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ABSTRACT

The mature HIV-1 nucleocapsid protein NCp7 (NC) plays a key role in reverse transcription facilitating the two obligatory strand
transfers. Several properties contribute to its efficient chaperon activity: preferential binding to single-stranded regions, nucleic
acid aggregation, helix destabilization, and rapid dissociation from nucleic acids. However, little is known about the relationships
between these different properties, which are complicated by the ability of the protein to recognize particular HIV-1 stem–loops,
such as SL1, SL2, and SL3, with high affinity and without destabilizing them. These latter properties are important in the context of
genome packaging, during which NC is part of the Gag precursor. We used NMR to investigate destabilization of the full-length
TAR (trans activating response element) RNA by NC, which is involved in the first strand transfer step of reverse transcription. NC
was used at a low protein:nucleotide (nt) ratio of 1:59 in these experiments. NMR data for the imino protons of TAR identified most
of the base pairs destabilized by NC. These base pairs were adjacent to the loops in the upper part of the TAR hairpin rather than
randomly distributed. Gel retardation assays showed that conversion from the initial TAR–cTAR complex to the fully annealed
form occurred much more slowly at the 1:59 ratio than at the higher ratios classically used. Nevertheless, NC significantly
accelerated the formation of the initial complex at a ratio of 1:59.
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INTRODUCTION

The mature HIV-1 nucleocapsid protein NCp7 (NC), which
is generated by proteolytic cleavage of the Gag precursor, is a
small retroviral protein consisting of a poorly folded highly
basic N-terminal region and two highly conserved CCHC
zinc finger motifs connected by a basic linker displaying
some flexibility. Several forms of this protein are observed
during the course of the replication cycle. NC exists as a
domain of the Gag precursor protein and the partially ma-
tured products NCp15 and NCp9, which are generated by
the retroviral protease (Mirambeau et al. 2010). NC is
involved inmany steps in the HIV-1 replication cycle, includ-
ing reverse transcription, selective genome packaging, ge-
nome dimerization, genome protection, and integration
(Levin et al. 2005, 2010; Darlix et al. 2007, 2011, 2014;
Sleiman et al. 2012). During reverse transcription, the nucleic
acid chaperone activity of NC facilitates the rearrangement of
nucleic acids into their most thermodynamically stable struc-

tures. This activity results from three different properties of
NC: (i) nucleic acid aggregation; (ii) duplex destabilization;
(iii) rapid on-off kinetics (Cruceanu et al. 2006a,b; Stewart-
Maynard et al. 2008; Godet and Mély 2010; Levin et al.
2010). Nucleic acid aggregation is thought to be dependent
on the N-terminal basic part of NC, whereas duplex destabi-
lization is associated with the zinc fingers (Beltz et al. 2005;
Levin et al. 2005, 2010; Vo et al. 2009a,b; Godet and Mély
2010). However, some studies have suggested a role of zinc
fingers in nucleic acid aggregation (Krishnamoorthy et al.
2003; Levin et al. 2005; Mirambeau et al. 2006; Mitra et al.
2013) and others have implicated basic residues in nucleic
acid destabilization (Wu et al. 2014).
The first-strand transfer occurring during reverse tran-

scription of the HIV-1 genome has been widely studied
(Basu et al. 2008; Godet and Mély 2010; Levin et al. 2010).
After the initiation of reverse transcription at the PBS
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(primer binding site) with tRNAlys (Levin et al. 2010;
Sleiman et al. 2012, 2013), the minus-strand strong-stop
DNA [(−)ssDNA] is synthesized from the 5′ terminal part
of the RNA genome. Continuation of the reverse transcrip-
tion process requires the translocation of (−)ssDNA from
the 5′-end to the 3′-end of the RNA genome. This transloca-
tion requires the presence of the R (Repeat) sequence at both
ends of the genome. The R sequence consists of the TAR
(trans activating response element) and poly(A) elements,
both of which can self-fold into stem–loop structures in their
RNA and DNA forms (Berkhout et al. 2001). The upper part
of the TAR stem–loop is required for efficient transcription
of the integrated HIV-1 genome. The lower part of the
TAR stem–loop also plays an important role in HIV-1 repli-
cation (Klaver and Berkhout 1994). NC promotes the an-
nealing of the TAR RNA hairpin with the cTAR DNA
hairpin. This is an essential step in the first strand transfer
process and has thus been the subject of many studies
(Godet et al. 2006; Liu et al. 2007; Vo et al. 2009a,b; Godet
and Mély 2010). The NC-mediated destabilization of the
secondary structures of TAR and cTAR stem–loops is one
of the initial steps in the annealing process. NC destabilizes
the cTAR DNA to a much greater extent than the more
stable TAR RNA (Bernacchi et al. 2002). More generally,
the destabilizing activity of NC has been shown to be inverse-
ly correlated with oligonucleotide stability (Bernacchi et al.
2002; Beltz et al. 2003, 2005). It has been shown, by time-
resolved fluorescence spectroscopy, that there are preferen-
tially destabilized segments in the lower part of the cTAR
DNA molecule (Godet et al. 2013). The TAR RNA hairpin
appears to be only weakly destabilized by NC, but precise
data are lacking. A precise investigation of the destabilization
process is thus required to improve our understanding of the
destabilizing activity of NC and the initial steps of the NC-
promoted annealing of cTAR and TAR.
The ability of NC to destabilize secondary structures in nu-

cleic acids is a key component of its chaperone activity. It has
been shown that this protein significantly accelerates the an-
nealing of complementary sequences only if these sequences
display a significant level of secondary structures (You and
McHenry 1994; Golinelli and Hughes 2003; Heilman-
Miller et al. 2004). However, despite some recent advances
in the field (Bourbigot et al. 2008), the details of the destabi-
lization mechanism and its structural and/or dynamic basis
remain unknown. Globally, NC appears to be a weak duplex
destabilizer able to destabilize only segments of <8 or 11 base
pairs (bp) in length, depending on the study considered
(Beltz et al. 2004; Levin et al. 2005). NC thus destabilizes
low-stability stem–loop structures, such as the cTAR hairpin.
Numerous bulges and internal loops in the TAR and cTAR
hairpins are required to lower the stability of the neighboring
double-stranded segments and permit their destabilization
by NC (Beltz et al. 2004). Phylogenetic comparisons of
TAR RNA structures in different HIV-1 isolates have demon-
strated a conservation of bulges and loops (Berkhout 1992;

