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The biochemical mechanism of template switching by human immunodeficiency virus type 1 (HIV-1) reverse
transcriptase and the role of template dimerization were examined. Homologous donor-acceptor template pairs
derived from the HIV-1 untranslated leader region and containing the wild-type and mutant dimerization
initiation sequences (DIS) were used to examine the efficiency and distribution of transfers. Inhibiting
donor-acceptor interaction was sufficient to reduce transfers in DIS-containing template pairs, indicating that
template dimerization, and not the mere presence of the DIS, promotes efficient transfers. Additionally, we
show evidence that the overall transfer process spans an extended region of the template and proceeds through
a two-step mechanism. Transfer is initiated through an RNase H-facilitated acceptor invasion step, while
synthesis continues on the donor template. The invasion then propagates towards the primer terminus by
branch migration. Transfer is completed with the translocation of the primer terminus at a site distant from
the invasion point. In our system, most invasions initiated before synthesis reached the DIS. However, transfer
of the primer terminus predominantly occurred after synthesis through the DIS. The two steps were separated
by 60 to 80 nucleotides. Sequence markers revealed the position of primer terminus switch, whereas DNA
oligomers designed to block acceptor-cDNA interactions defined sites of invasion. Within the region of
homology, certain positions on the template were inherently more favorable for invasion than others. In
templates with DIS, the proximity of the acceptor facilitates invasion, thereby enhancing transfer efficiency.
Nucleocapsid protein enhanced the overall efficiency of transfers but did not alter the mechanism.

Recombination is an important process that occurs during
retroviral reverse transcription (25). It serves to disperse mu-
tations introduced by the highly error-prone reverse transcrip-
tase (RT) (3, 28, 53, 56, 69) and to correct for damage and
defects in the viral genome (34, 38, 67). More importantly,
recombination leads to the reassortment of genetic traits in the
progeny, thereby contributing to genomic heterogeneity and
evolution of the virus (5, 15, 21, 24, 54, 57, 65, 68). At least 10%
of the infectious human immunodeficiency virus type 1
(HIV-1) strains identified to date are the result of recombina-
tion between different subtypes (36, 48, 60). Additionally, re-
combination has been shown to contribute to the development
of progeny with enhanced or dual drug resistance (18, 30, 39,
76). The ability to maintain such remarkable genetic diversity
enables viruses such as HIV to survive in a hostile environment
where it is constantly challenged by the host immune system
and antiretrovirals. Although selection pressures ultimately in-
fluence the genetic heterogeneity of the surviving population
(54), the recombination event provides the raw material for
selection. Evaluating recombination rates and break points
within the genome should generate valuable insights into the
mechanisms and factors that promote the process. Systems in
vitro enable high-resolution analysis of the mechanism, helping

to explain the basis of recombination products in cell culture
systems and in vivo.

Template switching occurs when the nascent primer, after
being displaced from the original template, reanneals and ini-
tiates synthesis on the copackaged RNA. In retroviruses, re-
combination has been shown to occur predominantly during
RNA-templated or minus-strand synthesis (23, 62, 75, 77) and
is promoted in general through a copy choice mechanism (73).
An average of three crossovers per genome per replication
cycle has been measured in HIV-1 (27, 75), demonstrating the
high frequency of template switching. As with the obligatory
minus strong-stop transfer, RT-associated RNase H activity
and template homology are also essential to strand transfer
events that result in recombination (4, 8, 12, 22, 35, 50, 51, 63,
64). Reduced levels of RT-RNase H activity in the virus have
been shown to lower the frequency of template switching, as
determined by direct repeat deletion assays in Moloney murine
leukemia virus (MLV)-based cell culture systems (4, 26, 51,
63). Mechanistic studies in vitro show that RNase H cleavage
of the initial template (donor) exposes single-stranded regions
on the nascent DNA, where a homologous template (acceptor)
can then base pair and interact to facilitate the transfer (11–13,
58). This constitutes a primary mechanistic step for the copy
choice (73), forced copy choice (6), and dynamic copy choice
(8, 63) models of template switching, all of which address
template switching during RNA-templated synthesis.

A strong correlation has also been detected between the
frequency of template switching and conditions that promote
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RT pausing, such as sequence and secondary structures within
the template, misincorporation, and reduced deoxynucleoside
triphosphate (dNTP) pools (11, 12, 14, 20, 31, 45, 47, 52, 58, 63,
71, 72). Stalling of synthesis concentrates RT-RNase H cleav-
ages on the donor template, facilitating cDNA-acceptor inter-
action. Additionally, the viral chaperone protein nucleocapsid
(NC), which coats the viral RNA, promotes template switching
during both minus-strand strong-stop transfer and internal
transfer events (1, 7, 10, 19, 31, 43, 49, 58, 59). The NC is
thought to affect transfers through one or more mechanisms.
On the one hand, the NC appears to stimulate RT-RNase H
activity, thereby enhancing donor template degradation (49,
70). On the other hand, the nucleic acid chaperone activities of
the NC promote strand exchange, allowing the acceptor to
displace the cleaved donor and capture the nascent primer (32,
66, 74).

The retroviral genome consists of two homologous copies of
positive-sense RNA strands that are noncovalently linked near
their 5� ends and exist within the mature virion as a stable
dimer (16, 17, 55). While the diploid nature of the genome
makes recombination possible (25, 46, 62), template dimeriza-
tion and the dimerization site have been shown to facilitate the
mechanism (2, 34, 37, 38). In HIV-1, the dimerization initia-
tion sequence (DIS) within the 5� untranslated leader region
(UTR) has been identified as the primary linkage site and is
presented as a hairpin motif that exposes an auto-complemen-
tary loop sequence (33, 41, 44, 61). Dimerization is initiated
through loop-loop kissing interactions between the DISs of the
two genomes. The DIS-associated recombination events ob-
served in MLV in cell culture prompted us to examine the
HIV-1 DIS and its effect on recombination. Recently, Bal-
akrishnan et al. observed a high efficiency of template switch-
ing associated with templates containing the DIS (2). Transfer
efficiencies in the systems comprising subgenomic RNA frag-
ments in vitro showed a strong correlation between the ability
of the RNAs to dimerize and the efficiency of template switch-
ing.

