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Strand transfer drives recombination between the co-packaged genomes of
HIV-1, a process that allows rapid viral evolution. The proposed invasion-
mediated mechanism of strand transfer during HIV-1 reverse transcription
has three steps: (1) invasion of the initial or donor primer template by the
second or acceptor template; (2) propagation of the primer—acceptor hybrid;
and (3) primer terminus transfer. Invasion occurs at a site at which the
reverse transcriptase ribonuclease H (RNase H) has created a nick or short
gap in the donor template. We used biochemical reconstitution to determine
the distance over which a single invasion site can promote transfer. The
DNA-primed RNA donor template used had a single-stranded pre-created
invasion site (PCIS). Results showed that the PCIS could influence transfer
by 20 or more nucleotides in the direction of synthesis. This influence was
augmented by viral nucleocapsid protein and additional reverse transcrip-
tase-RNase H cleavage. Strand-exchange assays were performed specifi-
cally to assess the distance over which a hybrid interaction initiated at the
PCIS could propagate to achieve transfer. Propagation by simple branch
migration of strands was limited to 24-32 nt. Additional RNase H cuts in the
donor RNA allowed propagation to a maximum distance of 32-64 nt.
Overall, results indicate that a specific invasion site has a limited range of
influence on strand transfer. Evidently, a series of invasion sites cannot
collaborate over a long distance to promote transfer. This result explains
why the frequency of recombination events does not increase with
increasing distance from the start of synthesis, a characteristic that supports
effective mixing of viral mutations.

© 2009 Elsevier Ltd. All rights reserved.
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Introduction

Recombination during reverse transcription is a
source of genetic diversity in HIV-1. During

reverse transcription, mutations are frequently
generated.'™® Differing co-packaged RNA genomes
can recombine an advantageous genetic code,
resulting in improved viral fitness.”> Reverse
transcriptase (RT) is the enzymatic protagonist of

reverse transcription. The two catalytic activities of
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RT are polymerization and ribonuclease (RNase) H
(i.e., cleavage of RNA strands that are annealed to
DNA).16-19 Through these two activities, RT
reverse transcribes double-stranded DNA from
the genomic single-stranded RNA templates. Suc-
cessful completion of reverse transcription requires
strand transfer, a process by which the nascent
DNA switches between RNA templates.” Through
strand transfer, sequence variations between co-
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packaged RNA genomes can be combined in the
double-stranded DNA product.

Strand-transfer recombination can occur at any
time during minus-strand synthesis, as described by
the “dynamic copy choice” model, and recombina-
tion is dependent on the ratio between rates of RNA
cleavage and DNA synthesis.”’ ** A ratio in favor of
RNA cleavage produces higher efficiency of strand
transfer, while less cleavage and an increased rate of
polymerization favor a lower transfer efficiency.
Results of many experiments performed both in vivo
and in vitro indicate that cleavage of the RNA leads
to an “invasion-mediated” mechanism of strand
transfer—a process in which a second RNA invades
gaps in the initial RNA template to hybridize with
single-stranded DNA (ssDNA).>*2®

During minus-strand synthesis, the RT degrades
the RNA concomitantly with polymerization,
although cleavages are not made as frequently as
nucleotides are incorporated, leaving fragments of
RNA still annealed to the nascent DNA.2732 Addi-
tional RT molecules further degrade the remaining
fragments independently of polymerization.30-3
RNA cleavage leads to the emergence of invasion
sites, sections of ssDNA that are exposed for the
second intact RNA to invade and hybridize.”*
Results obtained in vitro suggest that creation of the
invasion site is the rate-limiting step of the invasion-
mediated mechanism of strand transfer.* After
invasion, the RNA-DNA hybrid must propagate to
the 3’-terminus of the nascent DNA to drive a
terminus transfer, which completes the template
switch. Hybrid propagation can proceed by the
successive base pairing of nascent DNA with the
second RNA, known as branch migration. Heath and
DeStefano demonstrated transfer-related branch
migration in strand-exchange reactions in the absence
of RT.*!

Branch migration is one of two possible mechan-
isms of hybrid propagation. The other is a proximity-
based mechanism. The proximity effect is achieved
through an invasion upstream of the DNA 3'-
terminus, which increases the local concentration of
the second RNA template around the nascent DNA.
The proximity effect can engender terminus transfer,
as suggested by the work of Song et al.**

In a way similar to the proximity mechanism,
nucleocapsid protein (NC) also stimulates annealing
by increasing local concentrations of complemen-
tary nucleic acid by way of aggregation.***> NC, a
55-aa product of gag gene expression and proces-
sing, has two zinc fingers that allow it to interact
with chaperone nucleic acids, with a preference for
single-stranded RNA.****¥ NC not only promotes
aggregation but also destabilizes weak secondary
structures.** > Accordingly, NC increases strand-
transfer efficiency, in part through facilitating the
invasion step.”485458 Additionally, NC promotes
strand exchange so long as the product shares a
greater region of complementarity compared with
the reactant.*' '

It has been reported that 3-30 strand-transfer
events occur per genome per replication cycle.59‘63

During reverse transcription, as an RT extends the
primer terminus farther away from the primer
binding site (PBS), the polymerizing RT and assist-
ing RTs cleave the RNA template, creating an ever-
increasing number of potential invasion sites—that
is, the number of potential invasion sites increases
proportionally with the length of cDNA extension.
This would predict that transfer efficiency at any
position of primer extension would be proportional
to the distance of synthesis from the primer to that
position. However, Jetzt et al. reported that recom-
bination efficiency across the length of the HIV-1
genome varied between regions but did not increase
with distance from the PBS.®” This result suggests
that some factor limits efficiency of strand transfer
despite increasing opportunities for invasion. The
study by Jetzt et al. is consistent with the expectation
that the farther the primer terminus is removed from
an invasion site, the less likely the RNA-cDNA
hybrid created by invasion can propagate quickly
and efficiently enough to catch the DNA terminus
and complete the transfer:®” That is, efficiency by
which hybrid propagation can contribute to transfer
is expected to decrease substantially with distance.
Considering the likelihood of limitations on the
distances between invasion and terminus transfer
and the limited number of transfer events, it is
probable that transfer mechanisms are determined
by local structures and conditions. The factors that
determine hybrid propagation rate and efficiency
have heretofore been largely unexplored.

Measurements of strand transfer made in wvitro
suggest that distances from invasion sites to points of
terminus transfer can be separated by dozens of
nucleotides.”®****%® However, each substrate system
employed has had several potential sites of invasion,
excluding precise measurement of the distance over
which a specific invasion site can promote terminus
transfer. Studies have investigated the influences of
NC on strand-exchange reactions with a specific
invasion site over shorter lengths, but the limitations
of propagation distance with respect to specific
invasion sites are undefined.*'°'*?> Here, we used
specially designed RNA and DNA transfer substrates
in vitro to determine how individual invasion sites
contribute to the invasion-mediated mechanism of
strand transfer, with specific focus on the limits and
influences on the apparently crucial intermediate step
of hybrid propagation. In particular, we investigated
the roles of the RNase H activities of RT and the
strand-exchange properties of NC.