Zarudyana et al. 2014). It appears likely that the stabilities
of the TAR and cTAR stem–loops coevolved with the desta-
bilizing activity of NC (Beltz et al. 2004).
The relationship between nucleic acid binding affinity and

nucleic acid secondary structure destabilization is complex.
One previous study suggested that the strong NC-interaction
domains do not correspond to the domains of the HIV-1 ge-
nome destabilized by NC (Wilkinson et al. 2008). Consistent
with this observation, structural studies have shown that NC
binding to the SL2 and SL3 loops does not significantly desta-
bilize the adjacent stems (De Guzman et al. 1998;
Amarasinghe et al. 2000; Johnson et al. 2000). The high affin-
ity of binding may prevent the rapid on–off binding kinetics
of NC required for its chaperone activity (Cruceanu et al.
2006a; Levin et al. 2010). Consistent with this hypothesis,
Gag and NCp15 proteins have higher affinities than NC for
nucleic acids but their chaperone activity is weaker
(Cruceanu et al. 2006b; Wu et al. 2010; Wang et al. 2014).
In this context, we used NMR spectroscopy to investigate

the NC-induced destabilization of the full-length TAR RNA
stem–loop (59 nt) (Fig. 1A) to improve our understanding
of the mode of action of NC in first-strand transfer. The
TAR RNA has been the subject of many NMR studies, but
these previous investigations focused on the upper part of
the hairpin and the dynamic aspects (Puglisi et al. 1992;
Aboul-ela et al. 1995, 1996; Al-Hashimi et al. 2002; Pitt
et al. 2004; Musselman et al. 2007; Dethoff et al. 2008;
Bailor et al. 2010; Dethoff and Al-Hashimi 2011). We ana-
lyzed the NC-mediated destabilization process bymonitoring
imino proton resonance shifts and line broadening after the
addition of NC. We followed the destabilization events as a
function of time using very fast two-dimensional NMR
methods (Schanda and Brutscher 2005; Schanda et al.
2005; Farjon et al. 2009).

RESULTS

NMR analysis of the TAR RNA (59 nt)

The imino region of the 1H-15NTROSY spectrum of the TAR
RNA obtained at 10°C is shown in Figure 1B. Imino protons
were identified with a combination of 1H–

15N TROSY and
NOESY spectra (Fig. 1B,C). Twenty-two imino protons
were assigned, whereas 26 signals were expected on the basis
of secondary structure predictions (taking into account the
expected two signals for each G:U base pair) (Fig. 1A).
No NMR signals were observed for the G1–C59, U4–A56,
U6–A55, and A22–U40 imino groups corresponding to
base pairs that are located at the ends of stems. Some weaker
and broader additional resonances were observed close to
12.7–12.8 ppm in the proton dimension, but could not be as-
signed due to the absence or weakness of associated correla-
tions on 2D NOESY (Fig. 1). With the exception of the
terminal base pair G1–C59, most of the missing imino

TAR destabilization by HIV-1 nucleocapsid protein

www.rnajournal.org 507



resonances corresponded to A–U base
pairs located near a bulge (Fig. 1A; the
status of the C18–G44 imino proton is
difficult to assess due to overlap).
Thus, the imino protons were not ob-
served for any of the A–U base pairs
adjacent to a bulge, i.e., U4–A56,
U6–A55, and A22–U40 (Fig. 1B,C).

TAR-cTAR annealing at a low NC:
nt ratio

We then added NC to the TAR RNA
at an NC:RNA ratio of 1:1 (1 NC:59
nucleotides [nt]). We chose to use
this low ratio to prevent aggregation
effects and excessive broadening of
resonances leading to the loss of large
amounts of information. It was im-
portant to check that the TAR–cTAR
annealing was accelerated by NC at
this low NC:nt ratio. These conditions
are very different from those observed
in vivo (Darlix et al. 2011), but they
make it possible to investigate the
role of NC chaperone activity in the
various steps of the annealing process.
Gel retardation assays displayed a
striking pattern of biexponential
behavior, with fast and slow compo-
nents (Fig. 2). We analyzed the results
obtained with a kinetic model initially
developed for a similar experimental
system. This model (described in
the “Materials and Methods” section)
involves the rapid formation of a
transient duplex that is gradually
converted to the fully annealed
TAR–cTAR duplex (Vo et al. 2006,
2009b). The first step of the reaction
was analyzed in the framework of
a bimolecular and reversible reac-
tion, because it was not possible to
use pseudo-first order simplification
here (see “Materials and Methods”
section). Indeed, the determination
of rate constants at a low NC:nt ratio
requires the use of high DNA and
RNA concentrations. The rate con-
stants are reported in Table 1. We
can compare the values obtained at
the 1:14 ratio common to our study
and that of Vo and colleagues (Fig. 9
in Vo et al. [2009b]), the values for
k1, k−1, and k2 were very similarFIGURE 1. (Legend on next page)
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(k1 = 4.4 × 103 versus 2.5 × 103M−1 sec−1; k−1 = 4 × 10−3 ver-
sus 5 × 10−3 sec−1 and k2 = 3.0 × 10−4 versus 5 × 10−4 sec−1).
When the NC:nt ratio decreases from 1:14 to 1:29, 1:59,

