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Abstract
The specific binding of HIV-1 nucleocapsid (NC) to the hinge region of the kissing-loop (KL) dimer
formed by stemloop 1 (SL1) can have significant consequences on its ability to isomerize into the
corresponding extended duplex (ED) form. The binding determinants and the effects on the
isomerization process were investigated in vitro by a concerted strategy involving ad hoc RNA
mutants and electrospray ionization-Fourier transform ion cyclotron resonance (ESI-FTICR) mass
spectrometry, which enabled us to characterize the stoichiometry and conformational state of all
possible protein-RNA and RNA-RNA assemblies present simultaneously in solution. For the first
time, NC-hinge interactions were observed in constructs including at least one unpaired guanine at
the 5′-end of the loop-loop duplex, whereas no interactions were detected when the unpaired guanine
was placed at its 3′-end. This binding mode is supported by the presence of a grip-like motif described
by recent crystal structures, which is formed by the 5′-purines of both hairpins held together by mutual
stacking interactions. Using tandem mass spectrometry, hinge interactions were clearly shown to
reduce the efficiency of KL/ED isomerization without inducing its complete block. This outcome is
consistent with the partial stabilization of the extra-helical grip by the bound protein, which can
hamper the purine components from parting ways and initiate the strand exchange process. These
findings confirm that the broad binding and chaperone activities of NC induce unique effects that
are clearly dependent on the structural context of the cognate nucleic acid substrate. For this reason,
the presence of multiple binding sites on the different forms assumed by SL1 can produce seemingly
contrasting effects that contribute to a fine modulation of the two-step process of RNA dimerization
and isomerization.
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Introduction
The dimerization of genomic RNA in human immunodeficiency virus type-1 (HIV-1) is
mediated by a self-complementary sequence located in the apical loop of the stemloop 1 (SL1)
domain of the packaging signal (Scheme 1).1–4 Mutations of this highly conserved region of
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the 5′-leader reduce the viral infectivity by disrupting both genome dimerization and packaging
in vivo,4–7 thus making SL1 a potential target for the development of new therapeutic
strategies. The mechanism of SL1 dimerization proceeds in vitro through the annealing of the
palindromic loops of homologous copies to form a metastable kissing-loop (KL) dimer.1, 2,
4, 8–10 Subsequent steps involve melting of the double-stranded stems and formation of an
extended duplex (ED) that is stabilized by a larger number of interstrand base pairs (Scheme
1).11–14 The rearrangement is facilitated in vitro by the activity of the nucleocapsid (NC)
domain of the viral Gag polyprotein,13, 15–18 which presents broad nucleic acids binding and
chaperone properties.19, 20 The observation that the genomic RNA of HIV-1 and Moloney
murine leukemia virus experience a significant increase of their thermal stability upon protease-
dependent viral maturation suggests that an analogous isomerization process may take place
in vivo, as well.21–23 While complete 3D structures have been obtained for monomeric24–
26 and dimeric27–35 forms of SL1, no high-resolution data are currently available for the
corresponding NC assemblies. This fact has thus far hampered the elucidation of the functions
performed by NC in the process of RNA dimerization and isomerization.

The binding modes of NC with the different forms assumed in vitro by SL1 have been
investigated using electrospray ionization (ESI)36, 37 and Fourier transform ion cyclotron
resonance (FTICR)38, 39 mass spectrometry. Ever since its ability of handling intact
oligonucleotide duplexes was first described in 1993,40, 41 this soft ionization technique has
been successfully employed for the characterization of noncovalent complexes comprising
nucleic acid substrates and ligands of very diverse nature and size (reviewed in ref.s 42–44).
The range of information accessible by ESI-based approaches is not limited to the composition
and stoichiometry revealed directly by the observed molecular masses, but includes also
relative45–49 and absolute50–55 binding affinities calculated from the abundance of free and
bound species at equilibrium in solution.56 Additional information can be obtained by inducing
the gas-phase dissociation of the initial nucleic acid complex of interest, which can facilitate
the characterization of ligand binding sites,57, 58 provide insights into the organization of the
assembled components,59–62 and determine the kinetic stability of the interactions between
bound species.63–69

Taking advantage of the unique capabilities afforded by ESI-FTICR mass spectrometry, we
have recently characterized the RNA-RNA and protein-RNA complexes formed by selected
SL1 mutants (subtype B, Lai isolate) in the absence and presence of NC.70 RNA constructs
lacking salient structural motifs were used to unambiguously identify binding sites located in
single-stranded regions of the two conformers (Scheme 1), in agreement with the preference
of NC for unpaired nucleotides.71–74 This work demonstrated that specific interactions with
the apical loop or the stem-bulge motif can have contrasting effects on RNA dimerization. In
fact, loop binding was shown to hamper the palindrome’s participation in intermolecular base-
pairing, in direct competition with the initial step of RNA dimerization. In contrast, stem-bulge
interactions destabilize the contiguous intramolecular base pairs that define the hairpin
secondary structure, thus facilitating the rearrangement of the KL conformer into the more
stable ED dimer. Specific binding was also demonstrated between NC and the unpaired
adenines that flank the annealed palindromes (Scheme 1). The fact that this type of interaction
was observed only when such bases formed bulged motifs in the ED structure, but not when
they were included in the junction region of the KL complex, could foreshadow a possible
mechanism for NC recognition of the different conformers.70

