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ABSTRACT

Annealing of the TAR RNA hairpin to the cTAR DNA
hairpin is required for the minus-strand transfer step
of HIV-1 reverse transcription. HIV-1 nucleocapsid
protein (NC) plays a crucial role by facilitating an-
nealing of the complementary hairpins. To gain
insight into the mechanism of NC-mediated TAR
RNA–DNA annealing, we used structural probes (nu-
cleases and potassium permanganate), gel retard-
ation assays, fluorescence anisotropy and cTAR
mutants under conditions allowing strand transfer.
In the absence of NC, cTAR DNA-TAR RNA anneal-
ing depends on nucleation through the apical loops.
We show that the annealing intermediate of the
kissing pathway is a loop–loop kissing complex
involving six base-pairs and that the apical stems
are not destabilized by this loop–loop interaction.
Our data support a dynamic structure of the cTAR
hairpin in the absence of NC, involving equilibrium
between both the closed conformation and the par-
tially open ‘Y’ conformation. This study is the first to
show that the apical and internal loops of cTAR are
weak and strong binding sites for NC, respectively.
NC slightly destabilizes the lower stem that is
adjacent to the internal loop and shifts the equilib-
rium toward the ‘Y’ conformation exhibiting at least
12 unpaired nucleotides in its lower part.

INTRODUCTION

Human immunodeficiency virus type 1 (HIV-1), like all
retroviruses, replicates through reverse transcription, a
complex process leading to the synthesis of double-
stranded DNA from a single-stranded genomic RNA

and requiring the HIV-1 nucleocapsid protein (NC) as
well as at least two strand transfer reactions (1,2). The
first strand transfer requires the repeat (R) sequences at
both ends of the genome. During this reaction, which
involves reverse transcriptase (RT) with its RNase H
activity to promote degradation of the 50-copied genomic
RNA (donor RNA), the 30-end of the minus-strand
strong-stop DNA (ss-cDNA) is transferred to the 30-end
of the genomic RNA (acceptor RNA). This transfer is
mediated by base pairing of the complementary R se-
quences at the 30-ends of the RNA and DNA molecules.
The 30-R sequence of the genomic RNA folds into second-
ary structures corresponding to the transactivator response
element (TAR) hairpin and the upper part of the poly(A)
hairpin (3–6). The R sequence of ss-cDNA is predicted to
fold into hairpins that are complementary to the TAR and
poly(A) RNA sequences and are therefore named cTAR
and cpoly(A), respectively (7,8). Mutational analysis of
HIV-1 genomic RNA suggests that the great majority of
first-strand transfers occur after completion of ss-cDNA
synthesis, i.e. with the entire cTAR sequence (9).
FRET-based assays performed with the cTAR sequence
suggest that the majority (�70–80%) of the cTAR DNA
molecules adopt the hairpin conformation (closed form)
and the remaining (20–30%) are partially or totally melted
(open forms) (8,10). Furthermore, single-molecule tech-
niques (11,12) were used to show that the NC-coated
cTAR hairpin exhibits a dynamic equilibrium between a
‘Y’-shaped and a closed conformation. In the ‘Y’ con-
formation, the lower stems are open and the upper stems
are closed. Recently, using NMR and probing methods,
we determined the structural and dynamic properties of
the top half of the cTAR DNA (mini-cTAR, Figure 1A)
(13). We showed that the upper stem located between the
apical and the internal loops is stable, but that the lower
stem of mini-cTAR is unstable. Note that the secondary
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structure of the full-length cTAR sequence has not been
determined to date.

Unfolding of the complementary hairpins is thought to
be rate-limiting in the annealing process leading to the
first-strand transfer (14). In vitro studies show that NC
stimulates the first-strand transfer (15–18), due, at least
in part, to the NC stimulatory effect on the rate of anneal-
ing of the complementary hairpins (14,19). NC is a nucleic
acid chaperone that facilitates the rearrangement of
nucleic acids into the most thermodynamically stable
structures containing the maximum number of base
pairs (20). This chaperone function of NC relies on two
main components: duplex destabilization by the zinc
fingers and nucleic acid aggregation, primarily by the

basic N-terminal domain (Figure 1B) (19). NC induces a
limited melting of the TAR RNA secondary structure (one
base pair per molecule) (8), but largely enhances the
fraying of the cTAR hairpin ends, shifting the distribution
of hairpin conformations toward the more open structures
(8,10,21). The cTAR sequence binds eight NC molecules
at saturating protein concentrations under low ionic
strength conditions (22), through both weak and strong
binding sites (23), not yet identified.
Since mutations in the TAR apical loop decrease the

first strand transfer in vitro, Berkhout et al. (7) suggested
that this process involves a ‘kissing complex’ formed by
the apical loops of TAR and cTAR. Studies using TAR
RNA and cTAR DNA hairpins derived from the HIV-1

A

B

Figure 1. (A) Predicted secondary structures for the TAR and cTAR sequences. Zuker’s folding programs (48) were used to predict the most stable
secondary structures for RNAs and DNAs. The TAR RNA and cTAR DNA sequences are derived from the HIV-1 MAL isolate. Numbering is
relative to the TAR and cTAR sequences. Mutations are shown as lower case letters in boxes. (B) Sequences of proteins used in this study.
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NL4-3 isolate, suggest that both the apical loops and the
30/50 termini of complementary hairpins are the initiation
sites for the annealing reaction (24,25). Indeed, Vo et al.
(24) reported that cTAR DNA–TAR RNA annealing in
the absence of NC depends on nucleation through the
apical loops, whereas cTAR DNA–TAR RNA annealing
in the presence of saturated NC depends on nucleation
through the 30/50 termini, resulting in the formation of a
‘zipper’ intermediate. Moreover, cTAR DNA and TAR
RNA anneal via both ‘kissing’ and ‘zipper’ pathways under
subsaturating concentrations of NC (24). Single-molecule
FRET studies support the notion that the annealing pro-
cess relies on two pathways (25). The annealing process
has also been investigated using sequences derived from
the HIV-1 MAL isolate (5,26). Thus, Godet et al. (26)
reported that under low-salt concentrations, the TAR
hairpins anneal almost exclusively via the ‘zipper’ pathway
in the presence of NC(12–55), a truncated form of NC
which lacks the N-terminal domain and is therefore a
poor aggregating agent. Finally, we showed that efficient
annealing of cTAR DNA to the 30-end of the genomic
RNA relies on sequence complementarities between
TAR and cTAR apical loops under high-salt concentra-
tions allowing cDNA synthesis by RT and strand transfer
(5,17,27).
In this study, we investigated the annealing process

using DNA and RNA sequences derived from the
HIV-1 MAL isolate (Figure 1A) under high-salt concen-
trations. The ‘kissing complex’ was trapped using site-
directed mutagenesis and investigated by fluorescence an-
isotropy (FA). Using chemical and enzymatic probes, and
gel retardation assays, we determined the cTAR secondary
structure and the NC binding sites within cTAR.

