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ABSTRACT

Specific binding of HIV-1 viral protein NCp7 to a
unique 35-base RNA stem-loop SL1 is critical for
formation and packaging of the genomic RNA dimer
found within HIV-1 virions. NCp7 binding stimulates
refolding of SL1 from a metastable kissing dimer
(KD) into thermodynamically stable linear dimer
(LD). Using UV melting, gel electrophoresis and
heteronuclear NMR, we investigated effects of
various site-specific mutations within the full-
length SL1 on temperature- or NCp7-induced
refolding in vitro. Refolding involved intramolecular
melting of SL1 stems but not dissociation of the
intermolecular KD interface. Refolding required only
two NCp7 molecules per KD but was limited by the
amount of NCp7 present, implying that the protein
does not catalytically promote refolding. Efficient
refolding depended strictly on the presence and, to
a lesser degree, on sequence of a highly conserved
G-rich internal loop that normally limits thermal
stability of the SL1 stem. Adding two base pairs to
the lower stem created a hyperstable SL1 mutant
that failed to refold, even when bound by
NCp7at high stoichiometries. NMR analysis of
these kinetically trapped mutant RNA–protein com-
plexes indicated that NCp7 initiates refolding by
dissociating base pairs in the upper stem of SL1.
This study illuminates structural transitions critical
for HIV-1 assembly and replication.

INTRODUCTION

Human immunodeficiency virus (HIV-1), as with all
retroviruses, carries two copies of its single-stranded
RNA genome in the form of a noncovalent dimer inside
each virion. This dimeric RNA genome is involved in
strand transfers during reverse transcription, recombina-
tion and packaging [reviewed in (1)]. Formation of the
dimer is a poorly understood process involving at least
two distinct steps. Initially, genomic RNA dimerizes
inside the host cell, after which it is packaged into viral
particles via interaction with the Gag polyprotein. Inside
the new viral particles, Gag is proteolytically processed,
and one proteolytic product, the nucleocapsid protein
(NCp7) directs further changes (maturation) of the viral
RNA dimer, making it more compact and thermostable
(2). The initial RNA–RNA interactions have been
mapped to a so-called dimer initiation sequence, corre-
sponding to a 35-nucleotide (nt) stem-loop, termed SL1,
which is also part of the HIV-1 RNA packaging signal in
the 50-untranslated region (3–5). SL1 carries a palindro-
mic 6-nt sequence in its apical loop, which allows it to
spontaneously dimerize in vitro in the absence of any
proteins via a loop interaction. The initially formed
kissing-loop dimer (KD) is metastable; it is converted
in vitro into a mature linear dimer (LD) by NCp7 (6) in a
process believed to mimic the maturation of HIV-1 viral
RNA in vivo. NCp7 stimulates the refolding as a RNA
chaperone (7–9), by destabilizing intramolecular base
pairing in KD and therefore lowering the energy barrier
for the conversion to the thermodynamically more stable
LD conformation. NCp7 also displays chaperone activity
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in other stages of the HIV-1 life cycle, such as strand
transfer during reverse transcription [reviewed in (8)], and
in various in vitro systems [e.g. (10)]. Both the initial
RNA–RNA interactions and NCp7-mediated refolding of
RNA dimer are essential steps required for dimerization,
efficient packaging, viral maturation and, as a conse-
quence, optimal viral infectivity.

Several groups have extensively investigated the role of
NCp7 in dimer maturation, including optimal RNA–
protein stoichiometry, and kinetics of conformational
rearrangement induced by NCp7 in vitro [reviewed in (1)].
Many of these studies have been conducted with a
truncated 23-nt version of SL1, which lacked the internal
loop and the lower part of the stem. In particular, it has
been shown for the 23-nt SL1 constructs that both
temperature-induced and NCp7-induced conversion of
KD into LD occurs via rearrangement of strands in the
helical stems without disruption of the loop–loop base
pairing (11,12). However, it is not clear how this process is
affected by the lower stem of SL1, including the G-rich
internal loop, which is extremely conserved among HIV-1
isolates. A mere over-stabilization of the SL1 stems
relative to the kissing loop helical structure may modify
the order of a temperature-induced melting of the SL1
KD, with the kissing loop moiety melting first and stems
melting next (13,14). Indeed, the G-rich internal loop may
be a critical participant in the NCp7-driven refolding
process. NCp7 has been shown to preferentially recognize
unpaired purines via hydrophobic interactions with zinc
finger residues in two other stem-loop RNA structures of
the packaging signal, SL2 and SL3 (15,16). In SL1 RNA,
there are unpaired purines flanking the 6-nt palindrome in
the loop region as well as a purine-rich asymmetric
internal loop (Figure 1); both sites have been shown to
specifically interact with NCp7 (17).

