












Substitution of (14-39)cTAR by (14-39)cTAR-TL, in
which the 6 nt of the (14-39)cTAR loop were substituted
with T residues (Figure 6), further decreased the annealing
reaction rate (Figure 7). This suggests that as for NCp7
(51), the (14-39)cTAR/dTAR annealing reaction promoted
by peptide E may partially be nucleated through kissing
loop intermediates. This conclusion was further supported
by the value of the transition state enthalpy 15(±5) kcal/
mol, that perfectly matches the value found with the
NCp7-promoted annealing of mini-cTAR (51).
Taken together, our data indicate that both kinetic

pathways of the peptide E-promoted cTAR/dTAR
annealing reaction are nucleated through the stems.

Promotion of cTAR/dTAR annealing by peptide F
and D1 domain

Next, we investigated cTAR/dTAR annealing in the
presence of peptide F and the D1 domain to determine
whether they promote the annealing reaction through the
same mechanism as peptide E (Figure 6B). The annealing
kinetics in their presence was also biphasic with a hyper-
bolic dependence of kobs1,2 values and a constant ampli-
tude value of about 0.8, strongly suggesting that the three
core peptides promote cTAR/dTAR annealing by the
same mechanism. While the three peptides provide

Figure 6. Sequences of the HCV core protein (A) and the peptides (B) and oligonucleotides (C) used in this study. The N-terminal D1 domain of the
core protein (B) comprises three regions rich in basic residues (BD1 to BD3) and a region rich in tryptophan residues (WD). Peptides E and F
correspond to the association of two (BD2 and BD3) and all three (BD1, BD2 and BD3) basic clusters, respectively. The NC(11–55) peptide
corresponds to the zinc finger domain of the HIV-1 nucleocapsid protein. The cTAR and TAR RNA sequences (c) are from the HIV-1 MAL strain.
The secondary structures of the oligonucleotides were predicted from the structure of TAR (36) and the mfold program (http//www.bioinfo.rpi.
edu/applications/mfold/old/dna/form1.cgi).

Figure 7. Kinetics of peptide E-promoted annealing of cTAR deriva-
tives with TAR or dTAR derivatives. Kinetic traces of 10 nM doubly
labeled cTAR derivatives with 300 nM nonlabeled TAR or dTAR
derivatives [cTAR/dTAR (cyan), cTAR/dTAR-TL (green), cTAR/
TAR RNA (red), (14-39)cTAR/dTAR (magenta), (14-39)cTAR-TL/
dTAR (orange) and cTAR1,2/dTAR (yellow)]. Black lines correspond
to fits of the kinetic curves with Equation (2) and the parameters in
Table 1. Peptide E was added at a peptide/oligonucleotide ratio of 1.4:1
in all the cases and experimental conditions were as in Figure 3.
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similar values for the pre-equilibrium binding constants,
they differ in the interconversion rate constants. Indeed,
the interconversion rates of the intermediates to ED were
about 3- to 7-fold faster with peptide F than that with
peptide E and the D1 domain (Table 1).

Interestingly, the temperature dependence of the kobs
values with peptide F and domain D1 yielded enthalpy
values that were similar to those with peptide E (data
not shown), confirming that the three peptides follow
the same mechanism by nucleating ICs with a similar
number of base pairs.

Comparison of the three peptides suggests that the
third basic domain (BD3) favors the interconversion
step while the additional sequences in D1, notably the
tryptophan-rich domain, WD, have a counter effect.

Comparison of HCV core peptide E and HIV-1 NCp7
in promoting cTAR/dTAR annealing

Since both peptide E and NCp7 promote cTAR/dTAR
annealing, this prompted us to compare their efficiencies
in this activity. Because wild-type NCp7 strongly aggre-
gates oligonucleotides (30,42,52,53), we used the truncated
NC (11-55) peptide (Figure 6B), which mimics the
activities of NCp7 without aggregation (30,38).
Comparison of peptide E with NC(11-55) at several
molar ratios revealed that 1 and 1.4 molecules of peptide
E provided the same annealing activity as that of 4 and 6
NC (11-55) molecules (Figure 8A), respectively. This
suggests that one peptide E molecule exhibits nearly the
same chaperone activity as 4 molecules of NC(11-55).
Furthermore, the kinetic traces in the presence of both
NC(11-55) added at a ratio of 4 peptides per
oligonucleotide and peptide E added at ratios of 1 and
1.4 peptides per oligonucleotide were similar to the
kinetic traces obtained with ratios of 8 and 10
NC(11-55) per oligonucleotide, respectively (Figure 8B).
This confirmed that one peptide E exhibits the same
chaperone activity as four NC(11-55) and favored the
notion that the two peptides can chaperone in concert
the annealing of the two complementary ODNs.

