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Mechanism of DNA Strand
Transfer Reactions Catalyzed by
HIV-1 Reverse Transcriptase

James A. Peliska and Stephen J. Benkovic

Two DNA strand transfer reactions occur during retroviral reverse transcription. The mech-
anism of the first, minus strand strong-stop DNA, transfer has been studied in vitro with
human immunodeficiency virus 1 reverse transcriptase (HIV-1 RT) and a model template-
primer system derived from the HIV-1 genome. The results reveal that HIV-1 RT alone can
catalyze DNA strand transfer reactions. Two kinetically distinct ribonuclease (RNase) H
activities associated with HIV-1 RT are required for removal of RNA fragments annealed
to the nascent DNA strand. Examination of the binding of DNA - RNA duplex and single-
stranded RNA to HIV-1 RT during strand transfer supports a model where the enzyme
accommodates both the acceptor RNA template and the nascent DNA strand before the
transfer event is completed. The polymerase activity incorporated additional bases beyond
the 5’ end of the RNA template, resulting in a base misincorporation upon DNA strand
transfer. Such a process occurring in vivo during retroviral homologous recombination
could contribute to the hypermutability of the HIV-1 genome.

Retroviral reverse transcription is cata-
lyzed by the virally encoded enzyme reverse
transcriptase (RT). This multifunctional
enzyme can catalyze DNA-dependent and
RNA-dependent DNA polymerization as
well as the RNA hydrolysis of DNA-RNA
hybrids (RNase H activity) (I, 2). In a
series of complex events, the RT as part of
a replication complex facilitates the synthe-
sis of double-stranded DNA from a diploid
RNA (Fig. 1) (3, 4). In a widely accepted
model for reverse transcription, minus
strand DNA synthesis is initiated at a spe-
cific transfer RNA (tRNA) primer comple-
mentary to the primer-binding site (PBS)
located near the 5’ end of the viral RNA
and continues to the end of the viral ge-
nome, generating what has been termed
minus strand strong-stop DNA (Fig. 1A).
This short nascent DNA strand is translo-
cated to the 3’ end of the same or a second
viral RNA molecule, guided by the direct
repeat sequence (r) on both ends of the
RNA (Fig- 1, B and C), and minus strand
DNA synthesis is completed. Plus strand
DNA synthesis is then initiated at an
RNase H-resistant RNA oligonucleotide
known as the polypurine tract located near
the U3 region at the 5’ end of the minus
strand DNA and proceeds through an in-
tramolecular DNA strand transfer facilitat-
ed by RNase H removal of the tRNA
primer (5, 6) (Fig. 1, D to F). DNA strand
transfer also apparently occurs during the
process of retroviral recombination where
the RT transfers to a second strand of viral
RNA on encountering a break in the RNA
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template during minus strand DNA synthe-
sis (7) as has been shown in both in vivo
and in vitro studies (6, 8-11).

Several important questions surround
the steps involved in strand transfer during
retroviral reverse transcription, including
the overall mechanism of the process,
whether there is a key intermediate, such
as a three-stranded (RNA-DNA-RNA),
formed in the transfer process as implied in
Fig. 1B, which is accommodated by a bind-
ing site on the RT and the timing of the
RNA cleavage relative to DNA synthesis.
Two kinetically distinct RNase H activities
have been attributed to HIV-1 RT: a poly-
merase-coupled activity that cleaves the
RNA template as the DNA is actively
synthesized, and a polymerase-independent
RNase H activity that functions in the
absence of DNA elongation (12, 13), but
whether both are required in HIV strand
transfer reactions has not been determined.