In this article, we show for the full-length 35-nt SL1
RNA that the KD-to-LD conversion occurs via transfer
of strands in the stem portions of SL1 without breaking
the loop–loop interactions of the 6-nt palindromic part of
SL1. We also investigate the role of the native unpaired
purines in the NCp7-induced KD-to-LD refolding.
In addition, we have been successful in trapping an
intermediate conformation in the refolding process and
have demonstrated via NMR that the initial destabiliza-
tion occurs in the upper stem of SL1, between the KD
interface and the G-rich internal loop.

MATERIALS AND METHODS

RNA synthesis

A series of RNA oligonucleotides, wild-type SL1 and its
mutants (Figure 1), were prepared by run-off transcription
in vitro using T7 RNA polymerase from synthetic DNA
templates, as previously described (18); most were 35 nt
long. Each RNA construct was purified by 20% poly-
acrylamide gel electrophoresis (PAGE) followed by
electroelution. RNAs were dialyzed against 10mM
EDTA, then 1.0mM EDTA and finally against sterile
water for 48 h. Each RNA sample was quantified by
ultraviolet (UV) spectrophotometry and stored at �208C.

For refolding experiments by heteronuclear NMR, an SL1
construct (SL1-es) having two extra GC base pairs in the
bottom of the stem (Figure 1) was synthesized similarly
but with all four uridines isotopically labeled with
13C- and 15N-enriched rUTP (Silantes, Germany).

NCp7 expression and purification

The full-length 55 amino acid HIV-1 NCp7 was expressed
and purified as described previously (15). The plasmid

Figure 1. (A) Nucleotide sequences of the six RNA constructs used in
this study. SL1-wt is a 35-nt construct with the wild-type sequence of
the Lai isolate, but with the two bottom base pairs reversed. Constructs
SL1-yb and SL1-yf have pyrimidines replacing the internal loop purines
or the flanking adenines, respectively, while SL1-yy has pyridine
replacement in both the internal loop and flanking regions. The
construct SL1-nb has no internal loop, and SL1-es is extra stabilized by
an additional two GC base pairs in the bottom stem. The palindromic
6-nt sequence and the G-rich internal loop are shown in bold;
non-wild-type residues are shown in outline. (B) Kissing (top) and
linear (bottom) dimers of SL1-wt.
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used for expressing NCp7 was a generous gift from
Professor Michael Summers. After purifying NCp7 on a
G50 size-exclusion column, protein was concentrated
using a Centricon (3K cutoff) and stored in sodium
acetate buffer, pH 6.4 containing 0.1mM ZnCl2. The
integrity and purity of NCp7 were checked by SDS-PAGE
and mass spectrometry.

RNA sample preparation and dimerization assay

In each case of RNA sample preparation, a 5-mM RNA
aliquot was heated to 908C for 3min and chilled in ice
water for 3min. While on ice water, a 2� dimerization
buffer (20mM sodium phosphate pH 6.4, 100mM NaCl
and 0.2mM MgCl2) of equal volume was added to the
sample. This gave a final strand concentration of RNA of
2.5mM. As a final step, samples were incubated either at
ambient temperature for folding RNA into the KD or at
558C for an LD of SL1 RNA. The existence of desired
RNA dimer was checked by running dimer samples on
10% native PAGE in 1� TBE (Tris-Borate EDTA) or 1�
TBM (Tris-Borate-Magnesium) buffer. The 10� TBE
buffer contained 89mM Tris, 89mM boric acid and 2mM
EDTA; in 10� TMB, EDTA was replaced with 2mM
MgCl2. The KD form requires magnesium to be stable in
the gel, and it dissociates into monomers when exposed to
EDTA-containing TBE buffer. The RNAs folded into the
KD form showed bands for a dimeric species in TBM and
monomer bands in TBE buffer. On the other hand, RNAs
incubated at 558C and folded into the LD did not require
magnesium for dimeric stability, hence showing a dimer
band both in TBE and TBM buffers. Dependence of
KD stability on the presence of magnesium has been
previously reported by several groups (19–21).

