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Thermodynamics of Rev—RNA Interactions in HIV-1 Rev—RRE
Assembly

Bhargavi Jayaraman®, David Mavor®, John D. Gross*, and Alan D. Frankel™
TDepartment of Biochemistry and Biophysics, University of California, San Francisco, United
States

*Department of Pharmaceutical Chemistry, University of California, San Francisco, United States

Abstract

The HIV-1 protein Rev facilitates the nuclear export of intron-containing viral MRNAS by
recognizing a structured RNA site, the Rev-response-element (RRE), contained in an intron. Rev
assembles as a homo-oligomer on the RRE using its a-helical arginine-rich-motif (ARM) for RNA
recognition. One unique feature of this assembly is the repeated use of the ARM from individual
Rev subunits to contact distinct parts of the RRE in different binding modes. How the individual
interactions differ and how they contribute toward forming a functional complex is poorly
understood. Here we examine the thermodynamics of Rev—ARM peptide binding to two sites,
RRE stem IIB, the high-affinity site that nucleates Rev assembly, and stem 1A, a potential
intermediate site during assembly, using NMR spectroscopy and isothermal titration calorimetry
(ITC). NMR data indicate that the Rev—I11B complex forms a stable interface, whereas the Rev—IA
interface is highly dynamic. ITC studies show that both interactions are enthalpy-driven, with
binding to 1B being 20-30 fold tighter than to IA. Salt-dependent decreases in affinity were
similar at both sites and predominantly enthalpic in nature, reflecting the roles of electrostatic
interactions with arginines. However, the two interactions display strikingly different partitioning
between enthalpy and entropy components, correlating well with the NMR observations. Our
results illustrate how the variation in binding modes to different RRE target sites may influence
the stability or order of Rev—RRE assembly and disassembly, and consequently its function.
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RNA-protein interactions are central to the functioning of several macromolecular
assemblies such as the ribosome, spliceosome,? telomerase,® and the signal recognition
particle.* The RNA scaffolds in these complexes form the platform for assembly of the
protein subunits where cooperative binding and structural reorganization are typically
required to form the final functional assembly.

In HIV-1, the Rev—-RRE ribonucleoprotein (RNP) complex mediates the nuclear export of
intron-containing viral MRNAS, a critical step in viral replication. The viral regulatory
protein Rev forms an oligomeric assembly on the Rev-response-element (RRE) (Figure 1A),
a ~351 nucleotide structured region present in the introns of these MRNAs.? The RNP then
recruits the host nuclear export protein, Crm1, using a nuclear export sequence (NES) in
Rev6 and facilitates the export of such RRE-containing RNAs to the cytoplasm, where they
can be translated into viral proteins, and the full-length viral genomic RNA can be packaged
into new virions.’

Rev assembles on the RRE through a series of hydrophobic Rev-Rev oligomerization and
Rev—RNA interactions mediated by its a-helical arginine-rich-motif (ARM)’ (Figure 1B). A
distinguishing feature of the Rev—RRE RNP is the repeated use of the Rev—ARM from
different Rev subunits to contact the RRE at individual sites using different recognition
features, forming an asymmetric, homo-oligomeric complex.® Structural studies depict Rev
dimers with a “V”’-shaped topology, where the hydrophobic oligomerization regions glue the
Rev subunits and the ARM helices form the arms of the “V” to contact the RNA.8-10 The
importance of Rev modularity is highlighted in the “jellyfish” model, where its central
hydrophobic core connects the different Rev subunits to interact with the RRE on one end
and with Crm1 on the other end through the NES interactions.5811

Rev assembly on the RRE nucleates at stem 11B12 (Figure 1A), to which Rev binds with
high affinity and specificity, and proceeds by sequential addition of Rev molecules!? to form
a Rev hexamer on a ~240 nucleotide RRE, a slightly shortened RNA that is fully
functional.1* The junction of stems I1A, 11B, and 11C forms the second Rev-binding
site10:15-17 and stem 1A, another site on the RRE8 likely supports an intermediate step in
Rev assembly.1® These Rev-RRE interactions, along with other interactions that are yet to
be uncovered, contribute to the formation of the final, functional complex.