The present study examined the biochemical mechanism of
template switching by HIV-1 RT and the role of template
dimerization promoted by the DIS in stimulating the process.
Our analysis shows that while the change in genetic markers
revealed the site of primer terminus transfer, the initial events
in the transfer process occurred well before the primer termi-
nus transfer. We also observe that certain regions of the tem-
plate were more favorable for acceptor invasion than others.
The combined evidence suggests that the transfer process
spans an extended region of the template and proceeds
through a two-step mechanism. The detailed evidence for the
transfer mechanism is presented.

MATERIALS AND METHODS

Reagents. Recombinant HIV-1 RT (specific activity, 20,000 U/mg) was sup-
plied by the Genetics Institute (Cambridge, Mass.). HIV-1 NCp7 (72 amino acids
[aa]) was prepared by solid-phase chemical synthesis, as described by de Roc-
quigny et al. (9). HIV-1 NCp7 (55 aa) was generously provided by Robert J.
Gorelick. NC stocks were diluted in buffer containing 50 mM Tris-HCl (pH 7.5)
and 5 mM dithiothreitol and stored at �80°C in 5- to 10-�l aliquots. T7 RNA
polymerase, T4 polynucleotide kinase, DNase I, restriction endonucleases,
dNTPs, ribonucleoside triphosphates, and RNase inhibitor were purchased from
Roche (Indianapolis, Ind.), and Escherichia coli RNase H was purchased from
Invitrogen (Carlsbad, Calif.).

Plasmid constructs. The HIV-1 5� UTR constructs pNL187-384, p�DIS-
NL43, and pJRC150-363 and the pol constructs pNL-RT3612-3773, pJRC-
RT3541-3753, pNL-DIS-2-pol, and pJRC-DIS-2-pol have been described previ-
ously (2). The SNP-2 and SNP-3 templates designed to inhibit DIS-induced
dimerization contain nonpalindromic sequences in the DIS loop. The SNP-2
donor and acceptor contain 5� AAGACUGCA DIS loop sequences, while the
SNP-3 donor and acceptor contain 5� AACUAGCAA DIS loop sequences. The
SNP constructs were generated using an overlap PCR approach as previously
described (2). The internal overlap primers carrying the mutations were as
follows: for pNL-NP2, NL-NP2(�) 5� GCTTGCTGAAGACTGCACGGCAAG
AGGC and NL-NP2(�) 5� CCTCTTGCCGTGCAGTCTTCAGCAAGCC; for
pJRC-NP2, JRC-NP2(�) 5� GGCTTGCTGAAGACTGCACAGCAAGAGGC
and JRC-NP2(�) 5� GCCTCTTGCTGTGCAGTCTTCAGCAAGCC; for pNL-
NP3, NL-NP3(�) 5� GCTTGCTGAACTAGCAACGGCAAGAGGC and NL-
NP3(�) 5� CCTCTTGCCGTTGCTAGTTCAGCAAGCC; and for pJRC-NP2,
JRC-NP2(�) 5� GGCTTGCTGAACTAGCAACAGCAAGAGGC and JRC-
NP2(�) 5� GCCTCTTGCTGTTGCTAGTTCAGCAAGCC. Mutations are indi-
cated in bold. The overlap primers were used in combination with the end
primers to generate full-length PCR fragments which were then cloned into
pBluescript II KS(�) (2). Constructs were transformed into E. coli DH5� cells
and sequenced.

Substrate preparation. Using T7 RNA polymerase as previously described (2),
RNA templates were generated by runoff transcription in vitro from BamHI-
linearized plasmids. Templates were purified on 6% denaturing polyacrylamide
gel. DNA primers, complementary to the 3� terminus of the donor RNA tem-
plates and 5� end labeled, were used to initiate synthesis. Primer MB20 (5�
CCCATTTATCTAATTCTCCC) was used for all of the UTR-based donors, and
primer MB22 (5� GCTTGCCAATACTCTGTCC) was used for all of the pol-
based donor templates. Unless described otherwise, labeled primers and donor
and acceptor RNAs were incubated at a 1.5:1:2 ratio for 1 min at 80°C and slowly
cooled to room temperature to facilitate primer annealing and formation of
donor-acceptor heterodimers (2). To inhibit the formation of donor-acceptor
heterodimers before initiation of the reaction, the acceptor template was ex-
cluded from the annealing reaction and added just prior to initiation of the
transfer reaction.

Dimerization assays. Dimerization assays were performed as previously de-
scribed (2). Briefly, 15 ng of internally labeled RNA in RT reaction buffer at a
final volume of 10 �l was incubated at 80°C for 1 min and slowly cooled to room
temperature. Samples were mixed with 2 �l of 50% glycerol, resolved on 4%
nondenaturing polyacrylamide gels, and visualized and analyzed using a Storm
PhosphorImager (Molecular Dynamics) and ImageQuant software (version 1.2).
To examine heterodimer formation under transfer assay conditions, 50 fmols of
internally labeled donor RNA was mixed with specified amounts of unlabeled
acceptor RNA under buffer and heat-annealing conditions identical to those
used for the transfer assays.

RT assays. Standard transfer assays were performed using a 12-�l final reac-
tion volume containing 50 mM Tris-HCl (pH 8.0), 50 mM KCl, 1 mM dithio-
threitol, 6 mM MgCl2, 50 �M dNTPs, 2 U of HIV-1 RT (50 ng), 4 nM primer-
donor template, and 8 nM acceptor. Substrates were preincubated with RT for
2 min at room temperature, and reactions were initiated by the addition of
MgCl2 and dNTPs. Reactions were terminated at the indicated times by addition
of 12 �l of 2� termination buffer (90% formamide, 10 mM EDTA [pH 8.0],
0.1% each xylene cyanole and bromophenol blue). Reaction products were
resolved on 6% polyacrylamide–urea gels, visualized using a PhosphorImager,
and quantitated using ImageQuant software. For reactions with NC, sufficient
NC was added to achieve 200% coating (1 NC per 3.5 nucleotides [nt] of
template) of donor and acceptor RNAs. The mixture was incubated for 15 min
at room temperature before the addition of RT. In experiments with blocking
DNA oligomers and E. coli RNase H, 0.5 pmol of the oligomer or the appro-
priate amount of RNase H was added 1 min after initiation of the reaction.