NCp7-mediated maturation of SL1 RNA ‘kissing dimer’

Electrophoretically characterized KD samples of all SL1
RNAs, i.e. wild type and mutants, were mixed with NCp7.
In each case, four aliquots of 2.5mM KD RNA were
prepared in duplicate. NCp7 was added to each aliquot to
achieve final RNA monomer-to-protein molar ratios of
2:0, 2:2, 2:4 and 2:8. These complexes were incubated at
ambient temperature for either 2 h or overnight. NCp7-
mediated dimer maturation occurred during this step.
After incubation, NCp7 was stripped of RNA by phenol–
chloroform extraction. RNA was then ethanol precipi-
tated and resuspended in 1� dimerization buffer after
dialyzing with the same buffer to bring RNA back to
native solution conditions. Finally, native PAGE and UV
absorbance melting experiments were performed on each
sample to characterize the RNA dimeric form(s) that
existed after NCp7 incubation. Most experiments were
carried out in duplicate.

UVmelting experiments

All UV experiments were carried out on a CARY 3E
UV–visible spectrophotometer equipped with a tempera-
ture controller. RNA dimer samples were heated over a
temperature range of 15–908C with heating rates of
0.5–1.08C per min, 0.18C resolution step size; the absor-
bance was measured at 275 nm (A275). Each experiment

entailed both heating and cooling. Data were processed
using polynomial curve fittings and thermal derivatives
of melting curves were calculated using KaleidaGraph
software (version 3.6.4).

Native gel electrophoresis

PAGE was performed on each RNA sample after NCp7
protein extraction, as described above. Native PAGE
experiments were carried out using a 10% bisacrylamide
ratio of matrix at 48C in either TBE or TBM buffer. All
gels were pre-equilibrated at 100V for 2 h prior to sample
loading. A native loading dye with 10% glycerol was used
in each case. Gels were run for 2–4 h or until the
bromophenol blue ran to the bottom. Gels were then
stained with ethidium bromide and visualized under
UV light.

NMR experiments for thermal melting profiles of kissing
and linear dimers

All NMR experiments were performed on Varian INOVA
600MHz NMR spectrometers. For 2D 15N-HSQC
experiments (22), a spectrometer equipped with a cold
probe was used. Using the jump-and-return pulse
sequence, 1D NMR profiles of imino resonances were
collected at various temperatures between 10 and 608C for
KD and LD samples of SL1-wt RNA. In both cases, a
300-mM RNA dimer sample was used in a Shigemi NMR
tube with a diameter of 8mm. Data were processed using
vnmr (Varian) and NMRpipe (23) software with a
Gaussian window function.

RESULTS

SL1 constructs

We synthesized five 35-nt-long RNAs, and one extra-
stabilized RNA of 39 nt; these six RNA samples repre-
sented the wild-type sequence of SL1 and desired
modifications as described in Figure 1. The RNA
construct SL1-wt corresponds to the wild-type sequence
of SL1 RNA with the two bottom base pairs reversed for
optimal transcription yield. Four other constructs were
designed to investigate the role of unpaired purines in the
KD-to-LD conversion: SL1-yb (i.e. pyrimidine bulge)
mutant carries a pyrimidine-rich internal loop in place of
the wild-type purine-rich internal loop. SL1-yf (pyrimidine
flanks) has flanking adenines replaced with uracils, and a
double mutant, SL1-yy, has pyrimidines substituted for
both flanking adenines and internal loop purine residues.
SL1-nb (no bulge) carries a continuous stem without an
asymmetric internal loop. Finally, to investigate the effect
of overall stem stability, we extended the lower stem by
two extra GC base pairs in the SL1-es construct (i.e. extra
stable or extended stem). The orientation of residues 1, 2,
34 and 35 in SL1-es is the same as in wild-type HIV-1
sequences, unlike our other five constructs.
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Characterization of dimer formation by native PAGE

The KD form of SL1 dissociates into monomers during
migration through the pores of polyacrylamide gels in
TBE unless magnesium is present in the running buffer
(20). On the other hand, the LD form runs as a dimer
during PAGE even in the absence of magnesium; this can
be used as an assay to distinguish the two dimeric forms
(21). All SL1 constructs studied here formed KD (Figure
2A and B and not shown). However, SL1-yf and SL1-yy
with flanking adenines mutated to pyrimidines appear to
form less stable KDs, because some smearing was
observed between the monomer and dimer positions in
the magnesium-containing gels (Figure 2B); smearing
implies a dynamic equilibrium between dimer and mono-
mer in the gel.