Results

Our objectives were threefold: to design and use a
reconstituted system able to test directly for the
influence of a specific invasion site in strand transfer;
to determine whether the hybrid propagation step of
transfer is limited by distance; and to establish
whether hybrid propagation is affected by the
strand-exchange properties of NC and the RNase
H activity of RT.
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Pre-created invasion site substrates used in
hybrid propagation experiments

Pre-created invasion site (PCIS) substrates have a
single-stranded region that allows rapid, efficient
acceptor invasion at a specific location.*” The PCIS
substrates used in this study were composed of a
DNA primer annealed to either a DNA or an RNA
donor template in which the primer had a 5
overhang of 20 nt (Fig. 1). This region of the ssDNA
primer is the PCIS and has a G/C content of 45% to
promote invasion. Substrates are labeled —PCIS and
+PCIS, indicating the absence and the presence,
respectively, of the 20-nt 5’ overhang. An acceptor
template, A, was designed to have full comple-
mentarity with the primer, including the region of
the PCIS, with the exception of 3 nt that created a
mismatch between the primer 3’-terminus and the
acceptor template (Table 1). The mismatch was
introduced to prevent polymerization on the
acceptor should the primer exchange from the
donor to the acceptor before initiation of synthesis
on the donor. We observed that the 3-nt mismatch
inhibited template-directed synthesis in reactions
with primed acceptor and no donor (data not
shown). A U33A base substitution was also
introduced for the strand-exchange reactions
described elsewhere (see Materials and Methods).
The +PCIS substrate is designed to resemble the
strand-transfer reaction intermediate just after
creation of the invasion site.

The PCIS substrates offer unique advantages for
characterizing the transfer mechanism. Comparing
transfer efficiency from substrates having with those
lacking the PCIS allows a confident determination of
the role of invasion at that specific site on subse-
quent transfer. Since the substrates are designed
such that the primer terminus must progress well
downstream of the PCIS before transfer can occur,
evidence that transfers initiate at the PCIS and
complete later would provide the strongest model in
vitro to date supporting the proposed invasion-
mediated transfer mechanism.
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Use of these substrates also facilitates assessment
of the effects of two reaction components that we
predicted to influence hybrid propagation and
terminus transfer. The first is NC, which has been
reported to promote strand exchange. The second is
RT RNase H, which is anticipated to allow the initial
DNA-RNA hybrid to expand by cutting the donor
RNA (Dgrna) so as to destabilize its interaction with
the cDNA. The effects of RNase H can be eliminated
experimentally through the use of the E478Q mutant
RT, which lacks RNase H function.

Effects of the PCIS and NC on transfer

We first questioned whether the presence of the
PCIS influenced transfer. We used the primers
—PCIS,p and +PCIS,g, which were complementary
with the last 20 nt of the 3’ end of the donor template
and had 3-nt mismatch with the acceptor RNA, A,,,
at nucleotide positions 18-20 (Table 1). Results
indicated that the PCIS generally increased transfer
efficiency (see Materials and Methods for determi-
nation of transfer efficiency) whether or not NC or
RNase H was present (Fig. 2). The transfer efficiency
of reactions with E478Q RT and no PCIS was a very
low 0.6%, but it was significantly increased with the
PCIS by as much as 6-fold to 3.6% (Fig. 2b and ¢;
Table 2). Comparatively, the increase of transfer
efficiency when NC and PCIS were combined in the
presence of E478Q was approximately 19-fold to
11.4%.

We next asked whether NC could substitute for
the PCIS. In a reaction with E478Q RT on a substrate
without the PCIS, addition of NC increased the
transfer efficiency by a mere 1.5-fold to 0.9%.
Evidently, the PCIS had a more influential role in
promoting strand transfer than NC when RT-RNase
H activity was absent.

To further clarify the effects of PCIS and NC on
strand transfer in the absence of RNase H, we
repeated the previous reactions with wild-type (WT)
RT and a DNA donor template instead of E478Q and
an RNA donor template. The transfer efficiency for

3 Fig.1. Schematic of primers and
| templates used for PCIS experi-
; ments. The PCIS on selected sub-
1 strates is indicated. Primer names
contain (—) and (+) signs to indicate
! the absence and the presence,
] respectively, of the PCIS. The sub-
i script number in the primer name
; indicates the length of primer that
| anneals with the donor template.
3 Nucleotide numbering is indicated
1 by dashed vertical lines and num-
i bers. Black arrows represent the
various DNA primers. The hatched
line represents Dgna. The continu-
ous gray line represents the acceptor
RNA.



Table 1. Primers (5'-3’) and acceptor and donor templates (3'-5) used in the study

Name Sequence Length PCIS
Primers

-PCIS; TGGTAAACATTCTTGAG 17 -
+PCIS;7 CCGGTTCTATAACGGTATGATGGTAAACATTCTTGAG 37

—PCIS;5 TGGTAAACATTCTTGAGA 18 -
+PCIS;5 CCGGTTCTATAACGGTATGATGGTAAACATTCTTGAGA 38 +
~PCIS; TGGTAAACATTCTTGAGTGC 20 -
+PCISy CCGGTTCTATAACGGTATGATGGTAAACATTCTTGAGTGC 40 +
—PCIS,4 TGGTAAACATTCTTGAGTGCTCGA 24 -
+PCIS,4 CCGGTTCTATAACGGTATGATGGTAAACATTCTTGAGTGCTCGA 44 +
—~PCIS;, TGGTAAACATTCTTGAGTGCTCGATCTGATGT 32 -
+PCIS3, CCGGTTCTATAACGGTATGATGGTAAACATTCTTGAGTGCTCGATCTGATGT 52 +
—PCISg4 TGGTAAACATTCTTGAGTGCTCGATCTGATGTAAGCTTAGACTTGTACTGCGATGTGTAGTGAG 64 -
+PCISg4 CCGGTTCTATAACGGTATGATGGTAAACATTCTTGAGTGCTCGATCTGATGTAAGCTTAGACTTGTACTGCGATGTGTAGTGAG 84 +
Acceptors

A, GGCCAAGAUAUUGCCAUACUACCAUUUGUAAGAACUCUUCAGCUAGACUACAAUCGAAUCUGAACAUGACGCUACACAUCACUCUGCAUAUGAGCAUCCUAGCCUCGAGGUUAAGCGGG 119 +
Aqz GGCCAAGAUAUUGCCAUACUACCAUUUGUAAGAACUCUCGAGCUAGACUACAUUCGAAUCUGAACAUGACGCUACACAUCACUCUGCAUAUGAGCAUCCUAGCCUCGAGGUUAAGCGGG 119 +
Ay GGCCAAGAUAUUGCCAUACUACCAUUUGUAAGAACUCACGAGCUUGACUACAUUCGAAUCUGAACAUGACGCUACACAUCACUCUGCAUAUGAGCAUCCUAGCCUCGAGGUUAAGCGGG 119 +
Az GGCCAAGAUAUUGCCAUACUACCAUUUGUAAGAACUCACGAGCUAGACUACAAUCGAAUCUGAACAUGACGCUACACAUCACUCUGCAUAUGAGCAUCCUAGCCUCGAGGUUAAGCGGG 119 +
Ags GGCCAAGAUAUUGCCAUACUACCAUUUGUAAGAACUCACGAGCUAGACUACAUUCGAAUCUGAACAUGACGCUACACAUCACUCUGCAUATGAGCAUCCUAGCCUCGAGGUUAAGCGGG 119 +
Donors

