Thus, priming from
within the LTR is predicted to result in the generation of
products with one incorrect end, lacking the requisite integra-
tion signal normally present at the terminus of the LTR. These
considerations raise the possibility that sequences with the
potential to generate extendable primers following RNase H
cleavage have been selectively excluded from the LTR region.

In this study, we sought to determine whether the RNase H
activity of Moloney murine leukemia virus (Mo-MLV) RT de-
grades the LTR RNA to a sufficient extent that none of the
non-PPT RNA fragments would be predicted to remain an-
nealed. Additionally we investigated the effects of Mo-MLV NC
on RT-catalyzed RNase H cleavage. Since we found that some
longer RNA fragments persisted following extensive cleavage,
we tested the capacity of the polymerase activity of RT to use
these RNA fragments as primers. Our results indicate that
some non-PPT RNA fragments generated by RNase H from
within the LTR region or from elsewhere in the genome have
the capacity to prime synthesis by the polymerase, although
the efficiency of extension is significantly less than from the
PPT primer.

EXPERIMENTAL PROCEDURES

Materials—Mo-MLV RT and calf intestinal alkaline phosphatase
were purchased from Amersham Pharmacia Biotech. SuperScript II
(RNase H™ RT) was from Life Technologies, Inc. Expression and puri-
fication of the RNase H domain of Mo-MLV RT have been described
elsewhere (20). All other enzymes were obtained from New England
Biolabs. Denaturing polyacrylamide gels (8.3 M urea) were prepared
with Sequagel reagents from National Diagnostics. Synthesis and char-
acterization of native Mo-MLV NC and the NCdd mutant (zinc finger
replaced by a Gly-Gly linker) have been described (21, 22) and were
generously provided by J. L. Darlix.

Nucleic Acids—RNA oligonucleotide “PPT Oligo” (5'-CCAGAAAAA-
GGGGGG-3') was obtained from Integrated DNA Technologies, Inc.
Salhind (5'-GAATCAGTCGACAAGCTTGTGCAC-3') and Salterm (5'-
TCACTGGTCGACCGGGTTAACC-3') were used for amplification
during M13INT construction. SP6S1 (5'-AGCTATTTAGGTGACACTA-
TAGAATACGCATG-3') and SP6S2 (5'-CGTATTCTATAGTGTCACCT-
AAAT-3') were used to insert an SP6 promoter into M13INT. Amplifi-
cation primers T7M13 and TermM13, used to generate M13LTR1, have
been described (22). Construction of plasmids pGEMLTR2 and
M13LTR2 has been described previously (22); pGEMLTR1 was simi-
larly generated but contains a 738-bp insert from the Mo-MLV LTR
(genome position 7758 -8332 joined to 69-231 (23)) that, in addition to
downstream sequences, includes the PPT and 68 nt of upstream se-
quence. M13LTR1 was constructed by cloning a polymerase chain re-
action-amplified 782-bp region of pGEMLTR]1, including the LTR in-
sert, into M13mp7 DNA. M13INT was constructed by inserting an SP6
promoter oligonucleotide linker followed by a polymerase chain reac-
tion-amplified region of the Mo-MLYV integrase gene (genome position
5138-5824 (23)) into M13mp7 DNA so that the RNA transcripts are the
same polarity as the viral RNA. Single-stranded phage and phagemid
DNASs were isolated using established procedures (24). Single-stranded
DNA inserts LTRi (807 nt), LTRAPPTi (709 nt), and N-LTRi (738 nt)
were excised and recovered from M13LTR1, M13LTR2, and M13INT,
respectively, as described (22) except that the restriction enzyme diges-
tion was with BamHI.

Preparation of RNA—In vitro transcription was carried out using the
RiboMAX kit (Promega) following the supplier’s protocol. LTR and
LTRAPPT RNAs were produced using T7 RNA polymerase to transcribe
BamH]I-linearized pGEMLTR1 and pGEMLTR2, respectively. EcoRI-
linearized M13INT DNA was transcribed by SP6 RNA polymerase to
produce N-LTR RNA. Full-length RNA transcripts of 753 nt for LTR,
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655 nt for LTRAPPT, and 705 nt for N-LTR were purified by electro-
phoresis in a 4% sequencing gel. Following UV shadowing, the RNA was
extracted from gel slices by electroelution into 40 mm Tris acetate, pH
8.5, 2 mm EDTA. The RNA was ethanol-precipitated in 0.3 M sodium
acetate, resuspended in 10 mm Tris-HCI, pH 8.0, 1 mm EDTA (TE), and
stored at —80 °C. In some cases the 5'-triphosphate was removed by
incubation with calf intestinal alkaline phosphatase in 200 mM Tris-
HCI, pH 8.0, 10 mMm ZnCl,, 10 mm MgCl, for 30 min at 30 °C, followed
by phenol/chloroform extraction and ethanol precipitation. The dephos-
phorylated RNA was 5’ end-labeled in 20-ul reactions containing 0.2 um
RNA, 70 mm Tris-HCI, pH 7.6, 10 mm MgCl,, 5 mMm dithiothreitol (DTT),
0.3 uM [y-*?PJATP and 10 units of T4 polynucleotide kinase. Incubation
was for 30 min at 37 °C; the reactions were stopped by the addition of
10 mm EDTA and incubated at 65 °C for 10 min to inactivate the kinase.

The nuclease P1 ladder was prepared by digesting 0.17 ug (77 nm) of
end-labeled RNA with 0.01 ng of nuclease P1 in 20 mm sodium acetate,
pH 5.2, for 30 min at 60 °C in a 10-ul reaction. The reaction was
terminated by the addition of 9 volumes of Form-EDTA buffer (98%
formamide, 10 mm EDTA), and aliquoted samples were stored at
—20 °C. Under the conditions used, cleavage by nuclease P1 is en-
hanced at ribonucleotide A residues allowing the sequence identity of
most bands to be clearly established. Separate RNA ladders generated
using RNase ONE, RNase A, and RNase T1 were used to clarify the few
remaining ambiguities.

Preparation of Hybrid Duplexes—Long RNA-DNA hybrid duplexes
were annealed by incubating the indicated nucleic acids at 67 °C for 45
min in 200 mM KCl, 10 mMm Tris-HCL, pH 7.5, 1 mM EDTA. The PPT
Oligo was annealed to single-stranded pPGEMLTR1 or LTRi DNA under
similar conditions except the reaction was heated to 90 °C and then
slow-cooled to 25 °C.