The crystal and NMR structures of Rev—I1B complexes%19 reveal that the major groove at
the bulge region of stem I1B is widened by purine—purine base pairs, in order to
accommodate the Rev—ARM helix. A combination of base-specific hydrogen bonds
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mediated by R35, R39, N40, and R44, and electrostatic contacts between other arginine side
chains and the phosphate backbone, cement the interaction (Figure 1C). Rev binding to the
adjacent junction site is also characterized by the insertion of Rev—ARM into a major
groove, widened by a two-nucleotide bulge. However, in contrast to the sequence specific
recognition observed at stem I1B, binding at the junction relies primarily on contacts to the
phosphate backbone and the architectural framework of a second Rev subunit bound to a
properly juxtaposed IIB site. Interestingly, the same face of the Rev— ARM helix is used in
RNA recognition at both 1B and junction sites, with similar buried surface areas at the two
interfaces. In contrast, Rev binds to an isolated 1A site employing a different surface than for
binding to 1B, with R38, R41, and R46 identified as important for specific binding to 1A18
(Figure 1C).

Rev-RRE assembly is highly cooperative, where addition of each Rev subunit contributes
toward formation of an export competent complex. Although multiple studies have
examined the thermodynamics and kinetics of hierarchical assembly,13:15.18.20 the individual
interactions and how they are coupled to the structure of the complex are not well
understood. Thermodynamics provides a quantitative understanding of biological
functioning?! that cannot be gathered solely from structures.?2 Unlike other multiprotein
RNPs, where different proteins are involved in RNA recognition and assembly, the Rev—
RRE system is unique in that Rev can bind to at least six different sites on the RRE, with
some recognition events requiring a proper assembly framework. The high cooperativity of
complex assembly makes it difficult to characterize the binding thermodynamics at
intermediate steps, with the added complication of poor solubility and biochemical behavior
of Rev.

The modularity of Rev, highlighted earlier, is evident in the ability of an isolated peptide
corresponding to the Rev—ARM to recapitulate Rev—RNA interactions.23-25 A Rev—ARM
peptide binds to the RRE with the same affinity as a Rev protein monomer and requires the
same amino acids for recognition.18.23 Additionally, the structures of a Rev—ARM peptide
bound to stem 11B1 and Rev protein bound to I1B in a Rev dimer/RNA structure are
remarkably similar.10 Thus, we explored the diversity of binding modes at stems 11B and IA,
unconstrained by the protein framework, by characterizing the underlying thermodynamics
of peptide binding to the two RRE sites. We report that not only do the affinities differ by
20-30 fold, but that the enthalpy and entropy components partition quite distinctly at the two
sites. The larger entropic term at the 1A site is consistent with NMR data showing that the
complex is dynamic, potentially sampling multiple conformations. The salt-dependent
displacement of both complexes is similar, suggesting that the higher stability of the I1B
complex derives from interactions other than arginine-mediated electrostatic interactions.
We discuss the potential roles of the individual sites in complex assembly and function.

Experimental Procedures

Peptide and Protein Purification

Rev-ARM peptide was expressed as a GB1-fusion protein and purified as described.1® The
His-GB1-Rev—ARM fusion was incubated with Tev protease for 2 h and HPLC purified on
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a C4 reverse-phase column using an acetonitrile gradient with 0.1% trifluoroacetic acid.
Fractions containing Rev—ARM were pooled and lyophilized.

Previous studies established that well-defined Rev—RNA complexes could be prepared by
targeted mutagenesis of Rev oligomerization surfaces in combination with binding to
specific RNAs.14 We mutated Rev residues essential for formation of both the dimer (L12
— 'S, L60 — R) and higher-order oligomerization (L18 — Q, 155 — N) surfaces.14.26
Similar mutations enabled the formation of a well-defined monomeric complex with stem
11B.14 We also truncated Rev to remove the unstructured N- and C-termini (residues 1-8
were removed from the N-terminus and 65-116 from the C-terminus)®-%14 (Figure 1b) and
used the resulting construct, RevDO, for NMR studies.