We now address these issues by describ-
ing the molecular and kinetic characteris-
tics of a model system designed to examine
strand transfer reactions catalyzed by HIV-1
RT in vitro. As would be expected from
earlier reports, our data reveal that RT
alone is capable of catalyzing strand transfer
reactions {9-11). We find that RNase H
activity is required for an efficient strand
transfer process and that it acts in concert
with the polymerase of the enzyme. The
latter, furthermore, manifests an unantici-
pated ability to extend by a single base the
DNA of a DNA - RNA duplex past the 5’
end of the RNA template prior to strand
transfer. If this same reaction occurs in
vivo, it could provide a means for introduc-
ing nucleotides that are not template-en-
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coded, possibly contributing to the hyper-
mutability of the HIV-1 genome. Kinetic
studies and time-dependent crosslinking ex-
periments imply the formation of RNA -
DNA strand transfer intermediates facilitat-
ed by the binding of RNA template at a site
spanning both the p51 and p66 subunits of
HIV-1 RT that correlates with a possible
site visualized in the crystal structures of
HIV-1 RT (14, 15). Understanding the
characteristics of these reactions catalyzed
by HIV-1 RT in vitro is critical in deter-
mining its role in the transcription complex
in vivo and for possible therapeutic use.
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Fig. 1. Model for the processing of diploid RNA
to double-stranded proviral DNA during retrovi-
ral reverse transcription. For clarity, processing
of only one of the viral RNA strands is shown.
Capital letters and bold lines represent DNA
while lower case and thin lines represent RNA.
The terminal repeat sequence (r) is thought to
aid in the minus strand strong-stop DNA transfer
(A — B). Anintermolecular transfer is shown, but
both inter- and intramolecular transfer may oc-
cur (5, 6). The functional role of RNase H activity
in this reaction has not been conclusively deter-
mined. Plus strand DNA synthesis is initiated at
a polypurine-rich RNA primer located near the
u3 region after RNase H hydrolysis of the RNA
template (D). After removal of the tRNA primer
by RNase H, a plus strand DNA transfer is
thought to occur in an intramolecular fashion (E
— F) aided by the complementarity phosphate-
buffered saline sequences located on the 3’
ends of both plus and minus strand DNA.




We designed a two-template RNA sys-
tem to examine the mechanism of DNA
strand transfer (Fig. 2). The primary RNA
template was derived from the first 40 bases
(reading 5’ to 3’) of the HIV-1 terminal
repeat (r) (16) and was primed at its 3’ end
with the complementary 20-base DNA oli-
gonucleotide. The second strand of RNA
shares the same sequence as the last 20
bases (5’ end) of the primary RNA tem-
plate and includes an additional 21 bases
derived from the u3 region of the viral
genome. This generates an overlap in the
two RNA templates that effectively simu-
lates conditions occurring during minus
strand strong-stop DNA transfer (Fig. 2)
(17). To detect the DNA strand transfer we
examined the DNA products after DNA
polymerization for the appearance of full-
length 61-base DNA.

The kinetics of DNA strand transfer
catalyzed by HIV-1 RT. To demonstrate
the mandatory involvement of RNase H
activity in strand transfer, we performed
this assay with both wild-type (18) and an
RNase H-deficient mutant of HIV-1 RT
that displays no detectable RNase H activ-
ity but retains wild-type polymerase activity
(19). The time-dependent formation of
DNA products resulting from strand trans-
fer (Fig. 3) reveals that even at reaction
times exceeding eight half-lives, less than
1.5 percent of the transfer product (the
limit of detection) was found in the reac-
tion containing the RNase H-deficient mu-
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Fig. 2. DNA strand transfer assay system. The
40-base primary RNA template derived from
the repeat sequence (r) located at the 5’ end of
the HIV-1 genome (Fig. 1) was primed with a
complementary DNA oligonucleotide. The ac-
ceptor RNA template was homologous to the
last 20 bases (5’ end) of the primary RNA
template (r) and included an additional 21
bases derived from the u3 genomic sequence
(17). In the standard assay, 5' end-labeled
[32P]DNA is used and, after reaction initiation
and termination (EDTA quench), the products
were analyzed by polyacrylamide gel electro-
phoresis (PAGE) under denaturing conditions.
The occurrence of strand transfer is indicated
by the appearance of 61-base DNA product.