Dgrna ACCAUUUGUAAGAACUCACGAGCUAGACUACAUUCGAAUCUGAACAUGACGCUACACAUCACUC ... ... ... ... .. CUCGAGGUUAA GCGGG 80 -
Dpna ACCATTTGTAAGAACTCACGAGCTAGACTACATTCGAATCTGAACATGACGCTACACATCACTC ... ... ... ... ... CTCGAGGTTAAGCGGG 80 -

Primers are named —PCISyy or +PCIS,y, with the (=) and (+) signs indicating the absence and the presence, respectively, of the invasion site and subscript numbers indicating the length of the primer that anneals with the donor template. Acceptors
are named Ay, with the numbers corresponding to the hybrid propagation distance. The donor templates are named Dgya or Dpna, indicating whether the donor template is RNA or DNA. Sequences are aligned for homology or complementarity.
Sequences in boldface indicate the nonhomologous sequence inserted in the acceptor to prevent detection of end-transfer products. Underlined nucleotides differ from the donor template.
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Fig. 2. PCIS-mediated strand transfer. (a) 5’ —Radlolabeled DNA primers were heat annealed to either RNA or DNA

donors. Reactions were initiated with the addition of Mg , deoxy-NTPs, and the acceptor RNA, A,

—PCIS,( indicates

experiments with radiolabeled DNA primers lacking the PCIS while +PCIS, indicates the presence of the PCIS. The
numbers above the templates indicate the length in nucleotides of each segment. (b) Effects of the PCIS, NC, and RT-
RNase H activity on hybrid propagation. Gel images of E478Q RT with an RNA donor template, WT RT with a DNA
donor template, and WT RT with an RNA donor template. (c) Graph symbols defined in E478Q RNA are the same for WT
DNA and WT RNA. (d) E. coli RNase H titration in PCIS strand-transfer reactions. RNase H is titrated from 0 U/ul to 0.02
and 0.08 U/ul. (e) Graph of transfer efficiencies calculated from PCIS strand-transfer reactions. White bars indicate
reactions without exogenous E. coli RNase H. Light gray bars indicate reactions with 0.02 U/l of E. coli RNase H. Dark
gray bars indicate reactions with 0.08 U/pl of E. coli RNase H. (f) Graph of the relative transfer efficiency (RTE) of PCIS
reactions. RTE is the ratio of transfer efficiencies with to those without the PCIS (see Materials and Methods).

these reactions without a PCIS and an NC was 0.4%
(Fig. 2b and c). Much like the E478Q reactions, the
low transfer efficiency of the DNA donor reactions
was increased with the addition of a PCIS by 3.8-
fold to 1.5% (Table 2). Again, NC had little effect on
strand transfer without the PCIS, altering the
transfer efficiency only to 0.3%, but stimulated
transfer by 7.5-fold to 3.0% when the PCIS was
present. While the trend of the results with WT RT
and a DNA donor is similar to E478Q RT and an

RNA donor, the transfer efficiencies were generally
lower, presumably because of the characteristics of
the DNA-DNA primer—donor helix. Results with
both reaction systems support the conclusion that
the PCIS is critical for efficient transfer for a template
system in which RNase H does not cut the donor
template. Moreover, both systems indicate that NC
functions primarily through facilitating the role of
the PCIS in transfer. Very likely, this includes
promoting acceptor-cDNA primer interaction at
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Table 2. Fold increase of strand-transfer efficiency in
PCIS substrates with variables

_PC1820 +PCISZO
RT Donor 0% NC  100% NC 0% NC  100% NC
E478Q  Dgrna 1 1.5 6 19
WT Dona 1 0.8 3.8 7.5
WT Dina 1 17 21 31

All results are normalized to —PCIS 0% NC experimental results.
—PCIS indicates experiments performed with DNA primers
lacking the PCIS, while +PCIS indicates experiments performed
with those having the PCIS.

the PCIS and subsequent strand exchange to
complete transfer. This assumption is in agreement
with evidence showing that substrates with a PCIS
have an increased rate of strand transfer with
increasing acceptor concentration and that NC
enhances the formation of stable acceptor—primer
hybrids at the PCIS.**!

Effects of RNase H on transfer

To examine the influence of RNase H on strand
transfer with the PCIS substrates, we repeated the
above experiments using WT RT with the RNA
donor substrates. Even without the PCIS and NC,
the strand-transfer reactions yielded a distinctly
higher 5.1% efficiency with RNase H (Fig. 2b and c).
With the introduction of the invasion site, transfer
increased by 2-fold to 10.5%. Without the PCIS, NC
increased transfer efficiency by 1.7-fold to 8.6%. In
combination, the PCIS and NC stimulated transfer
efficiency by 3-fold to 15.6%. Clearly, the introduc-
tion of RNase H activity markedly reduced the
percentage of impact of both the stimulation by the
PCIS and combined PCIS and NC stimulation of
strand transfer. The percentage of effect of NC alone
remained similar to results without RNase H,
however. A reasonable conclusion is that cuts
made by the RT RNase H partially substitute for
the PCIS and NC. The RNase H cuts are likely to
create alternative invasion sites and weaken the
donor—primer interaction to reduce the energy
barrier to strand exchange from the PCIS and
every invasion site, similar to the effects of NC.

A second approach to examining the effects of
RNase H activity on invasion-mediated strand
transfer was to repeat the previously described
E478Q or WT RT reactions, but with exogenous
RNase H activity in the form of Escherichia coli
RNase H. The addition of exogenous RNase H
(0.08 U/pl) increased transfer efficiency with sub-
strates lacking the PCIS from 0.6% to 1.8% (Fig. 2d
and e). In reactions with the PCIS, exogenous RNase
H increased transfer efficiency from 5.3% to 6.8%
and 13.8% for 0.02 and 0.08 U/ ul, respectively. Upon
addition of NC, transfer efficiency without the PCIS
was increased from 0.9% to a significant 6.0% and
3.6% for 0.02 and 0.08 U/pl, respectively. Addition
of NC to reactions with the PCIS slightly altered the

transfer efficiency from 12.9% to 13.1% and 11.5%
for 0.02 and 0.08 U/ul, respectively. The —PCIS/
+PCIS ratios for E478Q reactions lacking exogenous
RNase H were 3.8 without NC and 13.6 with NC
(Fig. 2f). The addition of exogenous RNase H
dropped the —PCIS/+PCIS transfer ratio to near
the levels seen with WT RT. Inclusion of exogenous
RNase H, as with use of WT RT, reduced the
influence of the PCIS in strand-transfer reactions.
Interestingly, NC stimulated transfer efficiency in
reactions lacking the PCIS only when RNase H was
present, either exogenous or with WT RT, perhaps
through enhancing interactions between the accep-
tor and the primer at invasion sites created during
the reactions by RNase H activity. We suspect that
the PCIS was the more commonly used invasion site
in WT RT reactions as compared with invasion sites
created by RNase H activity because there was less
stimulation by NC in exogenous RNase H-contain-
ing reactions with WT than with E478Q.