RevDO was expressed and purified as an N-terminal GB1 fusion protein with a Tev
cleavage site between GB1 and Rev.818 Cleavage and purification of tag-free RevDO were
performed as described.8

RNA Synthesis and Purification

RRE stems I1B and 1A (Figure 1A) were synthesized by in vitro runoff transcription using
T7 RNA polymerase from synthetic oligonucleotide templates.1® Following PAGE
purification and ethanol precipitation, RNA was resuspended in 0.5 mM HEPES pH 6.5,
annealed by heating to 85 °C and slow cooling to room temperature, and lyophilized.

NMR Experiments

BL21-DE3 Escherichia coli cells expressing N-terminally His-tagged, GB1-RevARM or
GB1-RevDO were grown in M9 minimal medium supplemented with 4 g of glucose as the
carbon source and 1 g of 15N NH4CI for uniform 15N labeling. Protein expression and
purification were performed as described for the unlabeled protein.

Tag-cleaved Rev was mixed with RNA (1A or 1IB) at a 1.2:1 (RNA/protein) ratio,
concentrated, and purified on a Superdex 75 size exclusion column equilibrated in NMR
buffer (25 mM HEPES pH 6.5, 0.1 M KCI, 1 mM MgCl,, 0.5 mM EDTA). Fractions
containing the Rev/RNA complex were pooled and concentrated to 0.4 mM.

1H-15N HSQC NMR spectra?’ were acquired at 288 K on a Bruker BioSpin DRX 800 MHz
spectrometer equipped with a cryoprobe. Samples contained uniformly labeled 1°N RevDO
in complex with 1A or 1B at 0.4 mM in NMR buffer with 10% D,O. Data were processed
using NMRPipe?® and analyzed using SPARKY.2°

One-dimensional 1H spectra were acquired using the 1-1 echo pulse sequence3® on samples
in NMR buffer with 10% D,0 at 288 K.

ITC Experiments and Data Analysis

ITC experiments were conducted in 25 mM HEPES (or MES) pH 6.5, 1 mM MgCls, 0.5
mM EDTA with 0.1, 0.2, and 0.3 M KClI at 10, 20, and 30 °C. Experiments were conducted
in two buffers (HEPES and MES) with different ionization enthalpies to track net gain/loss
of protons due to binding.3! However, the thermodynamic parameters obtained in both the
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buffers were quite similar implying no net gain/loss of protons. Thus, we calculated and
report the average and standard deviation of values obtained using both buffers (Table 1,
Table S1).

Lyophilized Rev—ARM peptide or RNA was resuspended at approximately 1 mM
concentration in water. Concentrations of Rev—ARM and RNA were calculated from UV
absorbance using extinction coefficients of 5.6 mM~1 cm™1 at 280 nm for Rev—ARM and
334 mM~1 cm~1 at 260 nm for RNA. All experiments were conducted on a Microcal VP-
ITC instrument. Because of the presence of nonspecific and specific binding of the peptide
to the RNA at 0.1 and 0.2 M KClI, reverse titration of RNA (macromolecule) into Rev—ARM
(ligand) was performed for quantitative analyses. A typical experiment consisted of 25
injections of 8-12 pL per injection of ~30 UM RNA into 3 pM Rev-ARM with 200 s
between each injection and constant stirring at 300 rpm. Heats of dilution were obtained
from the average heat of the last few injections after complete binding.

Data were analyzed using an analytic finite-lattice isotherm with competitive specific and
nonspecific binding using the Record model (assuming that nonspecific binding of
additional Rev-ARMs to the RNA can occur after one Rev-ARM is specifically bound to the
RNA).32:33 Briefly, the total concentration of the peptide ([P{], experimental input) after the
ith injection is

[P]i=[Pli+[Ponsli+[Fospli (@)

where [P], [Py ns], and [Py, sp] are concentrations of the free peptide, nonspecifically bound
peptide, and specifically bound peptide, respectively.