Cleavage Assays—RNA-DNA hybrids were generated by annealing
LTR RNA with complementary single-stranded pGEMLTR1 DNA or
N-LTR RNA with complementary single-stranded M13INT DNA as
described above. The cleavage reactions (30 ul) contained 1X reaction
buffer (50 mm KCl, 50 mm Tris-HC], pH 8.3, 6 mm MgCl,, 5 mm DTT)
plus 18 nm RNA annealed to 36 (pGEMLTR1) or 74 nm (M13INT)
complementary DNA. Because the pGEMLTR1 and M13INT vector
sizes differed by ~2-fold, the indicated DNA concentrations were used
to equalize the amount of total DNA in the reactions. For assays using
end-labeled RNA, cleavage was initiated by the addition of 2.5 (low
enzyme) or 28 pmol (high enzyme) of Mo-MLV RT. The reactions were
incubated at 37 °C, and aliquots of the reaction were stopped in 3
volumes of Form-EDTA buffer at the indicated times. For parallel
control reactions, 0.08 units of Escherichia coli RNase H or an equiva-
lent volume of RT dilution buffer (20% glycerol, 20 mm Tris-HCI, pH 8.3,
1 mg/ml bovine serum albumin, 2 mm DTT) was added in place of RT.

For RNA fragment analysis by exchange labeling, reactions were
carried out as described above except the RNA was unlabeled during
the cleavage reaction, and the reactions were stopped at the indicated
time points by removing 8-ul aliquots into 2 ul of Tris/EDTA stop
solution (255 mm Tris-HCI, pH 6.0, 24 mm EDTA) and heating for 10
min at 65°C. The RNA fragments were exchange-labeled in 13-ul
reactions containing 70 mm Tris-HCI, pH 7.6, 10 mm MgCl,, 5 mm DTT,
400 um ADP, 0.15 um [y-*2P]JATP, and 10 units of T4 polynucleotide
kinase. The reactions were incubated for 30 min at 37 °C and termi-
nated by the addition of 2.3 volumes of Form-EDTA buffer. For cleavage
reactions carried out in the presence of NC protein, DNA templates
LTRi and N-LTRi were used in place of the full-length phage DNA to
avoid sequestration of NC by excess single-stranded DNA. Reactions
containing 5 nM RNA annealed to 7.5 nm DNA in 1X reaction buffer plus
10 uM ZnCl, were preincubated with 30 uM NC protein or NCdd (3:1
NC:nt ratio) for 1 min at 37 °C. Cleavage was initiated by the addition
of 0.7 pmol of RT, or for control reactions 0.014 units of E. coli RNase H
or an equivalent volume of RT dilution buffer, and incubated at 37 °C
for the indicated times. Reactions were terminated and exchange-la-
beled (where indicated) as described above. In all cases, samples were
heated at 90 °C for 3 min prior to resolving the cleavage products on
20% sequencing gels.

Extension Assays—Substrates for the dideoxy-terminated extension
assays were prepared by annealing unlabeled LTR or LTRAPPT RNAs
to the complementary M13-derived insert DNA templates, LTRi and
LTRAPPTI, respectively. For the oligonucleotide hybrid, PPT Oligo was
annealed to LTRi DNA. RNA cleavage was initiated by the addition of
11.3 pmol of RT to 30-ul reactions containing hybrid substrates at 7.5
nM in 1X reaction buffer, and the reactions were incubated for 5 min at
37 °C. In control reactions, an equivalent number of units (156 units) of
RNase H™ RT was added in place of RT. At 5 min, 12-ul aliquots of the
cleavage reaction were added directly to prewarmed extension tubes
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containing either 4 ul of ddTTP mix (1X reaction buffer, 200 um each
dATP, dGTP, and ddTTP and 0.3 uM [a-*?P]dCTP) or 4 ul of ddCTP mix
(1X reaction buffer, 200 um each dATP, dGTP, and ddCTP and 0.3 um
[a-32P]dTTP), and incubation continued at 37 °C for 30 min. Following
extension, stalled products were chased by the addition of 2 ul of 1.8 mm
dCTP (ddTTP reactions) or 2 ul of 1.8 mm dTTP (ddCTP reactions).
Incubation was continued at 37 °C for another 20 min, and the reactions
were terminated by adding 2 ul of 100 mm EDTA. The samples were
divided into two portions, and either an equal volume of H,O (—NaOH)
or an equal volume of 0.6 M sodium hydroxide (+NaOH) (to hydrolyze
the RNA) was added, and the samples were heated at 60 °C for 30 min
under a layer of mineral oil. Both the — and + NaOH samples were
diluted in 3 volumes of Form-EDTA buffer and heated for 3 min at 90 °C
prior to electrophoresis on a 20% sequencing gel. Dideoxy-termination
assays that included NC were carried out as described above, except 10
uM ZnCl, was included in the 1X reaction buffer, and the hybrid
substrates were incubated with 428 pmol of NC or an equivalent volume
of NC dilution buffer (15 mm Tris-HCl, pH 6.0, 10 uMm ZnCl,, 1 mm DTT)
for 1 min at 37 °C prior to the initiation of cleavage with RT.

Run-off extension assays were carried out in 20-ul reactions. For the
long hybrid substrates (LTR, LTRAPPT, and N-LTR), 10 nM template
DNA (M13 derived inserts) and 20 nMm RNA were present in the final
reaction. For the oligonucleotide hybrid substrate, 10 nm LTRi DNA
template and 7.5 nm PPT Oligo were used, and for RNA and template
self-priming controls, the nucleic acid concentrations were 10 nm. The
cleavage extension reactions contained the nucleic acid substrates in
1X reaction buffer plus 200 um each dATP, dGTP, dCTP, 50 um dTTP
and 0.25 uM [a-*?P]dTTP. Following the addition of 10.3 pmol of RT or
for the control, an equal number of RNase H™ RT units (200 units), the
reactions were incubated at 37 °C for 30 min. Stalled products were
chased by adding cold dTTP to 800 uM (6600:1 unlabeled:labeled nucle-
otide) and 400 units of RNase H™ RT, and the incubation was continued
at 37 °C for 30 min. Reactions were terminated by the addition of EDTA
to 12 mM and heated for 10 min at 65 °C to inactivate the enzymes. The
samples were divided, and from half of each reaction the RNA was
hydrolyzed with NaOH as described for the dideoxy-terminated reac-
tions. The samples were diluted in 3 volumes of Form-EDTA buffer,
heated at 90 °C for 3 min, and separated on 6% sequencing gels. To
quantify primer utilization, 5 discrete bands that did not co-migrate
with RNA self-priming products were selected for each substrate. Using
ImageQuant software, rectangles were drawn around the bands, and
the volume was calculated with the volume quantitation feature. Be-
cause the background varied significantly along each lane, background
volumes were determined for each band independently by quantifying
the volume of an identical rectangle positioned in a clear area of the
lane near the band of interest. Because the 3’ ends of the extension
products correspond to the end of the linear template, the approximate
5’ end of each band could be determined from its size, based on a labeled
100-bp ladder and a sequencing reaction run in adjacent lanes. The
pixel volumes for the individual bands were normalized based on the
predicted number of labeled dT residues in the fragment.

