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Retroviral reverse transcriptase (RT) enzymes are responsible for transcribing viral RNA into double-
stranded DNA. An in vitro assay to analyze the second strand transfer event during human immunodeficiency
virus type 1 (HIV-1) reverse transcription has been developed. Model substrates were constructed which mimic
the viral intermediate found during plus-strand strong-stop synthesis. Utilizing wild-type HIV-1 RT and a
mutant E478Q RT, the requirement for RNase H activity in this strand transfer event was analyzed. In the
presence of Mg21, HIV-1 RT was able to fully support the second strand transfer reaction in vitro. However,
in the presence of Mg21, the E478Q RT mutant had no detectable RNase H activity and was unable to support
strand transfer. In the presence of Mn21, the E478Q RT yields the initial endoribonucleolytic cleavage at the
penultimate C residue of the tRNA primer yet does not support strand transfer. This suggests that subsequent
degradation of the RNA primer by the RNase H domain was required for strand transfer. In reactions in which
the E478Q RT was complemented with exogenous RNase H enzymes, strand transfer was supported. Addi-
tionally, we have shown that HIV-1 RT is capable of supporting strand transfer with substrates that mimic
tRNAHis as well as the authentic tRNA3

Lys.

Reverse transcription is a multistep process which converts
the retroviral RNA genome into double-stranded DNA. Re-
verse transcription is carried out by the multifunctional enzyme
reverse transcriptase (RT), possessing RNA- and DNA-depen-
dent DNA polymerase and RNase H activities. For human
immunodeficiency virus type 1 (HIV-1), RT consists of an
asymmetric heterodimer of two subunits, p66 and p51. The p66
subunit contains the subdomains named finger, palm, thumb,
connection, and RNase H, based on the structural similarity to
a hand (2, 16, 22). The p51 subunit lacks the RNase H domain
at the C terminus and results from a protease cleavage between
phenylalanine 440 and tyrosine 441 of p66 (23).

A great deal of research has focused on characterization of
the domains of HIV-1 RT and their interrelations. The three-
dimensional structure of the p66-p51 heterodimer reveals a
template-primer cleft which connects the polymerase and
RNase H active sites. Mutations outside of the RNase H cat-
alytic domain can affect RNase H activity indirectly if they alter
the positioning of the RNA or DNA substrate. For example,
mutations within the palm (primer grip region within the p66
subunit; residues 227 to 235) (12, 32), finger, and thumb sub-
domains (14) have been identified with decreased RNase H
activity. Deletion of amino acids from the p51 subunit have
also been shown to alter RNase H cleavage (5). Interestingly,
a mutation in the finger subdomain has been identified which
stimulates minus-strand transfer in vitro (14).

The catalytic triad of the RNase H domain consists of Asp

443, Glu 478, and Asp 498 (10, 11, 37). These residues are
important for metal binding, and mutation of a single residue
of the triad renders the RNase H subunit inactive. Studies of
an E478Q mutant RT have shown that RNase H activity can be
modulated by different divalent metal cations (7). In the pres-
ence of manganese, the mutant enzyme is capable of a single
endoribonucleolytic cleavage by RNase H but is incapable of
subsequent degradation of the RNA template (7).

Reverse transcription first requires initiation by a tRNA
primer, which binds to the primer binding site (PBS) on the
viral RNA (24). The tRNAs utilized are characteristic of the
particular retrovirus; HIV-1 utilizes tRNA3

Lys (21), avian my-
eloblastosis virus utilizes tRNATrp, and Moloney murine leu-
kemia virus (M-MuLV) utilizes tRNAPro. HIV-1 RT can uti-
lize primers other than tRNA3

Lys with decreased kinetics of
infection (43, 44), which require mutations within the viral
genome and within the first 18 nucleotides of the tRNA primer
and upstream in the A-rich loop (17). Minus-strand DNA
synthesis then proceeds to the 59 end of the viral RNA; the
reverse-transcribed viral RNA is degraded by RNase H, and
the first strand transfer occurs. Plus-strand synthesis is initiated
from the polypurine tract and terminates after reverse tran-
scribing the first 18 nucleotides of the tRNA primer. The
tRNA primer is specifically removed by RNase H (33, 39, 41),
and the second strand transfer occurs through the duplication
of the PBS region.

In addition to the strand transfer reactions involving strong-
stop DNAs, internal strand transfers also occur during DNA
synthesis steps. Investigation of internal strand transfer during
RNA-directed DNA synthesis revealed a requirement for
RNase H activity and was favorable during RT pausing (9).
However, strand transfer reactions between DNA templates
and primers do not require RNase H activity (13, 30).

We have developed an in vitro assay to analyze the second
strand transfer reaction during HIV-1 reverse transcription.
Model substrates were constructed which mimic the interme-
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diate resulting from plus-strand strong-stop DNA synthesis.
This system allows for analysis of intermediate steps required
for strand transfer, such as DNA polymerization, pause sites,
RNase H activity, and transfer to an acceptor DNA molecule.
We have shown with an RNase H-defective mutant, E478Q,
that RNase H activity is required for the second strand transfer
reaction. More specifically, we have determined that direc-
tional processing or polymerase-independent cleavages by
RNase H are required for this strand transfer reaction. The
E478Q RT can support strand transfer when it is comple-
mented with Escherichia coli RNase H in trans. Additionally,
we have shown that HIV-1 RT is capable of supporting strand
transfer with a model substrate which mimics tRNAHis and an
authentic tRNA3

Lys substrate.