MATERIALS AND METHODS

Protein, DNA and RNA preparation

Full-length NC [NC(1–55)] and the truncated version of
NC [NC(11–55)] were synthesized by the Fmoc/opfp
chemical method and purified to homogeneity by HPLC
(28). Proteins were dissolved at concentrations of 1 to
2mg/ml in a buffer containing 25mM HEPES (pH 6.5),
50mM NaCl and 2.2mol of ZnCl2 per mole of peptide.
DNA oligonucleotides were purchased from Eurogentec
and were 50-end labeled using T4 polynucleotide kinase
(New England Biolabs) and [g-32P] ATP (Perkin Elmer).
Full-length cTAR DNA was labeled at its 30-end as
follows. An oligonucleotide (50-CTGGTCTCTCTTGTT
AGACCAG-30) was annealed to the 30-end of cTAR.
This oligonucleotide carries at its 50-end a non-hybridizing
tail of two nucleotides (50-CT-30). To add one labeled
adenine residue to the 30-end of cTAR, the annealed
cTAR was incubated at 75�C with [a-32P] dATP and
Taq DNA polymerase (New England Biolabs). The 50-
and 30-end-labeled DNA oligonucleotides were purified
by electrophoresis on 12% or 15 % denaturing polyacryl-
amide gels and isolated by elution followed by ethanol
precipitation. DNA template for transcription of TAR
RNA was prepared by PCR amplification of
pHIVCG8.6 (29) using the expandTM high-fidelity PCR

system (Roche Molecular Biochemicals) and oligonucleo-
tides from Eurogentec. The upstream primer included the
T7 promoter and its sequence was: 50-GAGTAATACGA
CTCACTATAGGGTCTCTCTTGTTAG-30. The
sequence for the downstream primer was: 50-GGGTTCC
TTGCTAGCC-30. The PCR product was purified as
described previously (30). DNA template for transcription
of mini-TAR RNA was prepared by annealing of two
DNA oligonucleotides in the transcription buffer (31).
The oligonucleotides contained the T7 promoter and the
sequences were: 50-TAATACGACTCACTATAG-30 and
50-GGCAGAGAGCTCCCGGGCTCGACCTGCCTAT
AGTGAGTCGTATTA-30. RNAs were transcribed
in vitro using the T7-MEGAshortscriptTM high yield tran-
scription kit (Ambion). RNAs were purified by electro-
phoresis on 12% or 15% denaturing polyacrylamide gels
as described previously (30). RNAs were treated with al-
kaline phosphatase from calf intestine (Roche Molecular
Biochemicals) and 50-end-labeled using T4 polynucleotide
kinase (New England Biolabs) and [g-32P] ATP (Perkin
Elmer). The 50-end-labeled RNAs were purified by electro-
phoresis on 12% or 15% denaturing polyacrylamide gels
and isolated by elution followed by ethanol precipitation.
The mini-TAR RNA labeled at its 50-terminus by the 5/
6-Rh6G was purchased from IBA GmbH Nucleic Acids
Product Supply.

Gel-shift annealing assay

For preparation of loose heteroduplexes, 100 pmol of
mini-TAR 32P-RNA (2� 102 cpm/pmol) or 120 pmol
of mini-cTAR 32P-DNA (2� 102 cpm/pmol) in 4 ml of
water was heated at 90�C for 2min and chilled for 2min
on ice. Then, 1 ml of strand transfer buffer was added (final
concentrations: 75mM KCl, 7mM MgCl2 and 50mM
Tris–HCl, pH 7.8) and the sample was incubated at
37�C for 30min. Unlabeled mini-cTAR DNA (120 pmol)
or unlabeled mini-TAR RNA (100 pmol) underwent the
same renaturation treatment and was then added to the
labeled hairpins. The reaction mixture was then incubated
at 4�C for 60min. Then, 3.5 ml of loading buffer was added
to the sample. The samples were loaded on 4% agarose
(QA-AgaroseTM, Qbiogene) gels. Electrophoresis was
carried out at 4�C in TBM buffer [45 mM Tris–borate
(pH 8.3), 1mM MgCl2] or at 25�C in TBE buffer
[45 mM Tris–borate (pH 8.3), 1mM EDTA]. After elec-
trophoresis, the gel was fixed, dried and autoradiographed
as described (32).

Gel retardation assays

Assays were carried out in a final volume of 10 ml.
Mini-cTAR 32P-DNA (10 pmol) at 2� 103 cpm/pmol
was dissolved in 6 ml of water, heated at 90�C for 2min
and chilled for 2min on ice. Then, 2 ml of strand transfer
buffer was added (final concentrations: 75mM KCl, 7mM
MgCl2 and 50mM Tris–HCl, pH 7.8) and the sample was
incubated for 15min at 37�C in the absence or presence
of protein at various concentrations. Gel loading buffer
(final concentrations: 10 % w/v glycerol, 0.01 % w/v
bromophenol blue, 0.01 % w/v xylene cyanol) was
added and the samples were analyzed by electrophoresis
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on a 14% polyacrylamide gel [29:1 (w/w), acrylamide/
bisacrylamide] at 4�C in 0.5� TBE buffer [45 mM Tris–
borate (pH 8.3), 1mM EDTA]. After electrophoresis, the
gel was fixed, dried and autoradiographed. Free DNA and
protein/DNA complexes were quantified using a
PhosphorImager (Molecular Dynamics) and ImageQuant
software. The fraction of bound mini-cTAR DNA (FR)
was determined using the formula FR=1�(IF/IB+IF),
where IF and IB are the band intensities of free and
bound mini-cTAR DNAs, respectively.