Nx
P =
[ ] Kns(l - nX)(N — n—’—])p(n*l) (2)

[Pb,ns] :NX[ Rt] 3)

_ KpA[P][ Ry
[ b,sp]—m )

(1 —nx)(2—p"> — p™)
N(1-p)

A= ®)

N represents the number of bases in the RNA, N, and Ny, the number of bases flanking the
specific site in the RNA, n, number of bases occluded in nonspecific binding of peptide to
the RNA, Kps, the nonspecific binding constant, Kgp, the specific binding constant, x, the
binding density of nonspecifically bound peptide (average number of bound peptides per
base) and [R{], total RNA concentration (experimental input).
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Equation 1 was solved numerically for x for each iteration using eqs 2-5, trial values of n,
Kns: and Kgp and the experimental input values, [P] and [R¢]. The concentrations, [Py ns] and
[Pb,sp] were then calculated and with trial values for enthalpy changes for specific and
nonspecific binding (AH®s, and AH®pg, respectively) employed in a fitting procedure using
eqs 6-8 for the observed heat of binding per mole of injectant (Qqps):

Qobs:Qns+Qsp (6)

AHOIlS‘/CeH ‘/cell [Pb:ns]i—1+[Pb,ns}i
ns= T v ns); — Byl
Q [ln,]] I/inj |:[Pb7 ]]+ 2 [ b, L_l (7)

AH s, Veell Veen ( [Fospli 11 [Fbspl;
Qsp:,ip'. |:[Pb,sp]i+—. ( P 12 P - [Pb@p}ifl (8)
Veerr is the volume of the ITC cell, Vjy; is the volume of the injection, and [inj] is the
concentration of the injectant (RNA). The ITC reverse titration data were fit using the above
equations using Matlab to yield values for the fitting parameters, n, Kgp, Kns, AHgp, and AH

o
ns-

Data acquired at 0.2 M KCI could not be fit reliably using this model and are not shown. At
0.3 M KClI, nonspecific binding was not detected, and data from both forward and reverse
titrations fit well to a single-site binding model using Origin.

NMR Indicates a Dynamic ReV/IA Interface

Previous studies showed that the Rev—ARM peptide uses different surfaces to contact stems
11B and IA, with TH-15N HSQC spectra of 1°N-labeled Rev—ARM bound to 1B or IA
displaying very different chemical shift dispersion patterns.18 Here, we observe that the 11B
imino resonances are well resolved, with new peaks appearing upon Rev—ARM binding,
consistent with earlier reports34:3% (Figure 2A). In contrast, the imino resonances of 1A
bound to Rev—ARM are broad with few new peaks seen upon binding. Broader peaks are
also observed for IA/Rev—ARM complex in the 6.5-9.5 ppm region in contrast to the
resolved peaks in the 11B/Rev-ARM complex (Figure S1). Since resonance broadening
usually indicates dynamics on the millisecond to microsecond time scale, the broader
resonances for IA/Rev—ARM complex are indicative of a dynamic I1A/Rev interface
sampling multiple conformations. The absence of distinct intermolecular NOEs in 1°N-
separated NOESY experiments and isotope-filtered experiments on 1°N-RevARM/IA
further supports the dynamic nature of the interface (data not shown). Alternatively, broad
resonances might also indicate that the ARM-peptide does not fully recapitulate the Rev—I1A
interaction, prompting us to examine complexes with the Rev protein.

Preparing homogeneous Rev protein—-RNA complexes for NMR studies has been a
challenge because of poor solubility and aggregation-prone behavior of Rev. On the basis of
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the biochemical properties of Rev oligomers!426 and crystal structures of Rev,8 we
developed a truncated Rev construct containing only the structured residues (9—-64) and with
mutated dimerization and higher-order oligomerization surfaces (RevDO, Experimental
Procedures) that proved amenable for NMR.

The imino resonances of both the stem 11B and 1A RNAs upon RevDO binding are almost
identical to those obtained with the Rev—ARM peptide (Figure 2A). Thus, the broadening of
resonances observed with 1A indeed reflects the inherent dynamics of the Rev—IA interface.
These data additionally confirm that RNA contacts are restricted to the ARM. Not
surprisingly, recent structural studies have also shown that the Rev-IIB interface in an ARM
peptide—RNA structure and a Rev-dimer RNA structure are remarkably similar.10

The 1H-1°N HSQC spectrum of 15N-RevDO when bound to 11B displays reasonably well-
resolved peaks, with the number of backbone resonances consistent with the protein length
(Figure 2B, left panel). In contrast, the spectrum of RevDO/IA has fewer, broader peaks
(Figure 2B, middle panel), similar to the broadening observed for the RNA imino
resonances. We were unable to acquire a protein-alone spectrum for comparison due to the
poor solubility of Rev in the absence of RNA.