MATERIALS AND METHODS

Enzymes and nucleotides. T4 polynucleotide kinase was purchased from New
England Biolabs; recombinant RNasin was purchased from Promega. Exonucle-
ase(2) Klenow polymerase was purchased from United States Biochemical.
HIV-1 RT was obtained from Jeffrey Culp and Christine Debouch, Department
of Protein Biochemistry, SmithKline Beecham Pharmaceuticals. HIV-1 RT
(E478Q mutant) was obtained from Stuart F. Le Grice and the AIDS repository
(contributor, Stuart F. Le Grice). M-MuLV was purified from E. coli containing
the plasmid pB6B15.23 (36). Isolate HIV-1 RNase H (NY427) was purified from
E. coli containing the plasmid pET-NY427 (40). E. coli RNase H was purchased
from Gibco BRL. [g-32P]ATP was purchased from ICN. Authentic tRNA3

Lys

purified from human placenta was purchased from Bio S & T Inc.
Oligonucleotides. The RNA oligonucleotide HPR-1, 59 GUCCCUGUUCGG

GCGCCA 39 was synthesized by Integrated DNA Technologies. The RNA oli-
gonucleotide mimicking tRNAHis, 59 AUCCGAGUCACGGCACCA 39, was pur-
chased from CyberSyn. The DNA oligonucleotides 5785, 59 CCCTCAGACCC
TTTTAGTCAGTGTGG 39; 5786, 59 CCCTTTTAGTCAGTGTGGAAAATCT
CAGCAGTGGCGCCCGAACAGGGAC 39; 5580, 59 TTTCGCTTTCAGGTC
CCTGTTCGGGCGCCA 39; 9142, 59 CTGCTAGAGATTTTCCACACTGAC
TAAAAGGG 39; 9243, 59 TTTCGCTTTCAGATCCGAGTCACGGCACCA
39; and 9245, 59 CCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGTG
CCGTGACTCGGAT 39 were synthesized by the University of Medicine and
Dentistry of New Jersey.

Strand transfer substrate preparation. The 50-mer input RNA-DNA hybrid
substrate was prepared as follows. Twenty picomoles of the 18-mer RNA (HPR-
1), was 59 labeled with T4 polynucleotide kinase and [g-32P]ATP. The radiola-
beled RNA was isolated with G-25 spin columns (Boehringer Mannheim). The
labeled substrate was annealed to 40 pmol of oligonucleotide 5786 in a 25-ml
reaction mixture containing 50 mM Tris-HCl (pH 8.0), 50 mM KCl, 8 mM
MgCl2, and 2 mM dithiothreitol. The substrate was extended with Klenow Ex-
onuclease(2), gel isolated, and eluted overnight as previously described (38).
The substrate was then annealed to oligonucleotide 5785 (referred to as 26-mer).
This oligonucleotide was also 59 labeled, in the same manner as described for
HPR-1. The RNA oligonucleotide which mimics tRNAHis was prepared in the
manner described above, utilizing oligonucleotide 9245 as an extension template
to construct the RNA-DNA oligonucleotide.

The authentic tRNA3
Lys substrate was ligated to the U5 sequences in the

presence of a bridging oligonucleotide (26). Oligonucleotide 9142 was 59 labeled
with T4 polynucleotide kinase and [g-32P]ATP. The radiolabeled DNA was
isolated with G-25 spin columns (Boehringer Mannheim). The DNA oligonu-
cleotide (9142) and authentic tRNA3

Lys were annealed to oligonucleotide 5786 in
a reaction containing 200 mM KCl and 50 mM Tris-HCl, pH 7.5. After anneal-
ing, the authentic tRNA3

Lys and DNA oligonucleotide were ligated with T4 DNA
ligase in a reaction containing 50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 10 mM
dithiothreitol, 1 mM ATP, and 25 mg of bovine serum albumin/ml. The tRNA3

Lys-
DNA oligonucleotide was gel isolated and eluted overnight as previously de-
scribed (38). The tRNA3

Lys-DNA oligonucleotide was annealed to oligonucleo-
tide 5785, which was also 59 labeled as described above. Control experiments
which contain 18-mer RNA-DNA (9142) oligonucleotide substrates were pre-
pared in the same manner.

Strand transfer reactions. The annealed RNA-DNA hybrid substrate was
incubated with either HIV-1 RT or E478Q RT. The strand transfer reactions
were performed in a 20-ml reaction mixture containing approximately 4 pmol of
substrate (substrate refers to the 50-mer RNA-DNA hybrid annealed to primer
5785); 4 pmol of acceptor (oligonucleotide 5580); 2 pmol of either HIV-1 RT or
E478Q RT in a reaction buffer containing 20 mM Tris-HCl (pH 7.5), 50 mM KCl,
8 mM MgCl2, or 8 mM MnCl2; and 0.25 mM each deoxynucleotide (dATP,
dCTP, dGTP, and TTP). The reactions were initiated upon the addition of
enzyme and incubated at 37°C. Aliquots (2.5 ml) were removed at the indicated
time points. Reaction products were separated on a 15% denaturing gel and
detected by autoradiography.

