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Abstract
The specific binding of HIV-1 nucleocapsid protein (NC) to the different forms assumed in vitro by
the stemloop 1 (Lai variant) of the genome’s packaging signal has been investigated using
electrospray ionization-Fourier transform mass spectrometry (ESI-FTMS). The simultaneous
observation of protein-RNA and RNA-RNA interactions in solution has provided direct information
about the role of NC in the two-step model of RNA dimerization and isomerization. In particular,
two distinct binding sites have been identified on the monomeric stemloop structure, corresponding
to the apical loop and stem-bulge motifs. These sites share similar binding affinities that are
intermediate between those of stemloop 3 (SL3) and the putative stemloop 4 (SL4) of the packaging
signal. Binding to the apical loop, which contains the dimerization initiation site (DIS), competes
directly with the annealing of self-complementary sequences to form a metastable kissing-loop (KL)
dimer. In contrast, binding to the stem-bulge affects indirectly the monomer-dimer equilibrium by
promoting the rearrangement of KL into the more stable extended duplex (ED) conformer. This
process is mediated by the duplex-melting activity of NC, which destabilizes the intramolecular base
pairs surrounding the KL stem-bulges and enables their exchange to form the inter-strand pairs that
define the ED structure. In this conformer, high-affinity binding takes place at stem-bulge sites that
are identical to those present in the monomeric and KL forms. In this case, however, the NC-induced
‘breathing’ does not result in dissociation of the double-stranded structure because of the large
number of intermolecular base pairs. The different binding modes manifested by conformer-specific
mutants have shown that NC can also provide low affinity interactions with the bulged-out adenines
flanking the DIS region of the ED conformer, thus supporting the hypothesis that these exposed
nucleotides may constitute ‘base-grips’ for protein contacts during the late stages of the viral
lifecycle.
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Introduction
Human immunodeficiency virus type-1 (HIV-1) selectively packages two copies of genomic
RNA that are non-covalently linked by the dimer linkage structure (DLS) of the 5’ leader.1–
5 The formation of DLS involves the annealing of a self-complementary sequence located in
the loop region of the highly conserved stemloop 1 (SL1) called the dimerization initiation site
(DIS).2; 3; 6; 7 Deletions and mutations of the DIS sequence affect not only dimerization, but
also packaging of genomic RNA in vivo,8–10 thus suggesting a close functional relationship

Correspondence to: Daniele Fabris.

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2007 April 2.

Published in final edited form as:
J Mol Biol. 2007 January 12; 365(2): 396–410.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



between these crucial steps of the viral lifecycle.11 This hypothesis is further supported by the
fact that both processes are mediated by the nucleocapsid (NC) domain of the viral Gag
polyprotein,1; 12; 13 which exercises broad nucleic acid binding and chaperone activities.14;
15 Unfortunately, the specific roles played by RNA-RNA and protein-RNA interactions in
dimerization and packaging are still not completely understood in spite of extensive study.16;
17

A two-step model has been proposed for genome dimerization, which involves the initial
hybridization of the DIS palindromes of homologous strands to form a transient kissing-loop
(KL) dimer (Scheme 1).2; 3; 7; 18–20 Experiments performed in vitro have shown that the
metastable KL complex can subsequently isomerize into a more stable extended duplex (ED)
that involves extensive intermolecular base-pairing along the entire SL1 sequence (Scheme 1).
21–25 The transition between KL and ED forms is catalyzed in vitro by NC,23; 26–29 in a
process that could explain the increased thermal stability observed for genomic RNA of HIV-1
and Moloney murine leukemia virus upon protease-dependent viral maturation.30–32 The 3D
structures of SL1 constructs in monomeric,33–35 KL,36–40 and ED form38; 41–43 support
the two-step dimerization model. However, further progress in elucidating the mechanism of
dimer isomerization has been hampered by the lack of equivalent structural information for
the individual complexes formed by NC with the different forms assumed by SL1.

The specific interactions between NC and monomeric SL1 have been studied in vitro using
fluorescence quenching techniques that suggested the presence of two distinct binding sites
located on the loop and stem-bulge of the RNA stemloop (Scheme 2).35; 44 However, a
construct with mutated loop and wild-type bulge was found incapable of binding NC by native
gel electrophoresis and NMR,34 thus casting doubts on the actual number and location of the
binding sites present on the stemloop structure. The interactions with dimeric SL1 have been
investigated with the goal of understanding their effects on RNA conformation, while the
common practice of removing the protein prior to RNA analysis has precluded the concomitant
acquisition of direct information about the nature of the protein-RNA interactions driving the
isomerization process. In the absence of high-resolution data, important questions regarding
the activities performed by NC in the processes of RNA dimerization and structural
rearrangement remain unanswered, including: a) the location of the NC binding sites on the
wild-type SL1 structure, b) which oligomeric form of SL1 is recognized by NC, and c) the
number of NC molecules participating in the process.