Most permutations of reaction conditions with
E478Q RT and E. coli RNase H did not yield transfer
efficiencies similar to WT levels. These results
suggest that there is some advantage to transfer
efficiency of combining polymerization and RNase
H functions in the same molecule or that the ratio of
the rates of polymerase to RNase H activity is critical
for efficient strand transfer.

Distance effects on hybrid propagation

As discussed above, the fact that recombination in
HIV-1 does not increase with synthesis distance
from the PBS suggests that the invasion site can
affect transfer over only a limited distance. To
address this issue mechanistically, we tested the
distance-related restrictions on hybrid propagation
by measuring the efficiency of template strand
exchange over time, as occurs during the transfer
reaction, using a substrate design that simulates
primer elongation to a specific distance from the
PCIS. The approach was to construct substrates in
which the length of the primer hybridized to the
Dgrna was altered from the original 20 nt to 17, 24,
32, and 64 nt (Figs. 3a, 4a, 5a, and 6a). Each acceptor
RNA to be used was constructed with a base
substitution, compared with the Drna sequence,
1 nt after the 3’ terminus of the tested primer. Time-
dependent completion of strand exchange was
assessed by the efficiency of incorporation of the
nucleotide specific for base pairing to the acceptor
RNA. This was accomplished by having only the
appropriate deoxy-NTP for incorporation after
exchange present as a reactant. Each propagation
distance was measured with acceptor templates that
either contained the 3-nt mismatch or were perfectly
complementary with the primer to assess the
influence of the 3-nt mismatch in strand-transfer
reactions with the primers —PCIS,y and +PCIS; in
Fig. 2.

For nucleotide incorporation to represent the
strand-exchange rate, incorporation must be fast
relative to strand exchange. To measure the rate of
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Fig. 3. Acceptor-primer hybrid propagation through 64 nt of pre-annealed primer—donor hybrid. (a) ~PCISg4/+PCISe4,
Dgrna, and acceptor RNAs indicate the primers and templates used. Only deoxy-ATP was used in the reactions. Donor and
acceptor sequences immediately following the primer 3’-terminus are shown, and nonhomologous bases are underlined.
The numbers above the templates indicate the nucleotide distances for various segments of the substrates. (b—e) “3-nt
mismatch” indicates a mismatch between the primer DNA and the acceptor RNA, A,,, at nucleotide positions 18-20.
“Complementary” indicates that the primer and acceptor are fully complementary. Dashed lines and white symbols
represent transfer efficiency for —PCIS reactions, while continuous lines and black symbols represent that for +PCIS
reactions. Squares indicate extension efficiencies with primed acceptor only. Diamonds indicate strand-exchange
efficiencies with primed donor and free acceptor. Triangles indicate extension efficiencies with primed donor only. (b)
Reactions with WT RT and no NC. (c) Reactions with WT RT and 100% NC coating. (d) Reactions with E478Q RT and no
NC. (e) Reactions with E478Q RT and 100% NC coating.

incorporation, we performed control reactions with ~ the acceptor demonstrated that nucleotide incor-
the primer pre-annealed to the acceptor RNA. A poration was not determining the rate of exchange
comparison of exchange rate with extension rate on  plus incorporation. Therefore, in the actual reaction,



Recombination Events in HIV-1

37

(a)
20 32 48 19
PRIMER (- /+ PCIS;,)
» P
|
DONOR (D) s —
UucG
ACCEPTOR (A, ; A3,)
e
AUCG
(b) 3 nt mismatch complementary
100 - 100 -
&)
Z
e
=
b2
® &
)
2 =
[}
3
—
i3
g 0 10 20 30 0 10 20 30
£ @
3 100 1 100 1
»
g
v
2
E] U
-§ <
g 40 40 - g
i
20 A 20 A —
1
A 4
0 : : : 0 ‘ T )
0 10 20 30 0 10 20 30
(e)
100 1~ 100 5
80 -*}i* ¥ .
60 - 60 17/ g
“
40 40 A g
2
20 4 o 20 - &
0 = T — T 1 0
0 10 20 30 0
Time (min)

Fig. 4. Acceptor-primer hybrid propagation through 32 nt of pre-annealed primer—donor hybrid. Only deoxy-TTP
was used in the reactions. For symbol designations and reaction conditions, see the legend to Fig. 3.

nucleotide incorporation was an appropriate quan-
titative indicator of strand-exchange rate. Reactions
were also performed with the primer pre-annealed
to the donor template and no acceptor template
present to control for non-template-directed deoxy-
NTP incorporation. Exchange efficiencies rising
above this background control are therefore a result
of strand exchange, not misincorporation. The
efficiencies of incorporation on the donor and
acceptor templates are represented along with the

exchange efficiency on graphical axes of exchange/
extension efficiency in Figs. 3-6 so that the three
values can be directly compared.

Reactions were performed using substrates either
having or lacking the PCIS. This allowed us to
quantitate the effect of the PCIS on the rate of
exchange of the primer from the donor to the
acceptor template. For example, some reactions with
a PCIS and E478Q RT show clear evidence of strand
exchange by branch migration, specifically deriving
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from invasion at the PCIS, not observed in the same
reactions lacking a PCIS. Each distance has revealed
unique distance-related characteristics of the hybrid
propagation step.

Characteristics of each propagation distance

Reactions with the primer sets —PCISs and
+PCISes showed that at the longest propagation
distance tested, 64 nt, transfer efficiency with
E478Q RT remained at the background, even in

Fig. 5. Acceptor-primer hybrid
propagation through 24 nt of pre-
annealed primer—donor hybrid.
Only deoxy-ATP was used in the
reactions. For symbol designations
and reaction conditions, see the
legend to Fig. 3. Only results from
experiments with full complemen-
tarity between acceptor and primer
are shown.

the presence of the PCIS and NC (Fig. 3c and e).
Yet, with WT RT, although the PCIS alone had no
distinguishable influence on transfer efficiency,
addition of NC to the PCIS substrate increased
the transfer rate and efficiency (Fig. 3b and d).
These results show that RNase H activity was
required for efficient transfer when a distance of
64 nt separated the invasion site and primer
terminus. Moreover, NC influenced strand transfer
in PCIS reactions only when RNase H activity was
present. These observations imply that once the
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Fig. 6. Acceptor—primer hybrid propagation through 17 nt of pre-annealed primer—donor hybrid. Only deoxy-ATP
was used in the reactions. The 3-nt mismatch in A, is italicized, and the —PCIS;g3/+PCIS;3 mismatch with the donor is in
boldface. For all other symbol designations and reaction conditions, see the legend to Fig. 3.

hybrid propagation length reaches approximately Reactions with —PCIS;, and +PCIS;; revealed the
64 nt, hybrid propagation over the full distance  distance, approximately 32 nt, at which the PCIS
rarely occurs, and that creation of new invasion = moderately influenced strand-transfer efficiency, but
sites closer to the primer 3’-terminus is necessary  only with WT RT. Just as with the 64-nt propagation
for efficient strand transfer. The differences between distance, strand exchange at the 32-nt distance with
reactions with and those without the primer- the E478Q RT remained at the background, even
acceptor 3-nt mismatch are minimal, which sug-  with the PCIS and NC for reactions with the 3-nt
gests that the mismatch had little influence on  mismatch (Fig. 4c and e). Complementary reactions
strand exchange over 64 nt. without the mismatch displayed a moderate rise of
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strand exchange above background with PICS, NC,
and E478Q. This difference is likely due to the
altered acceptor structure, although it is possible
that there is inhibition of branch migration beyond
the 3-nt mismatch. Our purpose for comparing
strand-exchange efficiency with and that without
the primer—acceptor mismatch was to determine
whether the mismatch inhibited hybrid propagation
in the strand-transfer reactions. It appears that a
mismatched region of three nucleotides has little
effect on strand exchange across a distance of 32 nt
and probably did not significantly influence the
strand-transfer reactions.