In the current study, we focused on the mechanism of dimer isomerization mediated in vitro
by NC. Considering the possible role of palindrome-flanking nucleotides in the initial steps of
the structural rearrangement, we have explored the binding determinants using constructs in
which the junction bases were appropriately varied. The effects of these mutations on the
formation of stable NC complexes were evaluated by direct ESI-FTICR analysis. Conformer-
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specific constructs that are incapable of structural rearrangement were employed to investigate
separately the binding and isomerization events. The functions of hinge nucleotides in RNA
isomerization were then probed using transition-competent mutants, which required the
implementation of sustained off-resonance irradiation collision induced dissociation (SORI-
CID)75 to differentiate unambiguously between conformers according to their gas-phase
kinetic stabilities. The results of the binding experiments were correlated with the ability of
each KL assembly to convert to the corresponding ED isomer in the presence and absence of
NC-junction interactions. Wild-type and mutants of the subtype A (Mal isolate) were also
included in the study to investigate the effects of intermolecular base-pairing on the interplay
between dimer association, protein binding, and structural rearrangement. The findings of the
isomerization experiments were discussed in the context of the accepted two-step model of
RNA dimerization and stabilization in vitro. A better understanding of the mechanism of NC
participation in these processes is crucial for the development of new antiviral strategies that
could provide valid alternatives against rapidly emerging drug-resistant strains.

Results and Discussion
Determinants of NC-hinge binding

The SL1 domain of subtype B (SL1B, Lai isolate) presents adenine nucleotides in position
272, 273, and 280, which do not participate in canonic Watson-Crick pairing in either the KL
or the ED conformer (Scheme 1). In previous work, a truncated duplex lacking the stem-bulge
motifs was used to demonstrate that these unpaired nucleotides were capable of sustaining
effective NC binding in vitro when they formed the small bulge motifs flanking the palindromes
of the ED structure (Scheme 1).70 In contrast, no stable binding could be observed when such
nucleotides were part of the hinge region between the kissing hairpins, as shown by the ESI-
FTICR analysis of a mixture obtained by titrating a wild-type construct that was heat-denatured
and rapidly cooled to obtain predominantly the kinetic KL product (Figure 1a). In this example,
the formation of assemblies with a maximum of two protein units per RNA dimer is ascribable
to the combination of the tight binding of NC to the hairpins’ stem-bulges and the absence of
significant interactions with the hinging bases under the selected experimental conditions (see
Materials and Methods).

In light of the preference manifested by NC for exposed guanine bases,71–74 we tested the
hypothesis that substituting any of the unpaired adenines with G may provide detectable
interactions with the junction region in vitro (Scheme 2). Indeed, a maximum of three NC units
were found to bind the SL1B-A272G mutant refolded according to the KL-inducing protocol,
which was consistent with the introduction of a new viable site in addition to those located on
each stem-bulge motif (Figure 1b). This stoichiometry was matched by the SL1B-A273G
construct obtained by placing G on the immediate 5′side of the palindrome, but not by the SL1-
A280G mutant with the substitution located on the 3′ side (Scheme 2). The latter displayed the
2:2 stoichiometry typical of the wild-type RNA, thus suggesting a close correlation between
binding capabilities and structural context (Table 1).