Unlike the spectra collected for the protein complexes, no obvious differences were
observed with 15N-Rev-ARM peptide and 11B and IA RNA complexes,8 probably due to
its smaller size. Interestingly, the narrow peaks seen in the RevDO/IA spectrum overlay well
with the RevDO/I1B spectrum (Figure 2B, right panel), suggesting that they represent
residues from the oligomerization regions, while the broader peaks arise from the ARM.
There are some additional differences between the 11B and IA spectra; most notably the
imino proton of Trp45 is observed only with 11B, and the arginine He protons are well
resolved with 1B but mostly absent with IA (Figure 2B, right panel). Such differences are
further consistent with a dynamic RevOD/IA interface.

ITC of Rev—RNA Interactions Reveals Specific and Nonspecific Binding

It is clear that Rev interactions at the 11B and |A sites are quite different, and we wished to
understand the thermodynamic properties underlying the different behaviors which might be
exploited during assembly/disassembly of Rev—RRE complexes. We carried out binding
studies using ITC with the Rev—ARM peptide, since the Rev protein is poorly soluble in the
absence of high salt,814 which disfavors RNA binding.8.14

We first examined complexes with IA RNA and observed that titrating the Rev—ARM
peptide (ligand) into the RNA (macromolecule) solution (forward titration) at 0.1 M KCI
(NMR sample conditions) (Figure 3) gave a very different binding profile than titrating
RNA into the Rev—ARM peptide (reverse titration) (Figure 4A,B). Forward titration
displayed significant heat release at molar ratios >1.5 (Figure 3), while reverse titration
reached saturation and showed only a minimal heat of dilution at that same molar ratio
(Figure 4A,B). This result can be attributed to nonspecific RNA binding of the Rev—ARM
under conditions of excess peptide.32:38 Reverse titration displayed biphasic binding where
the initial phase (with excess peptide) had both specific and nonspecific components. As the
molar ratio of the RNA to peptide approaches unity, the nonspecifically associated peptide
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preferentially partitions to the specific site until all peptide is bound to specific sites on the
RNA. Additional titration of RNA results in only heats of dilution being observed.

Nonspecific binding is readily explained by the highly charged nature of the peptide and the
RNA, but the unstructured nature of the free peptide8 might also promote this, since
specificity directly correlates with a-helical content.22 The extent of nonspecific binding
may be reduced in the context of the Rev protein, where the ARM is presented within a
stabilized protein framework.

In order to characterize the specific binding to the 1A and 1B sites quantitatively, we used
analytical binding isotherms developed for competitive specific and nonspecific binding
(Experimental Procedures) to fit reverse titration data obtained for I11B and IA at 0.1 M
KCI32:33 (Figure 4A,B, Table 1). Specific binding showed distinct features for 1A and 11B
(Table 1), with 11B binding (dissociation constant, K4 = 0.026 nM at 293 K) being ~30 fold
tighter than 1A binding (Kq = 0.77 nM at 293 K). Usually, such tight Ky values cannot be
accurately quantified by ITC, but it was possible in this case due to the existence of
competing nonspecific and specific sites.32 Moreover, similar thermodynamic patterns for
each ARM- RNA interaction at 0.1 M KCl and 0.3 M KCI (where the affinities are lower,
see below) suggest that the quantified thermodynamic properties report accurately on the
respective interactions. Additionally, these affinities are similar to the values determined by
single molecule fluorescence spectroscopy of a Rev/RRE complex.13