DISCUSSION

The aim of the present study was to characterize the
mechanism by which the basic domain of the HCV core
chaperones the annealing of two canonical complemen-
tary stem–loop sequences, namely the HIV-1 cTAR
and dTAR DNA, which have been extensively used to
study the chaperone properties of retroviral NC proteins
(30,32–35,54–56). This study was performed with the D1
core domain and two peptides that encompass the basic
clusters critical for the chaperone properties of the core
(20,28). To maintain the nonaggregating conditions
required for the present fluorescent experiments, we used
a limited peptide to oligonucleotide molar ratio of 1.4:1.
In contrast to retroviral NCs, such as HIV-1 NCp7 and

MuLV NCp10 (29,32), the core peptides exhibit only a
slight destabilizing activity, suggesting that this compo-
nent plays a limited role in the core-promoted annealing
reaction. Nevertheless, these peptides efficiently activate
the cTAR/dTAR annealing reaction as shown by the up
to three orders of magnitude difference in the values of the
overall kinetic constants (kass=KM� kf) in the presence
of the core peptides (Table 1) as compared to the
bimolecular rate constant (85M–1 s–1) in their absence
(30). The promotion of cTAR/dTAR annealing by the
core peptides was found to start from the cTAR end
and to proceed through two parallel kinetic pathways
that include a fast pre-equilibrium intermediate and a
rate-limiting conversion into the final ED. The fast and
slow pathways likely differ by the number of base pairs
(�2 and 5, respectively) that should be melted in the
original cTAR secondary structure to nucleate the ICs.
Since thermally driven fraying of cTAR termini occurs
spontaneously at room temperature (29,37,44), the fast
pathway is probably associated with a cTAR species
where the 3 bp of the terminal stem are melted, while the
slow pathway may be associated with the fully structured
oligonucleotide (Figure 9). Therefore, formation of IC1
in the fast pathway is thought to involve the melting of
the 2 bp from the penultimate double-stranded segment
while the 5 bp of both terminal and penultimate double

Figure 8. Comparison of the chaperoning properties of peptide E and HIV-1 NC(11-55). Kinetic traces were recorded with 10 nM doubly labeled
cTAR and 100 nM nonlabeled dTAR. (A) Kinetic traces in the presence of NC (11-55) added at a peptide/oligonucleotide molar ratio of 4 (red), 5
(cyan) and 6 (magenta) or in the presence of peptide E added at a molar ratio of 1:1 (yellow) and 1.4:1 (green). (B) Kinetic traces with NC (11-55)
added at a peptide/oligonucleotide molar ratio of 4:1 in the presence of peptide E, added at a peptide/oligonucleotide molar ratio of 1:1 (red) and
1.4:1 (cyan) compared with only NC (11–55) added at a molar ratio of 8:1 (green) and 10:1 (yellow) respectively. Black lines correspond to fits of the
kinetic curves with Equation (2).
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stranded DNA segments should melt to form IC2 in the
slow pathway. As previously shown with HIV-1 NCp7
(35) and Tat (submitted), IC1 may result from the
annealing of both 30 and 50 terminal strands of cTAR
with the complementary terminal strands of dTAR and
be stabilized by 12 intermolecular base pairs. Since the
IC2 complex in the slow pathway is less stable than IC1,
it likely involves a smaller number of intermolecular base
pairing. A possible explanation is that IC2 results from an
invasion mechanism, in which only one cTAR strand
anneals with the complementary dTAR strand (54,56),
allowing the formation of 5–7 intermolecular base pairs.
Both IC1 and IC2 are further converted into the ED,
which most probably relies on the conformational
rearrangement and melting of the stable upper part of
both TAR species. In this respect, the 3- to 4-fold faster
interconversion rate of IC1 as compared to IC2 probably
results from its larger number of intermolecular base pairs
and/or more favorable conformation for the subsequent
conversion into the ED.
Interestingly, the degree of coating of cTAR and dTAR

by the peptides was found to strongly affect the equilib-
rium binding constant of the ICs but not their
interconversion rate. Moreover, the amplitude of the fast
component increases with the coating degree, suggesting