For experiments in which two divalent cations were utilized (Mg21 and Mn21),
the reaction mixture contained 8 mM MgCl2; MnCl2 was added to a final

concentration of 8 mM after the 10-min time point. In reactions in which
multiple enzymes were used, such as E. coli RNase H, HIV-1 RT, and NY 427,
2 pmol of the additional enzyme was added after the 10-min time point.

For experiments in which authentic tRNA3
Lys was utilized, reactions were

performed in the presence of 1 mM deoxynucleoside triphosphates (dNTPs) and
8.5 pmol of HIV-1 RT was utilized. For experiments utilizing tRNAHis, oligo-
nucleotide 9243 was used as the acceptor molecule.

RESULTS

Second strand transfer assay. We have developed an in vitro
assay for analyzing the second strand transfer reaction with
model RNA-DNA hybrid substrates which mimic the interme-
diate found during plus-strand strong-stop synthesis. The
model assay is represented in Fig. 1. The 50-mer RNA-DNA
hybrid was constructed by 59 labeling an 18-mer RNA oligo-
nucleotide with [g-32P]ATP. The RNA primer was gel purified
after being labeled and was annealed to a 50-mer DNA oligo-
nucleotide which was complementary with the 18 nucleotides
of the RNA primer. Once annealed, the RNA primer was
extended with Klenow [Exonuclease(2)] polymerase. The ex-
tended 50-mer RNA-DNA oligonucleotide was then annealed
to the 26-mer DNA primer (5785), which was also 59 labeled.
This substrate mimics an intermediate formed during plus-
strand strong-stop synthesis (Fig. 1, step 1). This substrate was
incubated with either HIV-1 RT or a mutant E478Q RT (Fig.
1, step 2). In the presence of wild-type HIV-1 RT, nucleotides,
and magnesium, DNA polymerization occurs and the primer
5785 was extended to a 58-mer, utilizing the 50-mer RNA-
DNA oligonucleotide as a template. Termination of synthesis
in this assay occurs at the 59 end of the RNA. This site mimics
the product formed in vivo, where termination on the tRNA
template occurs at the modified base, methyl-adenosine 58 (25,
35). DNA polymerization with the tRNA as a template gener-
ates an RNA-DNA hybrid which is a substrate for RNase H.
HIV-1 RNase H removed the RNA primer, with the initial
cleavage occurring between the terminal A ribonucleotide and
C ribonucleotide (41), yielding a 17-mer product (Fig. 1, step

FIG. 1. Assay for second strand transfer. The assay to analyze the second
strand transfer reaction is shown. The model 50-mer RNA-DNA oligonucleotide
which mimics the viral intermediate is illustrated. The RNA portions are indi-
cated by boldface. The 26-mer DNA (5785) primer is complementary to the 39
terminus of the RNA-DNA oligonucleotide (step 1). The 50-mer RNA-DNA
oligonucleotide and the 26-mer are both (*) 32P radiolabeled at their 59 termini.
Step 2 illustrates the substrate incubated in the presence of dNTPs and HIV-1
RT; DNA polymerization yields a 58-mer extension product. Step 3 illustrates
removal of the RNA primer by the RNase H domain, which results in the
production of a 17-mer radiolabeled RNA product. Step 4 shows the events
which occur in the presence of the acceptor molecule (5580); a 70-mer strand
transfer product is produced.
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3) and was followed by subsequent degradation of the RNA.
The 50-mer RNA-DNA oligonucleotide may also be extended
at its 39 OH to produce a 58-mer. Since the 59 terminus from
the RNA was labeled, identical RNase H cleavage products
would be detected from either the 50-mer or 58-mer. For
strand transfer to occur, the acceptor molecule must enter and
serve as a template for elongation (Fig. 1, step 4). The acceptor
molecule (5580) was complementary to the plus-strand strong-
stop DNA. This strand transfer event would result in the pro-
duction of a 70-mer product. The acceptor molecule can serve
as a primer for reverse transcription; however these products
are not radiolabeled and would not be detected in the assay.

Analysis of the tRNA removal with an avian virus indicated
the tRNA was removed as an intact species (27). In contrast,
minus-strand transfer for HIV-1 requires degradation of the
RNA within the hybrid (30). This study develops an in vitro
model system for the second strand transfer which allows for
systematic analysis of the requirements of DNA polymeriza-
tion, RNase H cleavage and degradation, and utilization of the
acceptor molecule.

The second strand transfer reaction with HIV-1 RT. Studies
were initiated which analyzed the second strand transfer reac-
tion with HIV-1 RT. The reaction conditions for HIV-1 RT-

catalyzed strand transfer were established as shown in Fig. 2.
Each panel represents a time course reaction between 30 s and
30 min. Figure 2A represents the reaction in the absence of
enzyme, where the input 50-mer RNA-DNA strand and the
26-mer, DNA primer (5785) for DNA synthesis, are detected.
Minor breakdown products at approximately 16 and 7 nucle-
otides were detected in the starting substrates; however, no
additional products were detected throughout the incubation
period. Reactions in the presence of enzyme and the absence
of dNTPs yielded similar species (Fig. 2D). In the presence of
dNTPs, DNA synthesis occurred, yielding a 32P-labeled 58-mer
product which was an RNA-DNA hybrid (Fig. 2B). Simulta-
neous with the production of the extension product (58-mer)
was the degradation of the 58-mer by RNase H, yielding 59-
end-labeled RNA products, the largest of which was the 17-
mer. The 17-mer was produced after cleavage between the C
and A at the 39 end of the RNA. Within 30 s, a 58-mer
extension product and the 17-mer RNase H cleavage product
were detectable (Fig. 2B, lane 6). Figure 2C shows the com-
plete reaction in the presence of dNTPs, Mg21, and acceptor.
The second strand transfer product (70-mer) was observed at 5
min (Fig. 2C, lane 13). This correlated with the production of
smaller RNase H products of approximately 8 or 9 bases (Fig.
2C, lane 13).