The ability of junction nucleotides to direct specific protein interactions was further
investigated in the subtype A (Mal isolate), which contains G in position 273 (SL1A, Scheme
2). As expected from the homology between this junction and that of SL1B-A273G, wild-type
SL1A allowed for a maximum binding of three NC units per dimer under the same experimental
conditions (Table 1), which indicated effective hinge interactions. In agreement with the
binding modes exhibited by the corresponding subtype B constructs, the double-mutant SL1A-
A272G/G273A containing G on the 5′ side of the palindrome allowed for hinge binding,
whereas SL1A-G273A/A280G with G on the other side did not (Table 1).
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The high degree of conformational polymorphism exhibited by the junction region offers an
excellent explanation for the results afforded by these binding experiments. High-resolution
structures obtained by nuclear magnetic resonance (NMR) have shown that purine 272 and
273 rest in different tucked-in positions that increase the overall stability of the kissing dimer.
27, 32 In contrast, structures provided by X-ray diffraction place the same nucleobases in
bulged-out conformations that may be stabilized by dimer-dimer interactions in the crystal
packing.31, 33 In a dynamic situation in which both positions may be allowed in solution with
different frequency, NC could readily recognize the exposed guanines and trap them in the
extra-helical conformation. In the crystal structure, the bulged-out purines are held together by
stacking interactions that confer a compact morphology to the motif.33 The rather small surface
presented by this grip-like formation on the side of KL provides an excellent rationale for the
detection of only one NC unit bound to the junction region. In this direction, control
experiments performed with increasing protein concentrations did not produce higher order
assemblies, but induced instead dimer dissociation and melting of the hairpin structures,
consistent with earlier studies (see for example 53, 70, 73 and references therein). No additional
binding was observed at lower ionic strength (i. e., 10 mM ammonium acetate), which is
expected to strengthen protein-nucleic acids interactions. The fact that mutating the purine in
position 280 did not have any detectable effect on protein binding is consistent with the steric
situation of this nucleobase, which has been invariably described as intra-helical by both NMR
and X-ray crystallography.

Conformational state and kinetic stability of NC-SL1 assemblies
In the case of KL-obligated mutants, the formation of assemblies with a 3:2 protein to RNA
ratio constitutes an unambiguous indicator of the ability of hinge nucleotides to participate in
specific protein interactions. In constructs capable of isomerization, however, the same
stoichiometry and molecular mass could be shared by corresponding KL and ED assemblies,
the latter upon partial saturation of the stem-bulge and flanking-bulge sites (Scheme 1).70
Considering the possible ambiguities arising from the simultaneous presence of both
conformers during isomerization, we have tested tandem mass spectrometry76, 77 as a possible
alternative to distinguish between dimeric forms, which would not rely on the stoichiometry
of the assemblies observed in solution. This method involves isolating the complex of interest
in the FTICR cell and then activating it by sustained off-resonance irradiation collision-induced
dissociation (SORI-CID)75 to obtain products that are characteristic of the precursor ion
structure. Based on the mounting evidence in support of the gas-phase preservation of hydrogen
bonds and stacking interactions in nucleic acid structures,64–67, 78, 79 we explored the
possibility that the widely different number of intermolecular base pairs in the two conformers
may translate into readily recognizable dissociation patterns.

The hypothesis was initially tested using conformer-specific constructs that are capable of
folding exclusively into either a KL or an ED structure (Scheme 2).70 Submitted to SORI-
CID, the former readily dissociated in the individual hairpin components, whereas the latter
remained intact at the same activation regime (Figure 2a and b, see Materials and Methods)
Further, the ED-obligated dimer required significantly harsher activation conditions to provide
detectable products, which did not include the intact unzipped strands, but consisted instead
of fragments produced by cleavage of the oligonucleotides’ covalent backbones (Figure 2c).
80, 81 As described in detail for DNA duplexes, the process of strand dissociation in the gas
phase follows a multistep mechanism that is largely defined by kinetics considerations.79 In
this context, the overall activation barrier and reaction time required to completely unzip the
28 interstrand pairs of the ED structure are expected to exceed those necessary to dissociate
the 6 intermolecular pairs of the KL counterpart (Scheme 1), thus accounting for the ability of
the former to withstand strand dissociation under the selected experimental conditions. The
species observed upon harsher activation of the ED dimer were produced by a process involving

Turner et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2008 July 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



partial dissociation of the interstrand base pairs and covalent fragmentation of the exposed
regions.79

The dissociation patterns exhibited by the ribonucleoprotein assemblies were found to mirror
very closely those of the corresponding RNA substrates in the absence of NC. Consistent with
the greater number of intramolecular base pairs, NC complexes of the ED-obligated construct
did not undergo strand dissociation under mild activation conditions, but displayed a
progressive loss of protein units (Figure 3). In contrast, KL-obligated assemblies underwent
facile cleavage of interstrand hydrogen bonds, which allowed for the detection of monomeric
components in either free or NC-bound form (Figure 4). Further disruptions of the specific
protein-RNA interactions were responsible for the formation of the remaining products.

The ability of gas-phase techniques to probe the kinetic stability of protein-nucleic acid
complexes has been described for intact E. coli ribosomes, which showed an excellent
agreement between the order by which proteins dissociated from a target subunit and the extent
of their interactions in the complex.60 Although it may not be always possible to draw direct
correlations between gas-phase and solution behavior of noncovalent complexes,82 the binding
properties observed in solution for the various ribonucleoprotein assemblies were found to be
strikingly consistent with those revealed by tandem mass spectrometry in the absence of
solvent. In the case of ED-obligated assemblies, the predominant 2:2 intermediate formed by
stepwise NC losses from higher order assemblies (e. g., Figure 3b and c) clearly corresponds
to the stable 2:2 species formed in solution upon binding to the high affinity sites on the stem-
bulge motifs.70 In the case of KL-obligated complexes, the fact that NC was readily lost in the
gas phase by the 3:2 assembly but not by the more stable 2:2 counterpart (Figure 4c and b,
respectively) agrees with the relatively weak binding affinity afforded in solution by the
junction site (Figure 1b).