Similar to the 64-nt reactions, NC increased
exchange efficiency with WT RT; however, unlike
the longer distance, at 32 nt, the +PCIS reactions had
a higher transfer efficiency than the —PCIS reactions
(Fig. 4b and d). Exchange efficiencies with the 3-nt
mismatched acceptor templates, WT RT but no NC,
were 39% and 20% for +PCISs, and —PCISs,,
respectively. For the similar reactions with comple-
mentary primer and acceptor, exchange efficiencies
were 22% and 14% for +PCIS;, and —PCIS;,,
respectively. Strikingly, exchange efficiencies with
NC achieved the high values of 70% and 45% for
+PCIS;; and —PCIS;;, respectively. For similar
reactions with complementary primer and acceptor,
exchange efficiencies were 48% and 29% for +PCIS3,
and —PCIS;,, respectively. Clearly, the PCIS was
more influential in strand exchange with the 32-nt
distance than with the 64-nt hybrid propagation
distance. Results with E478Q RT revealed minimal
influence of the PCIS on exchange efficiency with the
aid of NC. Therefore, RNase H activity still greatly
facilitated efficient exchange with the 32-nt propa-
gation distance but was not absolutely required. At
32 nt, branch migration alone, although highly
inefficient, could be a pathway in the mechanism
of strand transfer.

Results from strand-exchange experiments with
the primers —PCIS,4 and +PCIS,,4 reveal that branch
migration did not occur over a distance of 24 nt
without RNase H activity and the PCIS (Fig. 5). NC
could stimulate efficient branch migration without
RNase H activity so long as the PCIS was present.
Upon introduction of RNase H activity with the WT
RT, exchange efficiency rose above the background
even without the PCIS, although the PCIS signifi-
cantly increased transfer efficiency in the presence of
NC. A comparison of the results from the 32-nt
strand-exchange experiments with those from the
24-nt distance experiments implied that NC increas-
ingly promotes invasion-mediated branch migration
with decreasing distances of hybrid propagation.

It was not possible to assess strand exchange over
24 nt with mismatched substrates because nucleo-
tide incorporation from the primer on the acceptor
template was approximately 1 order of magnitude
slower than in all other exchange reactions (data not
shown). This was likely because the 3-nt mismatch
at positions 18-20 destabilized primer—acceptor
annealing at positions 21-24, which inhibited rapid
extension at position 25.

The primers —PCISy;, +PCIS;;, —PCIS;5, and
+PCIS;5 are all complementary with the last 17 nt
of the Drna 3 end (Fig. 1; Table 1). The primer pair
—PCIS,7/+PCIS;7 is complementary up to position
17 on A7, and the pair —PCIS;5/+PCIS;5 is
complementary up to position 18 on A,, (Figs. 1
and 6a; Table 1). These are 17-nt exchange reactions
because the length of the donor that must be
displaced by the hybrid propagation reaction is the
same for both substrates. The 17-nt exchange results
revealed that strand transfer can occur by strand
exchange alone even with E478Q. Even with this
substrate, however, RNase H increases transfer
efficiency. E478Q reactions had an exchange effi-
ciency significantly above the background only
when the PCIS was present. NC increased the
transfer efficiency of only +PCIS reactions with the
3-nt mismatched acceptor Am2 and both +PCIS and
—PCIS reactions with the complementary acceptor
Am9 (Fig. 6¢ and e). With WT RT, PCIS-mediated
reactions were more efficient than —PCIS reactions,
and NC increased the transfer efficiency of both
—PCIS and +PCIS reactions (Fig. 6b and d).
Differences between reactions with the acceptors
Am2 and Am9 are likely from differences in
template structures since the primers are entirely
complementary to their respective acceptors. Results
suggest that when the hybrid needs to propagate
only 17 nt, the approximate distance separating the
RNase H and polymerase domains of RT, strand
exchange is facile, even in the absence of RNase H,
but always requires the PCIS.

Discussion

The proposed invasion mechanism for strand
transfer in retroviruses such as HIV-1 involves the
steps of acceptor invasion, RNA-DNA hybrid
propagation, and ultimate terminus transfer of the
DNA from the donor to the acceptor RNA template.
Depending on the relative rates of cDNA synthesis
and hybrid propagation, positions of invasion and
terminus transfer could be separated by consider-
able distances. Primer extension from the PBS
during reverse transcription in vivo is expected to
create progressively more potential invasion sites
for transfer. However, transfer events previously
measured across the HIV-1 genome showed no
significant increase in transfer efficiency the farther
the DNA 3/-terminus was extended from the PBS.®
These results imply a distance-related limitation on
efficient invasion-mediated strand transfer. Here,
we report the development and use of a model
system in vitro designed to measure the distance
over which a specific invasion site can promote
strand transfer, as well as the effects of substrate
structure and protein components of the reaction.
The strand-exchange step of transfer was previously
shown to require a single-stranded region in the
primer—donor substrate to act as a site for invasion
by the acceptor.***°%%®” Heath and DeStefano
examined the effects of NC, invasion site size, and
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primer-acceptor complementarity on the strand-
exchange reaction. It was observed that longer
invasion sites generally lead to higher transfer
efficiency and that strand exchange could propagate
through 25 nt with as little as 10 nt for invasion.
Also, NC was demonstrated to inhibit strand
exchange for acceptor—primer substrates with mis-
matches in the invasion region and promote the
exchange reaction by stimulating the interaction of
complementary acceptor and primer sequences.*!
We have expanded on these results to present a
comprehensive biochemical analysis of the strand-
transfer reaction. It provides the best evidence so far
that strand transfers actually occur by a multi-step
invasion-mediated mechanism. The force of evi-
dence comes from the observation that the presence
of a specific PCIS increased the efficiency of a primer
terminus transfer occurring well downstream with
respect to synthesis. Moreover, the analysis defined
distance limitations on invasion-initiated hybrid
propagation leading to transfer and revealed the
significance of combinations of a PCIS, NC, and RT
RNase H on efficiency of transfer.

A comparison of results of RT-mediated transfer
assays using substrates having or lacking a PCIS and
without NC or RNase H clearly demonstrated the
need for an invasion site to allow transfer. The
experiments revealed that, whether or not NC is
present, it is essential to have an invasion site for
efficient primer—acceptor branch migration through
a stable primer—donor hybrid. This suggests that the
acceptor template simply cannot invade a fully
double-stranded primer—donor substrate. Substrates
with the PCIS allow some transfer, which is greatly
enhanced by the presence of NC. In view of the well-
known strand-exchange properties of NC,*7 it is
logical to conclude that NC promotes both a stable
initial interaction of the acceptor with the PCIS and
an exchange of the donor and acceptor strands on
the cDNA primer. This conclusion is fully consistent
with earlier observations of NC stimulation of
strand exchange.*"**°!