Incubation at elevated temperature converts KD into
LD (21,24). Incubation of SL1 constructs at 558C for 2 h
converted them into stable LD forms, which ran as dimers
in the magnesium-free gels (Figure 2C and not shown); the
second smaller band running at the monomer position
corresponds to the portion of the SL1, which has not been
converted and remained in the KD form. This unconverted
portion was especially significant for SL1-nb and SL1-es,
for which the stems were over-stabilized either by deleting
the internal loop or by adding two extra base pairs.

Temperature-induced KD-to-LD conversion studied by
UV and NMR

We recorded UV thermal melting profiles for 3-mM
samples of KD and LD forms of our SL1 RNA
constructs. LD forms of all six constructs melted
cooperatively with a single transition, at 628C in the case
of SL1-wt (Figure 3). In contrast, KD forms exhibited a
biphasic melting transition when the temperature was
slowly increased from 15 to 908C. In the case of SL1-wt,
the first transition occurred at 418C, followed by the main
melting transition at 628C. The first transition at 418C was
no longer observed when UV absorbance was recorded
during the subsequent slow cooling of the sample from 90
to 158C or during the next heating, indicating that KD
converted into LD during the slow annealing. The
presence of LD forms in these samples was confirmed by
running native PAGE in TBE and TBM buffers.
The nature of the temperature-induced transition at

418C can be identified by monitoring the imino proton
NMR signals of SL1-wt (Figure 4). The G23 imino
proton, which forms part of the wobble GU pair in the
upper stem, resonates at slightly different frequencies in
the two structural isomers of SL1: at �10.45 p.p.m. in KD
(25) and at 10.36–10.39 p.p.m. (depending on temperature
and salt conditions) in LD (26). The lower trace in
Figure 4 shows the imino proton spectrum of the KD
form of SL1-wt at 158C. As temperature increased and
base pairs destabilized, the resonances gradually broa-
dened reflecting faster exchange with water; the reso-
nances completely disappeared above 658C (628C is the
midpoint of melting as monitored by UV absorbance).
However, at an intermediate temperature, 408C, the G23
resonance split and displayed two separate peaks corre-
sponding to the resonances of both KD and LD. At higher
temperatures, only one signal from LD remained.
The most plausible explanation for this observation is

Figure 2. Electrophoretic behavior of various SL1 constructs; ‘M’ and
‘D’ indicate the position of monomers and dimers, respectively. SL1
RNA was run in native 10% polyacrylamide gels at 100V in either
TBE or TBM buffer. (A) Kissing dimers (KDs) of SL1 in TBE buffer.
(B) KDs of SL1 in TBM buffer. (C) KDs of SL1 constructs were
incubated for 1 h at either 25 or 558C as indicated and separated in
PAGE run in TBE buffer. Only linear dimers of SL1 migrate as dimers
in TBE buffer.

Figure 3. UV thermal melting profiles of kissing (solid curve) and linear
(dashed curve) dimers of SL1-wt (3 mM RNA in the 1� dimerization
buffer): Kissing dimer exhibits a biphasic melting curve with transitions
at 41 and 628C, while the linear dimer melts with a single transition
at 628C.
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that the stems melt at this temperature (midpoint 418C as
monitored by UV) and refold into the more stable LD
conformation. The GC pairs in the palindromic interface
of the dimer (imino protons G15, G17, G19) remained
intact throughout the refolding process and were the last
to melt as temperature was increased. The lower portion
of the stem (U34) appears to melt just before the refolding
event and not to form again in the refolded LD above
408C; alternatively, it forms but the base pairs are not
stable enough for the imino protons to be observed due to
rapid proton exchange with water with or without
intermediate exchange between different conformations.
The final temperature-driven dissociation of strands at
628C occurs from this refolded LD form. A similar
melting behavior has been reported previously for a
shorter 23-nt SL1 construct lacking the G-rich internal
loop and the lower part of the stem (11).