tant, whereas the wild-type protein effec-
tively processed more than 85 percent of
the primary DNA product. Although some
other property of HIV-1 RT necessary for
catalyzing strand transfer may have been
compromised by the protein mutation, we
do not favor this interpretation for two
reasons. First, the relatively conservative
point mutation incorporated into the
HIV-1 RT mutant, unlike a deletion muta-
tion, is not expected to alter protein struc-
ture and thereby affect other protein func-
tions. Second, the kinetics of RNA degra-
dation in the wild-type reaction further
emphasize the role of RNase H in the
transfer reaction (as discussed below).
This result is consistent with earlier
work demonstrating RNase H hydrolysis of
the 5’-terminal portion of the Rous sarcoma
virus genome during reverse transcription
(20) and in strand transfer reactions cata-
lyzed in vitro by Moloney murine leukemia
virus (MLV) reverse transcriptase (10). In
contrast, RNase H may not be a mandatory
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Fig. 3. RNase H requirement for strand transfer.
Both wild-type (WT) and RNase H-deficient
[RNase H (=)] HIV-1 RT were tested (Fig. 2,
assay) for their ability to support DNA strand
transfer. (A) Quantitative analysis of strand
transfer reaction products (B) isolated by PAGE
on 20 percent acrylamide, 8 M urea, TBE gels.
Reaction mixtures contained assay buffer [50
mM tris-HCI, pH 8, 75 mM KClI, 0.1 mM EDTA, 1
mM DTT (dithiothreitol), 0.1 percent Triton
X-100], 200 nM 5' end-labeled 20-base
[32P]DNA - 40-base RNA, each dNTP at 100
uM, 7 mM MgCl,, 800 nM 41-base RNA and
wild-type HIV-1 RT (200 nM) or RNase H (=)
(200 nM) were incubated at 37°C. At the times
indicated, . reaction samples were withdrawn,
and the reaction was terminated by addition to
EDTA (110 mM, final). The product bands were
visualized by autoradiography, and the prod-
ucts were quantified by band excision and
liquid scintillation counting. Only elongated
products are shown.
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requirement for DNA strand transfer if
homopolymer templates such as poly(A) -
oligo(dT) are used (11) or if the enzyme, as
in the case of MLV RT, is able to unwind
the 3’ end of the primary duplex before
hybridization of the nascent DNA with the
RNA acceptor template (9). For HIV-1
RT, the latter must be an inefficient pro-
cess. However, the hybridization of 40-base
DNA (primary product) and 41-base RNA
(acceptor template) (Fig. 2) is accelerated
in our reaction by the presence of HIV-1
RT. The observed second-order rate con-
stant of hybridization increased linearly
with HIV-1 RT concentration and was
more than doubled (2467 M™! s™!) above
the background (995 M~! s~!) at 200 nM
HIV-1 RT while 400 nM HIV-1 RT in-
creased this constant further (3533 M™!
s71) 21).

The DNA template transfer reaction
catalyzed by HIV-1 RT was assayed with
the DNA and RNA of the primary tem-
plate-primer alternatively labeled with 32P.
On initiation of the transfer reaction, the
32p_labeled 20-base DNA primer of the
20-base DNA - 40-base RNA duplex was
rapidly elongated to the corresponding 40-
base DNA (Fig. 4A). Effectively, all of the
DNA primer was extended within the first 5
minutes. This 40-base product was further
elongated within 5 minutes by HIV-1 RT
via a blunt-end nucleotide addition to a
41-base product at an apparent rate of
approximately 0.1 min™! and subsequent
incorporation of additional nucleotides at a
slower rate. Similar blunt-end addition has
been observed for other DNA polymerases,
but again at a slower rate (22). This blunt-
end addition was unaffected by the presence
of 41-base RNA acceptor template, demon-.
strating that these products did not arise
from a transfer process. Further analysis of
the data shows that both the 40-base and
41-base primary DNA products can transfer
onto the 41-base RNA acceptor template,
with subsequent rapid elongation to the
61-base full-length product, which appears
more than 10 minutes later (23).

The identity of the base added to the
blunt end was determined by incubating the
blunt end 40-base DNA - 40 base RNA
with each individual nucleotide triphos-
phate and HIV-1 RT. On the basis of the
rates at which each nucleotide was incor-
porated, we determined that HIV-1 RT
shows a preference for addition—dAMP >
dGMP > dTMP > dCMP—onto this par-
ticular substrate in a ratio of 1:0.5:0.2:0.07
(24). Because this addition was not influ-
enced by the presence of RNA acceptor
template, it is an intrinsic property of the
reverse transcriptase with a blunt-end du-
plex substrate. For this duplex, the addition
of any base other than dATP would result
in the incorporation of an incorrect base at
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position 41 after DNA synthesis (17). On
the basis of the determined ratios above,
this would represent approximately 43 per-
cent of the strand-transferred DNA con-
taining a blunt-end addition.

The synthesis of DNA on competent
template primers by HIV-1 RT in vitro is
processive and occurs at single-base incor-
poration rates of 14 s~! (25). This is con-
sistent with the rapid 20-base DNA primer
elongation (Fig. 4A) where production of
40-base DNA was complete within the first
5 minutes. Likewise, the putative strand
transfer intermediate 40-base DNA-41-
base RNA template primer was indepen-
dently shown to rapidly polymerize to 61-
base DNA under the reaction conditions
(Fig. 4). This indicates that some step other

than DNA synthesis must be limiting the
formation of the 40-base DNA-41-base
RNA strand transfer intermediate.

