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ABSTRACT. Enhancement of strand exchange by nucleocapsid protein (NC) is proposed to occur during
retroviral recombination. The mechanism was examined using an RNA (éeDbid hybrid that mimicked

a retrovirus replication intermediate. This consisted of a 25 base pair hybrid region flanked on each side
by single-stranded RNA or DNA. A second set of acceptor RNAs that could bind to the 25-base hybrid
region and to various lengths of additional bases on the DNA was used to displace the donor by hybridizing
with the DNA. Displacement required a complementary single-stranded DNA region outside the-donor
DNA 25-nucleotide hybrid region. NC enhanced displacement slightly when the acceptor could bind 10
nucleotides and significantly when binding 22 or more nucleotides in the single-stranded region. Two
mutated acceptors that bound over 47 total nucleotides on the DNA (22 in the single-stranded region plus
25 in the hybrid region) were constructed. One had three mismatches in the hybrid region; the other,
three in the single-stranded region and one in the hybrid region. Each acceptor bound the DNA with
approximately equal thermodynamic stability, yet NC stimulated exchange with the former and actually
inhibited with the latter. This emphasized the importance of the single-stranded region in NC stimulation.
The results support a mechanism where NC enhances the docking of the acceptor to the single-stranded
region and then the acceptor “zippers” through the hybrid and displaces the donor. Results with the mutated
acceptors indicate that NC may actually inhibit strand exchange between genomes in nonhomologous
regions.

Recombination is crucial for generating diversity among mechanism involving pause sites, structural motifs on the
retroviruses. Most recombination occurs during minus strand acceptor, and genome regions with little secondary structure
DNA synthesis when DNA being synthesized on one of the have been studied (4, 11). Overall, the results point to the
two RNA genomes in the virion switches to the second importance of the single-stranded DNA region as a docking
genome where synthesis continues. Using reconstituted insite for the acceptor template, with NC playing a pivotal role
vitro assays several groups have shown that nucleocapsidn enhancing this process. However, relatively little is known
protein (NC} can enhance recombination—~8). During concerning the extent of complementarity and the length of
reverse transcription by HIV reverse transcriptase (HIV-RT), the single-stranded region that is required for NC stimulation.
the RNase H activity of RT degrades the RNA strand behind These factors are especially important for recombination
the 3 terminus of the nascent DNA. Therefore, at any given between diverse genomes such as those from different viral
time, the putative replication intermediate would consist of syptypes.

a relatively small hybrid region [perhaps-180 bases9)]
between the genomic RNA and DNA and large regions of
single-stranded RNA and DNA downstream and upstream,
respectively, of the'3erminus. The “dock and lock” model
proposes that NC accelerates strand exchange by promotin
binding of the second RNA (acceptor) to the single-stranded
region of the nascent DNA. The acceptor then “zippers”
down the DNA through the RNA (doncrDNA hybrid
region and displaces the donat, (L0). Variations of this

Human immunodeficiency virus NC is a highly basic 55
amino acid protein that contains two CCHC-type zinc fingers
(12). The protein possesses nucleic acid chaperone activity
that can enhance the rearrangement of nucleic acids to
%ncourage formation of the most stable hybd8-18). In
the virion NC coats and protects the viral RNAs and has
been shown to participate in several steps of the viral life
cycle. These include annealing of tRNA to the viral primer
binding site (pbs) (as part of the Gag precursor proteif)-(
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Table 1: PCR Primers Used To Synthesize DNAs Used as Templates for Donor and Acceptor RNA Synthesis

Acceptor” Primer 1° Primer 2°
5°to 3’ 5’ to 3’
25acc TTGTAATACGACTCACTATA TAACCCTCACTAAAGGGAAC
35acc TTGTAATACGACTCACTATA AGCTCGAAATTAACCCTCACT
47acc TTGTAATACGACTCACTATA ATGATTACGCCAAGCTCGAA
63acc TTGTAATACGACTCACTATA GGAAACAGCTATGACCATGA
80acc TTGTAATACGACTCACTATA GTGTGGAATTGTGAGCGGAT

aTwo versions of the acceptors were used. Long and short versions were produced using the same PCR primers but different plasmid DNA for
amplification. The long versions in the paper are denotedXecc with XX = the number of bases on the DNA that the acceptor can bind. The
short versions can bind the same number of DNA bases but have 50 bases removed froenthef&he acceptor and are deno¥xshortacc
in the text. Refer to Material and Methods for details of the PCR reactiofisis primer was used to create the end of the PCR DNA near the T7
start site. The same primer was used for each acceptor because all acceptors have thersdmbigh starts at the T7 siteThis primer was used
to create the end of the PCR DNA that produced therl of the RNA transcript. The length of the acceptoeBd increased with the higher
numbered acceptors, increasing the region of the acceptor that would anneal to the single-stranded region of the DNA. Refer to Figure 1 for a
schematic diagram of the acceptors.

two genomes§, 14, 15, 18, 47), and potentially serving a  Technologies. Taq polymerase and T4 polynucleotide kinase
role as a cofactor in integratiod&—50). were purchased from New England Biolabs, and T7 RNA