Thermostability Calculations—Melting temperatures (7,,) were cal-
culated using the nearest-neighbor model, incorporating thermody-
namic parameters for RNA-DNA hybrid duplexes (Ref. 25 and refer-
ences therein). Thermostability plots were generated by calculating the
T,, values for all possible RNA oligonucleotides that could be generated
during cleavage of substrate sequences, using a fixed oligonucleotide
length for each independent plot. An Excel macro program was written
to iteratively repeat the calculation after shifting the frame of reference
down the sequence by 1 base. The calculated T, values were plotted as
a function of the position of the 3’ end of the hypothetical RNA oligo-
nucleotide along the linear sequence. T',, predictions were calculated for
hybrid substrates LTR, N-LTR (IN), and ENV corresponding to the
Mo-MLV genome positions 7758—-8332 joined to 69-231, 5138-5824,
and 6285-6985, respectively (23). Calculations were based on the con-
centrations of the components of the cleavage reactions (10 nm hybrid,
50 mM monovalent cation and 6 mm Mg?*).

RESULTS

Analysis of RNA Fragment Thermostabilities—Although se-
quence recognition has been demonstrated to play a role in
facilitating the selection of the correct RNA fragment for plus
strand initiation by RT (26-30), removal of all potentially
competing RNA fragments by the RNase H activity of RT,
particularly from the LTR region, could provide a mechanism
to help ensure accurate initiation. To begin to investigate
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Fic. 1. Hybrid thermostability predictions for short RNA oli-
gonucleotides within the viral LTR sequence. The predicted hy-
brid melting temperatures for all possible RNA fragments of 7 bases
(upper plot) or 10 bases (lower plot) were determined. Melting temper-
atures are shown plotted as a function of the position of the 3’ end of
RNA fragments with the indicated frame length that could be generated
in the LTR and surrounding sequence. Horizontal dotted lines indicate
the position of a T,, of 37 °C. Arrows show the position of the PPT
sequence. Line drawing (¢op) shows features of the LTR and surround-
ing sequence for reference (PPT, U3, R, U5, and primer-binding site
(PBS)).

whether genomic RNA could be effectively removed from the
minus strand DNA through RT-catalyzed RNase H cleavage,
we determined the predicted T, for RNA fragments derived
from viral sequences using thermodynamic parameters based
on the nearest-neighbor model for thermostability prediction of
RNA/DNA hybrid duplexes (25). Initially, the relationship be-
tween thermostability and the size of the RNA fragments was
assessed for potential products within the LTR and surround-
ing sequences. For each of a series of fixed frame lengths, the
T, of the sequence within the frame was calculated and then
the frame was repositioned down the sequence by one nucleo-
tide, and the T, calculation was repeated. Iterative application
of this procedure yielded the T, values shown in Fig. 1 for
frames lengths of 7 and 10 nt, plotted as a function of the
position of the 3’ end of the frame. Based on this analysis we
found that whereas none of the possible 7-mers have T',, values
above 37 °C, 12% of the 10-mers have T,, values at or above
37 °C and would thus be predicted to remain stably annealed.
Interestingly, we note that the fragment corresponding to the
PPT primer has the highest T, among regions either immedi-
ately upstream of the PPT site or downstream within U3.

To assess whether the thermostabilities for RNA fragments
that could be generated in the LTR region are representative of
viral sequences elsewhere in the genome and to gain an under-
standing of the proportion of the fragments at various lengths
that may remain annealed to the minus strand DNA, similar
thermostability calculations were carried out using two addi-
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TABLE 1
Percentage of RNA fragments predicted to remain annealed at 37 °C
Thermostability calculations were based on the nearest neighbor
model using fixed frame lengths (see “Experimental Procedures”). The
values in the table indicate the percentage of RNA oligonucleotides of
indicated length with a calculated T',, =37 °C.

Length* LTR? N ENV4
nt
7 0 0 0
8 1 1 0
9 4 4 2
10 12 11 6
11 26 27 22
12 41 45 42
13 56 68 64
14 71 81 82
15 82 88 89
16 92 94 95
17 95 96 98
18 97 98 99

“ RNA oligonucleotide frame length.

® Mo-MLV LTR and surrounding sequences as defined in text (750
nt).

¢ Segment of Mo-MLV IN gene corresponding to N-LTR as defined in
text (705 nt).

< Segment of Mo-MLV envelope gene (700 nt, positions 6285—6985).

tional, randomly chosen, non-LTR regions of viral sequence.
When the three regions were compared, little difference in the
proportion of the RNA fragments, from 7 to 18 nt in length, that
would remain annealed at 37 °C was observed (Table I). In all
cases, it appears that degradation of the genomic RNA by RT to
fragments 7 nt and smaller would be required for effective
removal of the RNA from the minus strand DNA template.
Analysis of RNA Fragments Generated by RT Using 5' End-
labeled RNA—As a first step toward analyzing the RNA frag-
ments generated by the RNase H activity of Mo-MLV RT, we
followed the kinetics of appearance of RNA cleavage products
during time course assays, in vitro. RT-catalyzed RNase H
cleavage was carried out using a 705-nt hybrid substrate de-
rived from an arbitrarily selected region of the viral genome.
Hybrid duplexes were generated by annealing 5'-3?P-labeled
RNA of plus strand sequence from the viral integrase gene
(N-LTR) to single-stranded phage DNA containing a comple-
mentary minus strand insert. Although the use of 5’ end-
labeled RNA limited the analysis to the 5'-terminal cleavage
products generated by RT, the experimental design allowed the
identity of the RNA fragments to be determined precisely.
Cleavage by RNase H was assayed at high RT concentrations
(50:1 RT to hybrid ratio) that approximate the ratio estimated
to be found in the virion (3) and allowed analysis of the prod-
ucts that are generated following very extensive degradation,
and at lower RT concentrations (5:1 RT to hybrid ratio) to
characterize early cleavage products. Under both conditions,
the predominant 5’ end-labeled cleavage product generated
early by RNase H was 16 nt in length, although other products
ranging from 6 to 26 nt in length were also observed (Fig. 24,
lane 5; Fig. 2B, lanes 3-5). Upon continued incubation with RT,
particularly at the high enzyme concentration, the initial cleav-
age products were further degraded to produce 7-15-nt-long
fragments (Fig. 2B, lane 7). These results are consistent with
earlier reports in which preferred cleavages by HIV RT were
shown to occur at a distance of 15-20 nt from an RNA 5’ end (5’
end-directed cleavage) (32—-34). Interestingly, significant cleav-
age at sites more distal from the labeled 5’ end only constituted
a significant portion of the total product at very early time
points and only when high enzyme concentrations were used
(Fig. 2B, lane 4 and data not shown). By contrast, cleavage by
E. coli RNase H was not 5’ end-directed, as evidenced by the
relatively uniform distribution of products generated during
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Low [RT] High [RT] E. coli RNase H
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Fic. 2. RNase H cleavage of 5’ end-labeled N-LTR hybrid sub-
strate. 5’ end-labeled N-LTR RNA was annealed to complementary
single-stranded M13INT DNA and incubated with RT at a 5:1 RT to
hybrid molar ratio (A), a 50:1 RT to hybrid ratio (B), or with E. coli
RNase H (C). Aliquots of the RNase H cleavage reactions were stopped
at the time points indicated above each lane (min), and the products
were separated on 20% sequencing gels. A and B, lane 1, control reac-
tions using RT dilution buffer in place of RT; lane 2, P1 ladder gener-
ated using 5’ end-labeled N-LTR RNA (lengths indicated in bases to the
left, extra band between 6 and 7 nt bands is background and is not seen
during cleavage with RNase H); lanes 3-7, time course cleavage of
N-LTR hybrid duplex. For C, lane 1, nuclease P1 ladder; lanes 2-6, time
course cleavage of N-LTR hybrid substrate.