Structural probing of cTAR DNA and loose
heteroduplexes

Potassium permanganate and piperidine were purchased
from Sigma-Aldrich. Mung bean nuclease, DNase I and
RNase T1, were purchased from New England Biolabs,
Promega and Life Technologies, respectively. Structural
probing of cTAR DNA was carried out in a final
volume of 10 ml. cTAR 32P-DNA (1 pmol at 5�104 cpm/
pmol) in 5.5 ml of water was heated at 90�C for 2min and
chilled for 2min on ice. Then, 2.5 ml of renaturation buffer
(final concentrations: 75mM KCl, 7mM MgCl2 and
50mM Tris–HCl, pH 7.8 for probing with KMnO4 or
DNase I; 75mM KCl, 7mM MgCl2 and 50mM sodium
cacodylate, pH 6.5 for probing with mung bean nuclease)
was added and the sample was incubated for 30min at
37�C. At the end of this incubation, the samples were
incubated for 15min at 37�C in the absence or presence
of NC at various concentrations. The samples were then
incubated with KMnO4 or an enzyme as follows: 1.5, 3 or
6U of mung bean nuclease for 15min at 37�C; or 0.05, 0.1
or 0.2U of DNase I for 7min at 37�C. These cleavage
reactions were stopped by phenol–chloroform extraction
followed by ethanol precipitation. The dried pellets were
resuspended in 10 ml of loading buffer (7M urea, 0.03 w/
v% bromophenol blue and 0.03 w/v% xylene cyanol). For
potassium permanganate probing, cTAR DNA was
treated with 0.25, 0.5 or 1mM of KMnO4 for 1min at
37�C. The treatment was stopped by adding 40 ml of the
termination buffer [0.7M b-mercaptoethanol, 0.4M
NaOAc (pH 7.0), 10mM EDTA, 25 mg/ml tRNA]. DNA
was then extracted with phenol–chloroform, ethanol
precipitated and dried. DNA was subjected to piperidine
cleavage by resuspension of the dried pellet in 100 ml of
freshly diluted 1M piperidine and heating at 90�C for
30min. The samples were then lyophilized, resuspended
in 20 ml of water and lyophilized again. After a second
lyophilization from 15 ml of water, the samples were resus-
pended in 10 ml of loading buffer. G and T+C sequence
markers of the labeled cTAR were produced by the
Maxam–Gilbert method (33). All samples were analyzed
by short and long migration times on denaturing 14%
polyacrylamide gels.

Structural probing of loose heteroduplexes was carried
out in a final volume of 10 ml. For RNase T1 probing,
100 pmol of mini-TAR 32P-RNA (3� 102 cpm/pmol) in
4 ml of water was heated at 90�C for 2min and chilled
for 2min on ice. Then, 1 ml of strand transfer buffer was
added (final concentrations: 75mM KCl, 7mM MgCl2
and 50mM Tris–HCl, pH 7.8) and the sample was

incubated at 37�C for 30min. Unlabeled mini-cTARS3
DNA (50, 100 or 200 pmol) underwent the same
renaturation treatment and was then added to refolded
mini-TAR 32P-RNA. The reaction mixture was incubated
at 4�C for 60min. Then, 0.2U of RNase T1 was added
and the sample was incubated at 4�C for 10min. This
cleavage reaction was stopped by phenol–chloroform ex-
traction followed by ethanol precipitation. The dried
pellet was resuspended in 10 ml of loading buffer. For
mung bean nuclease probing, 100 pmol of mini-cTARS3
32P-DNA (3� 102 cpm/pmol) in 4 ml of water was heated
at 90�C for 2min and chilled for 2min on ice. Then, 1 ml of
renaturation buffer was added (final concentrations:
75mM KCl, 7mM MgCl2 and 50mM sodium cacodylate
pH 6.5) and the sample was incubated at 37�C for 30min.
Unlabeled mini-TAR RNA (50, 100 or 200 pmol) under-
went the same renaturation treatment and was then added
to refolded mini-cTARS3 32P-DNA. The reaction mixture
was incubated at 4�C for 60min. Then, 30 U of mung
bean nuclease were added and the sample was incubated
at 4�C for 20min. This cleavage reaction was stopped
by phenol-chloroform extraction followed by ethanol pre-
cipitation. The dried pellet was resuspended in 10 ml of
loading buffer. All samples were analyzed by short and
long migration times on denaturing 17% polyacrylamide
gels.

Fluorescence anisotropy

Binding of the mini-cTAR DNA sequences to 50

5/6-Rh6Gmini-TAR RNA was investigated using FA.
Measurements were performed in 50 ml quartz cuvettes
using a Fluorolog spectrophotometer (Jobin Yvon)
equipped with a Peltier thermostated cell holding the sam-
ple at 4�C. FA values were obtained by recording the IVV,
IVH, IHV and IHH intensities (V and H characterizing the
vertical and horizontal light polarisation for the excitation
and the emission paths, respectively) of each solution. The
steady-state anisotropy r was calculated according to:
r=(IVV�G.IVH)/(IVV+2G.IVH) in which G=IHV/IHH.
Excitation and emission wavelengths were set at 520 nm
and 560 nm, respectively. FA data are the result of two
independent experiments performed in duplicate. Apparent
equilibrium dissociation constants were determined from
the FA values plotted as a function of DNA concentra-
tions. The binding curves were fitted according to:

r ¼ fr0+�ðrf:R� r0Þg=f�ðR� 1Þ+1g ð1Þ

where r0 and rf are the anisotropy of mini-TAR RNA in
the free and in fully bound form, respectively, and R cor-
responds to the fluorescence quantum yield ratio of bound
mini-TAR relative to free mini-TAR. Assuming a 1:1 stoi-
chiometry, the molar fraction n of bound mini-cTAR
DNA can be expressed as:

� ¼ fN+D+Kd � ½ðN+D+KdÞ
2
� 4:D:N�0:5g= f2:Ng

in which N and D stand for the concentrations of
mini-TAR RNA and mini-cTAR DNA, respectively.
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RESULTS

Analysis of the loop–loop interaction in the absence of NC

The mini-TAR and mini-cTAR hairpins (Figure 1) are
appropriate substrates to investigate the kissing pathway
in the absence of NC (24,34). To better understand the
nucleation through the apical loops, we investigated the
mini-TAR RNA–DNA annealing process in the strand
transfer buffer, i.e. under high-salt conditions previously
shown to promote annealing of cTAR DNA to the 30-end
of the genomic RNA (5). The apical loop of mini-cTAR is
probably constituted of six but not four residues, since the
T.G base-pair predicted by mfold (Figure 1) was not
detected by NMR methods (13). An intermolecular
loop–loop interaction can be characterized by the forma-
tion of loose duplexes that are stable upon gel migration at
4�C in Tris–borate magnesium (TBM) but not in TBE at
25�C (35–37). In contrast, the tight duplexes can be seen
under both electrophoretic conditions (36–38). Despite
numerous attempts, we could not detect loose duplexes
using the wild-type and mutant sequences at low concen-
trations (data not shown). Therefore, annealing assays
were performed at 4�C and at high concentrations of com-
plementary hairpin molecules, i.e. under conditions

allowing observation of RNA–DNA kissing complexes
(39,40). To identify the annealing products, either mini-
TAR 32P RNA (Figure 2A, lanes 1–6) or mini-cTAR 32P
DNAs (Figure 2A, lanes 7–12) were incubated with or
without the unlabeled complementary sequences. After
renaturation and incubation at 4�C in the strand
transfer buffer, mini-TAR RNA and mini-cTAR DNAs
were mostly monomeric (Figure 2A, lanes 2 and 10–12).
Addition of wild-type mini-cTAR to the wild-type
mini-TAR strongly increased the band intensity that
migrated at a rate expected for the heteroduplex formed
by mini-TAR and mini-cTAR (Figure 2A, lanes 3). Since
the band intensity did not decrease in the TBE gel, the
heteroduplex was stable. These results suggest that the
loop–loop interaction was converted into an extended du-
plex under our experimental conditions. Consistent with
an annealing mechanism involving nucleation through a
loop–loop interaction, mini-cTAR2CA and mini-cTARS1
(Figure 1A) did not form tight heteroduplexes with
mini-TAR (Figure 2B). In addition, the results obtained
with mini-cTARS1 show that a loose heteroduplex cannot
be formed through a loop-loop interaction involving four
base-pairs. It has been reported that the apical loop of
mini-TAR RNA and the terminal loop of a DNA