NC-hinge interactions and isomerization efficiency
The possible consequences of hinge binding on the isomerization process were investigated
by allowing the initial assemblies to undergo KL-ED conversion and by using tandem mass
spectrometry to assess the conformational state of the products obtained in solution. For this
purpose, each substrate was initially refolded according to the KL-inducing protocol and then
mixed with a predetermined amount of NC. Based on experiments in which the process was
completed with increasing protein concentrations, we determined that a 3 fold excess of NC
over total RNA provided the best results for exemplification purposes (see Materials and
Methods). As a direct consequence of simultaneous RNA-RNA and protein-RNA binding
equilibria, a range of monomeric and dimeric complexes with multiple stoichiometries were
readily observed in solution by ESI-FTICR. In the case of wild-type SL1A, the monomeric
assemblies contained a maximum of two NC units per RNA, which is consistent with the
presence of two high-affinity sites on the apical loop and stem-bulge regions of the hairpin
structure (Figure 5a).70 The dimeric assemblies included up to three protein units, as expected
from having G in the junction region. Submitted to mild SORI-CID, these dimers provided
dissociation patterns replicating those observed for the KL-obligated mutant (Figure 5b and
c), thus confirming the initial conformation of the RNA substrate.

Dimer isomerization was subsequently performed by incubating the initial mixtures at 37°C
for at least 3 h to allow for the processes taking place in solution to reach steady-state.16–18
At the end, the ESI-FTICR spectrum obtained from wild-type SL1A contained familiar
monomeric and dimeric species, together with a previously absent 4:2 complex (Figure 6a).
The conformational state of all dimeric assemblies in the sample was again interrogated by
mild SORI-CID, which revealed very distinctive dissociation patterns. In particular, the 4:2
assembly displayed exclusively the stepwise loss of NC characteristic of the ED form (Figure
6c), whereas the lower order complexes afforded species originating from protein loss, as well
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as dimer dissociation. For example, the 3:2 assembly provided products with 2:2, 1:2, and 0:2
stoichiometries that were indicative of an ED conformer (Figure 6b). However, the concomitant
detection of a 1:1 species could be explained exclusively by the dissociation of a KL structure,
thus suggesting that a combination of both RNA conformers contributed to the lower order
complexes observed in solution. Based on the relative intensities of the recorded signals and
taking in account that a small portion of the 2:2 product could be ascribed to a KL dimer (see
for example Figure 4c), we estimated that the 3:2 population corresponding to this precursor
ion contained approximately 22% of KL versus ~78% of ED dimer (see Materials and
Methods for details). This treatment was carried out for each individual assembly detected in
solution (Figure 6a) and the results were combined to estimate that approximately 25% of the
total RNA in the sample was present in the KL conformation, ~45% in the ED conformation,
and ~30% in monomeric form.

Completed for all the constructs in the study, this analysis afforded a direct comparison of the
KL/ED partitioning before and after incubation (Table 2), which enabled us to draw interesting
correlations between the ability to sustain hinge interactions and the propensity to undergo
isomerization under the selected experimental conditions. In particular, structures containing
A in position 272 and 273, which did not allow for detectable protein binding, provided the
higher yields of ED formation within each subtype series. This was clearly shown for subtype
A by the SL1A-G273A/A280G mutant, which exhibited ~66% of total RNA in the ED form.
In the subtype B series, the wild-type and SL1B-A280G constructs yielded ~89% and ~87%
of total RNA, respectively. It should be noted that the presence of NC was strictly necessary
to achieve isomerization under these conditions, as demonstrated by control samples that did
not undergo detectable conversion in the absence of protein even after extended incubation
periods. In this direction, it has been demonstrated that binding of NC to the stem-bulge motifs
is necessary to destabilize the hairpins’ double-stranded stems for strand exchange and
isomerization to take place.13, 70

Isomerization and dimer association
A close examination of the data summarized in Table 2 provides further information about the
effects of isomerization on the overall outcome of the two-step process. Before addition of NC,
the two subtype series manifested intrinsic differences in the monomer/dimer partitioning
under the same experimental conditions, as expected from the different base composition of
their respective self-complementary sequences. In subtype B, the loop-loop interactions
defining the kissing complex consist of six intermolecular pairs involving exclusively G and
C nucleotides, whereas the subtype A series includes two A-U pairs that afford lower
intermolecular stabilization. For this reason, it was not surprising that the former exhibited
significantly higher percentages of dimeric species than the latter (Table 2). Considering that
these estimations entailed an average standard deviation of ±2.5% (see Materials and
Methods), the excellent agreement of monomer/dimer partitioning within each series
confirmed that these base substitutions in the palindrome-flanking region did not have
significant consequences on the stability of the respective dimers in the absence of NC.