IA binding is characterized by a favorable enthalpy change, AH (-18.6 kcal/mol at 293 K)
and a smaller, unfavorable entropy change, TAS(-6.4 kcal/mol at 293 K), while 11B binding
is driven by a more negative AH (-26.3 kcal/mol at 293 K) and an unfavorable TAS (-12.2
kcal/mol at 293 K), nearly twice the value for I1A. These AH values are much higher than
those reported for a Zn-finger-11B interaction (-7.2 kcal/mol at 298 K)37 and an in vitro
selected peptide, RSG1.2-11B interaction (-13.9 kcal/mol at 298 K)38 under similar
conditions (temperature, salt, pH). This is likely due to the coupled folding and RNA-
binding of the unstructured free ARM, which can contribute significantly to the observed
AH (and also to the unfavorable TAS). The contributions of ARM folding, which occurs
upon ARM binding to both 11B and IA,18 to the observed AH and TASin both RNA
interactions are likely to be similar. Thus, the more enthalpy-driven binding for I1B
potentially arises from the specific contacts that form upon ARM binding, such as formation
of purine—purine base pairs in 1B as well as ARM-IIB interactions.

It is clear that the parameters of specific binding differ markedly between the 11B and 1A
sites, but nonspecific parameters, on the other hand, were very similar. Both bound with
micromolar affinities (>1000 fold weaker than the tightest specific binding) were driven by
an exothermic enthalpy change (AH =~ —10 kcal/mol at 293 K) and had a small associated
entropy change (TAS ~ -2.5 kcal/mol at 293 K) (Table S1). Although most nonspecific
protein-nucleic acid interactions are entropy driven, largely due to the polyelectrolyte effect
(counterion release from the nucleic acid upon protein binding),22-3° the favorable enthalpy
change observed here can be attributed to the unstructured ARM potentially acquiring
residual structure and intermolecular contacts upon RNA association. Additionally, arginine
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contacts to the RNA phosphates contribute favorably to AH4? and could explain both the
observed specific and nonspecific enthalpy changes.

Salt-Dependence of Binding

Protein—-RNA recognition is governed by a combination of electrostatic interactions,
hydrogen bonding, and hydrophobic and stacking interactions. Because electrostatics can
play a significant role in determining specificity of interactions, we wished to examine the
salt-dependence of Rev—ARM/RNA interactions. Nonspecific binding weakens significantly
as the salt is increased to 0.2 M KCI (Figure S2) and becomes undetectable at 0.3 M KCI
(Figure 4c,d) where both forward and reverse titrations yielded similar results (Table 1).
Since data obtained at 0.2 M KCI could not be fit reliably, they are not included in this
analysis.

Specific binding is ~200 fold weaker at 0.3 M KClI than it is at 0.1 M KCI for both RNAs,
and the affinities obtained are similar to the values reported using gel-shift assays (145 nM
for IA and 8 nM for 11B at 293 K)!8 (Table 1). The loss of affinity at higher salt is
predominantly of enthalpic origin for both RNAs (Table 1, Figure 5), contrary to an entropic
role in salt-dependent loss of affinity.22:39

These results indicate that (a) nonspecific interactions are predominantly electrostatic and
extremely sensitive to salt; (b) specific binding has contributions from electrostatic
interactions that weaken with increasing salt, potentially by disrupting arginine—phosphate
interactions and lowering exothermic enthalpy changes; and (c) the corresponding AG and
AH changes between 0.1 and 0.3 M KCl are similar for both 11B and IA (Table 1, Figure 5),
again highlighting that electrostatic interactions in both cases are similar. The results further
suggest that the dynamic nature of the Rev/IA interface is not due to reduced specificity.

Heat Capacity Change Measurements

Negative heat capacity changes are usually a signature of specific recognition and are
associated with burial of apolar surface area, especially with coupled binding-folding
events,*142 bridging water molecules,*3 and cooperative hydrogen-bonded networks.*4
Specific binding for both the RNAs demonstrated a linear temperature dependence of
enthalpy changes (in the 283-303 K range) resulting in negative heat capacity changes
(Table 1, Figure 5), with 11B binding displaying a larger AC,, (-536 cal mol~1 K1) than 1A
(295 cal mol~ K1), The absence of salt dependence of AC,, for both the RNAs suggests
an absence of high affinity ion interactions that can be displaced upon complex
formation.*3:4% Nonspecific binding, on the other hand, shows little variation of AH with
temperature (Table S1), resulting in negligible AC,, for both RNAs.