and 0:59 (no NC), k1 decreases by factors of 2, 5, and 27, re-
spectively, whereas the k−1 remains constant. Moreover, the
k2 elementary constant decreases by more than an order of
magnitude from 1:14 to 0:29. Our data thus indicate that
the transition from the initial RD∗ duplex (R and D stand
for RNA and DNA, respectively, and RD∗ is the intermediate
RNA:DNA complex, see “Materials andMethods” section for
more information) to the extended duplex is extremely slow
at NC:nt ratios below 1:14. Interestingly, the decrease in k1
value as the ratio decreases from 1:59 to 0:59 was significant
(factor of 5). Thus, even at this low ratio (1:59), NC signifi-
cantly increases the rate of formation of the initial RD∗ du-
plex. Therefore, from the results of this kinetic analysis, we
would expect an NMR study of the interaction of NC with
TAR at a ratio of 1:59 to identify the TAR destabilization
events important for formation of the initial TAR-cTAR
(RD∗) duplex.

NMR analysis of NC-induced TAR secondary structure
destabilization

The addition of NC to TAR RNA at a 1:1 ratio (NC:nt ratio of
1:59) induced considerable line broadening for all the imino
proton resonances (Fig. 3). However, some resonances were
affected to a larger degree than others and some even
completely disappeared. Assignments of resonances were
mostly deduced from analysis of 2D 1H-15N TROSY and
SOFAST-HMQC experiments (Figs. 3, 4). We classified the
imino proton resonances into three categories: (i) those
broadened to such an extent that they were not observable
(G26, G28, and U38) (Figs. 3, 4); (ii) those broadened but still
observable (G16, G21, U42, and G43), although there was
some ambiguity in the assignment for G21 and G52, which
partly overlap, and (iii) those displaying little broadening
(G3, U10, G11, U13, U14, U46, G52, G53, and G54) (Figs.
3, 4). The imino protons not mentioned above were difficult
to assess due to overlapping. In addition, the resonances of the
second group (G21, U42, and G43) displayed slight chemical

shift variations, whereas no such vari-
ations were observed for the resonanc-
es of the third group (except G3).
The three different classes of imino

protons described above are located in
different parts of the molecule (Fig.
5A): the most affected resonances
(first group) involved the 4-bp stem
G26–C39 to C29–G36 located be-
tween the apical loop and the three-
pyrimidine bulge (Fig. 5A). Three im-
ino protons in this stem were not ob-
servable in the presence of NC, and

FIGURE 2. (A) Time course of TAR RNA annealing with cTARDNA in
the presence or absence of various concentrations of NC. Lane 1, heat-
denatured TAR 32P-RNA. TAR 32P-RNA alone (lanes 2) or mixed with
cTAR DNA (lanes 3–12) was incubated at 20°C for 10 min (lanes 2,3,8),
1 h (lanes 4,9), 3 h (lanes 5,10), 6 h (lanes 6,11), or 24 h (lanes 7,12). The
monomeric form of TAR is indicated by TAR∗. The TAR RNA-cTAR
DNA duplex is indicated by TAR∗

–cTAR. In the absence of cTAR and
NC (lanes 2), the band (TAR∗

–TAR∗) above themonomer probably cor-
responds to the dimeric form of TAR described elsewhere (Andersen
et al. 2004). (B) The graph was derived from the experiments shown
in A. Filled circles, in the absence of NC; filled triangle, NC (1.5 µM);
open triangles, NC (3 µM); open circles, NC (6 µM).

FIGURE 1. Schematic diagram of TAR with the detected imino protons indicated, together with the
associated NMR spectra. (A) Diagram of the TARmolecule with blackmarks indicating the base pairs
for which imino protons were successfully detected and assigned in NMR experiments. The obser-
vation of G44 was ambiguous, and therefore no black mark was assigned to this base pair. (B)
1H–

15N TROSY spectrum of the imino groups of labeled 15N,13C-labeled TAR at 10°C and 950
MHz. The peaks are labeled with the name of the residue bearing the imino proton. (C) The imino
group part of the 2DNOESY spectrum of 15N,13C-labeled TAR at 10°C and 950MHz. Imino protons
are labeled with the name of the residue bearing this proton. The NOE connectivities involving the
different parts of TAR are indicated with lines of different types: solid lines for NOE connectivities in
the long stem (base pairs C7–G54 to G16–C45); dotted lines for the upper stem (base pairs G26–C39
to C29–G36). The connectivities of the intermediate stem (base pairs C18–G44 to G21–C39) are not
indicated by lines, because some ambiguity remains for the detection of G44 (with U42) near 13.25
ppm (spectral overlap). A corresponding cross-peak labeled “43–42,44” indicates the possible cross-
peak within this stem. Note that the distance corresponding to the separation of G23 and U42 imino
protons would be expected to exceed 5 Å in a standard A-RNA helix.
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the signal of the fourth guanine (G36) may be overlapped so
it was therefore difficult to take it into account. The imino
protons of the second group belong to the short stem located
in the middle of the hairpin (base pairs C18–G44 to G21–
C41). Those of the third group belong to the large central
stem extending from base pairs C7–G54 to G16–C45 and
to a 2 bp stem at the extreme end of the molecule. Nine imino
protons (of 13 in total) from the long central stem were still
clearly observable. They displayed a weak overlap and no shift
relative to the other resonances of the TAR molecule.