The presence of NC produced immediate and contrasting effects on the degree of dimer
association exhibited by the two subtypes, which were clearly independent of its activity in
structural rearrangement. In fact, the mere addition of protein induced the partial dissociation
of the subtype A kissing complexes before isomerization could take place, as revealed by a
marked increase of the percentage of monomer from an average of ~34% to an average of
~48% of total RNA in solution (Table 2). Conversely, a decrease of the percentage of monomer
from an average of ~11% to ~5% of total RNA highlighted a stronger association of the subtype
B counterparts. As discussed above, the different base composition of the palindromic
sequences can again provide the basis for the observed behavior. In a situation involving
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concomitant RNA-RNA and protein-RNA binding in solution, the single-stranded loop of a
monomeric hairpin can be alternatively involved in intermolecular pairing or specific
interactions with NC. In the subtype A series, protein binding is capable of competing more
effectively with loop-loop annealing due to the relatively weaker stabilization afforded by the
two A-U base pairs. This effect is counterbalanced in subtype B by the stronger association of
G-C pairing and by the uncanny ability of NC to facilitate the annealing of G-rich
oligonucleotides,74 the mechanism of which is still the object of intense investigation.20

The favorable effects of isomerization on dimer association are clearly demonstrated by the
fact that all the constructs in the study yielded the maximum percentage of total dimer at the
end of their incubation period in the presence of NC, regardless of their subtype and sequence
(Table 2). This observation is not surprising in light of the thermodynamic drive provided by
the formation of the additional interstrand base pairs defining the ED structure. In fact,
stabilizing the final product of the two-step process is expected to shift both equilibria to the
right (Scheme 1). This effect was more noticeable for constructs of the subtype A series, due
to the less favorable monomer/dimer partitioning established at the beginning of the process.
Consistent with the inverse correlation between junction binding and isomerization efficiency,
the highest percentage of dimer in solution was achieved in this series by the SL1A-G273A/
A280G mutant that did not sustain hinge interactions.

Implications of NC-hinge interactions on the isomerization mechanism
The leading models proposed for the isomerization mechanism agree on the fact that base
pairing between annealed palindromes is conserved throughout the process.83, 84 In a
concerted multi-step progression, the loop-loop helix of the KL complex is extended in both
directions by gradually dissociating the stems’ intramolecular pairs and by reconstituting them
in intermolecular fashion to complete the ED structure.17, 26, 85 In the absence of NC, one
of the initial steps requires mobilizing the flanking purines from their relatively stable tucked-
in conformations,27, 32 which can be mediated for example by base protonation.86 In the same
direction, NC binding can prevent the participation of these nucleotides in junction stabilization
by constraining them into the bulged-out conformation observed in the crystal structures of the
kissing conformer (Figure 7a).31, 33 However, this intrinsically destabilizing effect is
countered by the fact that the extra-helical grip consists of purines contributed by both hairpins,
which are held together by stacking interactions and may receive further stabilization by NC
binding. Considering that such nucleotides are expected to form distinct flanking-bulges in the
final ED product (Figure 7d),28–30, 32, 35 the grip structure must necessarily dissolve and the
same-strand purines must part ways for strand exchange to take place (see for example the
cartoons in Figure 7b–c). In this context, specific NC-junction interactions may hamper the
grip melting with unfavorable consequences on the initial steps of helix extension and strand
exchange.

In the absence of high-resolution data for the corresponding ribonucleoprotein assemblies, the
different binding behaviors afforded by the flanking G and A can offer some insights into the
nature of the specific NC-junction interactions. The required participation of at least one G to
provide detectable binding cannot be explained solely on the basis of the known affinity of NC
for this type of nucleotide. Indeed, unpaired As can effectively sustain protein binding when
they are included in the flanking-bulges of the ED structure, as demonstrated by the detection
of 4:2 assemblies for constructs with A in position 272 and 273 (e. g., wild-type SL1B).70 The
different behaviors could be perhaps explained by the fact that the crystal structure of the
subtype A kissing dimer presents G273 in a syn conformation, whereas the corresponding A273
adopts an anti conformation in subtype B.33 In addition, it is possible that the different proton
affinities afforded by the two purines may have very distinctive effects on junction dynamics
and grip structure,86 which should be further investigated.
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Conclusions
The direct mass spectrometric analysis of assemblies formed by simultaneous protein-RNA
and RNA-RNA equilibria in solution has provided new valuable insights into the multifaceted
activities performed by NC in the two-step process of SL1 dimerization and isomerization in
vitro. The ability of tandem mass spectrometry to afford an unambiguous reading of the
conformational state of the ribonucleoprotein assemblies of interest has added an additional
dimension to the type of information attainable from complex sample mixtures without prior
separation procedures. For this reason, the concerted application of ESI-FTICR and SORI-CID
has enabled us to investigate not only the binding modes of NC, but also its chaperone activities
in conformer conversion. Taking advantage of this approach, appropriate RNA mutants were
designed to identify the structural determinants of the specific NC-SL1 interactions and
investigate their role in the two-step model.