Results suggest that NC’s chaperone activity is driven polymerase and ribonucleotide triphosphates were purchased
mostly by a helix-destabilizing activity that unwinds second- from Roche. Proteinase K was purchased from Kodak.
ary structures and destabilizes weak hybrigis4( 13, 17, RNasin was purchased from Promega. NC was prepared as
24, 26, 35, 38, 51—-57). A second component that can directly described previously5@). Aliquots of HIV-1 NC were
enhance annealing even in the absence of structure may alsprepared and stored in 50 mM Tris-HCI, pH 7.5, 10%
contribute B63). glycerol, and 5 mM 2-mercaptoethanol at 80. Radiola-

In this report strand exchange assays were performed usingeled nucleotides were from Amersham. All other chemicals
a system that mimicked strand transfer occurring during or enzymes used were from Fisher Scientific or Sigma.
retrovirus recombination. The system consisted of acceptor Preparation of RNASRNAs were prepared by runoff
RNAs that could hybridize to DNA that was partof a DNA  transcription completed on double-stranded DNA products
donor RNA complex. This complex was designed to mimic synthesized by PCR (see below). In strand exchange experi-
the replication intermediate occurring during minus strand ments PCR was completed using pBSM18r pBSM13A
DNA synthesis. It therefore consisted of an RNBNA for the acceptors and donor, respectively. The pBSM13
hybrid region (25 base pairs) flanked by single-stranded plasmid was created from pBSM+3by removing 50 base
regions of RNA and DNA (described above). The ability of pairs with EcoRI and Hindlll restriction enzymes as de-
various acceptors to bind the DNA and displace the donor scribed previously 9). These extra base pairs gave the
RNA was monitored. The results indicated that enhancementacceptors 50 additional nucleotides which allowed for a gel
of strand exchange by HIV-1 NC occurs when the comple- shift when the DNA was hybridized to the acceptors as
mentary region of the acceptor extends past the deDOIA opposed to the donors. In donor displacement experiments
hybrid region for approximately 10 or more nucleotides into pBSM13A was used to synthesize both the donor and
the single-stranded DNA region. They also indicated that acceptors. A list of the primers used in the PCR reactions is
for NC to accelerate strand exchange it is vital for the single- shown in Table 1. The various types of acceptors used are
stranded region of the DNA, and the portion of the acceptor described and illustrated more specifically in the Results
that binds this region, to have a high degree of complemen-section and Figure 1.
tarity. This point is especially relevant to strand exchanges pCR reactions were run to amplify the desired DNA
occurring in nature between different HIV subtypes. No fragments. The PCR reaction included g of template
evidence for direct invasion of the duplex by the acceptor pNA, 50 pmol of each primer, 10 mM Tris-HCI, pH 8.3,
in the presence or absence of NC was observed. Strandso mm KCI, 1.5 mM MgCh, 2004M dNTPs, and 1.5 units
exchange was enhanced by NC only if binding of the of Taq DNA polymerase (New England Biolabs). The
acceptor to the Single-Stranded DNA region could occur. This denaturing temperature used was °@ with an annea]ing
was the case even if the accept@NA product had greater  temperature of 48C and an extension temperature of 72
thermodynamic stability than the doroDNA. Overall, the  °C_Each temperature was held for 1 min, and 35 cycles were
results support a mechanism where NC stimulates binding conducted. Completed reactions were run on 8% nondena-
of the acceptor to the upstream single-stranded region oftyring polyacrylamide gelss0), and the DNA bands were
DNA and then facilitates migration of the acceptor through |ocated by ultraviolet shadowing, then excised, and eluted
the donor-DNA duplex region. This results in donor oyernight in TE buffer (10 mM Tris-HCI, pH 8, 1 mM
displacement and strand exchange. The results are discussedDTA). DNA was filtered and precipitated as describé)(
with respect to the potential implications on recombination After the DNA was resuspended in water, it was used as a
between genomes with different sequences. template for runoff transcription as described below.

For mutated acceptors, DNA primers were purchased that

MATERIALS AND METHODS contained the mutations. Fifty-eight nucleotide DNAs that

Materials.Primers used in PCR reactions and to synthesize were complementary to the 58 bases at therl of a 77-
mutant acceptors were purchased from Integrated DNA base DNA were used to make the three mutated acceptors
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GATTACGCCAAGCTCGAAATTAACCCTCACTAAAG-
5 2 & 36 i donor RNA GGAACAAAAG-3'.
5- 25 ....... | 5’ 25acc Preparation of Hybrid for Strand Transfer Experiments.
5 35 R Fifty picomoles of 5end labeled DNA was resuspended with
..................... P 3 ? 35300 75—100 pmol of 36-nucleotide donor RNA in hybridization
R <A 5 47acc  buffer (50 mM Tris-HCI, pH 8, 80 mM KCI). The solution
5 63 R was heated to 68C for 5 min and then slowly cooled to
............................................. S X Te e below 37°C. The hybrid was run on a 10% native polyacryl-
S e S 5 g0acc  amide gel 60) along with a sample of %nd labeled DNA.
This allowed for accurate retrieval of the hybrid. The hybrid
R gg “: dDNA RNA band was located by autoradiography, excised, and eluted
............... Acceptor RNAS for 5—6 h in the hybridization buffer. The eluted hybrid was