The specific broadening observed for particular imino
protons is consistent with a preferential destabilization of
these base pairs, corresponding to an initial phase of TAR
destabilization by NC. We therefore suggest that NC prefer-
entially destabilizes the apical stem of the TAR hairpin, hav-
ing a much lesser effect on the long stem in the center of this
molecule. The short stem at the 5′/3′ end was only moderate-
ly affected by NC, because the G3 imino proton remained
clearly observable. Overall, the NMR data indicated a selec-
tive destabilization of the apical stem adjacent to the UCU
bulge.

DISCUSSION

We provide here the first description of NMR studies on
the full-length TAR hairpin in the absence and presence
of NC in a 1:1 ratio. TAR is probably the RNA molecule
most widely studied by NMR, but previous studies focused
exclusively on the upper part of the TAR hairpin. More-
over, most previous studies on the upper part of TAR fo-
cused on the relative motion of the two upper helices.
These helices, separated by the UCU bulge, which acts as a
hinge, display independent and collective motions at the
nanosecond timescale (Zhang et al. 2006, 2007; Salmon
et al. 2013). The bottom part of the molecule has also been
shown to have an important biological role (Klaver and
Berkhout 1994). However, destabilization of the full-length
TAR stem–loop by NC has never been investigated by
NMR spectroscopy.

We assigned the imino protons of the TAR RNA and,
therefore, determined base-pairing status for the whole mol-
ecule. The assignments of the imino protons of the upper
part of the TAR hairpin were carefully compared with those
obtained in previous studies dealing with this portion of the

molecule. The assignments were similar,
except for the G43 residue, which has a
different sequence context due to the
truncation of the TAR sequence in the
previous studies (Hennig and
Williamson 2000; Dethoff et al. 2008).
The assigned resonances and the inter-
base pair NOE networks were consistent
with the self-folding of TAR proposed in
Figure 1A. Interestingly, the imino pro-
tons of 3 bp were not observable. All

these base pairs were U.A base pairs adjacent to a bulge (in
Fig. 1A, no imino protons are indicated for C18–G44 due
to overlap, resulting in ambiguity, and G1-C59 in the termi-
nal base pair). The A22-U40 imino proton which was not
observed here, was also unobservable in previous studies
dealing with the upper half of the TAR hairpin (Puglisi
et al. 1992; Aboul-ela et al. 1996; Zhang et al. 2006).
Overall, our experimental data are consistent with the

structure predicted by mfold (Zuker 2003), but the imino
protons of several A–U base pairs adjacent to a bulge were
not observed, revealing significant fraying at these locations
(Fig. 1A). Two of these A–U base pairs are located in the
U4-U6 region, resulting in an unpaired U4C5U6 motif sim-
ilar to the U23C24U25 bulge. These findings are consistent
with chemical probing data showing some reactivity for the
residues of the U4C5U6 motif, but less than for the
U23C24U25 bulge and the apical loop (Kanevsky et al.
2005). Significant motions, like those already described for
the U23C24U25 bulge (Zhang et al. 2006, 2007) probably

FIGURE 3. Imino proton region of 15N labeled TAR at 10°C. (Bottom)
Free TAR, (top) TAR with NC in a 1:1 ratio (1:59 NC:nt). The resonanc-
es that disappear totally are indicated by rectangles in spectrum at the
bottom; the resonances showing significant broadening and/or chemical
shifts are indicated by circles in the top spectrum.

TABLE 1. Kinetic parameters for the annealing of TAR-cTAR hairpins in the presence and
absence of NC at various protein:nucleotide ratios

NC(0:59) NC(1:14) NC(1:29) NC(1:59)

k1 (M
−1 sec−1) 0.15 ± 0.2 × 103 4.1 ± 1.5 × 103 1.5 ± 0.4 × 103 0.8 ± 0.3 × 103

k−1 (sec
−1) 4.0 ± 3 × 10−3 4.0 ± 1 × 10−3 4.0 ± 1 × 10−3 4.0 ± 1 × 10−3

k2 (sec
−1) 0.25 ± 0.2 × 10−4 3.0 ± 1 × 10−4 0.3 ± 0.2 × 10−4 0.4 ± 0.2 × 10−4

χ
2/N 1.1 1.6 1.1 1.3

χ
2/N is the total χ2 value divided by the number of measurements.
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occur for the U4C5U6 motif, increasing thus the potential
complexity and flexibility of the TAR hairpin.
NC has nucleic acid destabilizing activity associated with

chaperone properties. It is thought to exert this activity by
binding preferentially to single-stranded nucleic acid regions
and destabilizing the adjacent double-stranded regions
(Levin et al. 2005). This activity would be expected to result
in line broadening for imino protons, revealing changes to
the dynamics of the base pair. Other factors may also contrib-
ute to NMR line broadening: (i) the higher correlation time
associated with complex formation; (ii) fast- to intermediate-
regime exchange associated with free and bound forms of the
oligonucleotide, as previously described (Barraud et al.
2008). Many biophysical studies on DNA and RNA oligonu-
cleotides have demonstrated destabilization of the nucleic
acid secondary structure by NC (Beltz et al. 2005; Levin
et al. 2005; Godet and Mély 2010; Godet et al. 2013) and
some NMR studies described the direct impact on base pair
dynamics (Johnson et al. 2000; Tisné et al. 2001). Line broad-
ening preferentially affected the short stem surrounded by
two single-stranded regions (apical loop and bulge
U23C24U25). There are probably broadening effects linked
to NC binding (chemical exchange), but we suggest that
most of these broadening effects are due to the direct modi-
fication of base pair dynamics in the double-stranded region
following the binding of NC to the adjacent single-stranded
region (Fig. 5A). In contrast, the long central stem (nucleo-
tides 6–16/45–55) was only slightly affected. The imino pro-
tons of the G16–C45 to G21–C41 base pairs displayed
intermediate behavior, with significantly more broadening
than those of the long central stem but less than for the apical

stem. The short stem at the TAR end was
only mildly affected by NC, because the
G3 imino proton was detected in the
NC:TAR complex.