The results provided by these experiments have clearly shown that the effects induced by
protein binding vary as a function of the specific site and that the outcome is highly dependent
on the RNA structural context. In the case of monomeric SL1, NC can hamper the formation
of the kissing complex in vitro by occluding the single-stranded palindrome and precluding
loop-loop contacts between cognate hairpins. Alternatively, NC can bind with similar affinity
to the stem-bulge motif, which results in the destabilization of the contiguous double-stranded
structures. This event is inconsequential for monomeric RNA, but becomes an important factor
in the context of the KL dimer for its role in facilitating the strand exchange necessary to
complete isomerization. Upon structural rearrangement, the stem-bulge sites are recreated in
the ED conformer with contributions from the opposite strands, but the local destabilizing
effects induced by NC are not sufficient to produce observable effects on overall strand
association. In constructs including a G on the 5′ side of the annealed palindromes, additional
binding is provided by unpaired purines that assume a bulging extra-helical conformation in
the junction of the KL conformer. This grip-like structure comprising nucleotides from both
hairpins is stabilized by the binding of NC, which results in partial inhibition of strand
exchange. Regardless of their identity, the junction purines are capable of sustaining protein
interactions when they rearrange into the small bulge motifs of the ED structure, which have
no observable consequences on strand association.

Finally, it should be noted that the 9-nt stretch including the palindrome and the flanking
purines is highly conserved within each HIV-1 subtype.87 Further, an in vitro selection scheme
designed to identify dimerization-competent constructs from randomized libraries has shown
a very high degree of convergence toward only two autocomplementary sequences and very
few variations of the flanking nucleotides.88 This study has also revealed a strong tendency
of the central and flanking bases to covariate with a definite preference for the presence of AG
and AA at the 5′ side of the subtype A and B palindromes, respectively, as shown by their wild-
type sequences. Therefore, it is very remarkable that subtype A has evolved in nature to present
simultaneously the more weakly associated palindrome and a junction that is less conducive
to NC-mediated isomerization and stabilization, at least in vitro. The fact that isolated SL1
domains of the two subtypes exhibit clearly different modes of interaction with NC suggests
the possible existence of distinct modulating mechanisms for the respective processes of
structural rearrangement and genome compaction. The presence of the SL1 domain in the
context of much larger RNA structures in vivo may also present significant topological
constraints to the mechanism of structural rearrangement described here. The significance of
these differential effects in the later stages of viral maturation will be the object of future
investigations.
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Materials and Methods
NC and RNA Constructs

Recombinant NC was expressed in E. coli BL21 (DE3)-pLysE, purified under non-denaturing
conditions, and extensively desalted by ultrafiltration against 150 mM ammonium acetate with
pH adjusted to 7.0.53, 70 The purity and integrity of the protein were confirmed directly by
ESI-FTICR. All RNA constructs in the study (Scheme 2) were purchased from IDT (Coralville,
IA), desalted by ultrafiltration, and quality-controlled by ESI-FTICR. Each stock concentration
was determined by UV absorbance using molar extinction coefficients calculated from the
respective sequences. The rationale for the design of the conformer-obligated constructs was
discussed in detail in reference 70.

Binding and isomerization experiments
All experiments were performed using 5–10 μM solutions of each RNA substrate, which were
obtained by appropriate dilution of the desired stock into 150 mM ammonium acetate buffer
(pH 7.0). Before use, each sample was heated to 95°C for 5 minutes and then quickly cooled
on ice to allow for proper folding of the RNA hairpins and obtain predominantly the KL
conformer. The conformational state of each initial substrate was confirmed by SORI-CID, as
described below. Binding experiments were completed by adding a predetermined volume of
NC stock at room temperature. Although a wide range of protein-RNA ratios was explored,
typical samples consisted of 30 μM and 10 μM final concentrations of NC and RNA,
respectively. Isomerization experiments were carried out by incubating aliquots of the above
samples in a water bath at 37°C for up to 3 h. More extensive incubation periods did not result
in significant differences in the observed outcome.