FiGURE 1: Schematic of hybrid regions between donor and DNA filtered and quantified. The amount of hybrid retrieved was

and acceptors and DNA. The hybrid regions between the donor determined using a scintillation counter to measure a known
RNA (dashed line) and DNA (solid line with arrowhead ae&d) quantity of the labeled DNA and the unknown quantity of
are shown at the top of the figure. The dorBINA hybrid (referred the hybrid. The counts per minute per picomole was

to as 25hyb) was preformed and isolated as described in the text.determined using the known quantity of DNA. This could

The hybrid regions with each acceptor (dotted lines) are shown ; : :
below the donorDNA hybrid. From top to bottom the DNA is then be used to determine how many picomoles of hybrid

shown bound to 25acc, 35acc, 47acc, 63acc, and 80acc. The verticalVas recovered. Alternatively, hybrids were eluted for a half
line illustrates the point on the DNA where theedd of the donor ~ hour in 1x TBE (89 mM Tris-HCI, pH 8.0, 89 mM boric

is bound. This is used to highlight theehd of the acceptor relative  acid, 2 mM EDTA). In this case the gel slice containing the
to the 3 end of the donor. The number of base pairs each donor or hybrid was placed in dialysis tubing in 1 mL of<1TBE.

acceptor forms with the DNA is marked above the DNA in italics. . : :
Acceptors shown are those used in the strand exchange experimentlhe tubing was placed ind TBE, and current was applied

which had an additional 50 nucleotides (relative to the donor) at t0 draw the hybrid out of the gel into the buffer in the tubing.
the 3 end. These were denot¥Kacc in the text withKX = number Hybrids obtained from both elution methods were analyzed

of nucleotides on the DNA that the acceptor can bind. For donor on native gels to determine what proportion of the DNA
displacement experiments 50 nucleotides at theesd were  ramained hybridized to the donor. Only preparations with
eliminated, and these acceptors are dengiéshortacc in the text. less than 10% dissociated DNA were used for assays

(47shortaccémut, 47shortacc4mut, and 473hortacc3mut).ngangrffrﬁggngte?;g aﬁ%?ﬂi%?&%ﬁ;(o;aggfa{ E\EI%TS%ZS
Each set of primers was hybridized in hybridization buffer P ' q

(50 mM Tris-HCI, pH 8, 80 mM KCI) by heating 50 pmol were made. Two solutions contained the hybrid while the
of each primer to, 6p5C a{nd slowly coolir¥g to bel?)w 3°?C others contained the acceptor. Six and a half microliters of

The B end was then filled in using 10 units of Klenow NC or control buffer (50 mM Tris-HCI, pH 8, 2 mM DTT,

polymerase and 200M dNTPs for 15 min at 37C. The 0.1 mM EDTA) was added_to o8.pL of _the hybrid or
filed-in bases corresponded to the T7 RNA polymerase acceptor solutions. The solutions were preincubated with NC

: or buffer for 2 min. After 2 min 7.5L of the acceptor
promoter. The hybrids were phenathloroform extracted . . i g
and precipitated. The pellets were resuspended in water, and®action with NC was added to 7.4 of the hybrid reaction

o . with NC in proteinase K (PK) stop solution (2 mg/mL PK,
the DNA was used as template for transcription reactions. 10 mM Tris-HCI, pH 8, 1.25% SDS, 15 mM EDTA) for

Transcription reactions were prepared usingud. of time zero. The same was done for the reactions without NC.
template DNA and 40 units of T7 RNA polymerase and run Tq start the reactions, 57L of the acceptor solution with
for 2 h at 37°C. The final concentration of components in  NC was added to 57L of the hybrid solution containing
the reaction was as follows: 0.8 unjts/RNase inhibitor,  NC. The same was done for the reactions without NC. The
40 mM Tris-HCI, pH 8.0, 6 mM MgGl, 10 mM DTT, 2 fing| concentrations were 2 nM hybrid, 4 nM acceptor RNA,
mM spermidine, and 500M rNTPs. Fifteen units of DNase 1 uM NC (or 0 uM NC for reactions without NC), 50 mM
1 was added for 15 min to digest template DNA after Tis-HC], pH 8, 0.1 mM EDTA, 2 mM DTT, 0.Jug/uL
transcription. Transcription reactions were pheraiiloro- bovine serum albumin (BSA), 28M ZnCl,, 6 mM MgCh,
form extracted and precipitated. RNA was run on 8% or 10% gnd 80 mM KCI. At specific time points (1, 2, 4, 8, 16, and
denaturing polyacrylamide gel§®. RNA was excised, and 32 min) 154L of each reaction was removed and added to
the crushed gel was suspended in RNA elution buffer [80% 15 ;| of PK solution. Each reaction was incubated in PK
formamide, 400 mM NaCl, 1 mM EDTA, 40 mM Tris-HCl  tor 4 min to digest NC protein, and then. of 6x native
(pH 7.0)]. After overnight elution RNA was precipitated as dye (40% sucrose, 0.17% xylene cyanol, 0.17% bromophenol
described previously. RNA was quantified by optical absor- pjye) was added. Reactions were placed on ice immediately.
bance using a GeneQuant spectrophotometer (Pharmacia)oontrol reactions were performed by adding 675 of