NCp7-inducedKD-to-LDconversion studiedbynativePAGE

We incubated NCp7 with the KD forms of various
SL1 constructs at ambient temperature and with RNA
strand-to-protein ratios of 2:2, 2:4 and 2:8. As a control,

KD samples without any NCp7 were also included in each
set. Incubations were carried out for 2 h and overnight
(18 h). After the incubation, RNA was extracted from
the complexes as described in the Materials and methods
section. Prior to further experiments, we established
that the RNA extraction step did not affect the RNA
folding. Extracted RNA was run in native PAGE in TBE
buffer; under these conditions, any SL1 RNA that
refolded into LD migrates as a dimer but any RNA that
remained in KD form dissociates into a monomer
(vide supra). The results shown in Figure 5 depict the
efficiency of NCp7-mediated dimer maturation for
each SL1 construct.

After incubation of the wild-type SL1-wt with NCp7,
complete dimer conversion was achieved within 2 h when
two protein molecules were present per dimer of RNA as
indicated by the presence of the LD band (Figure 5A).
Increasing the amount of NCp7 or the incubation time
produced no further changes, indicating that the reaction
was already completed within 2 h with the 2:2 ratio. To
estimate the minimum time required for complete refold-
ing of SL1-wt under these conditions, we varied the
incubation time from 30 s to 1 h for the 2:2 ratio complex:
complete dimer conversion was achieved within 1min of
incubation (data not shown).

Pyrimidine substitutions in the G-rich internal loop
had very little, if any, effect: the KD-to-LD conversion of

Figure 4. Temperature dependence of imino proton resonances in 1D
NMR spectra. Here, 300mM SL1-wt RNA was folded into the kissing
dimer (KD) form and gradually heated in the NMR spectrometer.
At 408C, the G23 imino proton split into two species corresponding to
the original kissing dimer and newly emerging linear dimer.

Figure 5. Kissing dimers (KDs) of all six SL1 constructs were
incubated at ambient temperature for 2 h (left panels) or 18 h (right
panels) with NCp7 in the RNA strand-to-protein ratios of 2:0, 2:2, 2:4
and 2:8. RNA was ethanol-precipitated after phenol–chloroform
extraction, dialyzed in the 1� dimerization buffer and separated in
native PAGE in the TBE buffer. ‘LD’ indicates the position of the
dimer bands, which correspond to the linear dimers at these conditions.
KDs dissociate to monomers during PAGE (shown by ‘M’). Panels
(A–F) show results for SL1-wt, SL1-yb, SL1-yf, SL1-yy, SL1-nb and
SL1-es, respectively.
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SL1-yb was practically as effective as that of SL1-wt
during a 2-h incubation at the 2:2 ratio (Figure 5B). On
the other hand, pyrimidine substitutions for adenines
flanking the central palindrome (in SL1-yf and SL1-yy)
had a more noticeable effect: the conversion was clearly
not complete after 2 h of incubation at the 2:2 ratio.
Interestingly, for these three mutants, increasing the
incubation time or increasing the amount of NCp7 led
to a more complete conversion (Figure 5C and D). The
situation was dramatically different for SL1 constructs
with over-stabilized stems, SL1-nb (deleted internal loop)
and SL1-es (two extra base pairs). NCp7-mediated
refolding of these latter two mutants was markedly
inefficient, especially for SL1-nb (Figure 5E and F). At
least eight NCp7 molecules per RNA dimer were required
to convert SL1-nb into LD after 18 h of incubation, and
even then, the conversion was only partial. The SL1-es
RNA converted a little more readily, but it still required a
higher protein-to-RNA ratio than the wild-type sequence.

A trapped folding intermediate of SL1-es studied by NMR

The evidence of kinetically trapped intermediate species of
SL1-es–NCp7 complexes (Figure 5F) presented us with an
opportunity to investigate the refolding process by NMR.
We monitored changes in imino proton and nitrogen
resonances by acquiring 15N-HSQC (heteronuclear
singlequantum correlation) NMR spectra for the complex
of NCp7 with SL1-es, which incorporated 13C,15N-labeled
nucleosides at the four native uridines in the stem.
The 15N-HSQC is an NMR experiment that correlates
covalently connected nitrogen and proton nuclei. There
are four uridines in SL1-es: U7, U8, U11 are located in the
upper stem with U11 being part of a wobble GU pair, and
U2 is located in lower stem below the internal loop.
All four of these uridines correspond to true wild-type SL1
(see Figure 1); the first three have the same position
(and numbers) in SL1-es and SL1-wt, and U2 in SL1-es
is located opposite to U34 in SL1-wt, since our SL1-wt
sequence has that base pair inverted for optimal tran-
scription efficiency (Figure 1).