Several studies have reported data for
NC binding sites within the TAR stem–

loop. Isothermal calorimetry titrations
showed that TAR contained one high af-
finity site (110 nM), possibly with a sec-
ond site of intermediate affinity (Heng
et al. 2012). Kanevsky et al. (2005)
showed that the apical loop G32 and
G33 residue constitute a binding site for
NC, this is probably not the case for
G34, which has been shown to be in-
volved in a transient cross-loop base
pair (Huthoff et al. 2004; Lee et al.
2014). This finding was supported by
the results of biophysical studies on the
dynamic properties of the TAR apical
loop demonstrating that G32 was highly
dynamic (Dethoff et al. 2008), constitut-
ing a favorable binding site for NC.
Indeed several studies have shown that

NC binds preferentially to dynamic, accessible guanine resi-
dues (Sun et al. 2007; Bazzi et al. 2012). These data converge
to suggest that there is a moderate- or high-affinity site in the
apical loop. In this study, it was not possible to check for the
presence of this site with 1H–

15N NMR data due to the ab-
sence of observable imino protons in the apical loop.
However, the presence of a putative strong binding site in

the apical loop was not necessarily correlated with destabili-
zation of the adjacent stem. Indeed, one key property of the
chaperone activity of NC is the rapid on/off kinetics of nucle-
ic acid binding (Cruceanu et al. 2006a). This property sug-
gests that NC does not need to bind to high-affinity sites to
destabilize DNA/RNA structures. Indeed, its ability to recog-
nize specific high-affinity stem–loops is important for the
selective recognition of the viral RNA genome by the NC
domain of the Gag protein during the packaging process,
but not for reverse transcription. Several structural studies
on NC–nucleic acid complexes (De Guzman et al. 1998;
Amarasinghe et al. 2000; Johnson et al. 2000; Bourbigot
et al. 2008) have provided support for this assertion, by show-
ing that the strong binding of NC to the apical loops of
the SL2 and SL3 elements does not destabilize the adjacent
stems. In contrast, NC binding to stem–loops with lower
affinities than SL2 and SL3 induces destabilization of the
adjacent stems (Johnson et al. 2000; Bourbigot et al. 2008).
Consistent with these findings, the sequential processing of
Gag by protease enhances the nucleic acid chaperone activity
of the resulting polypeptides (NCp15, NCp9, NCp7), and
this improvement is associated with a lower affinity and faster
binding/dissociation kinetics with nucleic acids (Cruceanu
et al. 2006b; Rein 2010; Wu et al. 2013; Wang et al. 2014).

FIGURE 4. 2D 1H–
15N SOFAST-HMQC spectra at 10°C and 950 MHz of free TAR (black) and

TAR-NC in a 1:1 ratio (1:59 NC:nt) (red) at 10°C and 950 MHz. The imino groups are labeled
with the name of the residue. The resonances that disappear totally are indicated by red rectangles
and those that display significant broadening and/or chemical shifts are indicated by green circles.
The two spectra have been shifted to facilitate visualization of the sets of resonances.
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The destabilized stems are probably adjacent to binding
sites of low or moderate affinity for NC. There should be
a balance between the preferential binding of NC to exposed

guanines residues and the need for rapid on/off kinetics.
Consistent with this, a SHAPE (selective 2′-hydroxyl acyla-
tion analyzed by primer extension) study of the HIV-1
NL4-3 RNA genome suggested that the strong NC interac-
tion domains and the domains destabilized by NC are not
located in the same regions (Wilkinson et al. 2008).
Indeed, Wilkinson and colleagues showed that the strong
NC interaction domains in the SL1, SL2, and SL3 stem–

loops were characterized by single-stranded regions contain-
ing unpaired G residues, whereas the destabilized domains
contained single-stranded A/U-rich motifs adjacent to a du-
plex in which the first base pair included a guanosine nucle-
otide. The UCU bulge followed by the G26–C39 pair of the
TAR hairpin is one of the six destabilized sites identified in
the HIV-1 genome (Wilkinson et al. 2008). SHAPE analysis
detected no strong NC binding sites within the TAR
element.
Previous studies have shown that the destabilization of the

TAR RNA hairpin by NC(12–55) is weaker than that of the
cTAR DNA hairpin by the same peptide (Bernacchi et al.
2002; Azoulay et al. 2003; Beltz et al. 2005). Bernacchi et al.
(2002) showed that destabilization of the TAR RNA hairpin
by NC(12–55) involved only 1 bp at a peptide to nucleotide
molar ratio of 1:7.5. TAR destabilization in our conditions
was limited because NC destabilizes only three consecutive
base pairs with high efficiency. However, the NC:nt ratio
was significantly different in the two studies (1:7.5 versus
1:59) (Bernacchi et al. 2002) and NC(1–55) has a greater
destabilization capacity that NC(12–55) (Levin et al. 2005;
Vo et al. 2009b; Mitra et al. 2013). Finally, the extensive
broadening of imino proton resonance does not necessarily
indicate a loss of the corresponding base pair. It may, instead,
indicate an increase in the proton exchange rate of the ob-
served base pair.
One interesting finding of this study was the difference in