Preparation of 80-mer DNA for Strand Transfer Experi- hybrid reaction to 6.7%L of buffer without acceptor and
mentsFifty picomoles of DNA was 5%P end labeled using  1.5uL of NC or control buffer. Controls were incubated at
T4 polynucleotide kinase (PNK). The labeling reaction was 37 °C for 32 min, and then PK solution was added. After 4
done at 37C for 30 min. The T4 PNK was heat inactivated min 6 uL of 6x native dye was added, and control reactions
by incubating the reaction at 6% for 15 min. The DNA were placed on ice. Reactions were then run on 10% native
was centrifuged on a Sephadex G-25 column to remove polyacrylamide gels@0). Gels were dried, and autoradio-
excess radiolabeled nucleotide. The DNA sequence wasgraphs were obtained. Gels were quantified using a Bio-Rad
5-GATAACAATTTCACACAGGAAACAGCTATGACCAT- G-525 phosphorimager. The percent transfer was obtained
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by dividing the amount of DNA hybridized to the acceptor DNA. For example, 47acc forms a 47 base pair hybrid with
(T) by the amount of DNA hybridized to the dondd) and the 80-mer DNA. The hybrid includes the 25 bases that are
that transferred to the acceptdr) @nd multiplying by 100 part of the donorDNA hybrid plus an additional 22 bases
[% transferred= (T/(H + T)) x 100]. outside the hybrid region as depicted in Figure 1. Note that
Preparation of RNA for Donor Displacement Experiments. the system is designed to mimic strand exchange occurring
The 36-nucleotide donor RNA was internally labeled for during HIV recombination. The donetDNA hybrid repre-
donor displacement experiments. This was done by synthe-sents a putative “replication intermediate” consisting of
sizing the RNA in runoff transcription reactions which hascent DNA bound to RNA template by a relatively small
included p-*P]JUTP. Reactions included Ag of template ~ hybrid zone between the two. The portion of the RNA
DNA, 40 mM Tris-HCI, pH 8.0, 6 mM MgGl, 10 mM DTT, originally used as a template for the upstream DNA would
2 mM sperimidine, 10 nmol of cold ATP, CTP, and GTP, 2 be digested away by RT RNase H during or immediately
nmol of cold UTP, 100 pmol of radiolabeled UTP (800 Ci/ after synthesis (see the introduction).
mmol), 20 units of T7 RNA polymerase, and 20 units of To test strand exchange to different acceptors, the hybrid
RNase inhibitor in a 2@L reaction. Transcription reactions Was incubated with each acceptor in the presence or absence
were run fo 1 h at 37°C. Fifteen units of DNase 1 was ©0f NC over 32 min. The experiments were run on native
added, and the reaction was incubated for an additional 15polyacrylamide gels, and autoradiograms were obtained.
min. One volume of 2 formamide dye [90% formamide  Figure 2A shows transfer of DNA from the 36-mer RNA to
(w/v), 10 mM EDTA, pH 8, 0.1% (w/v) each bromophenol the 47acc acceptor. The gel show that as the DNA transfers
blue and xylene cyanol] was added, and the RNA was from the donor RNA to the acceptor, it shifts up. This
purified on a 10% polyacrylamide denaturing gé0) The allowed for quantification of the transferred DNA. The
RNA was excised and eluted in RNA elution buffer as upshift is due to the presence of 50 additional bases (when
previously described. The eluted RNA was removed from compared to the donor) at theé &nd of the acceptor that
the gel and filtered. Two volumes of ethanol was added, and makes the accepteiDNA hybrid substantially larger than
the RNA was precipitated as described above. RNA was the donor-DNA hybrid. Note also that the acceptoDNA
quantified using a scintillation counter, and the amount of hybrid does not run as a distinct band but rather a major
RNA was determined by the specific activity. band with a smear above. This did not result from the
Preparation of Hybrid for Donor Displacement Experi- Presence of NC in the reactions as the same pattern was
ments.Hybrids for donor displacement experiments were Observed with or without NC. All acceptors with the
prepared as described above for strand transfer experimentgdditional 50 nucleotides at the &nd showed this pattern,
Donor Displacement ExperimentBonor displacement and it probably results from more than one possible folding

experiments were completed essentially as described abov eocrggrn;r?ttle?gcltri]ot:fbSeQx:grzefrfgj?ereiglr?sn or from intermo-
for the strand transfer experiments. The percent donor As sh i Fi A strand 9 h ) ith 47
displacement was obtained by dividing the amount of single- _ “*S STOWN IN FIgUre 24, strand exchange with :+/acc was

stranded RNA$) by the amount of RNA hybridized to the significantly stimulated by NC. Graphs compiled from
80-mer ) added to the amount of single-stranded RNA several experiments for transfer with 25acc and 35acc (Figure

e . 2B), 47acc (Figure 2C), and 63acc and 80acc (Figure 2D)
0,
indlgg)lflt'.?.lg (lengp gr)lcér?to I[?f\)l gogg;)ﬂig?c;d t(iiEaH z—;r?)was are shown. No significant transfer of the DNA was observed

subtracted from each time point. This was done becauseWith 25acc either with or without NC. This acceptor has the
' same hybrid region as the donor. All of the other acceptors

during hybrid purification a small amount of the hybrid (less showed some transfer in the absence of NC, and transfer

than 10%) would fall apart. The donor displaced after hybrid h d when NC t In th f35
purification was subtracted so that it would not be considered was enhanced when was present. In the case ot s»acc,
transfer was very low compared to the others (note the