‘To determine the nature of this limiting
step, we designed experiments to monitor
the fate of the 40-base RNA during tem-
plate transfer. Concomitant with the elon-
gation of the 20-base DNA primer to the
40-base DNA primary product, the tem-
plate RNA was degraded by the RNase H
activity associated with HIV-1 RT to form
an initial 14-base RNA product (Fig. 4B).
This process was detectable within the first
5 minutes, reflecting the ability of HIV-1
RT to rapidly cleave RNA templates. Gen-
eration of the 40-base DNA - 14-base RNA
intermediate was thus too rapid to be the
rate-limiting step in DNA strand transfer.
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Fig. 4. Analysis of substrate processing during DNA strand transfer. Reactions contained 300 nM
5' end-labeled 20-base [32P]DNA - 40-base RNA (A) or 300 nM 20-base DNA - 5’ end-labeled 40
base [32P]RNA (B), 500 nM 41-base RNA, each dNTP at 150 uM, 7 mM MgCl,, and 100 nM HIV-1
RT in assay buffer at 37°C. Reactions were terminated with EDTA, and the products were analyzed
as in Fig. 3. The lengths of the DNA products are shown at the right. Only elongated DNA products
are shown. (C) The data in (A) and (B) were analyzed after product band excision and scintillation
counting. The yield of DNA strand transfer product (O) is correlated with that of RNA fragments of
less than ten bases (H). The experimental evidence presented in the text suggests that the yield of
these RNA fragments should coincide with that of primary DNA product capable of transferring to

the RNA acceptor template.
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The lack of RNA fragments of intermediate
length suggests that the polymerase and
RNase H activities were coupled, that is,
the RNA template was cut progressively
and during the synthesis of DNA (12). This
result is consistent with the recently report-
ed crystal structures of HIV-1 RT, which
showed that the nucleic acid duplex lies in
a cleft spanning both the polymerase and
RNase H active site of HIV-1 RT (14, 15).
When the polymerase encounters the end
of the template, RNase H activity is tem-
porarily halted 14 base pairs from the 5’ end
of the RNA (Fig. 4B), as with an earlier
reported RNase H cleavage 15 base pairs
from the 3’ terminus of the DNA catalyzed
by HIV-1 RT under polymerization condi-
tions (13). Our studies at shorter times
demonstrated that the 14-base RNA frag-
ment was produced from a 19-base precur-
sor, suggesting that the RNase H action
may proceed to rapidly remove four to five
additional bases after the termination of
DNA synthesis (12). This result would be
in accord with a 18-base separation be-
tween the polymerase and RNase H sites,
on the basis of modeling an A-form DNA -
RNA hybrid into the substrate binding cleft
of the crystal structure of the p66-p51 het-
erodimer of HIV-1 RT (15). Thus, DNA
synthesis by the polymerase activity of
HIV-1 RT appears to translocate the newly
synthesized DNA-RNA hybrid into the
RNase H active site where the RNA was
enzymatically processed.

Under the conditions described in Fig.
4, the production of the DNA transfer
product then occurred after an initial lag
phase owing to the RNase H processing of
the primary template (Fig. 4C). Examina-
tion of the reaction products by nondena-
turing gel electrophoresis indicated that the
14-base RNA fragment was still annealed to
the nascent 40-base DNA and required
removal before the 41-base RNA acceptor
template could form a functional template-
primer conformation. This was accom-
plished by a kinetically distinct polymerase-
independent RNase H activity and gave rise
to the shorter RNA cleavage products (Fig.
4B), a reaction that occurs even in the
absence of the 41-base RNA acceptor tem-

- plate. Processing of the RNA strand appar-

ently continued until a DNA - RNA hybrid
of less than ten bases was formed whose
melting temperature (T, < 35°C) was be-
low that of the reaction (37°C) (26).
Quantitation of RNA fragments of nine
bases or fewer should then correlate with
the production of DNA capable of transfer
onto the acceptor RNA template, subse-
quently giving rise to full-length transfer
product. The rate of formation of the trans-
ferable DNA, obtained from the quantita-
tion of these RNA fragments, although
somewhat faster than the formation of
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Fig. 5. A model for DNA strand
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strand transfer product, does track the for-
mation of full-length strand transfer prod-
uct (Fig. 4C). The discrepancy is probably
due to some nine-base RNA fragments re-
maining annealed to the primary DNA
since its melting temperature was compara-
ble to the reaction temperature.