Discussion

Rev—RRE recognition displays remarkable diversity, where at least six Rev subunits use
their ARMs to contact different sites on the RRE.1* Our measurements on the
thermodynamics of Rev binding to two of the sites, 1B and IA, reveal both similarities in
the interactions and features that impart unique thermodynamic signatures to each.
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Both sites are characterized by an enthalpy-driven, salt-sensitive binding (Table 1, Figure 5)
which likely represents Rev—ARM binding to any nucleic acid target, owing to the
abundance of arginines in the sequence. Since arginine— phosphate contacts are known to
contribute favorably to enthalpy,0 enthalpic origins of salt-dependent affinity loss is likely
due to reduced effectiveness of electrostatic interactions by Debye screening.434% This
underscores the importance of nonspecific contacts in supporting specific recognition and
bolstering the affinity of the complex.

The affinities of the two sites differ by 20-30 fold, but the difference in AG translates to
~1.3 kcal/mol. Strikingly, however, the partitioning of the contributing enthalpy and
entropy changes for 11B and 1A are very different (Figure 6). l1B relies heavily on a large
favorable enthalpy change offset by a strong unfavorable entropy change, which reflects
specific binding with good geometric complementarity between the interacting surfaces,
formed by optimal hydrogen bonding and van der Waals interactions. 1A on the other hand
displays a relatively less favorable enthalpy change and a small negative entropy change.
The smaller favorable AH for IA binding suggests fewer favorable interactions than 11B
binding, which is consistent with the smaller proposed surface of interaction of the ARM for
IA based on mutational studies (Figure 1C).18 The reduced entropy losses in 1A binding
could arise from increased solvation entropy, i.e., greater hydrophobic surface burial and/or
from increased conformational entropy of the atoms in the bound state when compared to
[1B. However, the less negative AC, for IA than for 1B suggests less apolar surface area
buried for A than 11B. Hence, the reduced entropy losses are likely due to conformational
freedom in the bound form. This agrees very well with our NMR data, which indicate
dynamic behavior for the Rev—IA complex.

An analogy for the binding of Rev—ARM to IIB is the binding of a good drug to its target.

Continued thermodynamic optimizations have shown that compounds with better binding
enthalpies to their targets result in being better drugs, with higher potency and specificity.46
I1B, being the nucleation site, requires high affinity and specificity to allow for RRE to be
selectively recognized from the pool of nuclear RNAs, thereby leading to productive Rev
assembly. In fact, the Rev-IIB interaction is extremely well preserved and displays minimal
changes upon binding of a second Rev subunit through oligomerization, highlighting the
solidity of the interface.1? Following nucleation, the RNA architecture, cooperating Rev
oligomerization, and Rev-RNA binding interactions ensure a high specificity which isolated
RRE sites cannot.

Rev-IA recognition on the other hand represents an intermediate step toward complete
assembly and probably relies on a partially assembled Rev—RRE framework. The larger
entropy contribution toward affinity correlates well with the dynamic interface observed by
NMR and suggests the existence of interconverting conformational states. Such
conformational sampling might be the consequence of studying an isolated system,
unconfined by the framework and interactions of a partially assembled Rev—RRE complex.
However, it also could be part of the assembly mechanism and essential for final complex
formation. Indeed, recent SHAPE studies on Rev— RRE assembly indicate that further
assembly of Rev molecules onto the RRE following Rev binding at IA are characterized by
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changes to the tertiary structure of the RRE at stem | (Figure 1A), slower kinetics of Rev
assembly and an overall behavior consistent with induced-fit and/or conformational
selection.15 Additionally, such conformational dynamics might also be relevant in the
cytoplasm, following nuclear export where disassembly is triggered by yet unknown
mechanisms.