These questions were addressed using electrospray ionization Fourier transform mass
spectrometry (ESI-FTMS),45–47 which allowed us to overcome the intrinsic experimental
hurdles associated with monitoring simultaneously the RNA dimerization and the protein
binding events. This soft ionization technique can transfer noncovalent assemblies into the gas-
phase while preserving their solution-phase association state.48–50 For this reason, it can be
employed to determine the composition, stoichiometry, and binding affinity of large
macromolecular complexes consisting of proteins, DNA, RNA, small molecule ligands, and
other components (reviewed in ref.s 51–53). Taking advantage of this characteristic, we have
recently employed ESI-FTMS to determine the NC binding modes with short single-stranded
DNA oligonucleotides54 and with the hairpins SL2, SL3, and SL4,55 which are present with
SL1 in the packaging signal of viral RNA.56–58 We have now extended this approach to
investigate the specific interactions between NC and full-length SL1 (Lai variant) and the
effects of protein binding on dimerization and isomerization. The direct observation of RNA-
RNA and protein-RNA interactions has provided valuable information on the role of NC in
the two-step model. The long term goal of these studies is to elucidate the molecular basis of
the interactions governing genome dimerization and packaging, which is necessary for the
development of new antiviral strategies aimed at interfering with these crucial processes of the
HIV-1lifecycle.
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Results
NC interactions with monomeric SL1Lai

The investigation of the binding modes of NC with SL1Lai can be confounded by the
concomitant presence of monomer-dimer equilibria in solution. For this reason, a mutant was
initially employed to decouple protein binding from RNA dimerization and facilitate the
elucidation of the determinants of NC binding. This construct was obtained by replacing a
central loop guanine with adenine (SL1A, Scheme 2), which has been shown to inhibit
dimerization by disrupting the self-complementary nature of the DIS sequence.19 In control
experiments performed on this construct, only monomeric SL1A was observed by ESI-FTMS
under conditions optimized for noncovalent complexes (see Materials and Methods), thus
confirming the desired effects of the DIS mutation on RNA dimerization (Figure 1a). Addition
of NC to the dimerization-deficient mutant provided stable assemblies with a 1:1 and a 2:1
protein to RNA stoichiometry (Figure 1b). The observed masses were in excellent agreement
with those calculated from the sequence of the protein and RNA components (provided in
Scheme 2), including two zinc(II) ions per NC unit.55 Further increases of NC in solution did
not produce higher order complexes, thus confirming the presence of two distinct sites on the
SL1A structure (Figure 1c). The detection of a 2:1 complex in the presence of free SL1A in
solution (Figure 1b) indicates that binding to the second site was initiated before saturation of
the first was complete, which is consistent with sites sharing similar affinities and negligible
cooperativity.

An unambiguous evaluation of the affinity of NC for monomeric SL1Lai was provided by
competitive binding experiments in which SL1A was directly compared with isolated SL2,
SL3, and SL4 stemloops of the packaging signal.56–58 This approach relies on the intrinsic
ability of ESI-FTMS to resolve multiple complexes in solution according to their unique
molecular masses and without resorting to labeling or separation techniques. As demonstrated
in earlier work, the comparable size and chemical composition of these protein-RNA
assemblies translate into very similar ionization characteristics.55 In this way, the simultaneous
detection of the complexes in a single analysis provides an unambiguous and unbiased scale
of relative binding affinities. According to this approach, NC was titrated into a 150 mM
ammonium acetate solution (pH 7.0) containing 5 bM of each RNA hairpin (Figure 2a). At
low protein concentrations, the NC·SL2 and NC·SL3 assemblies were readily observed with
relatively low free/bound ratios in solution (Figure 2b), which were consistent with the high
binding affinities manifested by these stemloops under the selected experimental conditions.
55 A stable NC·SL1A complex including one protein unit was also detected with a free/bound
ratio consistent with a weaker binding affinity, while the NC·SL4 assembly exhibited a ratio
corresponding to the weakest affinity of the series (Figure 2b). Further protein additions
induced a significant increase of both NC·SL2 and NC·SL3, the binding of a second unit of
NC to SL1A, and a moderate increase of the NC·SL4 complex (Figure 2c). Overall, these
experiments provided the following relative scale of binding affinities in 150 mM ammonium
acetate: SL2 > SL3 > SL1’ ≈ SL1” > SL4.

The possibility that the G to A mutation introduced in SL1A might have unexpected
consequences on the NC binding mode was tested in competition experiments comparing the
dimerization-deficient and wild-type SL1Lai constructs (data not shown). In this case, a lower
ionic strength (i.e., 10 mM ammonium acetate, pH 7.0) was employed to enable a fair
competition between monomeric substrates by weakening the RNA-RNA interactions that
promote the dimerization of wild-type SL1Lai. The fact that the competing monomers
manifested comparable affinities indicated that the single base mutation did not cause adverse
effects on the specific NC interactions, thus validating the use of the dimerization-deficient
SL1A as the model monomeric form for binding experiments within the selected range of ionic
strengths (i.e., 10–150 mM ammonium acetate).
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In light of the preference of NC for single-stranded nucleic acids,54; 59–61 the structural motifs
comprising distinctive unpaired regions were reproduced in separate constructs to investigate
their individual ability to sustain protein binding. The first was a mutant SL1 truncated just
above the internal bulge, which provided a structure spanning the DIS loop and the upper stem
region (SL1-TR, Scheme 2). The second was obtained by annealing two individual RNA
strands that recreated the stem-bulge, but eliminated the apical loop (SL1-BG1/2, Scheme 2).
When titrated with NC, the monomeric SL1-TR and intact duplex SL1-BG1/2 formed stable
protein-RNA complexes (vide infra), thus confirming that the apical loop and the stem-bulge
can function as individual binding sites. The site locations on the SL1 structure were further
confirmed by footprinting and crosslinking experiments in a separate study (E. Yu and D.
Fabris, manuscript in preparation).