TBM TBE

1       2        3       4      5       6       7        8        9     10     11      12
1       2       3       4       5      6       7       8       9      10     11     12

h2, d1, d2

h1
m1
m2

h2, d1, d2

m1
m2

mini-TAR*

mini-TAR*
      +
mini-cTAR

Den      C       wt      S4     S3     S2    S2      S3     S4      S4      S3     S2

mini-cTAR*

A

B

mini-cTAR*
      +
mini-TAR

h2, d1, d2

m1
m2

mini-TAR*

mini-TAR*
      +
mini-cTAR

Den      C       wt      S4      S3      S2      S2      S3     S4      S4      S3     S2

mini-cTAR*

mini-cTAR*
      +
mini-TAR

h2, d1, d2

h1

m1
m2

Loose heteroduplex

Tight heteroduplex

 wt + wt        wt + S1         wt + S2       wt + S3         wt + S4       wt + 2CA       wt + TA         wt + GT      wt + GC

Figure 2. Mutational analysis of mini-TAR RNA–DNA annealing in the absence of NC. Annealing was performed as described in ‘Materials and
Methods’ section. (A) Each sample was divided in two aliquots which were analyzed by 4% agarose gel electrophoresis at 4�C in TBM buffer and at
25�C in TBE buffer. Nucleic acids were visualized by ethidium bromide staining (top) and autoradiography (bottom). Lane 1, heat-denatured
mini-TAR 32P-RNA. Mini-TAR 32P-RNA was incubated in the absence (lane 2) or presence of unlabeled mini-cTAR DNAs (lanes 3–6).
Mini-cTAR 32P-DNAs were incubated in the absence (lanes 10–12) or in the presence of unlabeled TAR RNA (lanes 7–9). Monomeric and
dimeric forms of mini-TAR RNA are indicated by m1 and d1, respectively. Monomeric and dimeric forms of mini-cTAR DNAs are indicated
by m2 and d2, respectively. Loose and tight heteroduplexes are indicated by h1 and h2, respectively. (B) The table summarizes the results of the
mutational analysis.
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aptamer form a DNA–RNA loop–loop complex involving
5 bp (39,40). Interestingly, this complex and the RNA–
RNA loop–loop complexes formed by the dimerization
sequences of HIV-1 and avian leukosis virus are flanked
by at least one unpaired nucleotide (30,41). The mini-
cTARTA, mini-cTARGT and mini-cTARGC mutants
were designed so that they have the potential to form a
loop–loop complex involving 5 bp and one unpaired nu-
cleotide (Figure 1). These mutants did not form loose
heteroduplexes (Figure 2B), suggesting that the loop–
loop complex was not formed or was very unstable. To
trap the loop–loop interaction involving 6 bp, the
mini-cTARS2 and mini-cTARS3 mutants were designed
(Figure 1). Both mutants formed loose heteroduplexes
that were observed on the TBM gel but not on the TBE
gel (Figure 2A, lanes 5–8). Since the mini-cTARS4 mutant
formed loose heteroduplexes (Figure 2A, lanes 4 and 9),
we can exclude the possibility that the mini-cTAR mutants
formed loose heteroduplexes through the 50-/30-terminal
ends.

To confirm that formation of loose heteroduplexes
relies on an intermolecular loop–loop interaction,
probing experiments were performed with mini-TAR
RNA and mini-cTARS3 (Figure 3). First, we probed the
structure of mini-TAR RNA with RNase T1 (specific for
unpaired guanines) in the absence and presence of mini-
cTARS3 (Figure 3A). In the absence of mini-cTARS3,
there were strong and moderate T1 cleavages in the
apical loop (Figure 3A, lane 1). As expected, the guanine
residues in the predicted stems were not cleaved by RNase
T1. The guanine residues in the apical loop became
markedly unreactive to RNase T1 in the presence of
increasing concentrations of mini-cTARS3 (Figure 3A,
lanes 2–4). Second, we probed the structure of mini-
cTARS3 DNA with mung bean nuclease (MB) in the ab-
sence and presence of mini-TAR RNA (Figure 3B). MB is
highly selective for single-stranded nucleic acids and
single-stranded regions in double-stranded nucleic acids
(42). Note that single-base mismatches in double-stranded
DNA are poor substrates for MB cleavage at 37�C
(42,43). In the absence of mini-TAR RNA, there were
moderate and strong MB cleavages in the apical loop
and within the sequence between positions 34 and 38
(Figure 3B, lane 1). These results are consistent with our
study showing that the lower stem of mini-cTAR does not
form a stable double-stranded structure (13). The residues
in the apical loop became markedly unreactive to MB in
the presence of increasing concentrations of mini-TAR
RNA (Figure 3B, lanes 2–4). In contrast, the cleavage
rate for MB in the lower part of mini-cTARS3 was not
significantly reduced in the presence of increasing concen-
trations of mini-TAR RNA. Taken together, our results
show that the linkage structure of the loose heteroduplex
is the loop–loop complex. To determine the apparent
dissociation constants (Kd) of loop–loop complexes,
50 5/6-Rh6G mini-TAR RNA was mixed with increasing
amounts of mini-cTARS2 or mini-cTARS3.
Heteroduplexes were allowed to form for one hour at
4�C in the strand transfer buffer, before the fluorescence
anisotropy of the mixture was measured. Adding the
mini-cTAR mutants to 50 5/6-Rh6G mini-TAR RNA

induced a slight but significant increase of the anisotropy.
Since no change in the steady-state fluorescence spectra
were observed when DNA sequences were added, the an-
isotropy increase indicated that mini-cTAR DNAs inter-
acted with mini-TAR RNA. Using Equation (1) to fit the
binding curves shown in Figure 4, Kd values of 3.5
(±2)� 106M�1 were obtained with both mini-cTARS2/
mini-TAR and mini-cTARS3/mini-TAR.