Analysis of transfer products. Transfer products were polyacrylamide gel
electrophoresis (PAGE) purified, amplified, and cloned into pBluescript II
KS(�) as previously described (2). Individual clones were sequenced to identify
crossover sites within the recombinants.

RESULTS

Based on the initial analysis by Balakrishnan et al. of the
dimerizing HIV-1 5� UTR sequence and its ability to promote
efficient template switching (2), we hypothesized that proximity
of the donor and acceptor templates creates a favorable envi-
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ronment for transfers. Transfer efficiency was severely compro-
mised upon deletion of the DIS hairpin from the UTR se-
quence and was enhanced when this element was inserted
within a non-UTR sequence. Most strikingly, the ability of the
templates to dimerize correlated with high transfer efficiency.
The following report is focused on the determination of the
biochemical mechanisms that cause the dimerization-en-
hanced transfers.

DIS-induced dimerization enhances transfer efficiency. We
speculated that the enhanced transfers observed with the DIS-
containing templates were related to the ability of the se-
quence to promote dimerization rather than to the mere pres-
ence of the sequence itself. Using the various UTR and pol
template sets from the previous study by Balakrishnan et al.
(2), we therefore examined transfer efficiencies under con-
trolled dimerization conditions as defined in Materials and
Methods. The wild-type (WT) UTR donor and acceptor tem-
plates share a 177-nt region of homology, from the primer
binding site to position �363, which includes the DIS hairpin
(Fig. 1A). The nondimerizing �DIS donor contains a 23-nt
deletion which removes the upper stem-loop of the DIS hair-
pin. The pol donor and acceptor templates span a region of the
RT coding sequence and share a 140-nt region of homology.
The 35-nt DIS hairpin sequence was inserted within the tem-
plates to generate the DIS-2-pol donor and acceptor RNAs.
The DIS-containing UTR and DIS-2-pol templates dimerized
efficiently (20 to 30%), while the dimerization efficiency of the
�DIS and pol donors ranged from 1 to 3% (Fig. 1B) (2).

If donor-acceptor dimerization were responsible for the high

efficiency of transfers, then inhibiting this interaction in the
DIS-containing templates should reduce the transfer efficiency.
The acceptor RNA was therefore excluded from the initial
primer-annealing step and was instead added just prior to
initiation of the reaction. This limited the percentage of pre-
formed donor-acceptor heterodimers at the start of the reac-
tion. In parallel reactions, the donor and acceptor templates
were allowed to predimerize during the primer-annealing step.
Reactions were performed using the UTR and pol templates
having or lacking the DIS, and the accumulation of transfer
products over time was monitored (Fig. 2). Under dimerizing
conditions with the WT UTR template set, transfers were
efficient and transfer products accumulated at a rapid rate
(Fig. 2A). A transfer efficiency of 4% was detectable as early as
2.5 min, and transfers steadily increased with time. However, in
reactions in which the acceptor was inhibited from predimer-
izing with the donor, the transfers were less efficient and ac-
cumulated at a slower rate. In contrast, conditions that favored
donor-acceptor dimerization had minimal effect on transfer
efficiency when the �DIS UTR donor was used. Under either
set of reaction conditions with DIS-deleted donor, transfer
efficiency remained low and was similar to that supported by
the WT donor under the nondimerizing conditions. In all of
the cases, transfer products were not detected until 2 to 5 min
of reaction time. This delay is consistent with the results of
earlier work (50) and suggests that the transfer process in-
volves slow steps that do not occur during simple primer ex-
tension.

A comparable trend was observed with the pol templates

FIG. 1. RNA templates used in the study and their dimerization efficiencies. (A) Schematic of the UTR, �DIS, pol, and DIS-2-pol templates
used in this study. A schematic representation of the HIV-1 genome highlighting some of the prominent regions is included at the top of the panel.
Donor (black horizontal lines) and acceptor (grey horizontal lines) templates were generated from NL4-3 and JRCSF strains of HIV-1, respectively
(2). Nucleotide positions in the genomic RNA that correspond to the donor and acceptor RNA templates are indicated, along with the positions
of the primer binding site (PBS) and DIS. The �DIS donor contains a 23-nt deletion which removes the upper stem-loop of the DIS hairpin, while
the DIS-2-pol donor and acceptor RNAs contain the 35-nt DIS hairpin sequence inserted within the pol sequence (2). Synthesis was primed from
20-nt DNA primers (black arrows) annealed to the 3� end of the donor template. (B) Dimerization of the various UTR- and pol-based donor and
acceptor templates. Internally labeled RNAs were individually folded under standard reaction conditions and resolved by PAGE under native
conditions (see Materials and Methods for details). Dimerization efficiency was calculated as the percentage of dimer from the total of dimer and
monomer. Values were averaged from a minimum of three independent experiments. The inset depicts a representative gel showing dimerization
of the SNP-2 donor (DSNP-2; lane 1) and acceptor (ASNP-2; lane 2) and SNP-3 donor (DSNP-3; lane 3) and acceptor (ASNP-3; lane 4) templates.
The slower-migrating bands correspond to RNA homodimers (D), while the faster-migrating bands correspond to the monomer form (M) of the
template.
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(Fig. 2B). Transfers promoted by the native pol templates
showed characteristics similar to those promoted by the �DIS
donor and were unaffected by the two different reaction con-
ditions. Transfers promoted by the DIS-2-pol templates, in
contrast, were greatly enhanced when the donor and acceptor
templates were predimerized. Overall, the results demonstrate
clearly that it is not the mere presence of the DIS but the
actual donor-acceptor dimerization that promotes efficient
transfer.

Mutations in the DIS loop sequence inhibit dimerization
and lower transfer efficiency. Since the �DIS UTR donor
contained a 23-nt deletion, it had the potential to fold in
conformations different from those assumed by the original
donor RNA. Additionally, the deletion also restricted donor-
acceptor homology in the region prior to the transfer peak. It
was therefore possible that these factors contributed to the
reduced transfers observed with the �DIS donor. To obviate
such problems, we generated nondimerizing UTR templates
by introducing point mutations in the DIS loop sequence in
both donor and acceptor templates. The SNP-2 and SNP-3
donor-acceptor template pairs contain modifications within the
DIS loop sequence such that the palindromic nature of the
loop sequence is disrupted (Fig. 3A). The overall folding of the
templates, as determined by mfold (78), remained unaltered.
As expected, dimerization assays showed that the SNP tem-
plates dimerized poorly (Fig. 1A). The SNP-2 and SNP-3 do-
nor templates exhibited 3 to 4% dimerization efficiency, while
the corresponding acceptor templates dimerized with 8 to 10%
efficiency. The SNP templates therefore served as effective
control templates with minimum sequence and homology
length alterations.