Second strand transfer reactions with E478Q RT. E478Q
RT is an endoribonuclease in the presence of manganese and
lacks all RNase H activity in the presence of magnesium. This
mutant is also unable to perform directional processing of the
RNA primer (7). Utilizing this mutant RT in the assay allows
for the manipulation of the RNase H cleavages that are re-
quired to support strand transfer. Figure 3 represents the time
course reactions between 0 and 30 min for strand transfer
performed with E478Q RT. Figure 3A illustrates a strand
transfer reaction performed in the presence of Mg21 with the
RNase H mutant RT E478Q. In the presence of Mg21, as
previously characterized for the wild-type enzyme, the input
50-mer and 26-mer substrates were detected. In addition, the
58-mer extension product was observed but no RNase H cleav-
age and strand transfer products were detected.

Figure 3B shows a strand transfer reaction utilizing E478Q
RT performed in the presence of manganese and in the ab-
sence of nucleotides. As expected, only the input 50-mer RNA-
DNA hybrid and the 26-mer DNA primer are detected. Figure
3C shows the strand transfer reaction in the presence of man-
ganese, without enzyme. The results are similar to those in Fig.
3B, except that a low level of background nonspecific degra-
dation of the RNA can be detected upon the addition of
nucleotides. Figure 3D shows a complete E478Q RT reaction
performed in the presence of Mn21, dNTPs, and acceptor.
Figure 3E is similar except that it lacks the acceptor strand,
5580. In the presence of acceptor, no strand transfer product
was detected. The extension reaction was very poor in the
presence of Mn21 (Fig. 3D and E) compared with that ob-
served in the presence of Mg21 (Fig. 3A). In fact, a full-length
extension product (58-mer) was not observed in these reac-
tions. However, an extension product was observed which does
create an RNA-DNA hybrid throughout at least 12 nucleotides
of the tRNA primer. With this partial extension, RNase H
cleavage proceeds, with the production of the 17-mer product.
Furthermore, a low level of 22 cleavage products was detected
with the E478Q RT over the time course of the reaction (Fig.
3D and E).

Strand transfer reaction performed in the presence of two
divalent cations. The initial experiments described above
showed that the DNA polymerization event for E478Q RT was
more efficient in the presence of magnesium than in the pres-

FIG. 2. HIV-1 RT assayed in the model in vitro system. Reactions were
performed as described in Materials and Methods. Time points for each set of
reactions are 0.5, 2, 5, 15, and 30 min (lanes 1 to 5, 6 to 10, 11 to 15, and 16 to
20, respectively). The presence or absence of acceptor, dNTPs and metal is
indicated by a 1 or 2 sign, respectively. The enzyme utilized is indicated above
each panel. Input RNA-DNA oligonucleotide (50-mer), DNA primer (26-mer),
extension products (58-mer), strand transfer product (70-mer), and RNase H
products (17-mer and 8-mer) are indicated with arrows based on the size of the
species. An asterisk indicates the 8-mer in panels B and C.
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ence of manganese, but manganese was required for RNase H
activity. To test the possibility that strand transfer requires full
synthesis of the plus-strand strong stop, reactions were per-
formed in the presence of both divalent cations. In Fig. 4A, the
synthesis in the presence of Mg21 alone was compared to
synthesis with both Mg21 and Mn21 combined. This was ana-
lyzed with the wild-type HIV-1 RT (Fig. 4A, lanes 1 to 14) and
the E478Q HIV-1 RT (lanes 15 to 28). The reactions were
initially incubated in the presence of magnesium. After 10 min
(lanes 2, 9, 16, and 23), manganese was added to the indicated
reactions, and they were allowed to proceed for up to 40 min.
For wild-type HIV-1 RT (Fig. 4A, lanes 1 to 7), an extension
product (58-mer), RNase H cleavage products, and a strand
transfer product (70-mer) were observed. However, for E478Q
RT, only a 58-mer extension product was observed. In the
presence of both divalent cations (Fig. 4A, lanes 8 to 14),
HIV-1 RT’s strand transfer ability was unaffected. For E478Q
RT (Fig. 4A, lanes 22 to 28), at the 10-min time point prior to
Mn21 addition, an extension product was observed (Fig. 4A,
lane 23), but no RNase H activity was observed. Once manga-
nese was added (Fig. 4A, lane 24) the single endoribonucleo-
lytic RNase H cleavage event occurred, producing the 17-mer
RNA. However, strand transfer did not occur throughout the
remainder of the time course (Fig. 4A, lanes 22 to 28). Sepa-

rate time courses have been performed up to 1 h, and no strand
transfer was observed for the E478Q HIV-1 RT. This result
indicates that synthesis of plus-strand strong-stop DNA fol-
lowed by a single endoribonucleolytic cleavage was not suffi-
cient by itself to induce strand transfer.