Analysis of cTAR secondary structure in the absence of
NC

The secondary structure of cTAR DNA was investigated
at 37�C in the strand transfer buffer, i.e. under conditions
previously shown to promote strand transfer and anneal-
ing of cTAR DNA to the 30-end of the genomic RNA
(5,17,27). Using gel-shift annealing assays, we checked
that the cTAR DNA hairpin anneals to the TAR RNA
hairpin under our high-salt conditions (Supplementary
Figure S1). Consistent with previous reports (24,26), the
TAR RNA–DNA annealing reaction is extremely slow in
the absence of NC (Supplementary Figure S1). In
addition, the full-length cTAR was monomeric after incu-
bation as assessed by native agarose gel electrophoresis in
the TBM and TBE buffers (data not shown). Therefore,
the structural analysis was not complicated by the presence
of homoduplexes. The secondary structure of cTAR DNA
was probed with potassium permanganate (KMnO4), MB
and DNase I. DNase I is a double-strand-specific endo-
nuclease that produces single-strand nicks (44). KMnO4

can be used to detect regions of DNA that are unpaired or
distorted (45,46): it is an oxidizing agent that preferential-
ly attacks the 5,6 double bond of thymine. In B-DNA, this
bond is shielded by base stacking interactions and, thus,
the T residues in such DNA duplexes are relatively resist-
ant to oxidation. After treatment of cTAR DNA with
piperidine, the DNA backbone was cleaved at the site of
the modified thymines. The cleavage fragments generated
by the nucleases and the KMnO4/piperidine treatment
were analyzed by electrophoresis on denaturing 14% poly-
acrylamide gels. Running Maxam–Gilbert sequence
markers of cTAR on the same gels in parallel identified
the cleavage sites. Representative examples of probing ex-
periments are shown in Figures 5 and 6 and the results of
a series of independent experiments are summarized in
Figure 7. Note that the nucleases cleave the phospho-
diester bond and generate a 30-hydroxyl terminus on
50-end-labeled DNA. In contrast, the KMnO4/piperidine
treatment and Maxam–Gilbert reactions generate a
30-phosphorylated terminus on 50-end-labeled DNA
(33,47). The electrophoretic mobility of Maxam–Gilbert
sequence markers is therefore slightly greater than that
of fragments produced by nucleases. To determine the
precise position of cleavage at some sites, the
30-end-labeled cTAR was used (examples in Figure 5).
The partially melted ‘Y’ conformation is the most stable

cTAR structure predicted by the Mfold program (48). It
has been proposed that the cTAR sequence forms the
closed conformation (12,24,26). Therefore, the prob-
ing data were superimposed on these two conformations
(Figure 7). In both conformations, the 6–48 sequence
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forms the same stem–loop structure. There were strong
and moderate DNase I cleavages between G9–C10 and
C10–T11, all of which are predicted to lie at the ends of
stems. There were moderate and strong MB cleavages
between C25–C26, C26–G27, A34–C35 and C35–C36 that
are predicted to be in the apical and internal loops. The
moderate and high sensitivities of T23 and T40 to KMnO4

(Figure 6A), respectively, indicate that at least one side of
the plane of the heterocyclic ring of these thymine residues
is exposed. These data suggest that the predicted T.G mis-
matched base pair is not involved in strong stacking inter-
actions with the residues of the apical loop and T40 adopts
the looped-out bulge conformation. Consistent with the
formation of stems, T31 and T42 were unreactive to
KMnO4 and the sensitivity of T8, T11 and T37 to
KMnO4 was very low. It is likely that the C–A
mismatch slightly destabilizes the adjacent base-pairs
and the internal loop destabilizes the G17–C36 base pair
(13), since T8, T11 and T37 were not totally protected by
the surrounding base pairs. Fraying of the C6–G48 base
pair is probably responsible for the low sensitivity of T7.
The high and moderate sensitivities of T3 and T4 to
KMnO4, respectively and the moderate MB cleavage
between C5 and C6 are consistent with the partially
melted conformation of cTAR. However, the 30-/
50-terminal ends may be involved in transient interactions
to form the closed conformation since there was moderate
DNase I cleavage between T4 and C5. Taken together, our
probing data support a structural heterogeneity for the
30-/50-terminal ends of cTAR.

Analysis of cTAR secondary structure in the presence of
NC

We checked that the cTAR DNA hairpin anneals to the
TAR RNA hairpin in the presence of NC under structural
analysis conditions (Supplementary Figure S1). Consistent
with previous reports (24,26), the TAR RNA–DNA an-
nealing reaction is dramatically accelerated by NC
(Supplementary Figure S1). The full-length cTAR was
monomeric after incubation with NC as assessed by
native polyacrylamide gel electrophoresis in the TBE
buffer (data not shown). Therefore, the structural
analysis was not complicated by the presence of homo-
duplexes. To identify destabilized regions and protections
induced by NC in the cTAR hairpin, we compared the
enzymatic and KMnO4 probing patterns of cTAR in the
absence or presence of increasing concentrations of NC
(Figures 5 and 6). Consistent with the formation of
stable stems, T11, T31 and T42 did not become more
reactive to KMnO4 in the presence of NC (Figure 6B).

A

B

Figure 3. Probing of mini-TAR:mini-cTARS3 duplex. (A) Enzymatic
probing with RNase T1. Mini-TAR 32P-RNA alone (lanes C and 1)
or mixed with mini-cTARS3 (lanes 2–4) was incubated in the absence
(lane C) or in the presence of RNase T1 (lanes 1–4). Lanes 2–4, the
RNA:DNA ratios were 1:0.5, 1:1 and 1:2, respectively. Lanes T1 and L
refer to RNAse T1 sequencing and to alkaline ladder, respectively. (B)
Enzymatic probing with mung bean nuclease. Mini-cTARS3 32P-DNA

Figure 3. Continued
alone (lanes C and 1) or mixed with mini-TAR (lanes 2–4) was
incubated in the absence (lane C) or in the presence of mung bean
nuclease (lanes 1–4). Lanes 2–4, the DNA:RNA ratios were 1:0.5, 1:1
and 1:2, respectively. Lanes G and T+C refer to Maxam–Gilbert
sequence markers. Samples were analyzed by electrophoresis on 17%
denaturing polyacrylamide gels. Arrows indicate the cleavage sites.
Closed, gray and open symbols indicate strong, medium and weak
cleavage sites, respectively. The strong protections induced by
mini-cTARS3 (A) or mini-TAR (B) are indicated by asterisks.
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The sensitivity of T3, T4, T7 and T8 to KMnO4 was slightly
increased with NC at protein to nucleotide molar ratios of
1:8, 1:4 and 1:2 (Figure 6B, lanes 2–4), suggesting that the
population of cTAR in the ‘Y’ conformation increases in
the presence of NC. It is likely that the stem containing
T37 is slightly destabilized by NC, since the sensitivity of
this thymine residue was slightly increased with NC at
protein to nucleotide molar ratios of 1:8, 1:4 and 1:2
(Figure 6B, lanes 2–4). In the presence of NC at protein
to nucleotide molar ratios higher than 1:2, the efficiency of
DNA recovery after phenol–chloroform extraction was
reduced for KMnO4 assays. Therefore, the sensitivity of
thymine residues to KMnO4 seems to decrease with NC at
a protein to nucleotide molar ratio of 1:1 (Figure 6B, lane
5). The double-stranded region containing the T bulge is
probably a binding site for NC since the protein induced a
significant decrease in KMnO4 sensitivity for T40. In the
presence of increasing concentrations of NC, DNase I
cleavage at the level of all sites decreased at the same
rate, i.e. NC did not induce specific protection against
DNase I (data not shown). These results indicate that
the double-stranded regions of cTAR do not contain pref-
erential binding sites for NC. Interestingly, NC induced
a strong decrease in MB sensitivity for A34 and
C35 (Figure 5D) that are located in the internal loop
(Figure 7). PhosphorImager quantification indicated that
the cleavage rate for MB in the internal loop at a protein
to nucleotide molar ratio of 1:4 corresponded to 52% of
that observed in the absence of NC. In contrast, at the
same ratio, the cleavage rate for MB in the apical loop
(residues C25 and C26) corresponded to 96% of that
observed in the absence of NC. These data indicate that
the internal loop is a strong binding site for NC, and that,
if NC binds the apical loop, its binding is too weak to be
detected at a protein to nucleotide molar ratio of 1:4.
However, phosphorImager quantification indicated that
the cleavage rate for MB in the apical loop at a protein
to nucleotide molar ratio of 1:2 corresponded to 55% of
that observed in the absence of NC, i.e. NC binds the