To address the role of template dimerization in template
switching, transfer efficiencies promoted by the SNP-2 and
SNP-3 donor-acceptor pairs were compared under the dimer-
izing and nondimerizing conditions described above (Fig. 3B).

FIG. 2. Time course of transfers promoted by the UTR- and pol-based templates. Transfer assays were performed at a 1:2 donor/acceptor ratio
under conditions in which donor and acceptor were predimerized (D) or acceptor was added at the start of the reaction (ND). Reactions were
terminated at 2.5, 5, 10, 15, 30, 45, and 60 min. Samples were resolved by denaturing PAGE and quantitated using a PhosphorImager. Transfer
efficiency was calculated as the percentage of transfer product over the combined donor extension and transfer products. (A) Plots of transfer
efficiency versus time for the WT UTR donor (triangles) and �DIS donor (circles). (B) Transfer efficiency was plotted against time for the pol
(circles) and DIS-2-pol (triangles) templates. Values were averaged from a minimum of three independent experiments.

FIG. 3. The SNP templates and their transfer efficiencies. (A) DIS
loop sequences of the WT UTR, SNP-2, and SNP-3 templates. Loop
sequences are indicated in uppercase, and adjoining stem sequences
are indicated in lower case. The palindromic sequence within the loop
is underlined in the WT, while mutations within the loop in the SNP
templates are highlighted in bold. (B) Time course of transfers pro-
moted by the SNP templates. Reaction details are same as described for
Fig. 2. Transfer efficiency was plotted against time for the SNP-2
(triangles) and SNP-3 (circles) template pairs. Reactions were performed
under conditions in which donor and acceptor were predimerized (D) or
acceptor was added at the start of the reaction (ND). Values were
averaged from a minimum of three independent experiments.
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As expected, the characteristics of the transfer reaction re-
flected those exhibited by the �DIS UTR and the pol tem-
plates (Fig. 2). For both SNP template pairs, transfer products
accumulated at a slow rate (Fig. 3B). Transfer efficiency ranged
from 9 to 11% at 60 min under dimerizing conditions, while
transfer efficiency was 6 to 8% under nondimerizing condi-
tions. In contrast to those of the WT UTR templates, the
transfer efficiencies of the SNP templates remained low and
were not significantly affected by the dimerizing conditions.
The overall results strongly suggest that the ability of the tem-
plate to dimerize enhances the efficiency of transfer.

Acceptor titration highlights local concentration effects. We
hypothesized that in templates that dimerize, the close prox-
imity between the donor and acceptor RNAs stimulates a high
local acceptor concentration. This improves the opportunity
for productive cDNA-acceptor interactions, thereby facilitat-
ing template switching. Using the various template sets to test
this argument, we examined the effect of acceptor concentra-
tion on transfer efficiency (Fig. 4). The anticipation was that
increasing acceptor concentration would have a stimulatory
effect on transfers with DIS-lacking templates but only a min-
imal effect on the DIS-containing templates.

For all template pairs tested, a basal level of transfers was
detectable even at an equimolar ratio of donor and acceptor
(Fig. 4). For the �DIS, SNP-2, and pol templates, the transfer
efficiencies ranged from 4 to 6%, while for the UTR and
DIS-2-pol, the efficiencies were 7.5 to 8%. As the acceptor
concentration was increased to two, four, and eight times the
donor concentration, a concomitant increase in transfer effi-
ciency was observed. Surprisingly, increased transfers were ob-
served with both the DIS-containing and DIS-lacking template
pairs. At sevenfold acceptor excess, the transfer efficiency
reached 14 to 15% for the �DIS and SNP-2 templates and

�9% for the pol templates. Under similar conditions, transfer
efficiencies of the WT UTR and DIS-2-pol templates were
about 28 and 23%, respectively, three times the efficiencies
observed for equimolar donor and acceptor concentrations.
Therefore, although transfer efficiencies for all of the template
pairs were sensitive to acceptor concentration, WT UTR and
DIS-2-pol templates showed larger increases in transfers in
response to increasing acceptor concentrations.

The stimulatory effect of high acceptor concentrations on
transfers with the UTR and DIS-2-pol templates prompted us
to examine the effect of acceptor titration on the donor RNA
dimerization. Using labeled donor and unlabeled acceptor
RNA, dimerization assays were performed under template and
buffer conditions identical to those used for the transfer assays.
Analysis revealed an increase in the total dimer population as
the total RNA concentration increased for the DIS-containing
templates but not for the nondimerizing template pairs (data
not shown). This was convincingly demonstrated with the pol
and DIS-2-pol templates, with which, unlike the results seen
with the UTR templates, differences in the donor and acceptor
template sizes enabled the detection of donor homodimers and
donor-acceptor heterodimers (data not shown). For the DIS-
2-pol templates, the heterodimer population increased from
26% at equimolar concentrations of donor and acceptor (1�)
to 46% at an acceptor concentration sevenfold higher (8�).
Thus, the increased transfers observed with increasing accep-
tor concentration were effected through different mechanisms
in the dimerizing and nondimerizing templates. With the non-
dimerizing templates, the increased transfers resulted from a
simple acceptor concentration effect, while with the dimerizing
templates, they resulted from increased donor-acceptor het-
erodimer formation.

Transfers are initiated through acceptor invasion behind
the primer terminus. Thus far, our study of the DIS-induced
transfers had revealed that the DIS-induced donor-acceptor
dimerization had a strong effect on transfer efficiency. How-
ever, sequence analysis of the transfer products showed that
the peak of primer terminus switches occurred only after syn-
thesis through the DIS hairpin (2). Our first impression from
this was that the transfer peak could not be a consequence of
dimerization. However, upon more thorough consideration,
we realized that dimerization might promote an event occur-
ring before the DIS that resulted in more efficient transfer
beyond the DIS. We proposed that transfers involve extensive
cDNA-acceptor interactions that are initiated prior to the re-
gion of primer terminus switch and that such interactions are
efficiently promoted in the context of a dimerizing template
(2). In such a model, the initial cDNA-acceptor contact would
be made before primer extension through the DIS disrupted
the donor-acceptor dimer. Branch migration of the cDNA-
acceptor hybrid would progress through the DIS, eventually
resulting in transfer of the primer terminus in the region down-
stream of the DIS.