behavior of the two stems adjacent to the internal UCU bulge,
the upper stem (nucleotides 26–29/36–39) being significantly
more destabilized by NC than the lower stem (nucleotides
18–22, 40–44). The SHAPE data (Wilkinson et al. 2008) in-
dicated that the UCU bulge was less reactive after the removal
of NC, suggesting a partial destabilization of one or both ad-
jacent stems by the protein. We suggest that there may be an
initial binding event at the G26 position adjacent to the inter-
nal loop, as the structure of this site is close to the consensus
site already identified by SHAPE with a guanine located in a
double-stranded segment (Fig. 11 in Wilkinson et al. 2008).
The breathing of the G26–C39 base pair adjacent to a bulge
might facilitate an interaction of NC with G26, thereby in-
ducing destabilization of the four base pairs of this stem
from G26 to C29 (Fig. 5A). This mechanism is very similar
to that described for RNA helicases, in which a first binding
event allows the adjacent base pairs to be destabilized, thereby
increasing their fraying (Woodson 2010; Jankowsky 2011;
Mustoe et al. 2014). We suggest that the UCU bulge and
the apical loop constitute binding sites of moderate or low

FIGURE 5. Hypothetical diagrams of RNA-DNA binding and destabi-
lization byNC. (A) Viewof the TARhairpin with a report of the observed
imino protons (red) observed in the NC–TAR complex and those ob-
servable in the free RNA but not in the NC–RNA complex (dashed
blue lines). NC is depicted with its two zinc fingers (ZF1: orange ellipse;
ZF2: violet ellipse), the linker between the two zinc fingers and theN-ter-
minal basic region are indicated by solid lines.We showalso an expanded
view of the destabilized region highlighting the hypothetical binding site
at the G26 base for the ZF2 domain, whereas the ZF1 domain is more in-
volved in the destabilization process. This image is consistent with both
the data presented here and the work of McCauley et al. (2015). (B)
Diagram of the destabilization of RNA secondary structure mediated
by NC. The example shows a double-stranded RNA interrupted by a
bulge. The binding polarity of the zinc fingers along the 5′-3′ nucleic
acid chain is as observed in the three solved structures of RNA–NC com-
plexes, with the N- to C-terminal polarity of the peptide chain antipar-
allel to the 5′-3′ direction of the nucleic acid chain (Bazzi et al. 2011).
The NC is thought to bind preferentially to the strand containing sin-
gle-stranded regions, and a staggered arrow indicates the preferentially
destabilized region. This orientation of the destabilization process results
from the ordering of the two domains ofNC along the nucleic acid chain,
with ZF1 responsible for stem destabilization (see “Discussion” section).
(C)Diagramof the destabilization ofDNA secondary structuremediated
by NC. This example is similar to that shown in B, but with an opposite
binding polarity deduced from that of known DNA–NC complexes
(Bazzi et al. 2011). The position of the bulge is reversed relative to B as
it is the case for the cTAR hairpin. The mechanisms involved in RNA
and DNA destabilization converge to destabilize the same region of the
two molecules, to the right of the bulge.
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affinity for NC, allowing fast dissociation kinetics, with the
protein sliding toward the double-stranded segments.
According to this hypothesis, the upper stem would be pref-
erentially destabilized because it is located between two sin-
gle-stranded regions, whereas the lower stem is close to
only one single-stranded region (bulge UCU). Alternatively,
the upper stem may be preferentially destabilized because
the NC functions with a definite polarity. The ability of NC
to bind nucleic acids with a defined polarity has been suggest-
ed in a number of studies (Fig. 5B,C; Vuilleumier et al. 1999;
Bourbigot et al. 2008; Bazzi et al. 2011; Darlix et al. 2011). In
the three RNA–NC complexes for which high-resolution
structures have been obtained (De Guzman et al. 1998;
Amarasinghe et al. 2000; Spriggs et al. 2008), the protein is
oriented anti-parallel to the 5′-3′ direction of the nucleic
acid chain. As a result, the N-terminal zinc finger (ZF1) binds
a residue 3′ to the residue binding to the C-terminal zinc fin-
ger (ZF2) (Fig. 5B). This binding polarity may be responsible
for the polarity of destabilization observed for the adjacent
stems (Fig. 5B). This hypothesis is consistent with the
SHAPE data for the 5′ UTR region of the HIV-1 genome, sug-
gesting that the destabilized stems are located on the 3′-side of
single-stranded regions (Wilkinson et al. 2008). The relation-
ship between binding polarity and the polarized destabiliza-
tion of stem–loops may result from the lack of equivalence
of the two zinc fingers, ZF1 and ZF2, with ZF1 more involved
in the destabilization than ZF2. In contrast, ZF2 is involved in
the specific recognition of guanine residues (Guo et al. 2002;
Heath et al. 2003; Beltz et al. 2005; Narayanan et al. 2006;
Hergott et al. 2013; Mitra et al. 2013). Binding polarity may
therefore be responsible for the localization of ZF1 close to
a double-stranded region. The binding of NC to G26may po-
sition the ZF1 toward the upper stem (Fig. 5A) triggering the
destabilization of this stem (Fig. 5B).
Our results are very similar to those of a recent single-mol-

ecule stretching paper investigating TAR destabilization by
NC (McCauley et al. 2015). This recent study, like ours, iden-
tified specific targeted sites corresponding to guanines adja-
cent to unstable stem regions, such as mismatches, loops,
and bulges. G26 was identified as a key site for the initiation
of destabilization in both studies. The two studies differed in
the NC:nt ratio used, with a ratio of 1:4 in the single-molecule
study and 1:59 here. We used a low ratio to detect the initial
destabilizing event preceding the binding of NC to other sites
as its concentration increases (Darlix et al. 2011; McCauley
et al. 2015).
At the low NC:nt ratio (1:59) used in our NMR study,