the initial 5 min of the cleavage reaction (Fig. 2C, lanes 2-5).

Analysis of RT-generated RNA Fragments by Exchange La-
beling—The fast rate of 5’ end-directed cleavage by RT (30) has
generally made cleavage of the remainder of long hybrid sub-
strates difficult to study using end-labeled RNA. To investigate
more fully the kinetics and the size distribution of RNA frag-
ments generated by RT along the length of hybrid duplexes,
while avoiding the complication of disproportionate represen-
tation inherent with the use of internally labeled RNA, RT-
catalyzed RNase H products were labeled using the exchange
reaction of polynucleotide kinase. Thus, each RNA fragment
generated should carry equivalent 32P label at the 5’ end. To
assess whether cleavage of the LTR sequence differs from else-
where on the genome, cleavage was compared using hybrid
substrates derived from LTR and non-LTR (N-LTR) regions of
the viral sequence. As in the previous assay, product formation
was examined at both low and high RT to substrate ratios
during time course cleavage reactions. By using the low en-
zyme concentration, RNase H products from both hybrids
ranged from ~2 to 25 nt in length (Fig. 34, lanes 2-7). Under
these conditions, the size distribution of the cleavage products
did not change during the course of the reaction, but rather, the
total amount of product generated increased with longer incu-
bation times (Fig. 3A, compare lane 2 with 4 and lane 5 with 7).
By the latest time point at the high enzyme concentration
(enzyme:hybrid ratio of 50:1), 92% of the labeled RNA frag-
ments for the LTR hybrid and 87% for the non-LTR hybrid
were 10 nt or smaller (Fig. 3A, lanes 10 and 13-15); the re-
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High [RT] E. coli RNase H
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and N-LTR hybrid substrates, analy-
sis by exchange labeling of the cleav-
age products. LTR hybrid was prepared
by annealing unlabeled LTR RNA to com-
plementary single-stranded pGEMLTR1
DNA, and N-LTR hybrid was prepared by S
annealing unlabeled N-LTR RNA to com- :
plementary single-stranded MI13INT
DNA. Hybrid duplexes were incubated
with RT for the period indicated above 20
each lane (min). Following termination of
the reaction, the RNA fragments were -
32P_labeled using the exchange reaction -
and separated on 20% sequencing gels. A, “L
RT-catalyzed RNase H cleavage at RT: T
hybrid ratios of 5:1 (lanes 2-7) or 50:1 -
(lanes 8-15). Lane 1, N-LTR P1 ladder .
generated using 5’ end-labeled N-LTR 2 .
RNA (lengths indicated in bases to the - :
left). Lighter exposures of lanes 10 and 13
are shown in lanes 14 and 15, respec- !
tively. B, E. coli RNase H-catalyzed cleav-
age. Lane 1, N-LTR nuclease P1 ladder;
lanes 2 and 6, control reactions using RT
dilution buffer in place of RNase H; lanes
3-5, cleavage products using LTR sub- -
strate; lanes 7-9, cleavage products using

-

1 2

N-LTR substrate. A

mainder of the RNA consisted primarily of fragments ranging
from 11 to 25 nt in length. Only following very extensive deg-
radation (60 min at the high RT concentration) was the median
fragment length reduced to 6 nt. Fig. 34, lanes 14 and 15,
shows the high enzyme, 60-min cleavage products at lower
exposure for comparison. The disappearance of some products
migrating at =15 nt with long incubation at the high RT
concentration confirms that longer fragments (15-25 nt) gen-
erated at the early time points remained stably annealed and
available for subsequent cleavage by RT (Table I; Fig. 3A,
compare lane 9 with 14 and lane 12 with 15).

When cleavage products generated with the two different
substrates were compared, a pattern emerged in which most
products fell roughly into three general size classes as follows:
class I consisting of fragments 24-26 nt in length, class II
consisting of 14-18-mers, and class III consisting of 7-10-mers
(Fig. 3A). All three classes were also seen with the 5’ end-
labeled substrate (Fig. 2). By contrast, cleavage catalyzed by E.
coli RNase H (Fig. 3B) or by the RNase H domain alone of
Mo-MLV RT (20) (not shown) resulted in products with a uni-
form size distribution until the latest time points (see
“Discussion”).

The Effects of NC on RNA Degradation by RNase H—Since
NC protein has nucleic acid annealing as well as helix desta-
bilizing properties and has been proposed to interact directly
with RT (35-38), the effect of Mo-MLV NC on the rate and
sequence specificity of RNase H cleavage by RT was investi-
gated. Assays similar to those described above were carried
out, except the LTR and non-LTR hybrid substrates were in-
cubated with NC at a 3:1 NC:nt ratio prior to the initiation of
cleavage with RT. The NC concentration used was based on the
ratio that we had previously found to promote strand annealing
and to facilitate displacement synthesis (22); some protein in
our preparation is likely inactive since others have reported the
promotion of strand annealing at lower protein to nucleic acid

5 -

e 08 .