To test this acceptor invasion model, we designed a series of
blocking DNA oligomers to probe for acceptor-cDNA inter-
action sites (Fig. 5A). The oligomers each consisted of a se-
quence identical to that of a section of the donor template and
therefore complementary to the nascent cDNA. If a transfer
event were initiated through acceptor invasion at a specific
region, then a DNA oligomer corresponding to that region

FIG. 4. Effect of acceptor concentration on transfer efficiency.
Transfer efficiency was measured for the dimerizing UTR and DIS-2-
pol template pairs and the nondimerizing �DIS, SNP-2, and pol tem-
plate sets as a function of increasing acceptor concentration. Donor
and acceptor template pairs were allowed to predimerize prior to
initiating the reaction. Reaction mixtures were incubated for 60 min
and contained 25 fmols of donor and 25, 50, 100, or 200 fmols of the
corresponding acceptor. Transfer efficiency was determined as de-
scribed for Fig. 2. Values were averaged from a minimum of three
independent experiments.
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would compete for the invasion site and thereby inhibit the
transfer. The specific lengths and termini of the blocking oli-
gomers were chosen such that the oligomers did not form
highly stable primer dimers and secondary structures.

The first set of DNA oligomers ranged in size from 57 to 63
nt and corresponded to the three major segments between
markers within the region of homology (Fig. 5A). BP187-245
consisted of donor sequences 5� to the DIS hairpin, while
BP304-360 corresponded to the region of homology 3� to
marker 1. BP278-340 spanned the template segment 24 nt past
the primer terminus to the start (3� end) of the DIS hairpin. To
reduce the possibility of the blocking oligomers interacting
with the templates, and to prevent RTs from prebinding to the
oligomers, they were added 1 to 2 min after initiation of reac-
tion. Transfer assays were performed in the presence of the
different blocking oligomers, and the transfer efficiencies were
measured at 20 and 60 min after the initiation of reaction (Fig.
5B and data not shown). Compared to BP187, oligomers
BP278 and BP304 inhibited transfers more efficiently, effecting
18 to 23% inhibition at 20 min and 37 to 40% at 60 min.

To define the invasion sites more precisely, we designed a
second set of shorter blocking oligomers 19 to 37 nt in length
(Fig. 5A). BP193-219 and BP218-243 had adjacent sequences
spanning the region originally covered by BP187, while BP272-
308 and BP315-340 spanned the region originally covered by
BP278. BP261-279 comprised the 3� stem sequence of the DIS
hairpin. The five short oligomers together covered most of the
homologous region within the template. The upper stem-loop
region of the DIS hairpin was excluded as an oligomer binding
site, primarily because of the potential of this sequence to fold
into stable structures. Oligomer BP162-187 corresponded to a
sequence in the acceptor template outside the region of ho-
mology and served as a control.

While all of the short oligomers, except for the control
oligomer, inhibited transfers to some extent, they differed in

relative effectiveness (Fig. 5B). BP261, which mapped to the
DIS 3� stem (which is part of the dimerization site), showed the
least inhibition (5 to 10%). Between 10 and 25% inhibition was
detectable with each of the oligomers BP193, BP218, and
BP272, which map to the regions of homology 5� to marker 4,
between marker 4 and the DIS hairpin, and between markers
1 and 3, respectively. Among the five short oligomers, BP315
displayed the highest inhibition of transfers (between 26 and
40%). As shown, BP315 was a short sequence 3� to marker 1,
a region also common to BP278 and BP304 (Fig. 5A). Inhibi-
tion of transfer with BP315 was detectable at as early as 20 min
after the initiation of reaction and was found at levels similar
to those displayed by the longer oligomers, BP278 and BP304,
at 60 min.

When the above results were considered in combination
with the transfer distribution data (2), we recognized that while
primer terminus transfer occurred predominantly in the region
immediately after the DIS hairpin, a blocking oligomer corre-
sponding to that region (BP218) showed only a minimal inhi-
bition of transfers. Instead, blocking oligomers complementary
to the 5� end of the cDNA were more inhibitory. This implies
that the invasion site need not be at or adjacent to the site of
primer terminus transfer but could instead be at a distance.

Interestingly, the blocking oligomers were more effective in
inhibiting transfers on the nondimerizing SNP-2 templates,
although the overall inhibition profile remained the same as
that observed with the WT UTR template (Fig. 5B). Oligomers
BP278, BP304, and BP315 were the most inhibitory and
blocked transfers by 50 to 60%, while oligomers BP218, BP261,
and BP272 caused 20 to 25% inhibition. This suggests that the
preferred invasion sites for transfers are identical in the WT
UTR and SNP UTR templates. Most likely, the inability of the
SNP templates to dimerize makes the acceptor invasion step
less efficient, allowing the oligomers to compete more effec-
tively with the acceptor for the interaction site on the cDNA.

FIG. 5. Blocking oligomers and their effect on transfer efficiency with the UTR and SNP-2 templates. (A) Schematic of the UTR donor
template and the DNA oligomers designed to block invasion. Nucleotide positions within the genomic RNA to which the donor template
corresponds are indicated and represent the region of homology shared between the donor and acceptor templates. Open circles on the donor
indicate relative positions at which donor and acceptor differ in sequence by single- or double-nucleotide bases and are designated markers 1 to
6. Hatched lines on either end of the template represent plasmid-derived sequences. The 35-nt DIS hairpin site is indicated. The arrow at the 3�
end of the template represents the DNA primer and indicates the direction of synthesis. Blocking oligomers are designated by the template regions
that they span and are aligned opposite their homologous regions on the template. BP162-187 falls outside the region of homology. (B) Transfer
assays were performed for 60 min with the WT UTR and SNP-2 templates in the presence of 0.5 pmol of the blocking oligomer (see Materials
and Methods for details). Transfer efficiency in the absence of blocking oligomers was taken as 100% (Ctrl). Transfer efficiency measured in the
presence of each blocking oligomer was plotted as a percentage of the control reaction. Values were averaged from a minimum of three
independent experiments.
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In contrast, the close proximity of the acceptor in the dimer-
izing templates facilitates invasion and therefore a higher ef-
ficiency of transfer and a lower inhibitory effect by the blocking
oligomers.