destabilization was limited to the upper part of TAR. Thus,
the long stem involving nucleotides 6–16/45–55 and the
short terminal stem (nucleotides 1–4/56–59) displayed no
significant destabilization. Additional NC molecules are
probably required to destabilize these stems. Our results pro-
vide an opportunity to compare rate constants from the dif-
ferent parts of the reactional scheme (see Equation 2). The
formation of the initial TAR-cTAR binary complex appears

to be the first event after the addition of NC, because the as-
sociated bimolecular rate k1 displays considerable variation,
by a factor of almost 30 when the NC:nt ratio is increased
from 0 to 1:14 (Table 1). In contrast, under the same condi-
tions, the dissociation rate k−1 displayed no variation. The
strand-exchange rate k2 increased by a factor of 10 when
the NC:nt ratio is increased from 0 to 1:14. Finally, our
data are consistent with the destabilizing activity of NC being
important only for the steps of the annealing reaction requir-
ing duplex disruption. Indeed, the formation of the initial bi-
nary complex, involving the melting of the upper 4-bp stem,
is highly dependent on the destabilizing activity of NC,
whereas the reciprocal reaction does not require any structure
melting. The final conversion into the extended duplex is also
highly dependent on NC, but to a lesser extent than binary
complex formation, and this step requires higher NC concen-
trations. In conclusion, our results are consistent with the
formation of an extended kissing loop complex TAR-cTAR
as suggested, in previous studies performed at low NC:nt ra-
tios. However, they do not exclude the possibility that the
“zipper” pathway is preferred at high NC:nt ratios (Godet
et al. 2006; Liu et al. 2007; Vo et al. 2009b).

MATERIALS AND METHODS

Samples

The 15N/13C labeled TAR RNA sequence was obtained from Silantes
GmbH (Germany). The TAR sequence used was that of the NL4-3
isolate. The NC(1–55) sequence (NL4-3 isolate) was overexpressed
and the product was purified, as previously described (Barraud et al.
2007).
Samples were dissolved in 20 mM sodium phosphate buffer, pH

6.5, supplemented 50 mM NaCl and 0.1 mM EDTA in a 300 µL
Shigemi tube. The RNA strand concentration in the tube was
340 µM, TAR RNA, and NC(1–55) were mixed in a 1:1 molar ratio
(NC:nt 1:59).

NMR

NMR spectra were recorded on a Bruker Avance 950 MHz (TGIR,
Gif sur Yvette, France) equipped with a triple-resonance cryoprobe
with z-axis field gradient. All experiments were performed in 90%
H2O and 10% 2H2O, at 283 K. For NOESY experiments, twomixing
times of 150 and 200 msec were used, and the spectral widths were
20 833 Hz in both dimensions. 512 t1 experiments were recorded in
the States-TPPI mode, each with 4029 data points per experiment.
1H–

15N TROSY sensitivity enhanced gradient (Pervushin et al.
1997; Nietlispach 2005) experiments were carried out with 256
points in t1 and 1024 data points per experiment. 1H–

15N 2D
SOFAST-HMQC experiments were recorded with a PC9 and
REBURP pulses for the band selective excitation and refocusing of
imino protons (Schanda and Brutscher 2005; Farjon et al. 2009)
and for recording the changes in the complexes over time. The re-
laxation delay was set to 200 msec and 200 experiments were re-
corded in the 15N dimension; the total experiment time per 2D
was 295 sec.
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Gel retardation assays

A heat-denatured TAR (7.5 pmol of TAR 32P-RNA at 3 × 103

cpm/pmol in 10 µL of double-distilled water) was used as a control.
It was prepared by heating at 90°C for 2 min and chilling for 2 min
on ice, and mixing with 4 µL of loading buffer (50% w/v glycerol,
0.05% w/v bromophenol blue, 0.05% w/v xylene cyanol). The an-
nealing assays were carried out in a final volume of 10 µL. TAR
32P-RNA (7.5 pmol at 3 × 103 cpm/pmol) in 3.6 µL of water was
heated at 90°C for 2min and chilled for 2min on ice.We then added
0.9 µL of annealing buffer (final concentrations: 30 mM NaCl,
0.2 mM MgCl2, and 25 mM Tris–HCl pH 7.5) and the sample
was incubated at 20°C for 30 min. Unlabeled DNA (7.5 pmol)
was subjected to the same renaturation treatment and was then add-
ed to refolded TAR 32P-RNA. The reaction mixture was incubated at
20°C in the absence or presence of NC (1.5, 3, or 6 µM) for various
periods of time. Reactions were stopped by adding SDS (at a final
concentration of 0.5%) and by proteinase K digestion (2 µg) at
20°C for 30 min. At the end of the incubation period, we added
4 µL of loading buffer to the reaction mixture. The samples were
analyzed by electrophoresis on a 12% polyacrylamide gel (37.5:1
[w/w], acrylamide/bisacrylamide) at 25°C in 1× TBE buffer
(90 mM Tris–borate [pH 8.3], 2 mM EDTA). After electrophoresis,
the gel was fixed, dried and autoradiographed. Unannealed and an-
nealed TAR RNAs were quantified with a Typhoon TRIO (GE
Healthcare) and ImageQuant software. The percent annealed TAR
RNAwas determined as 100 × [annealed/(annealed + unannealed)].