3 4

- "
: -
* 10 -
-
=3
—
)
-
- L v
1 2 .
22 8
T . .
5 6 8 5 .-

055 60 05 5 60

o animE WEs
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ratios. By using 5’ end-labeled RNA (not shown) or unlabeled
RNA that was subsequently labeled by the exchange method
(Fig. 4), the presence of NC resulted in a reproducible reduction
in the extent of cleavage by RT. In the presence of NC, some
RNA persisted as fragments up to ~27 nt in length following 60
min of incubation with RT (Fig. 4, lanes 9 and 17), whereas very
little RNA longer than ~18 nt remained in parallel reactions in
the absence of NC (Fig. 4, lanes 5 and 13). We observed that the
differences in cleavage were only apparent at later time points;
the extent of the cleavage and the product distribution were
nearly identical in the presence or absence of NC at 5 min (Fig.
4, compare lane 3 with 7 and lane 11 with 15). Thus it appears
that the effect of NC may be to decrease the further degrada-
tion of primary cleavage products rather than to decrease the
rate of RNase H cleavage, as has been previously suggested
(39). Notably, a zinc finger-deleted mutant of NC (21) did not
affect cleavage by RT, and cleavage by E. coli RNase H was
unaffected by either form of NC (data not shown). A control
reaction in which NC was added following cleavage but prior to
exchange labeling demonstrated that the reduction in the
amount of product generated by RT in the presence of NC was
not attributable to an inhibitory effect of NC on the exchange
labeling reaction (data not shown).

Priming Capacity of RNA Fragments Produced by RT:
Dideoxy-terminated Extensions—Since some RNA fragments
derived from RNase H cleavage of the viral LTR region were
found to be long enough to remain stably annealed to the DNA
template, we investigated whether these fragments have the
capacity to prime synthesis by RT. For purposes of comparison,
RNA-DNA hybrids either included the PPT sequence or were
constructed from the region just downstream of the PPT (Fig.
5A, LTR and LTRAPPT). In this assay, unlabeled hybrid du-
plexes were incubated with RT for 5 min to initiate RNase H
cleavage, following which three of the four dNTPs plus one
dideoxynucleotide were added to allow limited primer exten-
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Fic. 4. The effect of NC protein on RNase H cleavage. LTR or
N-LTR hybrid duplexes were generated by annealing unlabeled LTR or
N-LTR RNA with LTRi or N-LTRi single-stranded DNA inserts, respec-
tively. Hybrid substrates were preincubated with NC (lanes 6-9 and
14-17) or NC dilution buffer (lanes 2-5 and 10-13) for 1 min prior to the
initiation of cleavage with RT, or addition of RT dilution buffer in place
of RT for control reactions (lanes 2, 6, 10, and 14). Following cleavage for
the period indicated above each lane, the reactions were terminated,
and the RNA fragments were *?P-labeled using the exchange reaction.
Lane 1, N-LTR nuclease P1 ladder generated using 5’ end-labeled
N-LTR RNA (lengths indicated in bases to the left). The products were
separated in a 20% sequencing gel.

sion by the polymerase activity of RT. To ensure that all pos-
sible priming events were visualized, two complementary reac-
tions were carried out as follows: in the first, [a-*2P]dTTP and
dideoxy-CTP along with dATP and dGTP were included in the
nucleotide mix; the complementary reaction contained
[a-32P]dCTP and dideoxy-TTP along with dATP and dGTP.
Thus, if dideoxy termination from a given primer occurred
before incorporation of the labeled nucleotide in one reaction,
incorporation of the label during extension from the same
primer would be ensured in the complementary reaction. More-
over, extension products from any one primer would only be
visualized in one of the two reactions but never in both. Since
RNA primers with the same 3’ ends need not have the same 5’
ends, some additional bands were expected among the exten-
sion products due solely to heterogeneity of the RNA 5’ ends. To
eliminate this variable, a fraction of each extension sample was
treated with NaOH to remove the RNA primer. Following the
alkaline hydrolysis treatment, the discrete number of RNA
primers (RNA 3’ ends supporting extensions by RT) could be
estimated by summing the bands present in the two comple-
mentary reactions.

To determine accurately where the extension products from
the PPT primer would migrate, control reactions were carried
out using a 15-mer RNA oligonucleotide corresponding to the
plus strand primer RNA (Fig. 5A, PPT Oligo). Extension from
the PPT Oligo by an RNase H™ mutant of RT in the ddCTP
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Fic. 5. Dideoxy-terminated extensions from RNase H-gener-
ated RNA primers on the LTR and LTRAPPT hybrid substrates.
A, shown schematically are the different hybrid substrates used in the
dideoxy termination assay. Straight lines indicate DNA strands, and
wavy lines indicate RNA strands. The template strand for PPT Oligo
and LTR hybrids was single-stranded LTRi DNA and for the LTRAPPT
hybrid the template was single-stranded LTRAPPTi DNA. The 15-mer
PPT Oligo anneals to the complement of the PPT sequence. The PPT
cleavage site on the LTR substrate is located 68 nt downstream from
the LTR RNA 5’ end. B, shown are the products of RT-catalyzed DNA
synthesis on the substrates shown in A: lanes 2-4, PPT Oligo; lanes 5-7
and 11-13, LTR; lanes 8-10 and 14-16, LTRAPPT. Following a 5-min
incubation with RT (lanes 3, 4, 6, 7, 9, 10, 12, 13, 15, and 16) to allow
cleavage or RNase H™ RT as a control (lanes 2, 5, 8, 11, and 14), either
ddCTP-labeling mix (see “Experimental Procedures”), lanes 2-10, or
ddTTP-labeling mix, lanes 11-16, was added. Following a 30-min ex-
tension reaction, stalled products were chased by the addition of excess
cold dTTP (lanes 2-10) or dCTP (lanes 11-16). RNA was removed by
alkaline hydrolysis in lanes marked +. The samples were run on a 20%
sequencing gel, and only the portion of the gel containing visible bands
is shown. Deoxynucleotide size markers are shown in lane 1. Arrow
R15D10 shows the position of ddCTP-terminated 10-mer DNA exten-
sion product from the PPT in which the RNA primer remains attached
to the DNA 5’ end. Arrow D10 shows the position of ddCTP terminated
10-mer DNA extension products from the PPT primer in which the RNA
has been removed by RNase H.

reaction resulted in a product consisting of the 15-mer RNA
primer plus a 3?P-labeled 10-nt-long DNA extension (Fig. 5B,
lane 2, R15D10). Extension catalyzed by wild-type RT in an
otherwise identical reaction resulted predominantly in a prod-
uct corresponding to the 10-nt-long labeled DNA lacking the
RNA primer (Fig. 5B, lane 3, D10). No change in the position of
this band was detected when the sample was treated with
NaOH (Fig. 5B, lane 4), confirming that the RNA primer had
been removed at the RNA-DNA junction by RNase H (26,
40-42).