Effects of increasing RNase H activity. If invasion is an
essential step in the transfer mechanism, then appropriate
cleavage of the donor template is an important requirement.
We therefore examined the effect of increases in RNase H
activity on transfer efficiency (Fig. 6). To selectively increase
donor template degradation with minimal effect on primer
extension, transfer reaction mixtures were supplemented with
increasing amounts of E. coli RNase H added after initiating
the reaction (see Materials and Methods for details). Transfer
efficiencies were compared between the WT UTR, SNP-2, and
pol template sets (Fig. 6A). Supplementing the reactions with
as little as 0.5 U of E. coli RNase H resulted in a 50 to 90%
increase in transfers with the UTR and SNP-2 templates and a
150% increase in transfers with the pol templates. Further
increasing E. coli RNase H concentrations did not cause sub-
stantial additional increases in transfer efficiency. At 2 U of E.
coli RNase H, a general drop in transfer efficiency was ob-
served, which most likely resulted from disruption of the ac-
ceptor-cDNA hybrids. For all three template sets, an increase
in transfer efficiency was achieved through increasing RNase H
activity supplied in trans. Interestingly, transfer efficiencies
measured with the WT UTR templates were invariably higher
than those supported by the SNP-2 and pol templates, suggest-
ing that intrinsic features of the templates make a significant
contribution to the facilitation of transfers in the UTR.

To examine how the increased levels of RNase H might have
been improving the efficiency of transfers, we reexamined the
effect of the blocking oligomers in the presence of 0.5 U of
E. coli RNase H (Fig. 6B). Results with WT UTR templates
showed that the overall transfer inhibition profiles of the
blocking oligomers remained unchanged, with BP278, BP304,
and BP315 producing the most inhibition (compare Fig. 5B).
The presence of exogenous RNase H caused a slight increase

in the inhibition of transfer by the oligomers. In particular, the
efficiency of the oligomers previously found to be the most
effective, BP278, BP304, and BP315, was increased an addi-
tional 20%. Enhanced cleavages across the template did not
significantly alter the preference for invasion sites. This sug-
gests that specific regions within the template are intrinsically
favorable sites for invasion.

Similar analysis of transfers with the SNP-2 template showed
that, as with the WT UTR template, oligomers BP278, BP304,
and BP315 were still the most inhibitory to transfers (Fig. 6B).
In contrast to the WT template, enhancing degradation of the
SNP template only marginally increased the inhibitory effect
for these oligomers. Instead, increasing RNase H enhanced the
inhibitory effect of oligomers BP187, BP261, and BP272, al-
though they were still not as inhibitory as BP278, BP304, and
BP315. Therefore, with the SNP-2 template, although invasion
at additional sites was promoted with enhanced donor cleav-
age, the preferred invasion site still did not change. Preferred
sites of invasion were therefore evident irrespective of dimer-
ization.

Viral NC promotes DIS-related transfers. The viral NC pro-
tein has been proposed to enhance DIS-induced dimerization
by converting the kissing-loop complex, which involves the 6-nt
loop sequence, to an extended, stable dimer involving the stem
and loop sequences of the hairpin (40). We therefore exam-
ined the effect of the presence of NC on transfers with the
DIS-containing UTR templates. In reactions with predimer-
ized WT UTR templates, NC at a 200% coating level produced
a 40 to 60% increase in transfer efficiency (data not shown).
Interestingly, for reactions in which inhibiting predimerization
of donor and acceptor caused a drop in transfers, addition of
NC enhanced transfer efficiency to the levels observed under
heat annealing-induced dimerization conditions (Fig. 7). NC
most likely promoted DIS-induced donor-acceptor dimeriza-
tion, thereby enhancing transfer efficiency. In contrast, NC had
minimal effect on transfers with the pol templates. Incidentally,
NC did not cause any noticeable change in the extension or

FIG. 6. Effect of exogenous RNase H on transfer efficiency and invasion. (A) Transfer assays were performed with the WT UTR, SNP-2, and
pol template sets in the presence of 0, 0.5, 1, or 2 U of E. coli RNase H (see Materials and Methods for details). Transfer efficiencies were averaged
from a minimum of three independent experiments. (B) Transfer reaction mixtures with the WT UTR and SNP-2 template sets were supplemented
with 0.5 U of E. coli RNase H and performed in the presence of 0.5 pmol of different blocking oligomers (see Materials and Methods for details).
Transfer efficiency measured in the presence of each blocking oligomer was expressed as a percentage of the control reaction. Details are same
as described for Fig. 5B.
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pause profile under the various conditions tested for the UTR
and pol templates. Similar results were observed with both the
55-aa and 72-aa forms of NC.

To determine whether NC protein had an effect on transfer
distribution, transfer products were isolated, sequenced, and
analyzed (Fig. 8) as previously described (2). Since the donor
and acceptor templates carry periodic nucleotide base varia-
tions, a template-switching event would result in a change in
genetic markers in the cDNA, which identifies the region of
primer terminus transfer. Transfers in the presence of NC
(72-aa form) were assayed under the two different reaction
conditions (see Materials and Methods for details). In the one
case, heat annealing-induced donor-acceptor dimers were in-
cubated with NC prior to initiation of the reaction. In the other
case, following the annealing of primer and donor, acceptor
template and NC were added to the reaction mixture and
incubated for 10 min prior to initiation of the reaction
(�HT�NC; Fig. 7).