displaced due to exchange of the DNA to the acceptor. different y-axis on graphs). The 47acc, 63acc, and 80acc
RESULTS acceptors all transferred reasonably well without NC but were
strongly enhanced by NC. The results show that NC enhances
Strand Exchange to Acceptors Forming Hybrid Regions strand exchange provided that a longer hybrid can form
with 10 or More Additional Base Pairs than the DNRonor between the DNA and acceptor as compared to the DNA
Hybrid Is Enhanced by NQhe first experiments completed and donor. The extent of enhancement is dependent on the
were strand exchange experiments with a labeled DNA. An number of additional bases in the acceptDNA hybrid,
80-mer DNA was 5end labeled witl§?P and hybridized to  with a large jump observed between 10 (35acc) and 22
36-mer RNA (referred to as donor RNA). This hybrid, (47acc). Experiments performed using single-stranded 80-
referred to as 25hyb, contained 25 base pairs formed betweemnmer DNA and each acceptor RNA showed that NC acceler-
the 3 ends of the nucleic acids. The other 55 and 11 ated hybridization in all cases (data not shown). This included
nucleotides of the DNA and RNA, respectively, were single 25acc for which no strand exchange was observed using
stranded. The hybrid is shown in Figure 1 along with the 25hyb.
different acceptors used in the experiments. After purification  Donor Displacement Experiments Support Results from
the hybrid was used to examine transfer of the labeled DNA the Strand Exchange Assayihe strand exchange experi-
to acceptors. The acceptors used are denoted 25acc, 35acaents presented above showed that the length of the
47acc, 63acc, and 80acc. These can hybridize to an additionatomplementary region between the DNA and acceptor is
0, 10, 22, 38, and 55 bases, respectively, outside the donor important in NC-enhanced strand exchange. If acceptor
DNA hybrid region. The number preceding each acceptor binding to the DNA is a precursor to strand exchange, then
indicates the total length of the hybrid it can form with the the donor template should be displaced from the DNA only
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Ficure 2: Autoradiogram and graphs showing DNA strand exchange from donor RNA to long acceptors. (A) A representative autoradiogram
showing the binding of '5*2P-labeled DNA to the 47acc acceptor is shown. The experiments were performed by mixing 2 nM 80-nucleotide
DNA hybridized to the 36-nucleotide donor RNA (referred to as 25hyb because of the 25 base pair hybrid between the DNA and donor)
with 4 nM acceptor RNAs and removing aliquots at the time points (min) indicated above each lane as described under Materials and
Methods. Samples were run on a 10% nondenaturing polyacrylamide gel. Positions where the -abdéfitbybrid and donorDNA

hybrid (starting material) run are marked by schematic drawings. NC was included in reactions witlsyan(bol. The control lane (C)

had NC but no acceptor. Control reactions were completed over 32 min. Graphs showing the percent of DNA transferred from the donor
RNA to acceptor RNA in the presence or absence of NC are shown in panel B for 25acc (circles) and 35acc (triangles), panel C for 47acc,
and panel D for 63acc (triangles) and 80acc (circles). Open symbols are with NC and closed symbols without. Note the difference in the
Y-axis values in each graph. The average of three experiments is shown, and the error bars represent the standard deviation.

by those acceptors for which strand exchange was observedSecond, this technique allowed the removal of a variable
and displacement should not be observed in the absence ofhat could potentially have an affect on the strand exchange
acceptor. We therefore employed a different method to experiments. For the strand exchange experiments it was
directly test acceptor-mediated donor displacement. In the necessary to have an additional 50 nucleotides on'thacd
donor displacement experiments the 36-nucleotide donorof the acceptors so that the DNA would adequately shift up
RNA used above was internally labeled wifiP, and the in the gel once bound to the acceptor. However, in the donor
80-mer DNA was not labeled. The hybrid (25hyb) was displacement experiments the 50 nucleotides could be
formed and isolated as for the strand exchange experimentgemoved because the monitored change was the donor being
above. It was then incubated with different acceptors (see displaced from the hybrid. This is beneficial because, in the
below) in the presence and absence of NC over a 32 minstrand exchange assays, the extra 50 nucleotides would
time course. The experiments were run on nondenaturingchange the secondary structure of the acceptor RNA, and
polyacrylamide gels, and autoradiograms were obtained. Intherefore the structure of the acceptor and donor RNAs would
these experiments the amount of the donor that was displacedliffer. Because RNA secondary structure could play a role
from the hybrid was monitored. in strand exchange, and the experiments were not intended
Using the donor displacement method was beneficial for t0 test differences in secondary structure, it was desirable to
a number of reasons. First, we could see what types ofemove these 50 nucleotides. Because of these advantages

acceptors enhanced the removal of the donor from the DNA. the donor displacement method was used to further examine
This allowed us to differentiate between acceptor-mediated the effects of NC on strand transfer.

displacement and dissociation of the donor resulting from A typical autoradiogram for a donor displacement experi-
the prolonged incubation period or the presence of NC. ment using 63shortacc (these acceptors are designated as
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Ficure 3: Autoradiogram and graphs of donor displacement experiments. (A) A representative autoradiogram showing the displacement
of the radiolabeled donor RNA in the presence of 63shortacc is shown. The experiment was performed by mixing 2 nM 80-nucleotide
DNA hybridized to the®?P internally labeled 36-nucleotide donor RNA (referred to as 25hyb because of the 25 base pair hybrid between
the DNA and donor) with 4 nM acceptor RNAs and removing aliquots at the time points (min) indicated above each lane as described
under Materials and Methods. Samples were run on a 10% nondenaturing polyacrylamide gel. Positions where-tiiNdohgbrid