Cleavage and extension by RT using the LTR substrate in
ddCTP-terminated reactions generated products that co-mi-
grated with the D10 band from the oligonucleotide control
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experiment (Fig. 5B, compare lanes 3 and 4 with 6 and 7). In
addition, following removal of the RNA primers by alkaline
hydrolysis, 6—8 major bands not present in the oligonucleotide
control reactions were observed (Fig. 5B, lane 7), presumably
due to extensions from non-PPT RNA fragments. Supporting
this conclusion is the finding that products migrating at many
of the same positions were generated when parallel reactions
were carried out using the LTRAPPT substrate (Fig. 5B, com-
pare lane 7 to 10). Consistent with the fact that PPT-primed
extensions would not be expected to be labeled in the ddTTP-
terminated reactions (because termination precedes the la-
beled nucleotide incorporation), very little difference was found
between the products generated with the LTR and LTRAPPT
substrates (Fig. 5B compare lanes 12 and 13 with 15 and 16).
Based on the number of discrete bands identified following
alkaline hydrolysis of the products for both the ddCTP and
ddTTP-terminated reactions, we estimate that within the LTR
and surrounding sequence, approximately 15-20 RNA frag-
ments capable of priming synthesis by RT are generated by the
RNase H activity. Control reactions for each assay in which the
RNase H™ mutant of RT was used in place of the wild-type
enzyme demonstrated that the extension products observed
were due solely to priming from RNA fragments generated by
RT-associated RNase H (Fig. 5B lanes 5, 8, 11, and 14).

The resolution of the RT extension products by the high
percentage sequencing gels revealed that most of the bands
shifted following NaOH treatment, indicating that the prod-
ucts retained one or more 5’ ribonucleotides. However, the
major band (corresponding to the D10 extension product from
the PPT) was unaffected by NaOH (Fig. 5B, lanes 6 and 7),
consistent with complete removal of this RNA primer by RNase
H. Thus, although RNase H appeared to remove efficiently the
PPT RNA primer from its extension product, the enzyme failed
to cleave the RNA from the DNA extensions for most of the
non-PPT primers (Fig. 5B, compare lane 6 with 7, lane 9 with
10, lane 12 with 13, and lane 15 with 16).

A comparison of the intensity of the bands when resolved on
sequencing gels consistently suggested that priming from the
PPT (Fig. 5B, lanes 6 and 7, D10) was much more efficient than
from all non-PPT RNA primers generated by RT within the
LTR. Since the 10-nt-long DNA extension product from the
PPT contains only one dT, the amount of PPT product may
actually be an underestimation with respect to extensions from
other primers that could incorporate multiple labeled dT resi-
dues. We considered the possibility that efficient removal of the
PPT RNA by RNase H (see above) may allow “recycling” or
reutilization of the PPT RNA primer by RT. By excising and
counting the radioactivity in bands corresponding to the 10-nt
DNA extension product from time course extension assays us-
ing either the PPT Oligo or LTR substrates (data not shown), it
was determined that limited recycling likely does occur under
these experimental conditions. Since similar recycling was not
observed in experiments designed to generate longer extension
products from the PPT (see below), recycling appears to be
dependent on the small size of the DNA extension product
generated by incorporation of the ddCTP; the T,, of the 10 nt
PPT extension product is 14 °C and thus is not predicted to
remain annealed. Similar recycling was observed by Gotte et al.
(40) in dideoxynucleotide-terminated extensions from the PPT
in the HIV system and thus appears to be a property unique to
this particular experimental design.

Since extension from RNA fragments located downstream of
the PPT by RT would be predicted to be detrimental to the
virus, we investigated whether NC protein could suppress the
utilization of non-PPT RNA fragments as primers. Although a
slight (~1.7-fold) enhancement in overall priming was ob-
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served in the presence of NC, quantitation of the amount of
PPT extension product showed an insignificant increase rela-
tive to non-PPT-directed products (data not shown).

Priming Capacity of RNA Fragments Produced by RT: Run-
off Extensions—To extend the analysis of the capacity of RT to
utilize RNase H-generated products within the LTR region as
primers and to estimate quantitatively the efficiency of non-
PPT RNA primer extension by RT relative to extension from
the PPT, we carried out a series of cleavage/extension assays in
which the end of the linear DNA template was used to create a
defined end point to extension. As before, the substrates used
for the experiment consisted of two hybrid duplexes from the
viral LTR that either contained (LTR) or lacked (LTRAPPT) the
PPT sequence (see Fig. 5A). A third substrate of similar length
was derived from a non-LTR region of the genome as described
above (N-LTR). The hybrids were incubated with RT and
dNTPs, including one a->2P-labeled nucleotide, to allow RNase
H-mediated cleavage of the RNA and generation of a labeled
DNA extension product in a single step experiment. Following
the reaction, the samples were divided, and from half the RNA
portion of the product was removed by alkaline hydrolysis. In a
parallel assay, a PPT RNA oligonucleotide primer was used in
place of the full-length RNA to determine where PPT-primed
extension products would migrate on a sequencing gel. Incuba-
tion of the PPT Oligo hybrid with RNase H™ RT resulted in a
discrete extension product which, when treated with NaOH to
remove the 15-nt RNA primer, generated a slightly faster mi-
grating, 697-nt-long DNA product (Fig. 64, lanes 1 and 2). The
small shift in mobility was confirmed in other experiments (not
shown). As before, the PPT Oligo hybrid reactions containing
wild-type RT resulted almost exclusively in the formation of
the 697-nt product, either with or without NaOH treatment,
due to the efficient removal of the PPT RNA primer by the
RNase H activity of RT (Fig. 64, lanes 3 and 4).

When full-length LTR hybrid substrates containing the PPT
sequence were incubated with RT, RNase H cleavage and po-
lymerase extension resulted in numerous discrete labeled prod-
ucts. The predominant product co-migrated precisely with the
697-nt control product (Fig. 6A, compare lane 3 with 5) and,
like the PPT Oligo control product, was unaffected by NaOH
(Fig. 6A, compare lane 5 with 6). This product is very likely the
result of extension from the PPT plus strand primer generated
by RNase H cleavage. In otherwise identical reactions carried
out with the LTRAPPT or N-LTR substrates, an array of dis-
crete extension products (Fig. 6, B and C, lanes 1) was formed.
Most of these products as well as most of the minor LTR
products underwent a shift in mobility following NaOH treat-
ment (compare Fig. 6, A-C, compare lanes + with lanes —).
Parallel control reactions designed to test whether any of the
observed products were due to RNA self-priming (Fig. 64, lanes
7 and 8, Fig. 6, B and C, lanes 3 and 4), DNA template self-
priming, or extension of contaminating non-RNase H-gener-
ated RNA fragments (data not shown) indicated that only RNA
self-priming generated a few minor species that co-migrated
with products from the cleavage/extension reactions.