For reactions in which the donor and acceptor templates
were predimerized through heat annealing, the overall transfer
distribution profile (Fig. 8A) was remarkably similar to that
previously observed in the absence of NC (2). The preferred
region for primer terminus switch, i.e., between markers 3 and
4, was preserved in the presence of NC. In fact, the 67%
crossover within this 48-nt segment was slightly higher than
that which Balakrishnan et al. had previously observed in the
absence of NC (53% [2]). Transfers within the adjoining
marker segments ranged between 8 and 15%. Interestingly, for
reactions with NC in which the acceptor was not heat annealed
with the donor, the profile of primer terminus transfer was
altered, specifically in the segment between markers 2 and 4. In
the shifted profile, each of the segments between markers 2
and 3 and markers 3 and 4 supported about 35% of the trans-
fers. Transfer frequency in the remaining two segments re-
mained largely unchanged. To normalize for the distance be-
tween the markers, the transfer frequency within each segment
was corrected for the length of that segment (Fig. 8B). Under
conditions of heat annealing, the segment between markers 3
and 4 supported a larger fraction of the primer terminus trans-
fers, and NC did not significantly alter this. However, under

conditions of NC-induced dimerization and acceptor folding,
the resulting shift in the preferred region for primer terminus
transfer broadened the transfer peak. One explanation for the
altered transfer profile is that the acceptor assumes slightly
different conformations under the different reaction condi-
tions. Alternately, the NC-induced dimer linkage is different
from that induced through heat annealing. An extended dimer-
ization interaction proposed to be favored by NC should im-
pede primer elongation because of the need for strand dis-
placement synthesis. This might be the cause of the observed
shift of the terminus transfer area closer to the expected site of
invasion.

It was of interest then to determine whether the change in
the transfer distribution profile was effected through a change
in the invasion site or in the overall transfer mechanism. To
address this, we reexamined the effect of the blocking oli-
gomers under NC-induced template dimerization conditions.
The profile of inhibition of transfers was essentially identical to
that observed under the heat-annealing conditions (Fig. 5B),
with the oligomers BP278, BP304, and BP315 effecting the
most inhibition (data not shown). This indicated that the pre-

FIG. 7. Effect of NC on strand transfer catalyzed by HIV-1 RT on
the UTR template. The UTR acceptor RNA was mixed with the donor
template during the heat-annealing step (�Ht) to promote donor-
acceptor heterodimer formation or added to the reaction mixture at
the start of synthesis (�Ht) to impede heterodimer formation. Trans-
fer reactions were performed in the absence (�NC) or presence
(�NC) of NC. Reactions were terminated at the 5 (lane 1)-, 15 (lane
2)-, 30 (lane 3)-, 45 (lane 4)-, and 60 (lane 5)-min time points, and
products were resolved on 6% polyacrylamide gel under denaturing
conditions. Full-length synthesis on the donor resulted in a 214-nt
donor extension product (FL), while template switching and comple-
tion of synthesis on the acceptor generated a 250-nt transfer product
(T).

FIG. 8. Distribution of transfers within the 5� UTR in the presence
of NC. Template description is same as described for Fig. 5A. The
region corresponding to the 35-nt DIS hairpin is indicated. (A) Trans-
fer assays in the presence of 200% NC were performed with predimer-
ized donor and acceptor (solid bars) or without predimerizing the
templates (hatched bars). Transfer products were isolated, cloned, and
sequenced to determine the distribution of crossover sites within the
template. Values were averaged from two independent experiments
with about 45 clones each and consisted of products resulting from
single crossover events. Hatched and solid bars between markers rep-
resent average transfer frequencies within the marker segment and
were calculated as follows: 100 � (number of transfers within a given
marker segment/total number of transfer products analyzed). Corre-
sponding numerical values are indicated above the bars. (B) The trans-
fer frequencies presented in panel A were normalized for distance.
Numerical values are indicated above the bars and were calculated by
dividing the crossover frequency measured as described for panel A by
the length of the respective marker segments and multiplying the final
value by 10. Marker segments and segment lengths in nucleotides are
highlighted by horizontal brackets.
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ferred region for acceptor invasion was not altered in the
presence of NC. The data further confirmed that NC does not
alter the basic transfer mechanism. The acceptor invasion step
that initiates the transfer and the primer terminus switch which
completes the transfer event are discrete steps in the transfer
process and occur at distinct sites on the template. NC most
likely stimulates transfers through its effects on one or more of
these intermediate steps in the process.

DISCUSSION

Identification of recombination events associated with the
genome dimerization sites in MLV suggested a role for tem-
plate dimerization in promoting crossovers (34, 37, 38). Using
RNA templates containing the HIV-1 leader sequence, Bal-
akrishnan et al. recently showed that DIS-induced template
dimerization enhances the efficiency of template switching by
HIV-1 RT in vitro (2). The present study specifically examined
the mechanism of template switching and the effect of tem-
plate dimerization on the process.

Results from three separate experimental approaches dem-
onstrated that it is the DIS-induced dimerization of the tem-
plates, and not the mere presence of this sequence, that en-
hances the efficiency of transfers in the HIV-1 UTR sequence.
First, when the DIS was deleted, mutated, or introduced in a
different template, we observed a direct correlation between
the ability of the templates to dimerize and the efficiency of
template switching. Second, inhibiting the donor-acceptor in-
teraction was sufficient to reduce transfer efficiency, not only
with the leader sequence containing the DIS but also with
non-UTR sequences into which the DIS element was artifi-
cially introduced. Finally, increased donor-acceptor dimeriza-
tion enhanced transfers.

The transfer distribution profile (Fig. 8) (2), taken together
with the inhibition profile of the blocking oligomers (Fig. 5B),
indicates that transfer involves an initial acceptor invasion step
that is initiated at a site distant from the site of the primer
terminus transfer. While transfer of the primer terminus oc-
curred after synthesis through the DIS, the blocking oligomers
that most effectively inhibited transfers were 50 to 60 nt up-
stream of the DIS. The preferred invasion sites were identical
for the UTR and SNP-2 templates, indicating that its position
is not determined by the DIS or dimerization. Additionally,
using exogenous E. coli RNase H to increase the overall level
of template degradation enhanced transfer efficiency without
altering the preferred invasion site for both UTR and SNP-2
template sets. These combined observations led to the follow-
ing conclusions. (i) Acceptor-cDNA interactions were initiated
at preferred sites upstream of the dimerization site. (ii) The
site of initiation of transfer and site of primer terminus transfer
were separated by a significant distance (60 to 80 nt in the
UTR templates) such that the overall transfer process oc-
curred over an extended region.

We did not observe 100% inhibition of transfers with BP315
for two reasons. First, this sequence represents only 15% of the
region of homology, and a portion of the invasion may be
initiated at other sites. Notice that the other oligomers also
caused some inhibition of transfers. Second, with the dimeriz-
ing templates, the DNA oligomers may be less effective in
competing with the acceptor for the interaction site on the

cDNA. Blocking oligomers were more effective with the non-
dimerizing SNP-2 templates. Invasion is therefore a key step in
the transfer process. In dimerizing templates, the close prox-
imity of the acceptor promotes effective invasion, thereby fa-
cilitating the transfer.