Reactions using WT RT instead of the RNase H-
deficient E478Q mutant RT add an additional level
of complexity. RNase H-containing RT, in the
presence of NC, considerably increases transfer
efficiency on substrates having and those lacking
the PCIS. A reasonable interpretation is that the
RNase H creates additional sites where the acceptor
can invade. These would be generated throughout
the Drna—¢DNA hybrid region irrespective of the
initial presence of a PCIS. Indeed, previous studies
have shown that RNase H activity does promote
initiation of strand transfer by creating invasion
Sites, 225:26:28/40,66-69,71

We envision that the ability of the RNase H to
make cuts in the hybrid region could result in
additional phenomena. One possibility is that cuts in
the donor template in the hybrid region would
destabilize cDNA-donor helical stability. This
would allow a cDNA-acceptor interaction at the
PCIS to propagate more rapidly into the cDNA-
donor region. However, if this were the primary

effect of RNase H, we would expect that the relative
amount of transfer observed would increase for
substrates having versus those lacking a PCIS. In
fact, the relative effectiveness of the PCIS is lessened
by the presence of RNase H.

Moreover, the presence of both the PCIS and
RNase H might promote transfer by an “acceptor
proximity mechanism.” In this process, the acceptor
would initially interact with the PCIS. This interac-
tion would raise the local acceptor concentration at
downstream sites of RNase H cleavage. The
proximity of the acceptor to these sites would
promote additional interactions that would result
in facile exchange of the acceptor for the donor.
However, this mechanism would predict a greater
relative effectiveness of substrates with the PCIS,
which was not seen. While the destabilization and
proximity effects are likely to make some contribu-
tion to transfer, the major effect of the RNase H
appears to be the creation of additional invasion
sites that can be used in addition to the PCIS.

Although RNase H reduced the impact of the
PCIS on strand transfer, both NC and the PCIS still
increased transfer efficiency in reactions with WT
RT, and they were more effective at stimulating
transfer in combination than separately. The stimu-
lation by the PCIS and NC indicates that the branch
migration or proximity mechanisms are still occur-
ring in the presence of WT RT. Therefore, in the
presence of the PCIS, NC, and RNase H, several
transfer mechanisms collaborate to produce max-
imum transfer product.

If the primary effect of the presence of RNase H is
to create usable invasion sites, the fact that RNase H
greatly reduces the impact of the PCIS indicates that
invasion sites closer to the DNA primer terminus are
much more effective than farther invasion sites. It
would follow that the effectiveness of the PCIS at
promoting transfers falls off precipitously with the
distance between the PCIS and the DNA primer
terminus. This means that most transfers that occur
by an invasion mechanism, employing branch
migration or acceptor proximity, propagate over a
relatively short distance. While NC appears to
facilitate branch migration, lengthening the effective
range of an invasion site, the ultimate range must be
confined. The effect of continuous RNase H activity
would be to create a series of invasion sites from
which transfers can initiate. This would produce
hotspots of recombination across the HIV-1 genome
but no increase of recombination with increasing
distance from the PBS. In fact, this is exactly what
has been observed in vivo.*’

To better define the distance limitations on hybrid
propagation in strand transfer, we performed
strand-exchange experiments with substrates in
which the length of the primer—donor hybrid was
progressively altered. Each of the lengths, 17, 24, 32,
and 64 nt, revealed valuable insights into the hybrid
propagation mechanism. Exchange over the short
distance of 17 nt occurred efficiently without RNase
H but was still accelerated by the presence of RNA
cleavage. Without RNase H, the PCIS was essential
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for exchange. Even with RNase H, the PCIS had a
positive influence. As discussed above, the ability of
RNA cleavage to modestly accelerate branch migra-
tion might have been masked in the transfer
experiments by the more dominant phenomenon of
invasion site creation. Overall, results from reactions
with the 17-nt duplex revealed that continuous
migration of uncut branches is likely the dominant
means of connecting an initial invasion with a
successful primer terminus transfer (Fig. 7).

Branch migration through 24 nt of uncut strands
was only efficient with the assistance of NC, and
when the 3’-terminus and the PCIS were separated
by 32 nt, migration of uncut strands was practically
ineffective for strand exchange. This conclusion is
based on the requirement for NC to rescue transfer
in the presence of E478Q RT at 24 nt and the limited
ability of NC to rescue transfer at 32 nt. In reactions
with WT RT, the PCIS and NC both had a positive
effect on the exchange reaction. This outcome
suggests two possible mechanisms, discussed
above, by which the contribution of the PCIS to
strand exchange requires RNase H cleavage. Either
the RNase H weakens Draya—cDNA interactions so
that there can be branch migration of the initial
PCIS-acceptor hybrid or the RNase H cleavage sites
provide secondary points of acceptor interaction by
proximity, after the initial PCIS-acceptor hybrid
formation. This conclusion is consistent with our
results showing that the presence of RNase H
significantly improves transfer efficiency on a
substrate with a PCIS.

As expected, the combination of E478Q RT and
NC remained ineffective at promoting strand
exchange when the PCIS and primer terminus
were separated by 64 nt. However, exchange
remained possible with WT RT and was promoted
by NC. The notable feature of exchange reactions
with this substrate is that there is no significant
influence of the PCIS. Evidently, exchange proceeds
completely from invasions initiated at RNase H
cleavage sites beyond the PCIS (Fig. 7). Therefore,
the 64-nt separation represents a distance comple-
tely beyond the range of hybrid propagation for
strand transfer by any mechanism.

| RNase H Required

PCIS |
I Proximity Effect |
Branch Branch
Migration Migration I
Without With
NC Ne ] |
1 17 24 LY. 64

Fig. 7. Distances of mechanisms and influences of
hybrid propagation. Vertical dashed lines and numbers
indicate the distances in nucleotides. The numbering
begins with the first nucleotide following the invasion site.

Based on our observations, we propose that the
hybrid propagation step of strand transfer can
proceed effectively by branch migration of intact
RNA strands up to a distance of 32 nt, at least with
the help of NC. At distances beyond this, RNase H
cleavage of the donor strand is required. With
RNase H, a specific invasion site can contribute to
transfer to a distance of between 32 and 64 nt.
Current results show branch migration occurring
efficiently at 17 nt, less efficiently at 24 nt, and nearly
nonexistentially at 32 nt. Yet, since there is a
significant influence of the PCIS at 32 nt, we suspect
that a combination of proximity effect and branch
migration occurs across a hybrid propagation range
of 24 nt to a position less than 64 nt. Therefore, we
propose that transfers beyond 18-24 nt occur either
by an acceptor proximity mechanism or by branch
migration promoted by cleavages that weaken the
donor—cDNA helical stability. This is consistent with
previous results demonstrating efficient strand
transfer through a proximity mechanism at a
distance of approximately 40 nt although branch
migration is not fully excluded since there is a
possibility for strand exchange at the donor 5’ end,
which shares 19 nt of homology with the acceptor.**

The RNase H and polymerization active sites of the
HIV-1 RT are separated by a distance of 16-18 nt of the
cDNA-Dgpna helix in the RT active site. We envision
that the shortest propagation distances for invasion
transfer would involve acceptor interaction with an
invasion site just as it is leaving the RNase H active
site of the RT. Rapid intact-strand branch migration
through the substrate cleft of the RT could accomplish
transfer over a distance of 17-24 nt. We propose this as
the minimum distance of hybrid propagation. The
influence of a specific invasion site was lost by 32—
64 nt even in the presence of both NC and RNase H,
which promote the hybrid propagation reaction.
Therefore, this distance range represents the max-
imum reach of influence of a specific invasion site.
Clearly, the many possible sequences and structures
of the cDNA-donor and cDNA-acceptor components
of the reaction could affect these distances. This
expectation is in general agreement with distributions
of terminus transfer sites that we and others have
determined with substrates having or lacking hairpin
structures. 2406466 Nevertheless, our current results
point to a relatively narrow range of influence of a
specific invasion site for strand transfer. Moreover,
our results are fully consistent with the similarity of
recombination frequencies in different sections of the
viral genome observed during HIV-1 infection.