The molecularity and polarity of the

Fig. 6. Kinetic and physical evidence for formation
of enzyme-bound DNA strand transfer intermedi-
ates. (A) The dependence of DNA strand transfer
on 41-base RNA acceptor template concentration.
Reactions contained 300 nM 5’ end-labeled, 20-
base [32P]DNA - 40-base RNA, each dNTP at 150
M, 7 mM MgCl,, 80 nM HIV-1 RT and 50 nM (@),
100 nM (O), 200 nM (A), 400 nM (+), 800 nM (O),
or 1600 nM (*) of 41-base RNA acceptor template.
Reactions were analyzed as in Fig. 3. (B) A replot
of the observed strand transfer rates and 41-base
RNA concentration derived from (A). The rates
plotted were obtained from the post-lag linear
portion of each progress curve. The data were
fitted to the equation rate = [41-base RNA]V/(K_, +
[41-base RNA]) toyield a K., = 731 nM for 41-base
RNA and V = 5.3 nM/min. (C) Characteristic ultra-
violet crosslinking of various DNA oligonucleotides
to the p51-p66 heterodimer of HIV-1 RT. 5’-Oligo-
nucleotides labeled with 32P at the 5’ end were
incubated with 200 nM HIV-1 RT in reaction buffer
and irradiated with ultraviolet as described below:
(1) 450 nM DNA, no irradiation; (2) 450 nM DNA,
with irradiation; (3) 900 nM DNA, with irradiation.
The arrows on the left designate the position of
non-crosslinked HIV-1 RT p51 and p66 determined
by Coomassie blue staining. The decrease in the
electrophoretic mobility of the crosslinked enzyme
was due to the increased size of the protein-DNA
complex. (D and E) Crosslinking of substrates
during DNA strand transfer. (D) The time depen-
dence of 41-base RNA acceptor template binding
to HIV-1 RT under strand transfer conditions was
examined by crosslinking reaction samples by
means of ultraviolet light. The reaction mixture
contained 300 nM 20-base DNA - 40-base RNA,
100 nM HIV-1 RT, each at 0.5 uM dNTP, 7 mM
MgCl,, and 500 nM 5’ end-labeled 41-base RNA in
assay buffer, 37°C. Reaction samples were
quenched with EDTA (20 mM) and then simultane-
ously irradiated with two 15-W bulbs (254 nm) at a

distance of 3 cm for 15 seconds. In the absence of 20-base DNA -
40-base RNA, the 41-base RNA crosslinked with the same efficiency as
the maximum values obtained in (D) (5 minutes).
identical to (D) except 5’ end-labeled 41-base [32P]JRNA was replaced
with 5 end-labeled 20-base [32P]DNA - 40 base RNA. Crosslinked
products were heated to 100°C for 5 minutes and then subjected to
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strand transfer reaction. Several lines of
evidence suggest that HIV-1 RT can ac-
commodate a strand transfer reaction
through a putative RNA-DNA-RNA en-
zyme-bound species (Fig. 5). Variation of
the concentration of 41-base RNA acceptor
template in the presence of fixed amounts
of enzyme and 20-base DNA - 40-base RNA
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showed a concentration dependence for
61-base DNA product formation. The indi-
vidual progress curves are characterized by
an invariant lag in product formation con-
sistent with the mandatory removal of ter-
minal RNA fragments before DNA transfer
(Fig. 6A). A replot of the observed steady-
state rates and RNA concentration is hy-
perbolic (Fig. 6B), indicative of but not
demanding a mechanism where the accep-
tor template forms a Michaelis-Menten
complex prior to template transfer.
Physical evidence derived from protein—
DNA - RNA crosslinking experiments fur-
ther defines the location of the binding of
the transfer intermediates to HIV-1 RT.
Previous studies have shown that duplex
and single-stranded DNA molecules can be
crosslinked to HIV-1 RT upon exposure to
ultraviolet radiation. Crosslinking of
A (1;.18dT o to heterodimer p66-p51 gave
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electrophoresis under denaturing conditions through 12 percent acrylam-
ide, 0.1 percent SDS. The crosslinked HIV-1 RT was detected by
autoradiography, and quantitated by liquid scintillation. All data were at
least five times higher than that of background. The same reaction as (E)
performed in the absence of 41-base RNA showed that crosslinking of the
DNA is not significantly affected by the RNA acceptor template.
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exclusive crosslinking to the p66 subunit
(27), as would be expected from compari-
son with biochemical (28, 29) and structur-
al (15) studies that suggest that the p66
subunit is the only functional subunit in the
heterodimer. However, tRNAL" is cross-
linked to both p66 and p51 subunits of
heterodimer HIV-1 RT (30), which is in
accord with a model based on crystallo-
graphic evidence that the p51 subunit forms
part of the tRNA binding site (15). We find
that short DNA or RNA oligonucleotides
crosslink only to the p66 subunit, but
strands longer than 25 nucleotides appear
to contact both p51 and p66 subunits (Fig.
6C) (31). The ratio of RNA or DNA
crosslinking to the two subunits (approxi-
mately 1:1, Fig. 6C) is independent of
oligonucleotide concentration and the time
of ultraviolet irradiation (32). Examination
of the crosslinking of the 32P-labeled 20-
base DNA - 40 base RNA duplex substrate
revealed that the 20-base DNA primer ini-
tially crosslinks to the p66 subunit alone,
but after DNA synthesis to the correspond-
ing 40-base product, the DNA crosslinks
with the p51 subunit. Collectively, the
results indicate a common binding pocket
spanning both subunits.