Complementation of E478Q RT with exogenous RNase H
enzymes. The single endoribonucleolytic cleavage was not suf-
ficient to support the second strand transfer reaction for the
E478Q RT. Additional studies were therefore performed to
investigate whether the lack of strand transfer resulted from an
RNase H defect or from a secondary effect on the polymerase
domain. The E478Q RT was complemented with various ex-
ogenous RNase H enzymes to determine whether directional
processing or additional cleavages of the RNA primer by
RNase H would support strand transfer (Fig. 4B).

The substrate was initially incubated for 10 min in the pres-
ence of E478Q RT, nucleotides, acceptor, and magnesium.
After this time point, an exogenous RNase H enzyme was
added. The reaction was performed in the presence of magne-
sium so that all RNase H activity would be a result of the
exogenous RNase H. Figure 4B illustrates that E. coli RNase H
complemented the strand transfer defect of E478Q RT. Upon
addition of E. coli RNase H, RNase H cleavage products
quickly accumulated (Fig. 4B, lane 3), followed by the produc-
tion of a strand transfer product after 15 min (Fig. 4B, lane 5).
The E. coli complementation also degrades the RNA much
more extensively than HIV-1 RT (Fig. 4A, lanes 1 to 7, and
data not shown), indicating a correlation with RNase H and
strand transfer activities. Complementation of E478Q RT with
an isolated RNase H domain, NY427, was also examined. This
isolated RNase H domain similarly yields a single endoribo-
nucleolytic cleavage at the same position as E478Q RT and
was Mn21 dependent (40). Complementation of E478Q RT
with NY427 did not result in any strand transfer, indicating
that subsequent degradation of the primer was required for
strand transfer (data not shown). Furthermore, these results
indicate that complete removal of the tRNA by RNase H
activity was critical for plus-strand transfer.

Analysis of plus-strand transfer with authentic tRNA3
Lys

substrate. Since HIV-1 RT was capable of supporting strand
transfer with a substrate mimicking tRNA3

Lys, it was of interest
to determine whether the additional secondary structure asso-
ciated with the authentic tRNA3

Lys affected strand transfer. The
substrates utilized are shown in Fig. 5A, step A. The 108-mer
tRNA3

Lys-DNA oligonucleotide was constructed by 59 labeling
the 32-mer minus-strand DNA oligonucleotide (9142) and li-
gating it to the authentic tRNA3

Lys (76 nucleotides), utilizing
the bridging method as described in Materials and Methods
(26). The substrate differs from those used in the previous
assays in that the radiolabel was internal. In the presence of
nucleotides, the extension product from the 59-labeled 26-mer
plus-strand primer should terminate at the first methylated A
of the tRNA (Fig. 5A, step B), yielding a 58-nucleotide prod-
uct, also produced with the tRNA mimic oligonucleotide. Po-
lymerization from the 39 OH of the 108-mer tRNA-DNA mol-
ecule would also result in the production of a 116-mer product.
RNase H cleavage (Fig. 5B, step C) would release a radiola-
beled DNA product and an unlabeled tRNA. RNase H cleav-
age between the terminal C ribonucleotide and A ribonucle-
otide of the 108-mer tRNA-DNA strand would produce a
33-mer labeled DNA product; cleavage of the alternative 116-
mer extended product would release a 41-mer product (Fig.
5A, step C). The strand transfer product was a 70-mer, as in
the previous assay with the oligoribonucleotide mimic (Fig. 5A,
step D).

Figure 5B represents the time course reactions with wild-

FIG. 3. E478Q RT assayed in the in vitro plus-strand transfer assay. Reac-
tions were performed as described in Materials and Methods. The time points for
each set of reactions are 0, 0.5, 2, 5, 15, and 30 min (lanes 1 to 6, 7 to 12, 13 to
18, 19 to 24, and 25 to 30, respectively). The presence or absence of acceptor and
dNTPs, is indicated by a 1 or 2 sign, respectively. The enzyme and metal utilized
are indicated above each panel. Input substrates and reaction products are
indicated by arrows.
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type HIV-1 RT, comparing the authentic tRNA3
Lys-DNA sub-

strates (lanes 1 to 12) and a tRNA mimic-DNA substrate
(lanes 13 to 16). For the authentic tRNA3

Lys substrate in the
absence of dNTPs, no DNA polymerization was observed (Fig.
5B, lanes 1 to 4). However, a low level of RNase H cleavage
product (33-mer; Fig. 5B, lanes 2 to 4) was observed. This may
be a result of the presence of residual DNA template utilized
in substrate preparation. A low level of the bridging oligonu-
cleotide could create an RNA-DNA hybrid which would be
cleaved by RNase H when HIV-1 RT was present. When
nucleotides were added to the reaction (Fig. 5B, lanes 5 to 8),
polymerization occurred. Concomitant with the disappearance
of the 108-mer product was the appearance of the 116-mer
product and the release of the 41-mer. A very low level of
heterogeneous products around the size of the 58-mer strong-
stop species could be detected on long exposures (data not
shown). This may indicate that termination at the methylated
A residue was not uniformly occurring in this in vitro reaction
(3, 4). Complete readthrough of the tRNA would result in a
116-mer labeled DNA product. However, it was not believed

that the 116-mer product detected was the DNA product pro-
duced by complete readthrough of the tRNA. With time, the
level of the 116-mer product was reduced, consistent with the
removal of the tRNA moiety by RNase H. In addition, strand
transfer yielding a 70-mer product would not result if the
tRNA was completely reverse transcribed. Upon addition of
the acceptor to the reaction, a strand transfer product (70-mer)
was observed (Fig. 5B, lanes 9 to 12) which migrates identically
to the strand transfer product observed with the tRNA mimic-
DNA substrate (Fig. 5B, lanes 13 to 16).