Quantitative analysis of the samples run on sequencing gels
was carried out to determine the relative efficiencies of PPT to
non-PPT RNA primer utilization by RT. Analysis of five se-
lected bands from the LTR and N-LTR substrates that did not
co-migrate with RNA self-priming products suggested that no
single RNA fragment was extended as efficiently as the PPT
primer (Fig. 6D and Table II). The same bands were reproduc-
ibly observed in each independent experiment (6 for the LTR
substrate and 3 for the N-LTR substrate). Although there was
some variability between experiments, it appeared that ap-
proximately 5-fold less product was generated from the most
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Fic. 6. Run-off DNA extension products primed by RNase H-
generated RNA primers. RNA cleavage and extension were carried
out in a single-step reaction by adding RT and nucleotides, including
[a-32P]dTTP, to preformed RNA-DNA hybrid substrates. A, for lanes
1-4, the hybrid substrate was the PPT Oligo annealed to LTRi. For
lanes 5 and 6, the substrate was LTR RNA annealed to LTRi DNA.
Lanes 7 and 8 show a control for self-priming where the LTR RNA was
“annealed” in the absence of DNA. Reactions were carried out with RT
(lanes 3-8) or RNase H™ RT (lanes 1 and 2), and the RNA was removed
by treatment with NaOH from an aliquot of each sample (lanes 2, 4, 6,
and 8). B, for lanes 1 and 2, the substrate was LTRAPPT RNA-annealed
to LTRAPPTi DNA. Lanes 3 and 4 are RNA self-priming controls where
LTRAPPT RNA is annealed in the absence of DNA. Reactions were
carried out with RT, and the RNA was removed by alkaline hydrolysis
from an aliquot of each sample (lanes 2 and 4). C, substrates are as
described for B except the DNA is N-LTRi and the RNA is N-LTR RNA.
Reactions were as described above for B. The positions of the DNA size
markers are indicated to the left of A-C. The vertical lines mark the
portions shown enlarged in D. D, enlarged regions of lane 6 from A, lane
2 from B, and lane 2 from C. PPT indicates the band corresponding to
the 697-nt DNA product initiated at the PPT RNA primer. Approximate
DNA lengths are indicated to the left for the bands chosen for quanti-
tative analysis. The band marked with an asterisk co-migrates with an
RNA self-priming product.

efficiently used RNA primers compared with priming from the
PPT; the majority generated substantially less product. Con-
sistently, less non-PPT primer extension from the LTR sub-
strate was observed as compared with the LTRAPPT and N-
LTR substrates (see “Discussion”).

DISCUSSION

Because successful generation of a provirus depends on ac-
curate plus strand initiation at the PPT, we have been inter-
ested in understanding factors that may influence correct
primer selection by RT. We have focused here on the viral LTR
region because of the critical position it occupies in the genome
with respect to plus strand synthesis. Due to the proximity to

RNA Degradation and Plus Strand Priming by RT

the end of the template, plus strands incorrectly initiated from
within the LTR are predicted to complete synthesis of plus
strong stop DNA and thus complete the second template switch
before PPT-primed extensions. Therefore, in contrast to regions
upstream of the PPT where initiation from secondary sites by
RT is tolerated by the virus, use of RNA fragments from the
LTR region as plus strand primers by RT is predicted to gen-
erate dead-end products. In the present study, we have char-
acterized the RNase H cleavage products generated by RT
within the LTR to determine whether efficient and complete
removal of the RNA in this region may provide a mechanism to
ensure that plus strands are not initiated downstream of the
PPT. Non-PPT RNA fragments that persisted following RNA
degradation were tested for their capacity to prime DNA syn-
thesis by RT.

To determine the extent to which selection of the PPT primer
is influenced by the availability of potential RNA priming frag-
ments, limited RNA degradation by the RT-associated RNase
H was compared on LTR- and non-LTR-containing substrates.
In both cases the resulting products primarily ranged from ~2
to 25 nt in length when analyzed by exchange labeling the
RNase H cleavage products. Following extended incubation
with high concentrations of RT, most of the RNA was further
degraded, although ~10% of the RNA persisted as species
longer than 10 nt. A similar product distribution was observed
when cleavage reactions were carried out using 5’ end-labeled
RNA. Thus, RNA degradation by RNase H to fragments suffi-
ciently small to dissociate from the DNA almost certainly limits
the potential for incorrect priming events in the LTR. However,
these results also suggest that even following considerable
RNase H degradation, some RNA may remain stably annealed
to the DNA template (see Table I). Since it has been found that
plus strand synthesis begins as early as 10-30 min after the
start of reverse transcription (17, 43), it appears possible that
a substantial amount of RNA may remain hybridized to the
DNA template when PPT primer selection occurs.

At early times, the RNase H cleavage products clustered in 3
size groups centered on ~24, ~16, and ~9 nt. Similar product
distributions have been observed by others; the larger cleavage
products are thought to result from a coordination between the
polymerase domain of RT interacting with the 5" RNA end and
the RNase H domain which appears to be spatially separated
from the polymerase catalytic site by ~15-21 nt (9, 33, 44—46).
Subsequent directional processing by RNase H during multi-
cycle reactions appears to generate products in the smallest
size range (9, 10, 32-34, 44, 47-49). That the majority of the
cleavage products appeared to be coordinated by the RNA 5’
end is consistent with recent findings suggesting that the ki-
netics of 5’ end-directed cleavage are favorable over cleavage at
internal sites (30).

Interestingly, when the RNA products from both the LTR
and non-LTR regions of the genome were visualized by the
exchange labeling method (and therefore carried an equivalent
signal regardless of size or proximity to the 5’ end), the pro-
portion of the fragments in the 3 size classes was maintained
over the time course of kinetic assays carried out at lower
enzyme concentrations. Additionally, the amount of labeled
product appeared to accumulate during the reaction, probably
reflecting the progressive degradation of very long or full-
length RNA substrates. That the concentration of the 3 classes
of RNA fragments generated over time increased while the size
distribution of the fragments remained unchanged during lim-
ited cleavage suggests that the initial size classes reflect stable
products that are less favorable substrates for further degra-
dation by RT than longer or full-length RNA molecules. By
contrast, at late time points in the presence of very high en-
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TasLE II
Ratio of non-PPT to PPT primer utilization by RT
LTR N-LTR

Approximate Normalized SD Approximate Normalized SD
length® utilization® o length utilization o
697 (PPT) 1.00 0.00 650 0.21 0.06
564 0.04 0.02 593 0.05 0.00
505 0.10 0.03 553 0.17 0.09
491 0.04 0.01 498 0.06 0.02
481 0.06 0.01 449 0.09 0.01

¢ Approximate lengths of primer extension products (see Fig. 6D).