The implied simultaneous binding of
both the primary DNA elongation product
and the RNA acceptor template was further
tested in a series of competition crosslink-
ing experiments. In the presence of increas-
ing amounts of 20-base DNA - 40 base
RNA template-primer, binding of the 41-
base RNA acceptor template to HIV-1 RT
was competitively inhibited. The estimated
inhibition constant (K; = 27 nM) for 20-
base DNA - 40-base RNA is in agreement
with its independently determined dissocia-
tion constant (K) of 28 nM (33). Thus the
acceptor template is initially excluded from
binding to the enzyme during strand trans-
fer reactions. However, on addition of nu-
cleotide triphosphates and MgCl,, the
crosslinking of the 41-base RNA acceptor
template to both p51 and p66 subunits
rapidly increases while the DNA binding
remains relatively unchanged (Fig. 6, D
and E). The onset of 41-base RNA binding
has a time dependence similar to that of the
lag-phase associated with the production of
full-length strand transfer product (Fig.
6A). This is consistent with an intermedi-
ate species in which the 41-base RNA
acceptor template occupies a binding site
left vacant by RNase H hydrolysis of the
primary template during DNA synthesis.
At longer times (>20 minutes) there is a
decrease in 41-base RNA due to RNase H
cleavage of the RNA after strand transfer
and a concomitant increase in elongated
DNA, which accounts for the trend in the
data.

The putative strand transfer intermedi-
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Fig. 7. Determination of the polarity of DNA strand transfer. (A) The 40-base DNA - 41-base RNA
strand transfer intermediate could partition in two directions; either DNA elongation or RNA
elongation. DNA elongation results in the production of 61-base DNA product while RNA elongation
is expected to produce a 20-base DNA product after RNase H processing. (B) The assay shown in
(A) was performed at 37°C in the presence of 300 nM of 20-base DNA - 40-base RNA, 100 nM HIV-1
RT, each dNTP (including [a-32P]dGTP at 100 pM), 7 mM MgCl,, and 500 nM 41-base RNA (left
panel) or no 41-base RNA (center panel). The partitioning of thermally annealed 40-base DNA -
41-base RNA was performed as a control under identical conditions (right panel). The identity of the

DNA products is shown at the left. Reactions were performed as in Fig. 3.