The tRNA mimic-DNA substrate in Fig. 5, similar to the
authentic tRNA3

Lys substrate, was prepared by ligation in the
presence of the bridging oligonucleotide. The input substrate
consisted of a 50-mer RNA-DNA minus-strand substrate and
a 26-mer plus-strand primer. In the presence of dNTPs, accep-
tor, and wild-type enzyme, an extension product (58-mer), an
RNase H cleavage product (33-mer), and a strand transfer
product (70-mer) were observed at the 15-min time point (Fig.
5B, lane 14). The results are comparable to those obtained
with substrates prepared with Klenow polymerase (Fig. 2) with

FIG. 4. Analysis of E478Q RT in the presence of two divalent cations and complementation with E. coli RNase H. (A) Time course reactions of E478Q RT assayed
in the presence of Mg21 or Mn21 and Mg21 are shown. The reactions were performed as described in Materials and Methods. Addition of Mn21 occurred after the
10-min time point. The metal present is indicated above each panel. Time points for each set of reactions are 0, 10, 10.5, 12, 15, 25, and 40 min (lanes 1 to 7, 8 to 14,
15 to 21, and 22 to 28, respectively). (B) E478Q RT complemented with E. coli RNase H is shown. The reaction was performed as described in Materials and Methods.
E. coli RNase H was added after the 10-min time point. Lanes 1 to 7 represent 0, 10, 10.5, 12, 15, 25, and 40 min, respectively. Input RNA-DNA (50-mer), 26-mer DNA
primer, extension products (58-mer), RNase H cleavage products (17-mer and smaller), and strand transfer products (70-mer) are indicated by arrows.
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the exception that in this substrate preparation, strand sepa-
ration of the 50-mer RNA-DNA molecule from the bridging
oligonucleotide was not complete. Therefore, the RNase H
cleavage prior to DNA polymerization could also yield a 41-
mer product. Similar intermediates and products were ob-
served with the authentic tRNA3

Lys. In addition, the kinetics of
the strand transfer reaction of the authentic tRNA was similar
to that for the mimic substrate. These results support the use
of the oligonucleotide substrates to analyze plus-strand trans-
fer reactions.

Analysis of strand transfer activity of tRNAHis with HIV-1
RT. Recent studies have characterized the ability of HIV-1 RT
to utilize tRNA primers other than tRNA3

Lys to initiate reverse
transcription (17, 18, 43, 44). Modified viruses with alterations
in the PBS and U5 regions have been generated which can
support utilization of an alternative tRNA as the minus-strand
primer, particularly tRNAHis and tRNAMet. The consequences
of using these alternative tRNAs for primer removal has not
been examined. Since an A at position 4 was tolerated in
tRNA3

Lys mimic substrate, it was predicted that HIV-1 RNase
H should also direct the efficient removal and subsequent
strand transfer of a tRNAHis substrate (39). Substrates were
therefore constructed which substituted the tRNA3

Lys mimic
sequences with those of tRNAHis (Fig. 6A). Acceptor mole-
cules were complementary to the novel tRNA used, paralleling
the mutations in the PBS within the viral genome required in
vivo. The strand transfer assay is shown in Fig. 6B. In the
absence of acceptor molecules, the tRNAHis model substrate
produces an extension product (58-mer) and an initial 21
RNase H cleavage product (17-mer), followed by subsequent
RNase H degradation (Fig. 6B, lanes 1 to 5). Upon the addi-
tion of an acceptor molecule, a strand transfer product was
observed for the tRNAHis model substrate (Fig. 6B, lanes 6 to
10). These results indicate that alternative tRNA primers will
be tolerated as long as the RNase H cleavage sites are main-
tained.

DISCUSSION

A model system to analyze the second strand transfer event
during HIV-1 reverse transcription has been developed. The
manipulation of various components of the assay allows for
determination of the requirements for DNA polymerization,
RNase H activity, and strand transfer. The data shows that
HIV-1 RT was capable of supporting plus-strand transfer in
the presence of either Mg21 or Mn21 (data not shown) as a
divalent cation. The E478Q RT RNase H-defective mutant
was unable to support strand transfer in the presence of either
or both divalent cations. However, in the presence of an exog-
enous RNase H enzyme, such as E. coli RNase H, strand
transfer was supported. This indicates that the specific endori-
bonucleolytic cleavage catalyzed by E478Q was not sufficient to
support plus-strand transfer.