Effects of NC binding on SL1 dimerization
The interactions of NC with the two sites have distinctive effects on the dimerization process
in vitro. In fact, in addition to possessing ideal features for NC binding, the apical loop contains
the palindromic DIS sequence that promotes the initial intermolecular base-pairing essential
to dimer formation (Scheme 1). Therefore, the ability of NC to interact with DIS is expected
to directly affect the oligomeric state of SL1Lai and vice versa, in a possible competition
between protein binding and RNA dimerization. In contrast, the stem-bulge motif is conserved
in the secondary structures of monomeric as well as dimeric SL1Lai (Scheme 1). For this reason,
specific binding to this structure is expected to play only an indirect role in the process of RNA
dimerization. The possible interplay between these concomitant but independent effects was
explored by using preformed dimers in either KL or ED conformation.

The intrinsic difficulty of differentiating the two conformers on the basis of their identical
molecular mass was overcome by designing SL1 mutants of different base composition, which
presented unique masses and could assume only one of the dimeric forms without inter-
conversion. An obligated KL dimer was obtained by combining the SL1A mutant with a
construct that included a C to U mutation in position 260 and a reversed base-pairing pattern
in the stem structure (SL1B, Scheme 2).20; 23; 28 The base substitution was introduced to
enable exclusive loop-loop interactions with the complementary SL1A sequence and induce
the formation of an immediately recognizable KL heterodimer (Scheme 2). The remaining
modifications eliminated any intermolecular complementarity between the corresponding stem
regions, thus ensuring that no ED structure could be produced by isomerization of the initial
KL conformer. In analogous way, an obligated ED dimer was obtained by swapping the stem
strands to provide two individual constructs, called SL1-ED1 and SL1-ED2 (Scheme 2), which
lacked the ability to form the intramolecular base pairs necessary to fold into individual
stemloops, but maintained the extensive inter-strand complementarity necessary to produce a
bulged hetero-duplex analogous to the wild-type ED structure.23 As shown by the ESI-FTMS
spectrum obtained from a solution including both conformer-specific samples (Figure 3a), only
the expected SL1A/B and SL1-ED1/2 heterodimers were obtained by appropriately mixing
and heat-refolding the constructs in 150 mM ammonium acetate (see Materials and
Methods). The absence of homodimeric species in solution (e.g., SL1A/A, SL1B/B, SL1-
ED1/1, or SL1-ED2/2) proved the validity of the mutants design by showing that the observed
RNA-RNA interactions followed the base-pairing rules. Furthermore, the absence of
mismatched dimers or higher order RNA complexes confirmed the ability of this analytical
platform to provide a valid representation of the solution equilibria without nonspecific strand
aggregation.62 These experiments served also to demonstrate that the KL dimer could be
observed intact despite the relatively weak intermolecular stabilization offered by the presence
of only 6 inter-strand base pairs in its structure.
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The binding of NC to the dimeric forms was investigated by titrating preformed SL1A/B and
SL1-ED1/2 complexes in competition experiments. Initial addition of 10 bM NC to a solution
containing 5 bM each of the KL- and ED-obligated constructs produced predominantly 1:2
and 2:2 protein to RNA assemblies for both dimeric forms (Figure 3b). No significant
differences in relative affinities could be detected between substrates, thus suggesting that NC
bound to structural features present in both conformers. Increasing protein concentrations,
however, induced very distinctive effects on the oligomeric state of the two substrates. In the
case of the KL-obligated dimer, the addition of 30 μM NC induced a noticeable decrease of
the overall proportion of dimeric assemblies in solution, which was accompanied with an
increase of the corresponding stemloop components bound to one or two NC units (Figure 3c).
In contrast, no dissociation of the ED-obligated dimer into individual strands was observed at
this protein concentration. Furthermore, the maximum stoichiometry detected for the KL-
dimer remained 2:2 protein to RNA, while abundant 3:2 assemblies were obtained for the ED
conformer in the same sample solution (Figure 3c). A 4:2 assembly was also observed for the
SL1-ED1/2 construct at higher protein concentrations. The binding of two NC units to both
KL and ED structures could be accounted for by the presence of the conserved stem-bulge
motifs in both conformers. However, additional binding to the ED-obligated dimer can be
explained only by the presence of alternative sites that are unique to this conformer’s structure
and become active only after the primary sites have been occupied.