that a single pathway can probably take place at a
saturating concentration of core peptide, as in the case
of retroviral proteins (35,49,51). In the proposed model
reaction (Figure 9), the amplitude of the fast component
is a complex function of the fast equilibrium between
cTAR1 and cTAR2 species, their stability, their initial
melting by the peptides and the fluorescence intensity of
the intermediates. Accordingly, the amplitude of the fast
component decreased, when either of the two partners,
cTAR or dTAR, was substituted by a more stable one
(�35% for cTAR/TAR and <5% cTAR1,2/dTAR) as
compared to 70% for cTAR/dTAR. On the other hand,
a decrease in stability of partners results in an increase of
amplitude (100% at 40�C for cTAR/dTAR). Finally, the
core chaperone mechanism was found to be similar for
peptide E, peptide F and D1 domain, confirming that
the basic clusters are the main determinants in this mech-
anism (20,28).

Comparison with the truncated HIV-1 NC(11-55)
peptide revealed that one core peptide molecule exhibits
the same chaperone activity as four NC(11-55) molecules
in cTAR/dTAR annealing (Figure 8). A similar conclu-
sion applies for cTAR/TAR RNA annealing with the
full-length NCp7, since the KM values of the ICs with
peptide E (about 106M–1) are similar to the corresponding
KM value obtained with NCp7 added at a ratio of six
proteins per oligonucleotide (35). This suggests that a
1.4 equivalent of peptide E could be as active as 6 NCp7
equivalents in the present experimental conditions. This is
likely a consequence of the stronger ‘nucleic acid
aggregating’ properties of the core peptides, in line with
the efficient oligonucleotide aggregation observed by FCS
(Figure 1). This propensity of the core peptides to neutral-
ize the negatively charged nucleic acids and to promote
their aggregation is probably related to the highly flexible
nature of the core peptides (19,57) as compared to the
folded NCp7 structure with two zinc fingers (58,59). In
addition, NCp7 and the core peptides likely differ on
how they promote the interconversion reaction. For
cTAR/TAR, the interconversion rate constant, in the
absence of any peptide is about 1.5� 10–4 s–1, while it is
about 3-fold higher in the presence of NCp7, at any
protein/oligonucleotide ratio (35). For the core peptides,
the corresponding values for the fast and slow pathway
are respectively, two and one order of magnitude higher
than in the absence of protein. Thus, in contrast to NCp7,
the core peptides strongly favor the interconversion
reaction, which is thought to be rate-limited by a confor-
mational change involving cooperative melting of a large
fragment of one or both hairpin stems. Moreover, while
NCp7 also promotes cTAR/TAR annealing through
kissing loop intermediates when added at sub-saturating
concentrations to ODNs (35), the core peptides mainly
chaperone the annealing through the stems.

Taken together, our data suggest that though at
sub-saturating conditions, the core peptides only margin-
ally destabilize the secondary structure of oligonucleo-
tides, they are more efficient than the truncated HIV-1
NC(11-55) peptide in nucleating IC formation through
their nucleic acid aggregation properties and promoting
the subsequent IC conversion into ED. Moreover, in

Figure 9. Proposed mechanism for core-promoted cTAR/dTAR
annealing. The annealing reaction at sub-saturating protein concentra-
tions is thought to involve two pathways that rely on thermal fraying of
cTAR. This fraying leads to a fast equilibrium (microsecond range)
between the fully closed cTAR species (cTAR2) and a partially
melted cTAR species (cTAR1) (37). The upper pathway (steps a and
b) and the lower pathway (steps a0 and b0) are associated with the fast
and the slow kinetic components, respectively. In both pathways, the
cTAR species nucleate an intermediate complex (IC) that subsequently,
converts in a rate-limiting step to the final extended duplex (ED).
In both pathways, the ICs are nucleated through the stem termini.
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contrast to NC(11-55) and native NCp7 (35) which
requires high peptide/ODN ratios for optimal activity,
the core peptides already show strong nucleic acid
annealing activity at low peptide/ODN ratios, suggesting
that the core protein can exert its strong chaperone
activity at low fractional saturation of nucleic acids.
Importantly, since the core protein and NCp7 are struc-
turally different proteins from two different virus families,
the conserved nucleic acid chaperone properties suggest
that they are required in a large panel of viruses, in line
with the recently demonstrated conservation of RNA
chaperoning in Flaviviridae core proteins (60). The
potent chaperone properties of the core peptides in the
TAR oligonucleotides model used in this study further
suggest that the core protein is a nucleic chaperone with
broad sequence specificity. These properties may be
critical for genomic RNA dimerization in HCV replication
and RNA packaging, as well as for facilitating recombi-
nation between various HCV genotypes and subtypes to
increase viral variability (61–63).
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