(starting material) and displaced donor RNA run are marked with schematic drawings. NC was included in the reactions with)a plus (
symbol. The control lane (C) had NC but no acceptor. Control reactions were completed over 32 min. Graphs showing the percent donor
RNA displaced by the acceptor are shown in panel B for 25shortacc (circles) and 35shortacc (triangles), panel C for 47acc, and panel D
for 63shortacc (circles) and 80shortacc (triangles). Open symbols are with NC and closed symbols without. Note the difference in the
Y-axis values in the graph shown in panel B. The average of three experiments is shown, and the error bars represent the standard deviation.

“shortacc” to distinguish them from the longer versions used This confirms the strand exchange result that indicated NC
in strand exchange reactions which had 50 additional basescannot exchange between hybrids of equal length. In this
at the 5 end) is shown in Figure 3A. The control reaction case even an RNA that was identical to the donor RNA could
(“C”) shows the substrate incubated with NC but no acceptor not displace the donor, at least not at the 2:1 acceptor:donor
for 32 min. A very small amount of displaced single-stranded ratio used in these experiments.

labeled donor RNA is observed in the reaction. This was  To further confirm the results with 25acc and 25shortacc,
also observed in time 0 reactions with or without NC. a second hybrid using radiolabeled 35shortacc as the donor
Therefore, it results from a small amount of unhybridized and the 80-mer DNA was prepared (referred to as 35hyb).
donor RNA in the isolated starting substrate rather than NC- This hybrid showed no strand displacement when incubated
induced dissociation. When acceptor was included in the with unlabeled 35shortacc, while displacement was observed
reaction, displacement was observed and increased substarwith 47shortacc (data not shown). The result confirms the
tially in the presence of NC. Graphical results for 25shortacc finding that NC cannot catalyze exchange of hybrids that
and 35shortacc (Figure 3B), 47shortacc (Figure 3C), and are equal.

63shortacc and 80shortacc (Figure 3D) are presented. The Displacement Experiments with Mutated Acceptors Show
graphs support the strand exchange experiments discussed@hat Complementary Bases in the Acceptor and Single-
previously. Again, there was not a substantial amount of Stranded DNA Region Are #ital in Promoting NC En-
displacement until 47shortacc was used; however, a smallhancement of Strand Exchandgeéhe results obtained from
enhancement with NC was observed with 35shortacc. Thedisplacement experiments indicated that the region outside
donor is not displaced when 25shortacc is used (note that inof the donor-DNA hybrid is vital to the enhancement of
this case 25shortacc is identical to the 36-base donor RNA).strand exchange with NC. For considerable stimulation an
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Ficure 4: Autoradiograms and graph of donor displacement assays
with mutant acceptors. Autoradiograms showing the displacement
of radiolabeled donor RNA in the presence of 47shortacc3mut (A),
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Table 2: Increase in Stability When DNA Transfers from Donor
RNA to Acceptor RNA

change in
acceptor thermodynamic stabilify

25shortacc 0
35shortacc —8.57
47shortacc —-20.34
47shortacc3mut -5.19
47shortacc4mut —8.83
47shortaccémut -3.01
63shortacc >—34.42
80shortacc >—34.42

a Thermodynamic stability of hybrids predicted using the MELTING
program with 4 nM nucleic acid (strand in excess) and 80 mM NacCl
(69). The free energy changeAG in kcal/mol at 37°C) of the
acceptor-DNA hybrid minus the free energy change of the denor
DNA hybrid (—18.96 kcal/mol) is shown. RNADNA hybrids greater
than 60 base pairs cannot be computed by the program so values for
63shortacc and 80shortacc are listed as greater than the value for binding
of the first 60 bases.

acceptor, 47shortacc4mut (Figure 4B), had four mutations.
Three mutations were in the single-stranded region, and one
was in the hybrid region. The last mutant acceptor,
47shortaccémut (Figure 4C), had six mutations which were
in the region that would anneal to the single-stranded DNA
as well as the hybrid region between the donor and the DNA.
The predicted change in thermodynamic stability between
the donor-DNA and acceptor DNA using these acceptors
and others is shown in Table 2. It is important to note that
though 47shortacc3mut and 47shortacc4mut have mutations
in different regions, the predicted change in stability between
the donor-DNA and acceptorDNA is similar (—5.19 and
—8.83 kcal/mol for 47shortacc3mut and 47shortacc4mut,
respectively, with the acceptoDNA being more stable).
This is also similar to the change in stability predicted with
35shortacc£8.57 kcal/mol). Therefore, these experiments
test transfer to acceptors with little difference in overall

47shortacc4mut (B), and 47shortaccémut (C) are shown. For eachthermodynamic stability but different complementarity.