ate is a 40-base DNA - 41 base RNA hybrid
with both strands having 3'-hydroxyl
groups (Fig. 2). Since HIV-1 RT has been
shown to support polymerization off either
DNA or RNA primers, this intermediate
could partition in two directions (Fig. 7).
DNA synthesis with the DNA serving as
the primer would result in the previously
observed 61-base transfer product (Fig. 3),
whereas synthesis off the RNA primer
would result in a mixed DNA-RNA inter-
mediate. The RNA in turn would be sus-
ceptible to RNase H degradation resulting
in a 20-base DNA product. Partitioning of
the presumed strand transfer intermediate
was assayed by incorporating radioactively
labeled nucleotide triphosphates (NTP’s)
and examining the products by polyacryl-
amide gel electrophoresis (Fig. 7B). Only
the production of a 61-base DNA resulting
from synthesis from the DNA primer was
detectable under these conditions. In addi-
tion, the putative DNA - RNA intermedi-
ate was generated through hybridization of
purified oligonucleotides and added to
HIV-1 RT, and its partitioning was deter-
mined (Fig. 7B). Both reactions produced
identical results, suggesting that HIV-1 RT
has a strong preference (>98 percent) to
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elongate DNA rather than RNA primers,
thus ensuring the correct elongation polar-
ity of strand transfer intermediates.
Detailed DNA strand transfer model.
The kinetic and physical data were used to
construct a detailed model for DNA strand
transfer catalyzed by HIV-1 RT. The pri-
mary template-primer initially binds tightly
to the HIV-1 RT with the 3'-hydroxyl of
the DNA primer positioned for DNA syn-
thesis in the polymerase active site. In this
configuration, the second RNA acceptor
template is precluded from binding to the
enzyme. Upon addition of MgCl, and nu-
cleotide triphosphates, the DNA strand is
rapidly and processively elongated to the
40-base primary product; at the same time,
the template RNA is degraded by the
RNase H activity at a locus 18 or 19 bases
away from the polymerase site, producing a
40-base DNA - 14-base RNA hybrid inter-
mediate. With most of the 40-base RNA
template now removed by RNase H action,
the 41-base RNA acceptor template can
bind to a site spanning both p66 and p51
subunits of HIV-1 RT. Before the 41-base
RNA can serve as a competent template for
further DNA synthesis, the 14-base RNA
fragment must be removed by a kinetically
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Fig. 8. Model for recombination-induced misin-
corporation by HIV-1 RT. For clarity, the RNA
degradation by RNase H is not shown but is
mandatory for strand transfer. During forced
copy-choice recombination, the minus strand
DNA is synthesized until a nick in the template
RNA (template a) is reached (A — B). The
reverse transcriptase adds an additional base
(shown here as dAMP) onto the blunt end of the
DNA - BRNA primary product (B). After DNA
strand transfer onto the second RNA template
(template b), depending on the sequence of
the RNA template, a mismatch could result
(shown here as a G - A mispair) (C). In the
absence of any proofreading capability of the
RT, the terminal mismatch is incorporated upon
DNA synthesis. Subsequent plus strand DNA
synthesis resulted in base conversion (D).

distinct polymerase-independent RNase H
activity. Since the spatial distance between
the RNase H and polymerase active sites
appears to be approximately 18 or 19 bases
(12, 15), cleavage of the residual primary
template RNA probably requires an alter-
ation of the duplex binding where the DNA
3’-hydroxyl is no longer positioned in the
polymerase pocket. Removal of the RNA
fragment allows the final hybridization of
the acceptor template; after the transferred
primer is repositioned into the polymerase
site, rapid DNA synthesis to the 61-base
strand transfer product ensues.

The genetic variability of the HIV ge-
nome may allow it to evade the host’s
immune system. The mutation rates of the
env and gag genes of HIV-1 are so high that
a nucleotide sequence change occurs essen-
tially every replicative cycle (34). A major
source of genetic variation in HIV-1 may be
due to the inherent inaccuracy of the RT
(35), with error rates in copying DNA and
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RNA estimated to be as high as one misin-
corporation per 5000 to 6000 nucleotides
polymerized. Our in vitro results suggest yet
another way in which HIV-1 might gener-
ate variation during reverse transcription.
During DNA strand transfer reactions that
simulate minus strand forced copy-choice
recombination in vitro, more than 50 per-
cent of the primary DNA is extended past
the primary RNA template prior to DNA
strand transfer (Figs. 3 and 8). Because the
addition at the nucleotide blunt end occurs
in the absence of excess acceptor template,
it is not expected to be directed by the
sequence of the next base of the acceptor
template. Therefore, potentially any base-
pair mismatch could be generated after
DNA strand transfer resulting in a point
mutation at the recombination site (Fig. 8).
If such a reaction occurs in vivo, the degree
to which this could contribute to the vari-
ation of the retroviral genome would in
turn depend on the integrity of the pack-
aged viral RNA. Because so much recom-
bination occurs during reverse transcription
(6-8), the potential for recombination-in-
duced mutation could be quite high.
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