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1 | INTRODUCTION
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Abstract

Arginine-rich motifs (ARMs) bind RNA structures with high affinity and specificity,
and the human immunodeficiency virus (HIV) exploits ARM-RNA interactions to reg-
ulate its lifecycle. The expression of HIV structural genes relies on recognition
between the ARM of its Rev protein and its primary binding site, an internal loop in
the viral RNA, the Rev-response element region IIB (lIB). Many functional variants of
the Rev ARM-IIB interaction have been discovered, yet how easily it can evolve new
specificities is poorly explored. A double mutant of Rev ARM, R35G-N40 V, uses an
unknown strategy to recognize IIB. Here, isothermal titration calorimetry and gel shift
assays show that the R35G-N40V-IIB interaction has high affinity and specificity
in vitro and a larger unfavorable entropy change upon binding than that of wild-type
Rev ARM-IIB. In stark contrast with the critical dependence of wild-type Rev on
Arg35, Arg39, Asn40, and Arg44, mutational profiling shows R35G-N40V is highly
mutable at positions 40 and 44 and dependent on Gly35, Arg38, Arg39, Arg42, and
Arg43. Affinity measurements in vitro and reporter assay measurements in vivo are
consistent with the wild-type Rev ARM and R35G-N40V maintaining their recogni-
tion strategies when binding 1B mutants specific to wild-type Rev ARM and R35G-
N40V, respectively. Some single amino acid mutants of wild-type Rev ARM and
R35G-N40V have enhanced specificity, recognizing mutant 11Bs yet not wild-type IIB.
These results provide another example of viral ARM-RNA interactions evolving new

specificities with few mutations, consistent with neutral theories of evolution.
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lambdoid bacteriophage N-boxBs.>™® Because viral ARM-RNA interac-
tions are small, exhibit structural diversity, have high affinities and

RNA-protein interactions comprise diverse structures exploited for many
biological processes, including multiple, essential steps in gene expres-
sion.t Arginine-rich motifs (ARMs) binding small, structured RNAs occur
in important viral regulatory processes, including well-studied examples
with structural models: human immunodeficiency virus (HIV) Rev-RRE?
and Tat-TAR,3 bovine immunodeficiency virus (BIV) Tat-TAR* and

specificities, and display complex characteristics such as induced fit,*°
recognition of multiple partners,!* and structural plasticity,'? they are
attractive models with which to understand RNA-protein recognition
and how specificities alter and evolve new strategies.

HIV Rev is a small, 114 amino acid, essential regulatory protein that

mediates the nuclear export of incompletely spliced viral transcripts that
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contain a large, structured RNA, the Rev-response element (RRE).2® Rev
initially binds to a high-affinity site in RRE region 1IB (lIB) via its ARM
that comprises residues 34 to 50, and then Rev binds to secondary sites
with multimerization and further conformational changes followed by
recruitment of host factors that mediate export.*4*>

Many findings, including nuclear magnetic resonance (NMR)¢
and x-ray crystallography structures® and biochemical and genetic

17.18 support a model in which the Rev ARM-IIB interaction

results,
relies on its a-helical ARM and four amino acids, Arg35, Arg39, Asn40,
and Arg44, that make contacts to five guanine bases in the internal
loop formed by noncanonical purine-purine base pairs G47:A73 and
G48:G71 (Figure 1A). Arg35 contacts G67, Arg39 contacts G70,
Asn40 contacts G47 and G71, and Arg44 contacts G46. Other argi-
nines form ionic interactions with the phosphates of the backbone,
and Trp45 is not important for binding isolated IIB, but required for
multimeric binding of Rev to larger regions of RRE.Y? Importantly, the
mutually inducted fit of Rev ARM and IIB binding?®~2? appears to
extend through complex and cooperative binding of multiple Rev pro-
teins to other binding sites in RRE.22%-25

Although Rev ARM and RRE IIB have limited sequence variation
in clinical databases,?®?” diverse synthetic variants have been discov-
ered, including a Rev-aptamer in which Rev ARM binds in an extended
conformation?® and a peptide selected from a random library that
binds in a partially a-helical conformation unlike wild-type Rev.?’ The
sequence and structural variety raises questions as to the richness
and diversity of recognition strategies accessible to ARM-RNA inter-
actions generally, and to Rev-RRE specifically.