Competitive binding experiments between the SL1-TR mutant and the SL1-ED1/2 dimer were
carried out to test whether the unpaired adenines flanking the DIS sequence (A-bulges, Scheme
1) could constitute suitable sites for protein interactions (Figure 4). In this case, the truncated
construct was appropriately heat-refolded in 150 mM ammonium acetate to obtain an extended
duplex lacking the stem-bulges characteristic of full-length constructs (see Materials and
Methods).42; 43 At low concentrations, NC was shown to bind exclusively to the SL1-ED1/2
dimer with formation of 1:2 and 2:2 protein to RNA assemblies (Figure 4b). Only at higher
concentrations did NC bind to the SL1-TR duplex, while a 3:2 complex was obtained from the
SL1-ED1/2 substrate in the same solution (Figure 4c). Considering that the A-bulges constitute
the only single-stranded regions present in the truncated duplex, the detection of this NC-
complex is consistent with the ability of the DIS-flanking structures to sustain effective protein
interactions. The fact that the full-length dimer titrated at lower NC concentrations than the
truncated duplex indicated that the G-rich stem-bulges possess a higher affinity than the A-
bulges, which agrees with the known preference of NC for unpaired Gs.54; 59–61 Therefore,
these results suggest that the stem-bulges constitute the primary binding sites on the ED
conformer, while the A-bulges provide viable but weaker alternatives.

Effects of NC on dimer isomerization
The characteristic stoichiometries observed for the conformer-specific substrates provided the
key to interpret the results obtained from the wild-type construct capable of assuming both KL
and ED conformations. When a 5μM SL1Lai sample (Scheme 2) was heat-denatured, snap-
cooled on ice, and then incubated at 37°C for 30 min. in 150 mM ammonium acetate (see
Materials and Methods), both monomeric and dimeric species were readily observed in
solution, as expected from a monomer-dimer equilibrium in solution (Figure 5a). Consistent
with the fast annealing procedure and with the results of parallel crosslinking experiments (E.
Yu and D. Fabris, manuscript in preparation), the detected dimer represented predominantly
the kinetically trapped KL product. Incubating this sample in the presence of 5μM NC did not
significantly increase the proportion of dimer versus monomer in solution, while protein
binding was observed for both monomeric and dimeric substrates. In particular, abundant 1:2
and 2:2 protein to RNA assemblies were detected together with a weaker but recognizable 3:2
complex (Figure 5b). Based on the inability of the KL-obligated dimer to bind more than two
protein units (Figure 3b-c), the 3:2 species was ascribed to the presence of small amounts of
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ED conformer in solution, which could be either formed with very low yields during the initial
heat-refolding, or result from the NC-induced isomerization of the initial kinetic product KL.
However, the dramatic increase of higher order complexes (i.e., 3:2 and 4:2) upon addition of
10 μM NC in solution could be attributed only to the transition of initial KL dimer to the
thermodynamic ED product, which is a direct result of the chaperone activity of NC (Figure
5c). When added in large excess, NC induced complete dimer dissociation and allowed for the
detection of 2:1 and 3:1 complexes of monomeric SL1Lai, as expected from its duplex melting
capabilities (Figure 5d).14; 15

The previously described SL1-TR and SL1-BG1/2 substrates (Scheme 2) were employed to
isolate the possible roles of the individual binding sites in the isomerization process. After
preliminary experiments had shown that only dimeric species could be exclusively detected in
SL1-TR samples prepared in 150 mM ammonium acetate (see for example Figure 4a), the ionic
strength was significantly decreased to weaken the RNA-RNA interactions and facilitate the
observation of the monomer-dimer equilibrium (e.g., 10 mM ammonium acetate, Figure 6a).
As observed for full-length SL1Lai, addition of protein provided assemblies involving RNA
monomer and dimers (Figure 6b and c). Unlike in the wild-type’s case, however, NC induced
also a very significant increase of the proportion of dimeric versus monomeric species in
solution, in spite of the rather unfavorable ionic strength. In contrast, when the SL1-BG1/2
construct was titrated with NC, progressive dissociation of the duplex structure was found to
accompany the formation of complexes with double- and single-stranded substrates in solution
(Figure 7a-c). The dissociating effects were observed even in environments of higher ionic
strength (i.e., in the 100 mM ammonium acetate solution used here), which are expected to
strengthen the interactions between complementary RNA strands. These experiments clearly
highlighted how seemingly contrasting functions, such as strand annealing and duplex melting,
can be performed by NC depending on the substrate structural context. As discussed below,
the combination of the different facets of the chaperone activity of NC is critical for the
isomerization process of full-length SL1Lai.

Discussion
The NC binding modes with the different forms assumed by SL1Lai in vitro have been dissected
by a concerted strategy based on ad hoc RNA mutants and ESI-FTMS detection. In this way,
protein-RNA complexes representing salient intermediates in the NC-mediated processes of
dimerization and isomerization were effectively trapped and characterized using titrations and
competitive binding experiments. In the absence of RNA-RNA interactions, experiments
involving either the dimerization-deficient SL1A, or the wild-type SL1Lai under conditions
unfavorable to RNA dimerization (i.e., low ionic strength), have unambiguously demonstrated
the presence of two distinct binding sites on the monomeric stemloop structure. The apical
loop and the stem-bulge were identified as the regions involved in protein-RNA interactions
using substrates that alternatively eliminated these characteristic motifs (e.g., SL-TR and SL1-
BG1/2). The presence of several unpaired Gs and the preference of NC for single-stranded
nucleic acids54; 59–61 account for the stability of the observed complexes. The results
provided by our approach corroborate earlier fluorescence studies pointing toward these
regions as the putative sites for high-affinity interactions on the SL1 structure.35; 44

The binding patterns observed during the titration experiments indicate that the two sites share
comparable affinities toward NC. In particular, the data obtained near the titration midpoint
clearly show that occupancy of the second site initiates before the first is completely saturated
(Figure 1b), which can be explained only on the basis of a fair competition between sites. In
addition, the observation that a complex with one occupied site was accumulated in solution
is consistent with the absence of significant cooperativity between sites, which would have
enabled the second to be more readily saturated once the first was bound. The same
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considerations are valid also in regard of possible cooperativity involving protein-protein
interactions, rather than communication between RNA sites.