Kinetic analysis of the gel-retardation assays

We performed gel retardation assays to follow the extended duplex
formation over time. Extended duplex formation at various NC:nt
ratios appeared to follow biexponential kinetics with two processes
occurring at very different rates. This behavior could be described by
Equation 1, where P(t) is the percentage of annealed molecules (Vo
et al. 2009b). The kinetic phases could therefore be described by two
components with rate constants kf for the fast component and ks
for the slow component, where f is the fraction of the fast compo-
nent and corresponds to the probability of intermediate complex
RD∗ formation:

P(t) = Pplateau( f · (1− e−kf t) + (1− f ) · (1− e−kst)). (1)

This analysis is similar to those used in previous studies (Vo et al.
2006, 2009b). We used this approach because it was developed for
the same experimental system (analysis by gel-retardation assays
of TAR-cTAR annealing in the presence of NC). The TAR and
cTAR hairpins were assumed to anneal via a two-step pathway:

R+ D O
k1

k−1
RD∗

O

k2

k−2
RD. (2)

This reaction scheme describes a first rapid step in which a produc-
tive and transient complex is formed. This complex is slowly con-
verted to the extended duplex corresponding to the fully annealed
state. The RD∗ and RD complexes (R and D indicate RNA and
DNA strands, respectively) cannot be distinguished on the basis of
gel electrophoresis data.

Unlike Vo et al. (2009b), we were unable to make use of an ap-
proximation to pseudo-first-order conditions because [D]0 and
[R]0 concentrations were identical. The reasons for the choice of

these concentrations are explained below. The first step of the re-
action (2) corresponds to a second-order bimolecular reversible
reaction. Some simplifications can be used to describe this reac-
tion: [D] = [R] and [RD∗] = [D]0–[D] due to our initial condi-
tions, [D]0 = [R]0 and the stoichiometry of the reaction. In these
conditions

d
[RD∗]

dt
= −d

[D]

dt
= k1[D][R] − k−1[RD

∗] (3)

and

−
d[D]

dt
= k1[D]

2 + k−1[D] − k−1[D]0. (4)

After integration [of the form dx/(a + bx + cx2)], the time depen-
dence of the concentration of free cTAR was obtained as follows
(Baker and Weng 1992):

[D] =
(k−1 + kobs)Ce

−kobst − k−1 + kobs

2k1(1− Ce−kobst)
(5)

where

kobs = (4k1k−1[D]0 + k2−1)
1/2,

and

C =
2k1[D]0 + k−1 − kobs

2k1[D]0 + k−1 + kobs
.

Using the expression of [D] and [RD∗] = [D]0–[D] as a function of
the time, we can then deduce the fractions of the fast ( f ) compo-
nent throughout the reaction, this fraction corresponding to the
probability of intermediate formation:

f =
[RD∗]

[D]0
. (6)

Equation 1 can be therefore written for all values of time, using kf
= kobs. According to which the fast component assigned to the first
step of the reaction is related to the rate constant kobs described in
Equation 5 and the slow component rate constant corresponding
to the second and slower component of Equation 2 is proportional
to the fraction of the preannealed intermediate RD∗ such that ks =
f.k2 (Vo et al. 2009b). We simulated the values of Equation 1 using
Equations 5 and 6 and numerical values for k1, k−1, and k2 (k−2
was not taken into account as its value was very low) and retained
the values giving the lowest χ2 value. Statistical procedures were
used to estimate the uncertainty on the various rate constants.
Using the uncertainty of the various experimental measurements,
we generated files of synthetic experimental data, using a Gaussian
distribution and the Box–Muller method (Bevington and
Robinson 2003). The global χ2 calculations were used to identify
the best values for the rate constants. The criterion for selecting
uncertainty was a doubling of the χ2 values.

Choice of nucleic acid concentrations

In the gel-retardation experiments described above, the kinetic
analysis was carried out with a second-order bimolecular and re-
versible mechanism. The associated equations are much more com-
plex than those used when pseudo-first order conditions can be
assumed (i.e., one of the components [DNA] is in large excess
over the other [RNA]). We chose to work with equal DNA and
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RNA concentrations and with an NC:RNA ratio (1:59) similar to
those of the NMR studies. These conditions are probably also
more similar to those in vivo with similar DNA and RNA con-
centrations. These conditions necessitated the use of an analysis
method appropriate for a bimolecular association mechanism.
In addition to the choice concerning stoichiometry, we also worked
at higher DNA concentrations than in previous studies. This point
was discussed by Vo et al. (2006, 2009b) when they described the
limitations of the experimental conditions associated with pseu-
do-first order conditions and the concentrations used. Indeed,
the elementary rates k1 and k−1 could be determined only for
NC:nt > 1:16, because these rates can be determined only if there
is a large fast component ( f ). However, at the concentrations
used by these authors ([D]0 = 150 nM), the f fraction, the fraction
corresponding to the fast component, could be deduced from pseu-
do-first order conditions as follows:

f =
k1D

k1D+ k−1
(7)

From Equation 7 it is clear that in the conditions used, k1D≪ k−1.
The f fraction is small, at ∼5%. However, using the same NC:nt ra-
tio and therefore the same k1 and k−1 rate values but with a larger
DNA concentration (a largerD term), k1D is larger and the relation-
ship k1D≪ k−1 no longer holds; this implies the existence of a sig-
nificant f fraction, as calculated below. A second limitation is that, at
a high NC:nt ratio (>1:7), the fast component is dominant and the
elementary rate constant associated with the second step (k2) can-
not be determined. Indeed, under the conditions used by Vo
et al. (2006, 2009b), k2 could be only determined at ratios of 1:16
to 1:8, a rather limited range.
These limitations can be overcome and rate constants determined

correctly even at lowNC:nt ratios in the case of a high DNA concen-
tration ([D]0 = 750 nM) is used, indeed in these conditions, k1D
became close from k−1. In such conditions, the fraction f is 30%,
18%, 9%, and 2% at the 1:14, 1:29, 1:59 and 0:59 ratios, respectively.
The fast component is therefore clearly observable (except at
the 0:59 ratio) as shown by the experimental data (Fig. 4).
Furthermore, as the fast component is never present in a large ex-
cess, it was also possible to determine k2.
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