Mass spectrometry
All analyses were performed on a Bruker Daltonics (Billerica, MA) Apex III FTICR mass
spectrometer equipped with a 7T actively-shielded superconducting magnet and a nano-ESI
source built in house.70 Desolvation temperature, skimmer voltage, and other source
parameters were optimized to allow for the observation of intact RNA-RNA and protein-RNA
noncovalent complexes, as previously described.53, 70 Analyte solutions were mixed with iso-
propanol immediately before analysis to a final concentration of 10% in volume to assist
desolvation. Typically, 5 μL samples were loaded into the nano-electrospray needle and a spray
voltage of less than 1 kV was applied to the solution through a stainless steel wire inserted
from the back end. 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 (typically ~1–2 μm). Spectra
were acquired in negative ionization mode and processed using XMASS 7.0.2 (Bruker
Daltonics, Billerica, MA). Scans were completed 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 the range. Each
analysis was performed a minimum of three times and only representative spectra were shown.

In tandem mass spectrometry experiments, the precursor ion of interest was isolated in the
FTICR cell using correlated rf sweeps (CHEF)89 and then activated through sustained off-
resonance irradiation-collision induced dissociation (SORI-CID).75 Frequency offsets below
and above the resonant frequency of the precursor ion were sampled to avoid possible “blind
spots” in the product spectra.90 Best results were achieved by using irradiation frequencies
that were 600 to 2000 Hz below that of the precursor ion. Mild activation regimes were reached
by applying off-resonant pulses for 250 msec, using 26 to 31 dB attenuation of the maximum
power output allowed by the hardware. Harsher dissociation conditions were achieved by
activating the precursor ion of interest for the same time interval, but employing only 17 to 20
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dB attenuation. Argon was used as the collision gas in pulsed bursts of 100–250 ms, which
resulted in momentary increases from 1×10−11 to 1×10−7 mbar of the background pressure
measured by the instrument gauge located underneath the ion optics. No attempt was made to
determine the actual pressure within the FTICR cell. Twenty-five to fifty scans were typically
averaged for each spectrum.

Data analysis
The different protein-RNA and RNA-RNA species observed in solution by ESI-FTICR or
obtained from their gas-phase activation by SORI-CID were unambiguously identified from
their observed molecular masses. The typical accuracy afforded by these determinations can
be appreciated by comparing the experimental masses with the theoretical ones calculated from
sequence, which are reported in Scheme 2 for each construct in the study. The typical high-
resolution afforded by these experiments (Figure 1b, inset) allowed for an immediate solution
of any ambiguity that might have resulted from nearly overlapping signals.