15N-HSQC spectra were acquired at 158C as NCp7 was
incrementally added to the 150-mM U-labeled SL1-es KD
sample. Aliquots of highly concentrated NCp7 were
successively added to achieve RNA strand-to-protein
ratios of 2:0, 2:1, 2:2 and 2:4 in the NMR tube. Each
data point represents an incubation of �3 h before the
next aliquot. For clarity, the data are presented as the first
1D slices of HSQC, which show resonances of imino
protons directly attached to labeled nitrogen nuclei
(Figure 6); positions of the 15N resonances did not
change during the NCp7 titration (not shown). The
lower trace in Figure 6 corresponds to the free KD form
of SL1-es; only imino protons from the four labeled
uridines contribute to the observed signal. The strongest
signal comes from U11 at 11.46 p.p.m., which is a part of
the wobble pair (see also Figure 4). The imino proton of
U8 resonates at 13.2 p.p.m., and imino protons of U7 and
U2 overlap at 14.2 p.p.m. (in SL1-wt, imino protons from
U7 and U34 are well resolved; Figure 4). Signals from
both U7 and U8 are relatively weak, probably due to

conformational properties of the UU:AA stretch in RNA;
they also have relatively small intensity in the LD form of
SL1-wt (26).
The effect of increasing the amount of NCp7 on the

SL1-es structure can be monitored by imino proton signals
of labeled uridines. When only one protein molecule was
present per RNA dimer, the effect was relatively small;
only the line shape of U8 from the upper stem was
somewhat affected, indicating a dynamic process at this
site. The effect was much more significant on the U11
residue when greater amounts of NCp7 were present. The
U11 signal dramatically broadened in the 2:2 complex and
completely disappeared with four protein molecules per
RNA dimer (i.e. two NCp7 molecules per RNA strand),
indicating complete destabilization of the wobble GU pair
from the upper stem. Because the imino resonances of U2
and U7 overlapped, we could not monitor them individu-
ally. However, the cumulative effect on both residues was
negligible. It is clear that the primary effect of NCp7 was
on the upper stem at these conditions; there was no
evidence that the structure or stability of the lower stem,
which is over-stabilized in SL1-es by two extra base pairs,
was affected at all. Although the U8 residue appeared to
be the first one affected at sub-stoichiometric protein
amounts, the most dramatic effect was on the wobble GU
pair located close to the dimeric interface of the KD form
of SL1.

No evidence of NCp7 turnover during the refolding process

We carried out overnight incubations of SL1-wt KD with
sub-stoichiometric amounts of NCp7 in RNA strand-
to-protein ratios of 2:0.2, 2:0.4, 2:0.8, 2:1.6 and 2:2.
With two NCp7 molecules per RNA dimer, as expected,

Figure 6. First slices of 15N-HSQC NMR experiments on complexes of
U{15N}-labeled SL1-es kissing dimer and NCp7 in the 2:0, 2:1, 2:2 and
2:4 RNA strand-to-protein ratios at 158C. Only signals from imino
protons of uridines are observed in this experiment.
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dimer maturation was complete. If NCp7 behaved as an
enzyme, then samples with lower protein content would
be expected to display an increasing extent of dimer
maturation over time. However, even after overnight
incubation, the amount of RNA converted to LD
remained strictly proportional to the amount of NCp7
present in the reaction (Figure 7). These results imply that
once NCp7 transforms KD into LD, the protein remains
bound to the mature LD RNA and does not jump to
another KD molecule.

DISCUSSION

The first thermal transition, melting of stems, occurs at
418C in the KD form of the full-length SL1 (Figure 3).
This occurs at a temperature �208C higher than in the
truncated 23-nt SL1 constructs (11), but in either case this
transition occurs4208C below the temperature required to
dissociate the KD complex into monomers. This sub-
stantial difference in the stabilities of SL1 stems compared
to the more stable kissing loop interface is apparently
important for optimal NCp7-induced refolding. It is
estimated from the single-molecule stretching-induced
melting experiments that at saturating amounts of
NCp7, this chaperone protein can destabilize each base
pair in a double-stranded DNA duplex by �1 kcal/mol
(27). This is consistent with the general chaperone
properties of NCp7 (7,8) in that destabilization lowers
energy barriers between metastable kinetically trapped
intermediates and thermodynamically stable conforma-
tions. Although caution must be used when extrapolating
thermodynamic data from duplex DNA to SL1 RNA, it is
clear nevertheless that there is an upper limit on the
thermal stability of the stems, above which NCp7 will be

hindered in its ability to facilitate the KD-to-LD conver-
sion. Although the relative stability of stems is the same in
KD and LD, the energy barrier for the conversion
depends on this stability. Indeed, the conversion is
dramatically impeded in the over-stabilized constructs,
SL1-nb and SL1-es, at room temperature and one-to-one
RNA-protein ratio (Figure 5). A larger protein:RNA
stoichiometry was necessary to convert these constructs to
LD, and still the conversion was not complete under the
conditions employed. It is interesting that in the case of
double-stranded DNA, the degree of helix destabilization
also depends on the binding stoichiometry of NCp7 (28).