The affinity of either SL1Lai site towards NC is intermediate between those exhibited by SL3
and SL4, as demonstrated by competition experiments including all four hairpins of the
packaging signal (Figure 2). The simultaneous titration of the individual substrates combined
in solution leaves no doubts about their relative affinities for NC, which follow the SL2 > SL3
> SL1’ ≈ SL1” > SL4 scale in 150 mM ammonium acetate. Although no dissociation constant
(Kd) was explicitly determined for either SL1Lai site, close estimates could be inferred by
considering that Kd values of 178 nM and 1.3 μM were respectively obtained for the NC·SL3
and NC·SL4 complexes using the same experimental approach.55 The observed scale of
relative affinities is in excellent agreement with fluorescence studies of similar stemloop
structures,44 but contrasts with earlier filter binding experiments that ranked SL1 at the top of
the isolated hairpins.57 It should be noted, however, that direct comparisons between binding
data provided by different techniques are made very difficult by the widely heterogeneous
experimental conditions and by the significant effects of concentrations and ionic strength on
binding, as shown earlier for the NC complexes with SL2, SL3, and SL4.55

Dimeric SL1 substrates provide different structures that are capable of sustaining specific NC
interactions, as demonstrated by conformer-obligated mutants that could not undergo
isomerization. In the KL dimer, a maximum of two binding sites were active under the selected
experimental conditions (Figure 3), which were identified with the stem-bulges of the two
stemloop components. In the ED structure, this motif is formed by nucleotides contributed by
the cognate strands, but its structural features are identical to those observed in the monomeric
and KL forms.38; 63 For this reason, it is not surprising that the stem-bulges provided similar
binding affinities regardless of the oligomeric state of the actual substrate (Figure 3).

Additional sites on the ED structure are offered by the A-bulges flanking the annealed DIS
sequences, which become competitive at higher NC concentrations (Figure 4). According to
the high-resolution structures available for this dimeric conformer, A255 can alternatively
participate in a zipper-like motif with the adenines on the opposite strand 42; 43, or assume a
bulged-out conformation that could promote protein-RNA or RNA-RNA interactions.41 In
this context, our results provide strong experimental support to the hypothesis that the A-bulges
may indeed act as ‘base-grips’ for NC recognition. Furthermore, considering that the zipper-
like motif increases the stability of strand association, protein binding could induce local
destabilization by locking unpaired nucleobases in less favorable, bulged-out conformations.
An analogous situation takes place in the KL dimer, in which the hinges between the stems
and the loops are defined by a rather dynamic situation of the DIS-flanking bases.36; 37; 40;
64 In this case, NC interactions are also expected to favor destabilizing bulged-out
conformations, which may induce the dissociation of the weaker KL dimer, as shown in Figure
3b and c.

In light of the very distinctive effects induced by the binding of NC to the different sites of
monomeric and dimeric SL1Lai, a putative mechanism can be proposed for the conformer
transition in vitro, which takes into account the intervening protein-RNA and RNA-RNA
interactions (Scheme 3.) In agreement with the two-step model for RNA dimerization and
isomerization, the initial SL1Lai substrate can readily establish an equilibrium between
monomer and KL dimer in solution (process 1a), but the latter is unable to spontaneously
transition to ED (process 1b) because of the large energy barrier to dissociating the
intramolecular base pairs that stabilize the KL stemloops.65; 66 The addition of NC, shown
in Scheme 3 with increasing concentrations from left to right, has the potential to result in many
complex binding events. Considering first the monomeric substrate, high-affinity protein
interactions can occur either at the apical loop or at the stem-bulge (process 2a). The former
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compete directly with the formation of intermolecular base pairs between self-complementary
DIS sequences, which constitutes the initial step of RNA dimerization (process 1a). Given the
ability of NC to occupy an average of seven (6.8 ± 0.3) nucleotides upon binding to single-
stranded nucleic acids,61; 67; 68 its interactions with the G-rich loop are expected to
completely obstruct the palindrome and prevent stemloop annealing.

In the context of the KL structure, the stem-bulge constitutes the only site available for high-
affinity protein interactions (process 2b). As clearly demonstrated by SL1-BG1/2, NC weakens
the base pairs surrounding this motif, thus leading to melting of the double-stranded structure
(Figure 7). In the KL dimer, the destabilized stems are in close proximity to each other and
available for exchange to form the intermolecular base pairs that stabilize the ED conformer
(Scheme 3, process 3b). The intervention of NC is essential for structural rearrangement, as
proved by the fact that wild-type SL1 could undergo isomerization in 150 mM ammonium
acetate only in the presence of protein (Figure 5). In contrast, the SL1-TR mutant was readily
isomerized under the same conditions even in the absence of NC, because of the lower
stabilization offered by the 4 fewer base pairs in the stem region.