Rev ARM R35G-N40V (GV) (Figure 1B) binds IIB using an
uncharacterized recognition strategy. It was serendipitously discov-
ered by screening Rev ARM libraries® in a reporter system® based
on A phage N-boxB antitermination. Despite GV lacking two of the
four amino acids that wild-type Rev ARM (WT) uses to contact 1B
bases, it appears to bind with similar specificity.*® WT and GV have
similar requirements for the internal loop binding site of 1B, both rely-
ing on the same core internal loop formed by noncanonical base pairs
G47:A73 and G48:G71, yet they recognize different sets of RNAs
(Figure 1C).3*

The activity of GV with 1IB and discovery of IIB mutants that bind
specifically to WT or GV prompted closer examination of GV. Here,
isothermal titration calorimetry and gel shift assays show that the GV-
IIB interaction has high affinity and specificity in vitro and a larger
unfavorable entropy change upon binding than WT-IIB. In stark con-
trast with the critical dependence of WT on Arg35, Arg39, Asn40, and
Argd4, mutational profiling using reporter assays in bacteria shows
GV is highly mutable at positions 40 and 44 and depends on Gly35,
Arg38, Arg39, Argd2, and Arg43. Affinity measurements in vitro and
reporter assay measurements in vivo are consistent with WT and GV
maintaining their recognition strategies when binding their specific
RRE mutants. Single amino acid mutants of WT and GV have been
found with enhanced specificity, recognizing mutant RRE 1IBs yet not
wild-type RRE IIB. These results show that viral ARM-RNA interac-
tions can evolve new specificities with few mutations, consistent with

neutral theories of evolution.*?
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FIGURE 1 Rev ARM-IIB structure and variants. A, Structural

model of the high-affinity binding site of HIV Rev-RRE, Revaz,.s0, and
RRE nucleotides 45 to 53 and 65 to 75 from the X-ray crystal
structure® (PDB ID: 4PMI). Note that the sequences of the displayed
region of the crystal structure differs from those of the NMR model*®
(PDB ID: 1ETF) on which the sequences studied here originate: the
crystal structure Rev ARM is E47A and the RRE is G53C-C66G. Left,
RNA rendered as white wireframe, with bases making contacts to Rev
larger and the Rev peptide backbone gray and with side chains of
amino acids that contact bases. Right, the same structure rotated 80°
vertically and looking at the helix axis from the amino terminus and
rendered the same without the RNA wireframe. B, The sequences of
wild-type Rev ARM34.50 (WT) and its R35G-N40V mutant (GV) in the
peptide and A N-fusion contexts used in this study. C, RRE IIB and its
WT- and GV-specific RNAs used in this study. Gel shift, isothermal
titration calorimetry, and reporter contexts all share the core binding
site shown. Guanines with specific WT amino acid contacts are bold
in the 1IB structure, and mutations are bold in mutant RNAs

2 | MATERIALS AND METHODS

21 | Peptides and DNA oligonucleotides

Peptides  with  the  wild-type  HIV-1 Revasso  (WT),
maTRQARRNRRRRWRERQRaaaa, and its R35G-N40V mutant (GV),
maTGQARRVRRRRWRERQRaaaa, were obtained from Hokkaido Sci-
ence Systems (Sapporo, Japan) and included flanking amino acids
(lower case) to match the sequence used in the bacterial reporter
assay. No provisions were made to remove residual trifluoroacetic
acid from deprotection, and peptides were resuspended in water. °F
NMR experiments indicate 50 and 40 equivalents of TFA for WT and
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GV peptides, respectively (data not shown). Peptide concentrations
were estimated from tryptophan absorbance at 280 nm and an extinc-
tion coefficient of 5500 M~? cm™. DNA oligonucleotides used for
transcription templates and cloning were obtained from Hokkaido Sci-
ence Systems, Sigma-Aldrich (Darmstadt, Germany), and TIB MolBiol
(Berlin, Germany).

2.2 | RNA synthesis

All RNAs were transcribed by T7 RNA polymerase using synthetic oli-
gonucleotide templates and standard methods.®® Briefly, transcrip-
tions were conducted in T7 buffer (80 mM HEPES-KOH, pH 8.1;
50 mM dithiothreitol; 10 mM spermidine; 0.01% Triton X-100) with
80 mg/mL PEG-8000, 8 mM GTP, 8 mM UTP, 4 mM ATP, 4 mM CTP,
42 mM MgCl,, and 50 pg/mL T7 RNA polymerase on 300 nM tem-
plates annealed to T7 promoter. After 2 to 4 hours at 37°C, transcrip-
tion reactions were centrifuged to remove precipitated magnesium
pyrophosphate, and the supernatant processed by ethanol precipita-
tion before purification by gel electrophoresis. RNAs for gel shift
assays were based on the 39-nt RRE IIB sequence (IIB) used in
reporter assays: 5'-gGUcUGGGCGCAGCGUCAAUGACGCUGACGGU
ACAGGCcGUUCCCCUGCAGUGCA-3, in which mutated bases are
lower case and the 16 terminal 3'-nucleotides serve as a hybridization
site for a biotinylated DNA oligonucleotide probe. RNAs for isother-
mal titration calorimetry were based on the 34-nt RRE IIB sequence
used for NMR studies!®: 5-gGUcUGGGCGCAGCgcaaGCUGA
CGGUACAGGCc-3'. RNAs were purified on 10% polyacrylamide/7 M
urea gels, soaked from crushed excised bands, serially centrifuged to
remove gel fragments, and precipitated with ethanol. RNA concentra-
tions were determined by 260 nm absorbance and estimated extinc-

tion coefficients.