Studies show that excess RNase H stimulates transfers (12).
Our findings corroborate these observations while suggesting
that increased RNase H specifically enhances the invasion
step. Analysis of phenotypically mixed virions shows that while
reducing RT-polymerase activity was deleterious to viral rep-
lication for both HIV-1 and MLV, reducing RT-RNase H
activity to 50% that in WT virus did not noticeably affect
replication (4, 29). Limiting RNase H activity, however, caused
a sharp decrease in template-switching frequency (4). The ex-
cess RNase H activity in some retroviruses, while not essential
for normal replication (4, 29), might have been retained be-
cause of its positive effect on recombination and evolution of
the virus. Most likely, extensive cleavage is required for disso-
ciation of RNA fragments to facilitate acceptor invasion for
transfer. The fact that limiting RNase H is more detrimental to
minus strong-stop transfer than to the PPT primer biogenesis
(29) further supports the notion that different aspects of ret-
roviral replication and evolution require different levels of
RNase H.

Results show that although NC stimulates transfer, it does
not alter the transfer mechanism. When the UTR templates
were predimerized, NC caused a modest increase in transfer
efficiency without altering the transfer distribution. This stim-
ulation can be explained by the ability of this chaperone pro-
tein to stimulate RT-RNase H (49, 70) and to promote accep-
tor-cDNA annealing (32, 66, 74), thereby promoting acceptor
invasion and branch migration (Fig. 9, panels 2 and 3). For
reactions in which acceptor was not heat annealed, NC stim-
ulated an earlier transfer of the primer terminus. One pos-
sibility is that structures resulting from differences in heat-
annealed versus NC-induced donor-acceptor dimerization
influenced the terminus transfer. Alternately, acceptor folding
under the different conditions may have been the significant
factor. In the latter case, more effective promotion of the
branch migration step by NC (Fig. 9, panel 3) would cause an
earlier transfer of the primer terminus. This finding is compa-
rable to that of the effects of NC observed by Negroni and Buc
(42). They propose that folding and structure of the acceptor
template can affect the site of primer terminus transfer.

Based on the observed characteristics of the transfer reac-
tion, we propose that template switching occurs through an
active invasion mechanism (Fig. 9). While synthesis continues
on the donor template, RNase H cleavages within the donor
create gaps at which the acceptor can invade and initiate in-
teractions with the nascent DNA (Fig. 9, panels 1 and 2).
Acceptor invasion, the initial step in the transfer, is initiated
before RT has synthesized through the DIS. Acceptor-cDNA
interactions propagate through branch migration as cDNA
synthesis and template cleavage continues on the donor tem-
plate, creating a three-strand transfer intermediate (Fig. 9,
panel 3). A significant length of the cDNA-acceptor hybrid is
formed, and eventually the primer terminus, which has now
extended past the DIS, also transfers (Fig. 9, panel 4). Three
transient components in the transfer process are as follows: (i)
acceptor invasion and initiation of the transfer, (ii) extension
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of this interaction through branch migration, and (iii) primer
terminus switch, which completes the transfer.

The idea of an invasion-induced transfer mechanism is not
new. Previous studies of template switching mechanisms have
indicated the role of pausing and RNase H cuts in facilitating
acceptor invasion (11, 12, 14, 31, 58, 63, 72). In this study,
findings regarding the UTR and pol templates demonstrated
that weak pause sites are sufficient to provide the required
amount of cleavage for invasion and transfer. Template switch-
ing appears not to necessarily require intense pausing; rather,
it depends on a site with characteristics that allow cleavage of
the donor together with the ability of the acceptor to invade.
Recent studies have proposed that transfers occur through a
two-step mechanism in which the structure of the template,
specifically the acceptor, is critical in the invasion (42, 58).
Negroni and Buc recently suggested that transfer involves the
formation of a complex containing both RNA strands and
proceeds through an initial docking of the acceptor on the
nascent DNA followed by strand invasion (42). The analysis by
Roda et al. of transfer mechanisms in the context of a stable
hairpin-containing template system led to the proposal of the
two-step “Dock and Lock” model (58). Almost all of the trans-
fers were initiated at the base of the hairpin, where extensive
pause-induced cleavage of the donor template facilitated the
Dock, or invasion, step. The Dock step, as previously described
by Negroni and Buc (42), initiates the transfer. The point of
transfer of the primer terminus, or the Lock step, occurred
predominantly within the loop of the hairpin at a location at
least 20 nt from the Dock site. In a smaller percentage of

transfers, the Dock and Lock steps were completed at the base
of the hairpin. In the UTR template, the primer terminus
transfers to a location as far as 80 nt away from the invasion
site. The transfer mechanism inferred from the UTR template
system is consistent with the two-step model. We additionally
conclude that the overall transfer process involves an extended
region of homology, that invasion does not require strong
pausing, and that invasion occurs at preferred sites in the
template.

The two-step mechanism also explains the transfer profile
observed by Wooley et al. (71), in which insertion of a ho-
mopolymeric region in the template increased the frequency of
primer terminus switches in a template segment several nucle-
otides downstream of the site. Most likely, while pause-in-
duced RNase H cleavage initiated the invasion step in the
homopolymeric region, the subsequent primer terminus trans-
fer step did not occur until synthesis was well past the ho-
mopolymer region. While the primer terminus transfer site
defines the breakpoints in the recombinant genome, as dem-
onstrated by the change in genetic markers, preferred recom-
bination sites within the genome represent template regions
with a favorable combination of sites for both invasion and
primer terminus transfer.

The combined results of the present study and a previous
study by Roda et al. (58) strongly suggest that retroviral re-
combination during minus-strand synthesis proceeds through
an invasion-induced two-step mechanism. While the evidence
indicates that the invasion site and the primer terminus trans-
fer site can be separated by a large distance, factors that de-
termine the size of the separation are not fully understood.
Although we have some understanding of the factors that can
facilitate the invasion step, we do not yet understand what
causes the primer terminus to transfer at a specific site. Tran-
sient stalling of RT during synthesis, favorable structure of the
acceptor template (42), and formation of an extended and
stable hybrid are likely factors that affect the later terminus
transfer. Such details are currently under investigation.
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