In the ED conformer, as well, the stem-bulges represent the high-affinity binding sites. In this
case, however, the greater number of inter-strand base pairs (i.e., 28 in ED versus 6 in KL)
provides greater stability to the dimer association. Consequently, this double-stranded structure
is only marginally affected by the localized strand ‘breathing’ induced by NC, even at the
higher protein concentrations that induce binding to the low affinity A-bulges (process 4c). In
this direction, the detection of higher order protein-RNA complexes with the wild-type and
ED-obligated constructs (i.e., 3:2 and 4:2, Figures 5c and 3c) has clearly demonstrated that
complete occupancy of all the stem- and A-bulge sites in this conformer is still compatible
with a stable dimeric state (process 6). In contrast, NC binding to the low affinity hinges of the
KL structure (process 5) appears to be utterly unfavorable to dimer association, as demonstrated
by the described inability to obtain higher order complexes from the KL-obligated construct
under the same experimental conditions (Figure 3c). The fact that an overall decrease of the
percentage of dimeric species was also observed for the wild-type construct (Figure 5c) is a
direct result of the destabilizing effects of hinge binding on the KL dimer, which could compete
with the stem-bulge-meditated isomerization at the higher NC concentrations.

Eventually, greater amounts of NC in solution can cause the dissociation of the dimer into its
corresponding NC-bound strands (process 7). The 3:1 stoichiometry observed in the presence
of a large excess of protein over RNA (Fig. 5c) can be explained with binding to newly exposed
single-stranded regions. This effect is consistent with the unfolding of the stem-loop structures
and non-specific binding to the accessible nucleotides (process 8), which was observed also
for the other hairpins of the packaging signal in the presence of excess NC.55 We could
speculate that if NC were removed from solution by protease digestion or phenol extraction
before analysis of the SL1 oligomeric state, as performed in other studies, this would allow the
reversible binding equilibria to shift back to the left, thus providing only the RNA species
involved in the two-step model shown on the left side of Scheme 3.

Conclusions
The simultaneous observation of protein-RNA and RNA-RNA interactions has provided new
insights on the roles played by NC and the different RNA motifs in the mechanism of
dimerization and isomerization of SL1 (Lai variant) in vitro. In agreement with the two-step
model, our results indicate that the apical loop needs to be unobstructed by protein binding to
enable the initial annealing of self-complementary DIS palindromes. The comparable binding
affinities manifested by the loop and stem-bulge motifs ensure that this condition is met in the
presence of sub-saturating concentrations of NC, which leave unoccupied a sufficient
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proportion of sites in solution. The initial formation of the KL structure constitutes an obligated
step in the dimerization process, since isolated SL1A or SL1B mutants are unable to form
homodimers even in the presence of NC, consistent with other studies.24; 28; 65 On the other
hand, this observation is not compatible with the possibility that dimerization might involve
the direct annealing of the stem regions to form a cruciform-type complex, which would
altogether dispense with the need for a transient KL structure.25

The NC-induced destabilization of the KL stems is an essential condition for structural
rearrangement, which our data show is achieved through specific binding to the stem-bulge of
the stemloop components. This duplex-melting effect is due to the ability of NC to decrease
the cooperativity of the helix-coil transition and increase base pair ‘breathing’ in double-
stranded structures.61; 69–71 In the context of the KL-ED transition, this activity enables the
gradual dissociation of the stems’ intramolecular base pairs, which can then reform in a
concerted fashion as intermolecular pairs with the complementary strands, possibly following
a zippering mechanism analogous to that described for the tRNA primer annealing to the
complementary sequence of the primer binding site (PBS).15; 72 The possibility that strand
exchange might occur through a trans-esterification mechanism37 was not corroborated by the
ESI-FTMS determinations, which under no circumstances showed either the formation of
cleaved RNA products, or the formal addition of water (18 Da mass shift) expected from the
hydrolysis of phosphodiester backbones.

The importance of the stem-bulge motif in viral replication is upheld by the observation that
its sequence is highly conserved across all HIV-1 isolates.73 In addition, mutations or deletions
in the bulge region have been shown to dramatically reduce both dimerization and packaging.
8; 10; 74 Our data clearly indicate that this structure constitutes an active site of protein
interactions regardless of the overall conformation assumed in vitro by SL1Lai. Therefore,
beyond its specific role in targeting the chaperone activity of NC to promote isomerization,
this site could serve in vivo as a general point of contact between NC/Gag and genomic RNA
during different stages of the processes of genome recognition, dimerization, packaging, and
maturation. Our data show that also the DIS-flanking A-bulges could constitute weaker but
viable sites for NC interactions in vitro. The fact that this binding mode was observed only for
the ED conformer suggests that these motifs may constitute ‘base-grips’ for NC/Gag contacts
during the late stages of the viral lifecycle, when the SL1 domain may assume the more stable,
mature conformation.30–32

While varying the protein concentration in vitro has proven very helpful to highlight the binding
properties of the different RNA structures, the significance of analogous variations in vivo
remains to be established. According to a recent model that involves the localization of the
Gag-genome complex at the host membrane during the packaging process,17 the effective
concentration of Gag in this region is likely to differ significantly from that of the cytosol bulk.
In the same way, the effective concentration of NC in the vicinity of the viral genome is
expected to be yet different in mature virions, after compaction of the nucleic acid component
and rearrangement of the viral structures.31; 75 Future work will be directed toward
investigating possible correlations between the concentration-dependent effects observed in
vitro and the actual processes taking place in the different cellular and viral compartments in
vivo.