apical loop at protein to nucleotide molar ratios equal
to or greater than 1:2 (Figure 5D, lanes 4 and 5). Taken
together the data indicate that the apical and internal
loops are weak and strong binding sites for NC, respect-
ively. Finally, our results show that NC preferentially
binds the internal loop, slightly destabilizes the lower
stem that is adjacent to this loop, and shifts the equilib-
rium toward the ‘Y’ conformation.

Binding of NC to mini-cTAR

To confirm that the apical loop is not a strong binding site
for NC, we carried out gel retardation assays with
wild-type and mutant mini-cTAR DNAs (Figure 1A).
Since NC binds nucleic acids with a preference for se-
quences containing unpaired guanine residues (49–55),
we altered the apical and internal loops containing
guanine residues. The LS mutant was designed so that
four T bases replaced the CCCG sequence in the apical
loop. The internal loop sequence was deleted in the IN2
mutant. Protein:DNA complexes were formed under the
same salt conditions and at protein to nucleotide molar
ratios as those used in probing experiments (see ‘Materials
and Methods’ section). Heat-denatured mini-cTAR
DNAs (Figure 8A and B, lanes 2) were used to locate
the position of monomeric mini-cTAR DNAs. To
identify the positions of bands corresponding to dimeric
mini-cTAR DNAs, the proteins were removed before gel
analysis (Figure 8A and B, lanes 1). After renaturation
and incubation at a protein to nucleotide molar ratio of
1:1, the majority of mini-cTAR DNAs remained mono-
meric (Figure 8A and B, lanes 1). Addition of increasing
amounts of NC resulted in the appearance of two bands
(Figure 8A): band CI migrating at a rate expected for the
NC:mini-cTAR complex and band CII corresponding to
high-molecular-weight protein:mini-cTAR complexes (ag-
gregates) that stuck in the wells. The LS mutation did not
lead to reduction in NC binding (Figure 8C). Interestingly,
deletion of the internal loop significantly reduced the
binding of NC to the IN2 mutant (Figure 8C).
The nucleic acid aggregating activity of NC resides pri-

marily in the basic N-terminal domain (29,56–58), and the
duplex destabilizing activity of NC has been mapped to its
zinc finger structures (22,59–62). NC exhibits sequence-
specific binding to single-stranded regions through inter-
actions that involve the zinc fingers (51,53,63). To charac-
terize specific interactions between the zinc-finger
structures and the mini-cTAR hairpin, we used NC(11–
55) which lacks the basic N-terminal domain (Figure 1B).
As expected, NC(11–55) did not form aggregates with
mini-cTAR DNAs (Figure 8B). Addition of increasing
amounts of NC(11–55) resulted in the appearance of
band CI migrating at a rate expected for the NC(11–
55):mini-cTAR complex. Binding of NC(11–55) to the
LS mutant was not impaired by mutations in the apical
loop (Figure 8B and D). Interestingly, NC(11–55) did not
bind to the IN2 mutant. Taken together, these results
show that the internal loop sequence is important for
tight binding of NC(11–55) to cTAR and that the NC
zinc fingers do not bind the apical loop under conditions
allowing strand transfer.

[mini-cTAR], M

A
ni

so
tr

op
y

Figure 4. Characterization of loose heteroduplexes by fluorescence an-
isotropy. 50 5/6-Rh6G mini-TAR RNA was mixed with increased
amounts of mini-cTARS2 (triangles) or mini-cTARS3 (squares) in the
absence of NC and incubated at 4�C for 60min as described in
‘Materials and Methods’ section. The fluorescence anisotropy of the
mixture was measured at the end of incubation.
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A B C

D E

Figure 5. Enzymatic probing of cTAR. Enzymatic probing experiments were performed as described in ‘Materials and Methods’ section.
(A and B) In the absence of NC, the 30-end-labeled cTAR DNA was incubated with DNase I (0.05, 0.1 and 0.2U) or mung bean nuclease (MB)
(1.5, 3 and 6U). (C) In the absence of NC, the 50-end-labeled cTAR DNA was incubated with MB (1.5, 3 and 6U). Lanes C are controls without
enzyme. G and T+C refer to Maxam–Gilbert sequence markers. Arrows indicate the cleavage sites. (D) 50-end-labeled cTAR DNA was incubated
with MB (3U) in the absence (lane 1) or in the presence of NC (lanes 2–5). The protein to nucleotide molar ratios were 1:8 (lane 2), 1:4 (lane 3), 1:2
(lane 4) and 1:1 (lane 5). The strong protections induced by NC at the level of MB cleavage sites are indicated by asterisks. (E) Secondary structures
for the partially melted and closed forms of cTAR. Delta G-values were predicted by mfold. Closed, gray and open symbols indicate strong, medium
and weak cleavage sites, respectively, for the various enzymes (triangle for DNase I and circle for mung bean nuclease).
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DISCUSSION