The G-rich internal loop appears to be an important
destabilizing element in SL1, and consequently critical to
the refolding process. In SL1-es, the upper and lower
stems have seven and six base pairs, respectively; this
mutant is converted to LD by NCp7 more readily than
SL1-nb, where the deletion of the internal loop makes the
stem 11 base pairs long (Figure 1). The first thermal
transition occurs in SL1-es is at 488C (not shown); it is
interesting that incubating the KD form of DIS39, an
RNA construct similar to SL1-es, at 378C (rather than at
room temperature as in our study) reportedly induces
nearly complete conversion to LD even at a one-to-one
RNA-protein ratio (21).

Mutating all residues in the G-rich internal loop to
pyrimidines has very little effect on the ability of NCp7 to
promote the KD-to-LD conversion (Figure 5B). It
appears that the exact sequence of the internal loop is
not important for the dimer maturation in vitro as long as
the overall stability of SL1 stem is not too high. However,
the SL1 G-rich internal loop sequence is extremely
conserved in HIV-1 sequences. Among 4300 HIV-1
isolates for which the SL1 stem-loop was completely
sequenced (29), only two have sequence variations in the
internal loop: one has G-AAG and another has G-GGG
instead of the prevalent G-AGG (see Supplementary
Data). This high degree of conservation suggests that this
internal loop sequence has roles other than destabilization
of the SL1 stem. One such role is in packaging of genomic
RNA into virions: mutating all residues of the internal
loop to uridines (in the context of a different sequence of
the upper stem of SL1) reduces the packaging efficiency to
18% of the wild-type level, and reduces the overall
infectivity by 1.1 log units in vivo (30). Deleting the
internal loop altogether had a similar effect: the packaging
and overall infectivity are reduced to 14% and by 1.0 log
units, respectively (30). It has also been shown that
mutations in the SL1 internal loop impair dimerization of
genomic RNA in vivo, decreasing the amount of dimeric
form while increasing the amount of monomeric viral
RNA found inside viral particles (31). Deletions AGG31
or G5 or substitution G5C (numbering as in Figure 1)
decreased the fraction of dimeric form to 62, 62 and 75%,
respectively, relative to that in wild-type viruses. The
AGG31 deletion and G5C substitution are likely to
increase the stability of the SL1 stem: the former because
a rather large internal loop is substituted with a 1-nt bulge,
and the latter because a GC base pair is substituted for the
GA mismatch in the wild-type sequence (26,32–35).
However, it is unlikely that the G5 deletion would

Figure 7. Native PAGE experiments on SL1-wt RNA kissing dimer
(KD) in the presence of sub-stoichiometric amounts of NCp7, run in
the TBE buffer. KD of SL1-wt was incubated with NCp7 at ambient
temperature for 18 h in the RNA strand-to-protein ratio of 2:0, 2:2,
2:1.6, 2:0.8, 2:0.4 and 2:0.2, as indicated. The upper band in each lane
(‘LD’) corresponds to mature linear dimer, while the lower monomer
band (‘M’) emanates from the residual KD that dissociates during
PAGE in the TBE buffer. Increasing intensity of the monomer band
and simultaneous decrease in the dimer band across the lanes correlates
with the amount of NCp7 present in each complex.
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increase the stability of the stem, because the resulting 3-nt
bulge is still large and furthermore lacks a somewhat
stabilizing GA base pair. All observations together suggest
that there may be differences in the dimerization processes
in vivo and in vitro. One possible explanation for the
divergent effects of mutations in the internal loop may be
stabilization of an alternative global secondary structure
that occludes the palindromic sequence in SL1 and thus
prevents formation of initial KD. This possibility seems
attractive in view of the notion that the HIV-1 leader
RNA can adopt two alternative structures that have
distinctly different biological functions in packaging and
gene expression (36,37). This can also explain the
remarkably strict conservation of sequences in the lower
stem of SL1 (see Supplementary Data), and the finding
that many mutations are detrimental for dimerization of
genomic RNA in viral particles, even when such muta-
tions preserve base pairing in the lower stem (31).
However, in the case of the G5 deletion, such a possibility
was excluded by Shen et al. (31) based on secondary
structure predictions using the mfold algorithm (38).