Materials and Methods
NC and RNA constructs

NC was expressed in E. coli BL21 (DE3)-pLysE and purified under non-denaturing conditions
as previously described.76 The protein was then extensively desalted using Centricon YM-3
ultrafiltration devices (Millipore, Billerica, MA) against ammonium acetate buffer of the
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desired concentration with pH adjusted to 7.0. The purity and integrity of the protein, including
the presence of the coordinated zinc ions, were confirmed by ESI-FTMS.55

RNA constructs corresponding to the wild-type and mutant sequences shown in Scheme 2 were
purchased from IDT (Coralville, IA) and desalted using Centricon YM-3 ultrafiltration devices.
Hairpins SL2, SL3, and SL4 of the packaging signal were prepared as previously described.
55 The purity of each RNA sample was confirmed by ESI-FTMS prior to use, while
concentrations were determined by UV absorbance using molar extinction coefficients
calculated from their sequences.77 Unless otherwise specified, the constructs were individually
heated to 95°C for 5 minutes and then quickly cooled on ice immediately before use to allow
for proper folding of the RNA hairpins. For experiments with the duplexes SL1-BG1/2, SL1-
ED1/2, and the ED form of SL1-TR, the RNA was also heated to 95°C for 5 minutes, but it
was then allowed to slowly cool to room temperature over one hour to allow for the formation
of the ED fold.

Binding and competition experiments
All binding experiments were performed in buffered solutions of ammonium acetate (pH 7.0).
The concentration of ammonium acetate present was adjusted to appropriately vary the strength
of the protein-RNA and RNA-RNA interactions. Because of the divergent effects of ionic
strength on these two types of interactions, a moderate concentration of 100–150 mM was used
for most experiments, as indicated in the text. Appropriate volumes of each RNA stock were
diluted in ammonium acetate buffer to a 5–10 bM final concentration, as indicated in the text.
The RNA samples were incubated with NC at room temperature or 37°C for 15–30 minutes
prior to analysis to ensure that a binding equilibrium had been established. Alterations to these
experimental conditions, as dictated by the specific interactions under investigation, are noted
in the text.

Mass spectrometry
Analyses were performed on a Bruker Daltonics (Billerica, MA) Apex III FTMS equipped
with a 7T actively-shielded superconducting magnet and a nano-ESI source build in house.
This nano-ESI apparatus consisted of a quartz nano-ESI needle (New Objective, Woburn, MA)
mounted on an x-y-z stage approximately 1 mm in front of a stainless steel, resistively-heated
desolvation capillary. Desolvation temperature, skimmer voltage, and other source parameters
known to control the ionization process were optimized to allow for the observation of the
RNA-RNA and protein-RNA noncovalent complexes, as previously described.55

Analyte solutions were mixed with iso-propanol immediately before analysis to a final
concentration of 10% in volume to assist desolvation. 5 bl samples were loaded into the needle
and the spray voltage (< 1 kV) was applied to the solution through a stainless steel wire inserted
into back of the needle. No solvent pumps were necessary, as the solution flow-rate was dictated
by the applied voltage and the size of the nano-ESI needle tip (~1–2 bm). Spectra were acquired
in negative ionization mode and processed with XMASS 7.0.2 (Bruker Daltonics, Billerica,
MA). Scans were performed in broadband mode that allowed for a typical 150,000 resolving
power at m/z 2000. The spectra were externally calibrated using a 1 mg/ml solution of CsI,
which produced a series of peaks throughout the mass range of 1000–6000 m/z and enabled
to achieve a typical mass accuracy of 20 ppm or better across this range. Each analysis was
performed at least in triplicate and only representative spectra were shown.

Data analysis
The identity and stoichiometry of the noncovalent protein-RNA and RNA-RNA complexes
were obtained directly from the detected masses, rather than from the observation of a bulk
spectroscopic property, or from relative migrations in a native gel. The average masses
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determined from the mass spectra were in agreement with the theoretical values calculated
from the individual RNA and protein components (Scheme 2). The high-resolution and mass
accuracy that are a hallmark of FTMS enabled us to resolve any ambiguities that might have
resulted from overlapping peaks in the spectra.55