The full-length cTAR adopts two alternative
conformations in the absence of NC

FRET-based assays have been developed to study the
folding of the cTAR DNA molecule derived from the
MAL (8) or NL4-3 isolate (10). These studies suggest
that the majority (�70–80%) of the cTAR DNA mol-
ecules adopt the hairpin conformation (closed form) and
the remaining (20–30%) are partially or totally melted
(open forms) in the absence of NC. Using single-molecule
spectroscopy (SMS) techniques and cTAR DNA mol-
ecules derived from the NL4-3 isolate, it has been
reported that the partially open ‘Y’ conformation is the
dominant form for the cTAR hairpin in the NC-mediated
annealing process (12,64). These studies suggest that the 50

and 30 unpaired termini of the ‘Y’ conformation are ac-
cessible for TAR RNA–DNA annealing. Note that the
double-stranded and single-stranded regions of the ‘Y’

conformation were deduced from the analysis of hairpin
mutants. Here, we used structural probes (nucleases and
potassium permanganate) to directly determine the sec-
ondary structure of the full-length cTAR derived from
the MAL isolate. The probing experiments were per-
formed under high-salt conditions previously shown to
promote strand transfer and annealing (5,17,27). It is
unlikely that a population of cTAR DNA molecules is
totally melted in the absence of NC under our conditions,
since T31 and T42 were unreactive to potassium perman-
ganate and the sensitivity of T8, T11 and T37 to this reagent
was very low (Figures 6 and 7). The 6–48 sequence forms a
stem–loop structure containing a C–A mismatch, a T
bulge in the looped-out conformation and an internal
loop (Figure 7). Consistent with the stem involving nu-
cleotides 6–9/45–48, the sensitivity of T8 to potassium per-
manganate was very low and there was a strong DNase I
cleavage between G9 and C10. Nucleotides 1–5 and 50–55
are paired in the closed conformation and are unpaired in

BA C

Figure 6. KMnO4 probing of cTAR. KMnO4 probing experiments were performed as described in ‘Materials and Methods’ section. (A) In the
absence of NC, the 50-end-labeled cTAR DNA was incubated with KMnO4 (0.25, 0.5 and 1mM). (B) In the absence (lane 1) or in the presence of
NC (lanes 2–5), the 50-end-labeled cTAR DNA was incubated with KMnO4 (0.25mM). Lanes C are controls without NC and any chemical
treatment. Lane Cpip is the control without NC and KMnO4 treatment but with piperidine treatment. The protein to nucleotide molar ratios
were 1:8 (lane 2), 1:4 (lane 3), 1:2 (lane 4) and 1:1 (lane 5). Arrows indicate the reactive thymine residues. The strong protection induced by NC
at the level of T40 is indicated by an asterisk. The thymine residues where the reactivity to KMnO4 is increased by NC are indicated by the stars. G
and T+C refer to Maxam-Gilbert sequence markers. (C) Secondary structures for the partially melted and closed forms of cTAR. Delta G values
were predicted by mfold. The color codes used for the reactivity of thymine residues are indicated in the inset.
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the ‘Y’ conformation. In summary, our probing data are
consistent with the equilibrium between the closed and ‘Y’
conformations of the cTAR hairpin in the absence of NC.

NC’ effects on the structure of the cTAR DNA hairpin

FRET-based assays suggest that the populations of the
partially or totally melted forms of the cTAR hairpin
are moderately increased in the presence of NC or
NC(12–55) (8,10). The regions opened by NC are
expected not to become accessible to MB because they
probably bind the nucleocapsid protein. Consistent with
this notion, MB cleavage did not increase in the presence
of NC (Figure 5D). Studies performed with DNA

oligonucleotides showed that NC binds to the single-
stranded regions with the following preference: TG>
TNG, GNG>G, where N corresponds to either A or C
(50,52,65). Recently, NMR studies performed with DNA
oligonucleotides containing TG and TNG sequences
showed that the nucleobase of the thymine residue is
partly inserted in the N-terminal zinc finger of NC and
is involved in stacking interactions with the Phe16 side
chain (63,66). Residues T3, T4, T23, T40 and T42 are pre-
dicted not to be involved in stacking interactions with the
Phe16 side chain of NC, since they are not present in TG
and TNG sequences. In addition, a close examination of
the structures of the NC:DNA complexes (63,66) shows
that the 5,6 double bond of the nucleobase of the thymine
residue is accessible to potassium permanganate (KMnO4)
that is a small probe. Therefore, KMnO4 is expected to
interact with the nucleobases of unpaired thymine residues
that interact with the N-terminal zinc finger of NC. Since
T31 and T42 did not become sensitive to KMnO4 in the
presence of NC (Figure 6B), it is likely that the 12A–T42

and 20A–T31 base pairs are stable. Therefore, there is no
evidence that a population of cTAR DNA molecules is
totally melted in the presence of NC under our experimen-
tal conditions. Our probing data are consistent with the
SMS study that does not report the observation of totally
melted forms (64). NC induced a slight increase in
KMnO4 sensitivity for residues T3, T4, T7 and T8

(Figure 6B), suggesting that the population of cTAR in
the ‘Y’ conformation (Figure 7) increases in the presence
of NC. Our results are in agreement with the hypothesis
that NC shifts the equilibrium toward the O1 and O2 par-
tially open forms (8). In the lower part of the cTAR
hairpin, the O1 and O2 forms exhibit 12 and 22
unpaired nucleotides, respectively. The sensitivity of T37

to KMnO4 was slightly increased with NC (Figure 6B),
suggesting that the stem involving nucleotides

14CCAG17/36CTGG39 is slightly destabilized by NC. For
the full-length cTAR hairpin in the absence of NC, this
stem is stable since the sensitivity of T37 to KMnO4 was
barely detectable (Figure 6A). However, NMR investiga-
tion of mini-cTAR in the absence of NC suggests that this
stem may be destabilized by alternative possibilities of
base pairing involving the residues of the internal loop
and the 17G–C36 base pair (13). An attractive hypothesis
is that binding of NC to the internal loop facilitates these
conformational exchange phenomena. Finally, our data
suggest that NC destabilizes the lower stem that is
adjacent to the internal loop and shifts the equilibrium
toward the ‘Y’ conformation.

NC binding sites in the cTAR hairpin

A recent study suggests that the cTAR sequence contains
weak and strong binding sites for NC (23). Identification
of preferred binding sites in the cTAR molecule is neces-
sary to propose models for the annealing mechanism
mediated by NC. Our study is the first to identify the
NC binding sites using full-length NC and full-length
cTAR DNA under salt conditions previously shown to
promote strand transfer and annealing (5,17,27). The
DNase I probing data indicate that the double-stranded

Figure 7. Secondary structures for the partially melted and closed
forms of cTAR. Delta G-values were predicted by mfold. Closed,
gray and open symbols indicate strong, medium and weak cleavage
sites, respectively, for the various enzymes (triangle for DNase I and
circle for mung bean nuclease). The color codes used for the reactivity
of thymine residues are indicated in the inset. The strong protections
induced by NC at the level of MB cleavage sites and thymine residues
are indicated by asterisks. The thymine residues where the reactivity to
KMnO4 is increased by NC are indicated by the stars.
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regions of cTAR bind NC but do not contain preferential
binding sites for this protein. In a previous report, we
showed that the N-terminal basic domain of NC is
required for providing protection against RNase V1 that
cleaves double-stranded RNA (5). These results are con-
sistent with the notion that NC binds the double-stranded
regions of nucleic acids non-specifically through electro-
static interactions of the basic residues with the phospho-
diester backbone (29,67).