Binding thermodynamics have been particularly useful to probe mechanistic aspects of RNP
assembly such as hierarchy, cooperativity, and conformational rearrangements, exemplified
by the elegant studies on the assembly of ribosomal proteins on the central domain of the
16s rRNA.4748 Studies of Rev-RRE assembly have been especially challenging due to the
homo-oligomeric nature and poor solubility of Rev, but the careful choice of Rev and RRE
variants for biophysical and structural studies have been yielding new insights into the
process. The RRE is already known to dramatically reorganize Rev—Rev interactions,10
while it adopts an unusual “A”-shaped structure when free.*® The thermodynamic behavior
described here, at least for two of the RNA sites located in different parts of the RRE
structure, points to a complex in which individual Rev subunits behave very differently with
respect to specificity, stability, and dynamics. Both the assembly and disassembly of the
RNP, as well as interactions with the host export machinery and possibly other host factors,
may influence, or be influenced, by these inherent binding characteristics. It will be
interesting to understand how the behavior of the individual subunit interactions change
within these larger contexts and how the thermodynamics may be coupled to structural
rearrangements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

HIV-1 Rev protein and RRE RNA. (A) Secondary structure of HIV-1 RRE® with stems 11B
and IA shown in red and the sequence and secondary structures of the two 11B and IA RNA
hairpins, used in this study. Rev assembly nucleates at stem 11B and most likely proceeds via
the I1ABC junction along stem I1A to stem IA and stem I. (B) Domain organization of
HIV-1 Rev with the sequence of the arginine-rich motif (ARM) shown below. The residues
in smaller font were added to the ARM sequence to increase its helical content.18:23 (C)
Rev-ARM interactions with three known binding sites on the RRE. The same surface of the
ARM is used for RNA recognition at 1B and junction sites (shown in red surface
representation),10 while a different surface is likely used for 1A binding (residues implicated
in 1A recognition are shown in red).18
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NMR evidence for a dynamic Rev/IA interface. (A) One-dimensional *H NMR spectra of
imino resonances from stems 1B (left) and 1A (right) in free, Rev—ARM-bound or RevDO-
bound state. (B) 1H-15N HSQC spectra of 1°N-RevDO bound to stem IIB (left panel, blue)
(shows ~50 backbone amide resonances) and stem IA (middle panel, green) (shows ~40
backbone amide resonances). The right panel shows overlay of spectra in the first two
panels. Insets show overlays of the imino proton of Trp45 (observed only in the Rev/IIB
spectrum, top left) and He protons of arginines from Rev/IIB (blue) and Rev/IA (green)

(right).
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Figure 3.
Forward titration by ITC shows a highly exothermic reaction at high molar ratios. ITC trace

for titration of Rev—ARM into stem 1A at 0.1 M KClI at 20 °C (top panel) with heat of
binding plotted against the ratio of Rev—ARM to stem 1A concentrations (bottom panel).
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Reverse titration by ITC indicates existence of specific and nonspecific binding. Titration of
RNA (stem I1B or stem IA) into Rev—ARM at 0.1 M (A, B) and 0.3 M (C, D) KCI. Top

panels show ITC traces, and bottom panels show integrated heat values. Isotherms are

distinctly biphasic at 0.1 M KClI, reflecting both nonspecific and specific binding behavior,
and are monophasic at 0.3 M KClI, reflecting exclusively specific binding. Traces appear
similar at 10, 20, and 30 °C, for which data were collected and analyzed. Data were fit using
the finite-lattice competitive binding model32:33 at 0.1 M KCI (A, B) and the single-site
binding model at 0.3 M KCI (C, D).
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Figure 5.

Salt and temperature dependence of thermodynamic parameters. Thermodynamic
parameters, AG, AH, and TAS are plotted against temperature at 0.1 M (filled symbols) and
0.3 M (open symbols) KCI for Rev—ARM/IIB interaction (A) and Rev—ARM/IA interaction
(B). Both interactions have a negative heat capacity change that is largely independent of
salt, and the Rev—ARM/IIB interaction has a larger AC,, (=~ —-536 cal mol~1 K=1) than the
Rev—ARM/IA interaction (= —295 cal mol~1 K1),
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Figure 6.
Enthalpy—entropy partitioning reveals distinct thermodynamic signatures. Comparison of

thermodynamic parameters for 1B (black bars) and IA (gray bars) binding at 0.3 M KClI and
20 °C indicates very different partitioning of free energy into enthalpy and entropy terms.
The plot is qualitatively similar at other temperatures and at 0.1 M KCI and therefore
generally represents the two interactions.
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