The partitioning among the different forms assumed by SL1 in solution was estimated in a
semi-quantitative fashion from the signal intensity of each species divided by its respective
charge state. The use of normalized intensities is legitimated by the fact that NC binding does
not induce complete neutralization of the nucleic acid component, but rather produces a mere
shift in charge distribution (see also 53, 70 and ref.s therein). With proper precautions and
controls, this approach is sufficiently robust to allow for the determination of actual equilibrium
binding constants.53, 55, 56 The data provided by the isomerization of wild-type SL1A in the
presence of NC (Figure 6) can be used to better exemplify the treatment implemented here. In
the SORI-CID spectrum in Figure 6b, the 1:1 product exhibited a −7 charge state and an
absolute intensity of 2.13 × 107 arbitrary units, corresponding to a normalized intensity of 3.04
× 106 units. Likewise, the 2:2 product with a −9 charge state and an absolute intensity of 4.22
× 107 arbitrary units provided a normalized intensity of 4.69 × 106 units. However, the fact
that two RNA equivalents were present in this species required that its intensity be counted
twice, for a final normalized value of 9.38 × 106 units. Each normalized value divided by the
sum of the values of all the species in the spectrum provided the percentage of the corresponding
species. The partitioning was then completed by attributing monomeric products to the KL
conformer and dimeric species to the ED counterpart, as reported in the box of Figure 6b. The
same process was carried out for the SORI-CID spectra of all the species in Figure 6a to obtain
the KL/ED partitioning included in parenthesis above each signal. Finally, summing the
percentage of KL in each ion population, weighed by the respective normalized intensity in
this spectrum, provided the overall percentage of KL species in the sample, as reported in the
box of Figure 6a.
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Figure 1.
Nanospray-FTICR mass spectra of samples containing 30 μM NC (●) and 10 μM of either
a) wild-type SL1B (◆), or b) SL1B-A272G (▽) in 150 mM ammonium acetate (pH 7.0) at
room temperature. The signal corresponding to the −7 ion of the NC-SL1B complex is enlarged
in the inset to show how the charge state of each species is unambiguously determined from
the respective isotopic spacing. The corresponding molecular mass is then readily obtained
from the charge state and the position of the peak on the m/z scale. Note that a maximum 2:2
protein to RNA ratio was observed for the KL assembly of wild-type SL1B, whereas a single
base substitution in the junction region allowed for the binding of a third equivalent of NC.
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Figure 2.
Product ion spectra obtained by submitting a) the KL-obligated dimer (■□) and b) the ED-
obligated dimer (◀▷) to mild SORI-CID (see Materials and Methods). Panel c) was obtained
by submitting the ED-obligated dimer to harsher activation conditions. Boxed symbols identify
each precursor ion. Note that the KL dimer readily dissociated into its monomeric components,
whereas the ED conformer remained intact under identical activation conditions. At more
energetic regimes, the latter provided typical d-H2O and y series, which were produced by
covalent fragmentation of the RNA backbone.
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Figure 3.
Product ion spectra obtained by submitting the a) 1:2, b) 3:2, and c) 4:2 complexes of NC (●)
and ED-obligated dimer (◀▷) to mild SORI-CID (see Materials and Methods). Boxed symbols
identify each precursor ion. Note that the sequential loss of NC units constitutes a common
thread among these spectra, whereas no dimer dissociation was observed. The fact that the 2:2
product was the predominant species obtained from the higher order precursors provides a
measure of the intrinsic kinetic stability of this assembly.
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Figure 4.
Product ion spectra obtained by submitting the a) 1:2, b) 2:2, and c) 3:2 complexes of NC (●)
and KL-obligated dimer (▲△) to mild SORI-CID (see Materials and Methods). Boxed
symbols identify each precursor ion. Note that both NC loss and dimer dissociation were
observed in these spectra.
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Figure 5.
a) Nanospray-FTICR mass spectrum of a sample containing 30 μM NC (●) and 10 μM wild-
type SL1A (×) in 150 mM ammonium acetate (pH 7.0) at room temperature. Panel b) and c)
include the product ion spectra obtained by submitting the 1:2 and 3:2 complexes to mild SORI-
CID (see Materials and Methods). Boxed symbols identify each precursor ion. Note that the
3:2 complex represented the maximum stoichiometry observed in this experiment and that
activation of the different precursor ions resulted in both NC loss and dimer dissociation.
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Figure 6.
a) Nanospray-FTICR mass spectrum of a sample containing 30 μM NC (●) and 10 μM wild-
type SL1A (×) in 150 mM ammonium acetate (pH 7.0) after 3 hour incubation at 37°C. Panel
b) and c) include the product ion spectra obtained by submitting the 3:2 and 4:2 complexes to
mild SORI-CID (see Materials and Methods). Boxed symbols identify each precursor ion. In
panel b) and c), the percentages in parentheses indicate the normalized intensity of the
corresponding signal compared to the total intensity of the product species, as described in
Materials and Methods. Dimeric products were assigned to the ED conformer, whereas
monomeric products were assigned to KL. The percentages were then summed to determine
the partitioning between the two conformers within each precursor ion population, as reported
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in the box. In panel a), the KL/ED proportions within each ion signal were used to obtain the
overall proportions of monomeric, KL, and ED forms in solution (summarized in Table 2).
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Figure 7.
a) Loop-loop interactions in the KL dimer formed by wild type SL1A (PDB: 1XPF).33 The
junction bases are labeled according to the subtype A sequence (Mal variant). The arrows give
an idea of the putative rearrangements that may take place during the isomerization process.
The graphical rendition in panel b) was created using Pymol91 to visualize the expected
stacking between hinge and loop bases to extend the initial loop-loop helix. The arrows show
the possible unzipping of the intramolecular base pairs of the KL dimer, which is necessary to
enable strand exchange. The graphical rendition in panel c) depicts a more advanced stage of
strand exchange, in which a greater number of intermolecular base pairs are being formed in
concerted fashion. The final result of the isomerization process consists of a full-fledged duplex
structure d), represented here by the palindromic region of the ED dimer of wild type SL1A
(PDB: 1Y99).28
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Scheme 1.
Two-step model of SL1 dimerization and isomerization. KL stands for kissing loop and ED
for extended duplex. The sequence shown here corresponds to the subtype B (Lai variant) of
HIV-1, but the nucleotides are numbered according to the subtype A sequence (Mal variant)
for the sake of consistency. Stem- and flanking-bulges are highlighted in gray.
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Scheme 2.
Sequences and secondary structures of the constructs included in the study. Nucleotides are
numbered according to the subtype A sequence (Mal variant) of HIV-1. The self-
complementary sequences are highlighted in gray. Stems and flanking bulges of dimeric
species are also highlighted in gray. For each species, the monoisotopic masses observed
experimentally and calculated from sequence are included.
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Table 1
Summary of the maximum binding stoichiometries obtained by titrating SL1
constructs with NC.

Construct Maximum Binding to KL Form (Protein:RNA)

B WT 2:2
A272G 3:2
A273G 3:2
A280G 2:2

A WT 3:2
A272G/G273A 3:2
G273A/A280G 2:2
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