® The amount of extension from non-PPT primers was normalized to the extension from the PPT primer and corrected for the relative number
of labeled dT residues in the fragment. All calculations were based on results from two independent experiments.

zyme concentrations, the two larger size classes were reduced
relative to the smallest fragments. Importantly, complete deg-
radation of the RNA to very small products (i.e. 10 nt and
shorter) appears to occur only after the uncleaved substrate
has been exhausted. The classes of RNA products generated by
RT contrasts with the very uniform distribution of products
generated by cleavage with E. coli RNase H or by the RNase H
domain alone of RT (20), both of which appear to lack sequence
specificity and do not appear to be coordinated by the RNA 5’
end. Thus, the polymerase domain of RT appears to play a key
role in defining the RNA products generated by the RNase H
activity on long hybrid duplexes.

Although the extent to which the RNA was degraded by RT
appeared to be diminished when Mo-MLV NC was included in
the reaction, the effect did not correlate with a decrease in the
RNase H catalytic activity; the initial rates of product genera-
tion in the presence or absence of NC appeared to be identical.
Our results contrast with those of others (50) who found that
HIV NCp7 enhanced cleavage by HIV RNase H; however, the
extent to which the enhancement was due to the facilitated
formation of additional hybrid duplex substrates by NC re-
mains unclear. Of particular note, we found that NC did not
affect cleavage by E. coli RNase H which efficiently degraded
the available RNA to fragments of ~9 nt or smaller. This result
indicates that the reduced cleavage by RT in the presence of NC
was not due to a reduction in the thermostability of the longer
RNA fragments and, in accord with the conclusions of others
(38), is suggestive of a possible specific interaction between RT
and its cognate NC.

The finding that some RNA persisted downstream from the
PPT led us to investigate mechanisms that may prevent use of
non-PPT RNA fragments in this region for plus strand priming,
since it is predicted that plus strands initiated within the LTR
would generate dead-end products, unable to integrate. Al-
though several in vitro studies carried out using synthetic RNA
oligonucleotides have found that RT has an extremely limited
capacity to extend RNA primers lacking the PPT sequence (30,
51-53), in vivo studies, as well as cell-free assays using longer
substrates, have provided evidence for the utilization of some
non-PPT RNA primers by RT (16-19, 41, 54-56). Since such
studies have not identified non-PPT extensions arising from
LTR-derived RNAs, we tested the possibility that cleavage
within the LTR by RT-associated RNase H may selectively
yield RNA products that are not extendable by the polymerase
activity of RT.

We analyzed the capacity of RT to utilize the RNA fragments
it generates as primers, employing dideoxynucleotides to ter-
minate extension at discrete positions. Consistent with the
results of others (26, 41, 57), we found that the PPT primer was
accurately generated and extended by RT when the sequence
was maintained in its native context embedded in a much
longer hybrid. In addition however, we also observed extension
by RT from 15 to 20 non-PPT RNA primers. The identity and
the rate of utilization of the non-PPT priming RNAs were

nearly identical between the LTR and LTRAPPT substrates
when termination was with ddTTP, suggesting that RNase H
cleavage and primer utilization within the LTR region were not
influenced by the presence of the PPT sequence in the LTR
substrate under these conditions. However, when analyzed
using the run-off extension assay, the amount of product gen-
erated on the LTRAPPT substrate was consistently greater
than the amount generated by non-PPT primers on the LTR
hybrid, despite identity between the sequences over the final
655 bp. This effect is likely the result of displacement of poten-
tial downstream non-PPT RNA primers by extensions initiated
from the much more efficient PPT primer. We speculate that
efficient utilization of the PPT primer in vivo, followed by RNA
displacement (22, 58), may be one mechanism to suppress
incorrect priming in the LTR region. These conclusions are in
accord with those from studies looking at primer utilization in
regions upstream of the PPT in the spleen necrosis virus sys-
tem (59), but contrast with those of Powell and Levin (26) who
found no sites of initiation used by HIV RT from the region
surrounding the HIV PPT, perhaps reflecting intrinsic differ-
ences between the efficiency or specificity of primer selection by
HIV and Mo-MLV RTs.

Although we found that RT accurately cleaved the RNA to
generate the PPT primer, a number of other RNA fragments
generated within the LTR by RNase H remained following
cleavage, some of which were capable of priming synthesis by
RT. The finding that most non-PPT RNA primers were ex-
tended at much less than 20% the efficiency of the PPT primer
is consistent with work in HIV where the efficiency of non-PPT
RNA primer utilization from internal sites on the genome is
generally less than 10% that of priming from the cPPT (55).
However, to the extent that the non-LTR sequence used in our
study is representative of the remaining viral sequence, the
similarities between both RNA degradation and non-PPT
primer utilization on the LTR and non-LTR substrates suggest
an unanticipated lack of selection within the LTR for sequences
that are either completely degraded by RNase H or incapable of
priming synthesis by RT.

Examination of reverse transcription also suggests that
some dead-end products may be generated in vivo and thus at
some level can be tolerated by the virus. LTR-LTR circle junc-
tions, once thought to be the substrates for integration, are now
known to be dead-end products of reverse transcription (60—
62). Sequence analysis of circle junctions has revealed that
many contain deletions within U3, some of which could be
explained by plus strand priming downstream from the PPT
(63—-65).

It remains possible that the relative importance of RNA
degradation versus efficient PPT extension may vary between
viral systems. For example, while AMV RT appears to degrade
RNA much less efficiently than Mo-MLV RT (7, 8), from in vivo
studies it appears that avian C-type retroviruses may be rela-
tively more promiscuous in plus strand RNA primer selection
(17, 19, 54, 66). Therefore, we speculate that in the case of the
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avian retroviruses, inefficient RNA degradation may provide a
mechanism to limit competition with the PPT RNA for plus
strand initiation by RT. Alternatively, for Mo-MLV and per-
haps others, more extensive degradation of the RNA and very
efficient extension of the PPT primer may provide the key to
generating the correct product for integration.
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