Substituting uracils for the unpaired adenines flanking
the kissing loop interface also had only a moderate effect
on dimer maturation in vitro; the rate of NC-7-induced
conversion was slightly attenuated in SL1-yf and SL1-yy
(Figure 5C and D). These flanking residues are less
strongly conserved among HIV-1 strains than are those of
the internal loop. The conformations of the flanking
adenine residues also appear to be quite variable in NMR
solution (25,34,39) and X-ray crystal [reviewed in (40)]
structures of SL1 constructs; in fact, these residues may be
flexible in solution. Nevertheless, flanking regions com-
posed entirely of pyrimidines have never been observed in
nature, and purines, especially adenines, are strongly
predominant in the 50-flanking region (see Supplementary
Data). It is possible that purines are important for
stabilizing the initial kissing interaction (25); KD forms
of SL1-yf and SL1-yy appeared to be less stable than their
purine-containing counterparts during PAGE (Figure 2B).
It is interesting that the all-flanking-U mutation studied in
the context of a longer 216-nt RNA construct did not
show any dimers at all during PAGE (41). It is likely that
the mechanical force imposed on SL1 dimers during
migration through the gel pores is stronger for longer
RNA molecules.

In this study, we have established, using the over-
stabilized SL1-es construct, that the upper stem of the SL1
hairpin is the region predominantly affected by NCp7
binding (Figure 6). Other investigators have shown that
there are two high-affinity binding sites of NCp7 on each
SL1 hairpin: one associated with the KD interface and the
other with the G-rich internal loop (17). However, NCp7
efficiently converts SL1-wt into LD in the 2:2 ratio in vitro
(Figure 5), i.e. with one protein per each SL1 hairpin. It is
likely that there is an equilibrium entailing two bound
states of NCp7 under such conditions, because the binding
constants of the two are comparable (17). However, NCp7
does not appear to dissociate from SL1-wt after the
conversion to LD, because no turnover was observed at
sub-stoichiometric ratios (Figure 7). A similar observation
has been reported previously with dimer maturation in a

heterologous system, which included the HIV-1 NCp7 and
a synthetic 345-nt fragment of Harvey sarcoma virus
leader RNA. In that model system, the conversion of an
initial, metastable RNA dimer into its thermodynamically
stable form occurred rapidly when the concentration of
NCp7 was greater than some critical value, but it did not
go to completion even after 10 h of incubation with one
protein molecule per 50 nt (42). Similar dependence on a
critical threshold protein concentration has also been
observed in other reactions involving NCp7 chaperone
activity [reviewed in (8)]. Although interpretations are
complicated for RNA molecules that contain multiple
NCp7-binding sites (17), there are only two such sites on
SL1-wt. It is likely that the G-rich internal loop is
responsible for the slow dissociation rate from LD; this
might account for the observation that NCp7 acts
catalytically in refolding a truncated SL1 construct that
lacked both the internal loop and the lower stem (12).
Perhaps NCp7 is able to slide rapidly off the blunt end of
an RNA stem, and the internal loop in the wild-type
sequence prevents such a dissociation mechanism. Further
studies will be needed to determine the biological
significance, if any, of the slow dissociation kinetics of
NCp7 from the LD form of SL1.
In conclusion, we demonstrated for the full-length SL1

that refolding of KD into LD occurs without dissociation
of the KD interface. This was expected and consistent with
the data for shorter SL1 constructs (11,12). The KD-to-
LD conversion of SL1-wt requires at least two NCp7
molecules per RNA dimer. This refolding is not catalytic
for the full-length SL1, in contrast to shorter SL1
constructs devoid of the G-rich internal loop and the
lower stem (12). The presence of the conserved internal
loop is critical for the NCp7-induced refolding. However,
the exact sequence of the internal loop appears to be less
important in in vitro experiments. Over-stabilization of the
lower stem led to a kinetically trapped KD form of SL1-
es; adding NCp7 to this form destabilizes the upper stem
but fails to completely dissociate it.
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