Materials and Methods

Materials

DNA oligonucleotides were obtained from Integrated
DNA Technologies (Coralville, IA). Tag DNA polymerase,
deoxy-NTP set, BamHI, Sacl, and E. coli RNase H were
purchased from Invitrogen (San Diego, CA). QIAprep Spin
Miniprep Kit was purchased from Qiagen (Valencia, CA).
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Polynucleotide kinase, T7 RNA polymerase, ribonucleoside
triphosphates, and protector RNase inhibitor were pur-
chased from Roche Applied Science (Indianapolis, IN). The
pBluescript I KS (+/-) phagemid vector was purchased
from Stratagene (La Jolla, CA). [y->2P]ATP (6000 Ci/mmol)
was purchased from PerkinElmer Life Sciences (Boston,
MA). Micro Bio-Spin columns were purchased from Bio-
Rad (Hercules, CA). HIV-1 NC (NCp9) was generously
provided by Robert J. Gorelick. The HIV-1 RT recombinant
heterodimer (p66/P51; specific activity =38,000 U/mg) was
purified as previously described.®®”? HIV-1 E478Q RT
(specific activity =40,000 U/mg) was generously provided
by Stuart F. J. Le Grice. Storm Phosphorlmager and Image
Quant software version 1.2 were from GE Healthcare
(Piscataway, NJ).

Generation of RNA and DNA templates

Donor DNA (Dpna) was purchased from Integrated
DNA Technologies and subsequently PAGE purified. Drna
was created with the use of the pDO0 plasmid as a template
for PCR amplification along with the primers PCIS 5 (5'-
TGGTAAACATTCTTGAGTGCTCGATCTGATGTAAGCT-
TAGAC-3’) and PCIS 6 (5'-GTAATACGACGAC-
TCACTATAGGGCGAATTGGAGCTCCTCAC-3"), which
introduced base substitutions and the T7 RNA polymerase
promoter.*>° (See Table 1.) PCR products were gel purified
in Ultrapure™ Low Melting Point Agarose and isolated
with a QIAquick Gel Extraction Kit. Gel-purified PCR
products were used as templates for T7 RNA polymerase-
catalyzed in vitro run-off transcription. Full-length Dgna
products were PAGE purified. Throughout the text, specific
nucleotides within the templates are referred to by number
(Fig. 1; Table 1). The numbering system is based on the final
nucleotide at the 3’ end of the donor template, numbered 1,
which indicates the first nucleotide after the PCIS. Numbers
then increase toward the 5 end of the donor template.
Homologous and complementary nucleotides in acceptors
and primers, respectively, are numbered in a way that
corresponds with the donor template.

The acceptor RNA, A,,,, which was used in the strand-
transfer reactions, was designed to prevent synthesis on the
acceptor if the primer exchanged strands from the donor to
the acceptor prior to the initiation of synthesis on the donor.
A, has a 3-nt base substitution at positions 18-20, which
creates a mismatch with the 3'-terminus of the unextended
primers —PCISyy and +PCIS,,, to prevent initiation of
synthesis on the acceptor. A,, also has a U33A base
substitution that was required for synthesis, allowing
detection of strand-exchange products (see Strand-exchange
assays). Generation of A, required the use of the pAO
plasmid as a template for overlap PCR, with the primers
MH47 (5'-GGTTTTCCCAGTCACGACG-3'), PCIS 9 (5'-
GGTAAACATTCTTGAGAAGTCGATCTGATGTTAGC-
3’), MH48 (5'-GGAACAAAAGCTGGGTACCG-3’), and
PCIS 10 (5'-GCTAACATCAGATCGACTTCTCAAGAA-
TGTTTACC-3').***° Full-length PCR products were digested
with restriction enzymes BamHI and Sacl and subsequently
cloned into the pBluescript I KS (+/-) phagemid vector. The
PA plasmid was digested with BamHI and used as a
template for run-off transcription with T7 RNA polymerase.

A,, was also used in the strand-exchange assays to
account for the influence of the 3-nt acceptor—primer
mismatch at positions 18-20 on the kinetics of exchange.
The U33A base substitution was employed in the assay
to test the 32-nt distance of strand exchange as described
in Strand-exchange assays. Other acceptor templates
used in the strand-exchange reactions were Agy, Az,

Ay, and A;;, which contain a base substitution at
nucleotide positions 65, 33, 25, and 18, respectively. The
acceptors were otherwise fully complementary with
their respective primers (Table 2). Acceptor RNA Agy
was created using primers PCIS 47 (5'-ACTAATACGAC-
TCACTATAGGGCGAATTGGAGCTCCGATCCTACGA-
GTATACGTCTCACTACACATCGCAGTACAAGTC-3’)
and PCIS 28 (5'-CCGGTTCTATAACGGTATGA-
TGGTAAACATTCTTGAGTGCTCGATCTGATGTAAGC-
TTAGACTTGTACTGCGATGTGTAGTGAG-3’) in a PCR
to generate a template for run-off transcription with T7
RNA polymerase. Acceptor RNA A;; was created using
primers PCIS 47 (5'-ACTAATACGACTCACTATA-
GGGCGAATTGGAGCTCCGATCCTACGAGTATACGT-
CTCACTACACATCGCAGTACAAGTC-3') and PCIS 54
(5’-CCG GTT CTA TAA CGG TAT GAT GGT AAA CAT
TCT TGA GAG CTC GAT CTG ATG TAA GCT TAG
ACT TGT ACT GCG ATG TGT AGT GAG-3’) in a PCR
to generate a template for run-off transcription with T7
RNA polymerase. Acceptor RNA A,; was created using
primers PCIS 47 (5'-ACTAATACGACTCACTATA-
GGGCGAATTGGAGCTCCGATCCTACGAGTATACGT-
CTCACTACACATCGCAGTACAAGTC-3') and PCIS 55
(5’-CCG GTT CTA TAA CGG TAT GAT GGT AAA CAT
TCT TGA GTG CTC GAA CTG ATG TAA GCT TAG
ACT TGT ACT GCG ATG TGT AGT GAG-3') in a PCR
to generate a template for run-off transcription with T7
RNA polymerase. Acceptor RNA Az, was created using
primers PCIS 47 (5'-ACTAATACGACTCACTATAGGG-
CGAATTGGAGCTCCGATCCTACGAGTATACGTCTC-
ACTACACATCGCAGTACAAGTC-3’) and PCIS 56 (5'-
CCG GTT CTA TAA CGG TAT GAT GGT AAA CAT
TCT TGA GTG CTC GAT CTG ATG TTA GCT TAG
ACT TGT ACT GCG ATG TGT AGT GAG-3’) in a PCR
to generate a template for run-off transcription with T7
RNA polymerase. All full-length acceptor RNA products
were PAGE purified.