autoradiogram, the sequence of the mutated acceptor RNA is shown

just below the DNA sequence to which the acceptor can bind. The

bold nucleotides in the acceptor are the point mutations that produce

Displacement experiments with 25hyb and the mutant
acceptors are shown in Figure 4& and displayed graphi-

mismatches. The bold portion of the DNA is the 25 nucleotides cally in Figure 4D. When 47shortaccémut was used, no

originally bound to the donor RNA. Experiments were performed

displacement was observed with or without NC (Figure 4C).

as described in Figure 2. Samples were run on a 10% nondenaturingT his result indicates that extensively disturbing the comple-

polyacrylamide gel. Positions where the don®NA hybrid

(starting material) and displaced donor RNA run are marked with
schematic drawings. NC was included in the reactions with a plus
(+) symbol. The control lane (C) had NC but no acceptor. Control

mentarity between the acceptor and the DNA is detrimental
to transfer. However, we wanted to pinpoint what region of
complementarity is important for enhanced transfer with NC.

reactions were completed over 32 min. A graph showing the percentTherefore, experiments were completed with 47shortacc3mut
donor RNA displaced by the acceptor is shown in panel D with and 47shortacc4mut. As was stated earlier, 47shortacc3mut

47shortacc3mut (circles), 47shortacc4mut (triangles), and 47short- ; ; ; ; ;
accémut (squares). Open symbols are with NC and closed symbolshaS mutations in the region of the dor@NA hybrid, while

without. The average of three experiments is shown, and the error47Shortacc4mut has one mutation in that region and 3
bars represent the standard deviation. mutations in the single-stranded region of the DNA. The

results with 47shortacc3mut showed a similar, though
additional 22 nucleotides in the accept@NA hybrid were somewhat decreased, displacement profile compared to
necessary. Therefore, we wanted to determine the importancet7shortacc (Figure 3C). With 47shortacc3mut there is a
of complete complementarity in this region. Three mutated substantial amount of displacement without NC, but the rate
acceptors derived from 47shortacc were designed. Theseof displacement is considerably increased with NC (Figure
acceptors had different point mutations. The sequences of4A). Therefore, when the mutations are in the deridNA
the hybrid region between the mutant acceptors and the DNAhybrid region, there is not a great effect on NC enhancement
are shown above the autoradiograms in Figure 4. The first of exchange. The results with 47shortacc4mut are drastically
acceptor, 47shortacc3mut (Figure 4A), had three mutationsdifferent. With this acceptor displacement was observed in
in the region of the donefrDNA hybrid. This acceptor was  the absence of NC. However, when the reaction was
completely complementary in the 22-nucleotide portion that completed in the presence of NC, donor displacement was
binds to the single-stranded region of DNA. The second considerably inhibited (Figure 4B). This result clearly shows
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the importance of complementarity between the single- When the acceptor was used that had mutations in the
stranded region of DNA and the acceptor. When this region donor—DNA hybrid region but not the region exterior to that
was completely complementary (47shortaccand 47shortacc3mut)(47shortacc3mut), NC clearly enhanced strand exchange,
NC enhanced transfer. However, when 3 of 22 nucleotides shown by a large stimulation of donor displacement (Figure
in the region were not complementary, transfer was actually 4A,D). The third mutated acceptor had three mutations in

inhibited with NC. the single-stranded binding region and one in the hybrid
region (47shortacc4mut). The hybrid between the DNA and
DISCUSSION this acceptor had AG value similar to that of 47shortacc3mut

. . ) bound to the DNA. Therefore, overall these acceptors are
Nucleocapsid protein promotes annealing of complemen- 5 ,nroximately thermodynamically equivalent (Table 2). Both
tary nucleic acids and can enhance strand exchange leadingcentors displaced the donor to a similar extent in the
to the formation of a stronger hybrid at the expense of a gpqence of NC, but displacement with 47shortacc4mut was
weaker oneX7, 54). The substrates used in this report were actually inhibited by NC (Figure 4B,D). The lack of
designed to model strand exchanges that would occur during.qrejation between product thermodynamics and NC en-

retroviral recombination. As such, the dor@NA hybrid hancement is further illustrated by comparing displacement

had a duplex region and flanking single-stranded RNA it acceptors 35shortacc and 47shortacc3mut. Both had
(donor) or DNA regions. The RNA acceptor was comple- gjmijar gains in thermodynamic stability for the DNA
mentary to the DNA. We showed that NC enhances the rateacceptor compared to the DNAlonor (see Table 2).

of strand exchange by stimulating the binding of the acceptor However, NC had only a very small effect on the displace-
template to a single-stranded region of the DNA outside the yant with 35acc (Figure 3B). Taken together, these results
duplex region. The thermodynamic stability of the acceptor o5\ that high complementarity between the acceptor and
single-stranded DNA region, presumably an intermediate in single-stranded DNA region is what allows NC to enhance

strand exchange, is important in allowing the acceptor to giang exchange. Mismatched nucleotides in the doBOIA