In some experiments, the proportion of dimeric species in solution was determined to evaluate
the effects of NC of the dimerization state. This semi-quantitative estimation was based on the
signal intensity of each species of interest divided by its respective charge state. The normalized
intensity of all dimeric species, both free and NC-bound, were added together and divided by
the sum of all the RNA species detected in solution (monomeric, dimeric, free, and NC-bound).
The use of normalized intensities is legitimated by the fact that NC binding was never found
to induce complete neutralization of the nucleic acid component, but rather a mere shift in
charge distribution (see 55 and ref.s therein). The percentages provided were only used to
compare multiple spectra within a single titration experiment and not to determine actual
equilibrium binding constants.
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Fig 1.
ESI-FTMS of NC binding to 4 μM SL1A in 100 mM ammonium acetate (pH 7.0): (a) control;
(b) 4 μM NC; (c) 12 μM NC. The ● symbol corresponds to NC, while ■ corresponds to SL1A.
The signal corresponding to the 6- ion is enlarged in the inset to show how the charge state of
each species is unambiguously determined from the respective isotopic spacing. The mass is
then readily obtained from the charge state and 23 the position of the peak on the m/z scale.
This sample provided a monoisotopic mass of 11330.74 Da, which matches very closely the
theoretical mass of 11330.59 Da calculated from sequence. In this direction, Scheme 2 provides
experimental and calculated masses for the constructs used in the study, which enable to assess
the typical mass accuracy achieved by these determinations. (Note that the SL1A construct
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used here lacks the non-native GC base pair present in the mutant in Scheme 2, which is
reflected by the different masses).
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Fig 2.
ESI-FTMS of competitive NC binding between 5 μM each of SL1A, SL2, SL3, and SL4
hairpins of HIV-1 packaging signal in 150 mM ammonium acetate (pH 7.0): (a) control; (b) 5
μM NC; (c) 20 μM NC. The ● symbol corresponds to NC. The charge states of the different
anionic species are not indicated.
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Fig 3.
ESI-FTMS of competitive NC binding between 5 μM each of preformed SL1A/B and SL1-
ED1/2 dimers in 150 mM ammonium acetate (pH 7.0): (a) control; (b) 10 μM NC; (c) 30 μM
NC. The ● symbol corresponds to NC; ■ to SL1A; □ to SL1B; ▲ to SL1-ED1; and ▼ to SL1-
ED2. The charge states of the different anionic species are not indicated.
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Fig 4.
ESI-FTMS of competitive NC binding between 5 μM each of preformed SL1-ED1/2 and SL1-
TR folded in the ED conformation (see text) in 150 mM ammonium acetate (pH 7.0): (a)
control; (b) 5 μM NC; (c) 10 μM NC. The ● symbol corresponds to NC; ▲ to SL1-ED1; ▼
to SL1-ED2; and ◇ to SL1-TR. The charge states of the different anionic species are not
indicated.
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Fig 5.
ESI-FTMS resulting from the NC titration of 5 μM of wild-type SL1Lai in 150 mM ammonium
acetate (pH 7.0): (a) control showing approximately 82% dimer; (b) 5 μM NC showing ~86%
dimer; (c) 10 μM NC, ~60% dimer; (d) 20 μM NC, ~0% dimer. The ● symbol corresponds to
NC; ◆ to SL1Lai. The charge states of the different anionic species are not indicated. Percent
dimer was calculated as described in Material and Methods.
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Fig 6.
ESI-FTMS resulting from the NC titration of 4 μM of SL1-TR in 10 mM ammonium acetate
(pH 7.0): (a) control showing approximately ~5% dimer; (b) 4 μM NC, ~8% dimer; (c) 8 μM
NC, ~71% dimer. The ● symbol corresponds to NC; ⋄ to SL1-TR. The charge states of the
different anionic species are not indicated. Percent dimer was calculated as described in
Material and Methods.
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Fig 7.
ESI-FTMS resulting from the NC titration of 5 μM of SL1-BG in 100 mM ammonium acetate
(pH 7.0): (a) control showing approximately 42% dimer; (b) 5 μM NC, ~17% dimer; (c) 20
μM NC, 0% dimer. The ● symbol corresponds to NC; △ to SL1-BG1; ▽ to SL1-BG2. The
charge states of the different anionic species are not indicated. Percent dimer was calculated
as described in Material and Methods.
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Scheme 1.
Sequence and secondary structures of the kissing loop (KL) and extended duplex (ED) dimers
formed by wild-type SL1. Nucleotides are numbered according to the Lai variant genome of
HIV-1. Stem- and A-bulges are highlighted in gray.
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Scheme 2.
Sequences and secondary structures of the species used in the study. Nucleotides are numbered
according to the Lai variant of the HIV-1 genome. The self-complementary sequence of wild-
type SL1Lai is highlighted in gray. In SL1A, the G to A substitution in position 259 and a GC
pair added at the end of the stem are marked in bold (see text for complete explanations). In
SL1B, the G to U substitution in position 260 is marked in bold. The dashed-boxes highlight
stem sequences that were swapped to obtain conformer-specific constructs. In all dimeric/
duplex structures, one of the individual constructs was italicized for clarity. For each species,
the monoisotopic masses observed experimentally and calculated from sequence are included.
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Scheme 3.
Putative mechanism of dimerization and isomerization of SL1Lai assisted in vitro by NC. The
main sequence of events observed at increasing NC concentrations is highlighted. Double-
arrows are employed to suggest the reversible nature of a certain process, rather than to
represent a fully balanced equilibrium (see text for complete explanations).
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