The model in Fig. 7 represents the events which may be
occurring and shows the difference between the mechanisms of
strand transfer reactions catalyzed by HIV-1 RT and E478Q
RT. For both enzymes, the polymerization events are identical
(Fig. 7). The differences occur once RNase H activity is re-
quired for removal of the tRNA primer. With HIV-1 RT,
polymerase-dependent and -independent cleavages and direc-
tional processing can occur, which will allow for quick dissoci-
ation of the tRNA primer (Fig. 7A). However, the E478Q RT
mutant was only capable of producing the endoribonucleolytic
cleavage detected by the release of a 17-mer on a denaturing
gel. The melting temperature (Tm) of the 17-mer is 60°C, which
is greater than the reaction temperature, which would allow it

FIG. 5. Strand transfer reactions performed with authentic tRNA3
Lys. (A)

The assay to analyze the second strand transfer reaction with authentic tRNA3
Lys

substrates is shown. Substrate was prepared as described in Materials and Meth-
ods. Step A illustrates the input substrate, a 26-mer DNA primer annealed to the
108-mer tRNA3

Lys-DNA. An asterisk indicates the location of the 59 label. Step
B shows the substrate incubated in the presence of dNTPs and HIV-1 RT; DNA
polymerization yields a 58-mer extension product. Polymerization can also pro-
ceed in the opposite direction, yielding a 116-mer. Step C illustrates the removal
of the tRNA primer and the production of a 33-mer radiolabeled DNA product
after RNase H cleavage. Cleavage of the 116-mer extension product would yield
a 41-mer radiolabeled DNA product. Step D shows the presence of an acceptor
molecule (5580); a 70-mer strand transfer product results. (B) Time course
reactions of authentic tRNA3

Lys assayed with HIV-1 RT are shown. The reactions
were performed as described in Materials and Methods. The reaction compo-
nents are indicated above each lane. Lanes 1 to 4, 5 to 8, and 9 to 12, HIV-1 RT
assayed with the authentic tRNA3

Lys-DNA oligonucleotide substrate; lanes 13 to
16, HIV-1 RT assayed with 18-mer RNA-DNA oligonucleotide substrate. Prod-
uct and input substrate sizes are indicated on the right with a DNA ladder.
Reaction timepoints are 0, 15, 30, and 60 min for lanes 1 to 4, 5 to 8, 9 to 12, and
13 to 16, respectively.

6578 SMITH ET AL. J. VIROL.



to remain associated with the DNA strand after cleavage (Fig.
7B). Product analysis of the E478Q RNase H cleavage on
native gels has shown that a portion of the RNA primer re-
mains annealed to the newly synthesized DNA strand (data not
shown). The native product remains susceptible to cleavage by
E. coli RNase H, and the RNA primer is therefore not dis-
placed by RT. Mutant RTs with mutations in the pol domain
which decrease RNase H activity have also been postulated to
be defective in strand transfer because of incomplete removal
of the primer (14).

Present research is aimed at understanding the requirements
for initiation of reverse transcription with various tRNA prim-
ers. Alterations have been made within the PBSs of many
retroviral genomes to allow for initiation to occur with the use
of alternative primers (17, 18, 28, 43, 44). Little research has
focused on the effects these alterations have on RNase H
activity or strand transfer. Previous studies have shown that
RT-associated RNase H and isolated RNase H enzymes are
capable of distinguishing between cognate and noncognate
tRNA primers during removal (38, 39). This study investigated

the effect of utilizing tRNAHis on strand transfer. tRNAHis has
been shown to be utilized on a modified virus (48) and was
postulated to function in primer removal (39). The tRNAHis

primer was capable of producing a 21 RNase H cleavage
product. Subsequent cleavages of the primer were observed.
Strand transfer products were produced with kinetics similar to
those of the wild-type tRNA3

Lys model substrate. Experiments
extending these studies to alternative tRNAs which the virus
has not been adapted to use are now in progress.

The role of RNase H activity in strand transfer has been
investigated in various systems. Early in vitro studies by Peliska
and Benkovic demonstrated that with an RNase H-deficient
mutant a very limiting amount of minus-strand transfer prod-
uct was detected (30). Those studies correlated polymerase-
independent RNase H cleavage with the strand transfer reaction,
when RNase H activity is required. These results are consistent
with our findings, in which a plus-strand transfer product is
observed to correlate with the production of an 8-mer RNase
H cleavage product (Fig. 2D). The requirements for plus-
strand transfer by E478Q RT were found to be similar to those
defined for minus-strand transfer (7). In the case of the E478Q
RT mutant, an 8-mer is never produced unless the enzyme is
complemented with an exogenous RNase H. The reactions
were performed under conditions such that the single RNase
H cleavage product produced by E478Q RT would not be

FIG. 6. HIV-1 RT analyzed with RNA oligonucleotide mimicking tRNAHis.
(A) Input RNA-DNA oligonucleotide (50-mer) substrate is indicated for
tRNAHis. The RNA portion is in bold type. The acceptor molecule utilized in the
reactions is complementary to the particular tRNA utilized and is described in
Materials and Methods. The expected product sizes are the same as for tRNA3

Lys

substrates. (B) Time course reactions of HIV-1 RT analyzed with tRNAHis are
shown. Lanes 1 to 5 and 6 to 10 represent HIV-1 RT assayed with tRNAHis in the
absence (2) or presence (1) of acceptor, respectively. The reactions were per-
formed as described in Materials and Methods. The reaction components are
indicated above each lane. An 18-mer RNA marker (M) is shown. Input sub-
strates and products are indicated by arrows. The time points are 0, 2, 5, 15, and
30 min (lanes 1 to 5 and 6 to 10).