Preparation of substrates

[v-*2P]ATP (6000 Ci/mmol) was used to radiolabel the
following DNA primers: —PCIS;; (5-TGGTAAACATT-
CTTGAG-3’), +PCIS;; (5'-CCGGTTCTATAACGG-
TATGATGGTAAACATTCTTGAG-3'), —PCIS15 (5'-
TGGTAAACATTCTTGAGA-3’), +PCIS;5 (5'-
CCGGTTCTATAACGGTATGATGGTAAACATTCTTGAG-
A-3), —PCIS;y (5'-TGGTAAACATTCTTGAGTGC-3'),
+PCIS,p (5/'-CCGGTTCTATAACGGTATGATGGT-
AAACATTCTTGAGTGC-3’), —PCIS,4 (5-TGGTAAA-
CATTCTTGAGTGCTCGA-3’), +PCIS,4 (5'-
CCGGTTCTATAACGGTATGATGGTAAACATTCTTGAG-
TGCTCGA-3'), —PCISz, (5-TGGTAAACATTCTTGAG-
TGCTCGATCTGATGT-3'), +PCIS;, (5'-
CCGGTTCTATAACGGTATGATGGTAAACATTCTTGAG-
TGCTCGATCTGATGT-3’), —PCISes (5-TGGTAAACA-
TTCTTGAGTGCTCGATCTGATGTAAGCTTAGACTTGT-
ACTGCGATGTGTAGTGAG-3’), and +PCIS¢s (5'-
CCGGTTCTATAACGGTATGATGGTAAACATTCTTGAG-
TGCTCGATCTGATGTAAGCTTAGACTTGTACTGCGAT-
GTGTAGTGAG-3'). The primers were separated from
unincorporated radionucleotides with Micro Bio-Spin col-
umns (see Table 1).

Strand-transfer assays

Radiolabeled primer (0.64 nM), —PCIS,, or +PCIS;, was
mixed with donor template (4 nM), either Dryna or Dpna
as specified in Fig. 2, in 50 mM Tris, pH 8.0, 50 mM KCl,



44

Recombination Events in HIV-1

1 mM DTT, and 1 mM ethylenediaminetetraacetic acid
(EDTA), pH 8.0. The solution was heated at 95 °C for 5 min
and then slowly cooled to 37 °C. As specified in Fig. 2, NC
was added to coat the nucleic acid 100% (one NC binds
7 nt), followed 3 min later by the addition of RT, either WT
or E478Q as specified in Fig. 2, to a concentration of
0.16 U/pl. The solution was incubated at 37 °C for 2 min,
at which time acceptor RNA A, (8 nM), MgCl, (6 mM),
and deoxy-NTP (50 pM) were added simultaneously to
start the reaction. Strand-transfer reactions were incu-
bated at 37 °C for 1, 5, 15, 30, and 60 min and were stopped
with a termination buffer consisting of 90% formamide,
10 mM EDTA, pH 8.0, 0.1% xylene cyanole, and 0.1%
bromophenol blue.

Strand-transfer assays with E. coli RNase H

Experiments with exogenous E. coli RNase H were
conducted similarly to the other strand-transfer assays
except that E. coli RNase H was added to the reaction to a
final concentration of either 0.02 or 0.08 U/ul 3 min after the
start of the reaction. Reactions were incubated for 30 min
and terminated with the same buffer used in the other
strand-transfer assays.

Strand-exchange assays

Radiolabeled primer (0.64 nM) was mixed with donor
template Drya (4 nM) in 50 mM Tris, pH 8.0, 50 mM KCJ,
1 mM DTT, and 1 mM EDTA, pH 8.0. The solution was
heated at 95 °C for 5 min and then slowly cooled to 37 °C. As
specified in Figs. 3-6, NC was added to coat the nucleic acid
100% (one NC binds 7 nt), which was followed by the
addition of either WT or E478Q RT (as noted in Figs. 3-6) to a
concentration of 0.16 U/ul. The solution was incubated at
37 °C for 2 min, at which time acceptor RNA (8 nM), MgCl,
(6 mM), and deoxy-NTP (50 uM) were added simulta-
neously to start the reaction. Reactions were incubated at
37 °C for 1, 3, 5, 15, and 30 min and were stopped with a
termination buffer as described for the strand-transfer
assays.

For strand-exchange experiments with the 3-nt mismatch
at positions 18-20, only acceptor A,, was used in all
reactions with primers designed to allow increasing lengths
of hybrid propagation. The lengths tested were 17, 24, 32,
and 64 nt, named —PCIS;g3 and +PCIS;g3, —PCIS,4, and
+PCISz4, _PCIS32 and +PCIS32, and _PC1864 and +PCIS64,
respectively (Table 1). Primers either had or were lacking the
PCIS as indicated by the (+) and (-) signs. Primers —PCIS;g
and +PCIS;3 had a 1-nt mismatch with the donor, Dgna,
which allowed for only 17 bp to form between the primer
and the donor template.

In the strand-exchange reactions with complementary
primers and acceptors, the following combinations of
primers and acceptors were used: —PCIS,; or +PCIS;; with
A17} *PCISz4 or +PCISz4 with A24} *PCIS:;Z or +PCIS32 with
Agzy; and —PCISg4 or +PCISgs with Agy. These primers were
fully complementary with Drna and their respective
acceptor RNAs (Table 1). Only deoxy-ATP (50 pM) was
used to limit primer extension in reactions with the primers
_PC1517, +PCISl7, —PCISlg, +PCISlg, _PCISZ4, +PC1824,
—PCIS,4, and +PCIS,4, and reactions with the primers
—PCISs; and +PCIS;; were incubated with only deoxy-TTP
(50 uM).

Controls for deoxy-NTP incorporation on the acceptor
template were conducted in the same manner as the strand-
exchange reactions except that the primer was annealed
with acceptor RNA (4 nM) instead of Drya (4 nM). Also, the

reactions were started with the simultaneous addition of
MgCl, (6 mM) and deoxy-NTP (50 uM) but no additional
acceptor. Controls for non-template-directed deoxy-NTP
incorporation were conducted in the same manner as the
strand-exchange reactions except that no acceptor was
present in the reaction.

Detection and analysis

All reaction products were separated by denaturing
PAGE, imaged with a Storm Phosphorlmager, and quanti-
tated with Image Quant software version 1.2. Transfer
efficiency (TE) was determined with the equation TE=(TP/
(DE+TP)), in which TP is the measured intensity of the
strand-transfer products and DE is the measured intensity of
full-length donor-template extension products. Relative
transfer efficiency (RTE) was determined with the equation
RTE =(TE of Reactions with PCIS—TE of Reactions without
PCIS).
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