Binding of NC to the double-stranded region contain-
ing the T bulge is probably responsible for the significant
decrease in KMnO4 sensitivity for T40 (Figure 6B). A
likely explanation is that this thymine residue is stacked
between the flanking bases in the presence of NC while it

was in looped out conformation in the absence of NC.
Interestingly, Kalnik et al. (68) reported an equilibrium
between the stacked and looped-out conformations of a
T bulge. Since NC can bend short segments of
double-stranded nucleic acids (67), an attractive hypoth-
esis is that the NC-induced bending of cTAR shifts the
equilibrium towards the stacked conformation of the T
bulge. Using mung bean nuclease (MB), we showed that
the apical and internal loops are weak and strong binding
sites for NC, respectively. Moreover, since mutations in
the apical loop had no influence on the binding of the
mini-cTAR to NC and NC(11–55) (Figure 8) and since
NC(11–55) did not bind the mini-cTARIN2 mutant dis-
playing the apical loop but not the internal loop, it is likely
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Figure 8. Gel retardation assays of protein:mini-cTAR DNA complexes formed in vitro. Mini-cTAR 32P-DNAs were incubated in presence of NC
(A) or NC(11-55) (B) and analyzed by electrophoresis on a 14% polyacrylamide gel as described in ‘Materials and Methods’ section. Lanes 1,
controls mini-cTAR dimerization induced by NC or NC(11-55) at a protein to nucleotide molar ratio of 1:1 [NC and NC(11-55) were removed by
phenol/chloroform before gel electrophoresis]. Lanes 2, heat-denatured mini-cTAR DNAs. Lanes 3, controls without protein; lanes 4–7, protein to
nucleotide molar ratios were 1:8, 1:4, 1:2 and 1:1. Monomeric and dimeric forms of free mini-cTAR DNAs are indicated by fm and fd, respectively.
CI indicates the protein:mini-cTAR complexes. CII indicates the high molecular mass protein:mini-cTAR complexes (aggregates). (C) The graph was
derived from the experiments shown in (A). (D) The graph was derived from the experiments shown in (B). Symbols: filled circles, wt; open circles,
LS; open squares, IN2.
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that binding of NC to the apical loop relies mainly on
non-specific interactions involving the N-terminal basic
domain. Moreover, NMR experiments performed with
mini-cTAR in low ionic strength buffer showed that
there is no significant NC(11–55) binding to the apical
loop (66). It is likely that the NC zinc fingers do not inter-
act with the two unpaired guanine residues of the apical
loop because these residues are involved in stacking or
transient hydrogen bonding interactions with neighbor
nucleotides (13).

Mechanisms of annealing and roles of NC

Our probing data support the equilibrium between the
closed and ‘Y’ conformations of the cTAR hairpin, i.e.
the existence of two sites (the single-stranded ends and the
apical loop) for initiation of the annealing reaction. The
secondary structure of the ‘Y’ conformation (Figure 7)
suggests that nucleation through the 30/50 termini results
in formation of a zipper intermediate involving at least
12 bp which is subsequently converted into the final
extended duplex. Since the apical loop of the cTAR
DNA hairpin is a weak binding site for NC, it can
probably interact with the apical loop of the TAR RNA
hairpin in the presence of NC. Using mini-cTAR mutants,
gel-shift annealing assays, probing experiments and fluor-
escence anisotropy we showed that the annealing inter-
mediate of the kissing pathway is the loop–loop
interaction involving 6 intermolecular base pairs
(Figures 2–4). The enzymatic and chemical probing data
suggest that the apical stems are not destabilized by the
loop–loop interaction (Figure 3 and data not shown). In
their preceding work, Vo et al. (34) used a mini-cTAR
mutant named Inv-1 that contains inverted sequences for
the internal loop and the apical stem. This mutant
designed to trap the 6 bp kissing complex, did not form
heteroduplex with mini-TAR RNA (34). From these
results, Vo et al. (34) suggested that the annealing inter-
mediate involves 17 intermolecular base pairs, including
the nucleotides from the apical stem–loop and from the
internal loop of cTAR. The apparent discrepancy between
our findings and this previous work can be explained by
the fact that the secondary structure of our mutants is
similar to that of the wild-type mini-cTAR, whereas this
is not the case for the Inv-1 mutant. Indeed, the configur-
ation of the internal loop in our mutants is similar to that
of the wild-type mini-cTAR hairpin (the internal loop is
located near the 30-end), whereas it is not the case for the
Inv-1 mutant (the internal loop is located near the 50-end).
In addition, we used experimental conditions (low tem-
perature, high concentrations of nucleic acids) that were
different from those used in the previous study. Our
findings in conjunction with previous works (24,26) are
consistent with annealing mechanisms that involve the
fast formation of unstable kissing and zipper intermedi-
ates, followed by a rate-limiting strand exchange between
the stems of hairpins. TAR RNA–DNA annealing via the
zipper intermediate is favored in the presence of saturated
NC (24). This finding is consistent with our probing data
showing that the stem end is less stable than the apical
stem which is not destabilized by NC. In addition, NC

shifts the equilibrium toward the ‘Y’ conformation and
slightly destabilizes the lower stem that is adjacent to the
internal loop. Preferential binding of NC zinc fingers to
the internal loop is probably responsible for destabiliza-
tion of the adjacent stem.

CONCLUSIONS

Here, we investigated the TAR RNA–DNA annealing
mechanism in the absence or presence of NC under
high-salt conditions previously shown to promote strand
transfer (17,27). Our study is the first to show that the
annealing intermediate of the kissing pathway is the
loop–loop complex involving 6 intermolecular base
pairs. Our results support a model for the NC–cTAR
interactions in which one molecule of NC binds the
internal loop tightly via its zinc fingers, whereas other
NC molecules bind the apical loop and the double-
stranded regions weakly via the basic residues scattered
along the protein. The timing of HIV-1 core disassembly
is essential for viral DNA synthesis, but there is still no
consensus on exactly when uncoating occurs (69).
Dissociation of the capsid shell surrounding the nucleo-
protein complex is believed to take place during reverse
transcription. The NC molecules are probably diluted by
the disassembly of viral core. Dilution of NC is expected
to induce a significant dissociation of NC molecules that
are weakly bound to the minus-strand strong stop DNA.
An attractive hypothesis, based on our results, is that the
initiation sites for the annealing reaction (the apical loop
and the 30/50 termini of cTAR) are not bound to NC and
that NC binds only its strong binding site (the cTAR
internal loop) when uncoating and the first strand occur
simultaneously. Binding of NC to the internal loop of the
cTAR DNA hairpin would be essential for destabilization
of this hairpin, and therefore for the annealing step of first
strand transfer.
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