FIG. 7. Model for second strand transfer reaction. (A) Reaction with HIV-1
RT. (B) Reaction with RNase H mutant E478Q RT. The RNA-DNA hybrid
(50-mer), newly synthesized DNA strand (58-mer), and acceptor molecule
(5580) are indicated. The asterisks indicate the 59 labels, the open arrows indi-
cate the sites of RNase H cleavage, and the dashed lines indicate acceptor
molecules.
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released due to its Tm of 60°C. In the avian system, it has been
shown that tRNA is removed as an intact species (27). The
primer utilized by the avian system is tRNATrp, which has a Tm
of 56°C, only 4°C lower than the Tm of tRNA3

Lys. This suggests
that the avian RT may displace the primer once cleavage oc-
curs. We have shifted the reaction temperatures to 42°C for
both HIV-1 RT and E478Q RT, which yielded results identical
to those of the 37°C reactions. This small shift in temperature
was not sufficient to allow for release of the 17-mer (data not
shown).

Nonviral RNase H’s were able to complement strand trans-
fer, although this is not likely to occur in vivo. Chimeras have
been constructed between AKR MuLV RT and E. coli RNase
H to observe the effects of an RT possessing a greater RNase
H-specific activity. The enzyme which was produced was func-
tionally active in vitro (31); the enzyme possessed a much
higher RNase H activity than the wild-type enzyme. Virion
particles containing E. coli RNase H have also been examined.
A chimeric enzyme utilizing M-MuLV Gag and E. coli RNase
H I has been analyzed for its effects in vivo. The presence of
the E. coli RNase H, rather than assisting replication, produces
an antiviral effect reducing viral titers when utilized in a pro-
phylaxis assay (42).

Manipulation of E478Q RT required the use of both mag-
nesium and manganese divalent cations. DNA polymerization
was optimal in the presence of Mg21; manganese alone re-
sulted in incomplete synthesis. For RNase H activity, Mn21

was required, suggesting that manganese and magnesium oc-
cupy different active sites within the mutant enzyme. Mn21 is
capable of alternative coordination, which stabilizes specific
conformations of the active site. These can be supported by
alternative interactions in the metal binding site of E. coli
RNase H. Studies have been performed in which the metal
binding sites of E. coli RNase H have been replaced with
ionic-charge interactions between Asp 10/Arg and Glu 48/Arg,
producing a metal-independent enzyme (6). This enzyme pos-
sesses activity similar or comparable to that of the wild type.

Catalysis of plus-strand transfer by HIV-1 RT with the au-
thentic tRNA3

Lys was similar to that obtained with an RNA
oligonucleotide mimicking tRNA3

Lys. Previous studies have
shown that in vivo DNA synthesis stops at the first Am within
the authentic tRNA (25, 35). However, analysis of strand trans-
fer in vitro with methylated and unmethylated tRNA3

Lys indi-
cates that Am at position 19 is not the sole determinant of
termination of synthesis (4). Current research suggests that
there are interactions of viral RNA and the A-rich loop of
tRNA3

Lys during initiation (18). Alternative structural compo-
nents may play a role in the termination of plus-strand synthe-
sis.

In reactions utilizing HIV-1 RT and E478Q RT, a predom-
inant polymerase pause site was observed. Pausing has been
previously characterized and shown to occur as a result of the
template sequence and structure (20). Other studies have also
shown that pause sites promote strand transfer (46). Along
with pausing, strand transfer has been shown to produce mu-
tations (29, 30, 46, 47). Studies analyzing internal strand trans-
fer have been shown to possess great fidelity (8). In the current
study, mutations and misincorporations were unable to be de-
tected by the analysis utilized. However, pause sites were ob-
served after approximately 14 nucleotides had been synthe-
sized off the 26-mer primer. This was the case for HIV-1 RT as
well as E478Q RT in the presence of Mn12, Mg21, or both.
For the assays performed in this study, polymerization pauses
are not substrates for strand transfer, since the acceptor mol-
ecule does not overlap in that region.

Strand transfer assays have been established in which the

DNA primer is transferred between two DNA templates.
These strand transfers are efficiently catalyzed by the E478Q
RNase H mutant RT (13). These results imply an alternative
mechanism to those involving RNA templates, where RNase H
activity is required (7). Our studies indicate that the E478Q RT
is capable of supporting plus-strand transfer; however, the
RNase H activity must be supplied by an exogenous enzyme.
RNase H-minus MuLV RT can displace short RNA oligonu-
cleotides during DNA synthesis, but the presence of the RNase
H domain increases the rate of synthesis on these templates
(13, 19, 45).

HIV-1 RT is capable of supporting plus-strand transfer un-
der the in vitro-reaction conditions defined here. Studies ana-
lyzing various strand transfer reactions have indicated that
nucleocapsid protein (NC) enhanced strand transfer (1, 3, 8,
15, 34). Our plus-strand transfer reactions with the model
RNA substrates were also performed in the presence and ab-
sence of nucleocapsid, and an increase in strand transfer was
not observed with the addition of NC (data not shown). This
may reflect a variation in NC preparations. In the in vitro
system utilized here, the model viral genomes may not be long
enough to support these interactions. In the virus, NC may be
necessary to disrupt the interactions of the loops of the tRNA
with the viral genome (17).

Our studies are consistent with other studies indicating a
vital role for RNase H activity in the strand transfer process.
More interesting is the defect which results from the mutation
of glutamate 478 to glutamine. Perhaps utilizing this mutant
with tRNAs which possess a lower Tm would result in efficient
strand transfer without the need for exogenous RNase H en-
zymes to be present. Complementation of this mutant with E.
coli RNase H allows strand transfer to be supported quite
efficiently, indicating a requirement for either further degra-
dation of the RNA primer or possibly a different mode of RNA
cleavage which is defective in E478Q RT. The development of
this assay system allows for further analysis of these questions.
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