“dock” with the region. No evidence for NC enhancement g region have a diminished effect when compared to
was observed if a stable hybrid could not form between the ., itations in the single-stranded DNA region. The results

acceptor and single-stranded DNA region. This was true eVeNpoint toward a mechanism where NC initiates strand

in cases where the_ overall thermodynamic stability of the exchange by accelerating (or stabilizing) the formation of a
acceptor DNA hybrid was greater than the doreDNA trimeric intermediate consisting of the acceptor bound to the
hybrid (47shortacc4mut, for example). free single-stranded DNA region of the dordNA hybrid
Conclusions in the experiments were based on the as-(see below). The properties of NC are consistent with the
sumption that the rate of the reactions was determined by enhancement resulting from the disruption of intramolecular
the actual strand exchange event and not unwinding of thehydrogen bonding (secondary structure) in the complemen-
acceptor or single-stranded region of the DNA. Using a tary regions of the single-stranded DNA and acceptor RNA
reconstituted in vitro system designed to mimi€)$sDNA (see the introduction).
transfer, unfolding of the<{)ssDNA and RNA acceptor (R Inhibition of hybrid formation by NC as was found with
region of the genome) was shown to be the rate-limiting step 47shortacc4mut has been observed by others when relatively
in association between the DNA and RN2§J. It is possible weak hybrids are used6®). Although NC is generally
that unfolding could have played a role in determining the regarded as stimulating the formation of hybrids, it is actually
reaction rate when the longer acceptors (80acc and 80shorta helix-destabilizing protein that weakens hybrid stability and
acc or 63acc and 63shortacc) were used. However, 47acqmelts secondary structur®, 62, 54). Since NC accomplishes
underwent strand exchange much more rapidly than 35accthis through binding to the nucleic acid strand, it probably
(Figure 2) despite the latter folding less stably [predicted needs to be displaced by strong base complementarity to
AG's of —25.0 and—30.7 kcal/mol for 35 and 47acc, allow hybrid formation. On 47shortacc4mut, the three
respectively, using M-fold and default condition§2]]. mismatches over the 22-base region that binds to the single-
Therefore, the strand exchange rate in reactions with 35accstranded DNA likely resulted in a “weak” hybrid capable of
is limited by the association of the acceptor with the DNA, ' forming in the absence but not presence of NC. The complete
in particular, with the single-stranded DNA region. In this 22 base pair hybrid formed with 47shortacc3mut over this
region 47acc can form 12 additional base pairs. This was same region was apparently strong enough to displace NC.
also the case for the donor displacement reactions using Qverall, our results support a model where NC enhances
35shortacc and 47shortacc (predicte@'s of —11.2 and  the binding of acceptor to the single-stranded region upstream
—14 kcal/mol for 35 and 47shortacc, respectively) (Figure of the donor-DNA hybrid. Enhancement can occur with as
3). few as 10 bases, but strong enhancement requires more. After
Experiments with the mutated acceptor templates clearly binding the single-stranded region, the acceptor “zippers”
demonstrated the importance of the single-stranded DNA through the donoerDNA hybrid displacing the donor. The
region as a docking site for strand exchange. Acceptor model is in agreement with a recent model proposed to
47shortacc which hybridizes to the DNA over a 47-base explain NC stimulation of tRNA binding to the primer
stretch (the 25 bases in the dor@NA hybrid region plus binding site (pbs)Z4). In this case a short-45-nucleotide
22 additional bases in the single-stranded DNA region) was stretch on the tRNA was proposed to melt and associate with
used as a basis for these experiments. When the acceptothe pbs in a relatively slow reaction that is stimulated by
had mutations in the doneiDNA hybrid region and the  NC. This was followed by a rapid zipping reaction that
single-stranded DNA region (47shortaccémut), no displace- unwinds the tRNA and allows the complete 18 base pair
ment was observed either with or without NC (Figure 4C,D). tRNA—pbs hybrid to form. The substrates used in our
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experiments had much longer single-stranded docking sites
as would be expected during recombination, and when the
docking site was only 10 bases (35acc and 35shortacc), NC
stimulation was very small. It is possible that structural
intricacies and unique interactions between the pbs, tRNA,
and NC allow a very short-45-base docking site to be used.

In further support of this model, other reports have also
shown that the rate of NC-catalyzed strand exchange using
small (approximately 30 base pair) substrates is enhanced
when the hybrid region is flanked by single-stranded bases
complementary to the acceptdr7.

These results highlight that during NC-stimulated strand
exchange there is a necessity for a short stretch of comple-
mentary sequences between the acceptor and the DNA that
can anneal outside the doradNA hybrid region. This could

be a particularly important factor for recombination between 10.

different HIV subtypes or clades where significant differences
in genome nucleotide sequence are observed. Recombination
between different clades is particularly important since it can
lead to new intersubtype viruses that present a major
challenge to the development of vaccines and drug therapies
(64—68). Strand transfer in these cases may be relatively
inefficient, especially in regions that are more divergent. In
fact, the results with 47shortacc4mut suggest that NC may
even inhibit recombination between genome regions with
sequence variations. During intersubtype recombination, this
inhibition coupled with the high homology in conserved
genome regions could serve to strongly focus recombination

to these conserved regions. Consistent with this, an analysis 14-

of 34 HIV-1 intersubtype recombinants, for which the full
genome sequence is known, indicated that most recombina-
tion breakpoints were near conserved genome regié#)s (
Also, assays in which different virus subtypes were used to
co-infect cells showed that most crossover sites inethe
gene focused to the conserved regio88).( These studies
analyzed viable recombinants that were potentially subjected
to selection. Therefore, they cannot be used to directly
determine the proportion of crossovers that occur at various

genome sites. It would be interesting to see if results using 17.

single cycle infection assays that can map crossovers in the
absence of selection also show these tendencies.
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