2.3 | Gel shift assays

Purified RNAs were resuspended in water and renatured from 95°C
with 1.5-fold ratio of biotinylated DNA oligonucleotide complemen-
tary to the 3’-end of the RNA and diluted to 20 nM in gel shift buffer
(10 mM HEPES, pH 7.5, 100 mM KCI; 1 mM MgCl,; 0.5 mM EDTA,;
10% glycerol; 50 pug/mL yeast tRNA) and mixed with equal volumes of
serial, 2-fold dilutions of peptides ranging from 20 to 5120 nM in gel
shift buffer. After incubation on ice for 30 minutes, RNA-peptide mix-
tures were applied to pre-run, uncooled, room temperature, native,
0.5 X TBE (45 mM Tris base; 45 mM boric acid; 1 mM EDTA), 10%
(37.5:1 mono:bis) polyacrylamide gels at 300 V for 90 minutes. The
RNAs and RNA-peptide complexes were transferred via semi-dry
transfer to Hybond-N+ (GE Healthcare Life Sciences) membrane blots,
and RNAs were crosslinked to blots by 254 nm irradiation from a
transilluminator for 2 to 5 minutes. Blots were blocked with 1% non-
fat milk in TBS-T (20 mM Tris-HCI, pH 7.4; 150 mM NaCl), washed,
and bound to horseradish peroxidase-streptavidin conjugate

(Invitrogen) for 120 minutes. Blots were washed with TBS-T, and the

Recognition

RNAs were \visualized by incubation with ECL reagents
(GE Healthcare Life Sciences). Images were collected with a Chemidoc
XRS (Bio-Rad) and their contrasts were adjusted to enhance band rec-

ognition using QuantityOne software (Bio-Rad).

2.4 | Isothermal titration calorimetry

RNAs for isothermal titration calorimetry were filtered using 0.8 um
filters. RNAs were placed in calorimetry buffer (20 mM sodium phos-
phate, pH 7.0; 50 mM sodium chloride) using Vivaspin 2 centrifugal
filter units (GE Healthcare Life Sciences). Isothermal calorimetry titra-
tions were performed with a MicroCal iTCyqo (Malvern Instruments)
at 25°C. RNAs, 10 pM, were titrated with WT and GV peptides in cal-
orimetry buffer, 100 uM, two or three times each in a 200 pL sample
cell stirred at 1000 rpm over 19 injections with 150 seconds between
injections. The individual titration peaks are integrated by the instru-
ment software Origin and presented in Wiseman plots where AH
values are plotted against molar ratio. After subtracting the AH of
nonspecific binding estimated from the heat observed during the late,
flat portion of the titration plot, the resulting data points were fitted
to “one set of sites” binding model provided by the instrument soft-
ware Origin and yielded the binding enthalpy AH, the dissociation
constant (Ky), and the stoichiometry n. The change in Gibbs free
energy, AG, and entropy, AS, were calculated on the basis of K; and
AH. Each thermodynamic parameter is represented by the mean + SE

of two or three independent measurements.

2.5 | Library screening

A reporter system measures heterologous RNA-protein binding using
two plasmids that reconstitute bacteriophage A N-boxB transcriptional
antitermination in bacteria®®: an ARM-N supplier in which the ARM
(residues 1-19) of A N protein is replaced with an Ncol-Bsml fragment
coding for wild-type Rev ARM (5’-CC ATG GCA ACC CGC CAG GCC
CGT CGT AAC CGT AGA CGT CGT TGG CGT GAG CGT CAG CGT
GCA GCT GCG GCG AAT GCA-3') or variants and an RNA reporter in
which A left nut boxB is replaced with the Pstl-BamHI fragment
expressing RRE IIB (5'-CTG CAG TCG ACG CTC TTA AAA ATT AAG
GTC TGG GCG CAG CGT CAA TGA CGC TGA CGG TAC AGG CCA
GCA TTC AAA GCA GGG ATC C-3') or variants. Following published
methods,®* Rev R35G-N40V ARM and its libraries were cloned as
Ncol-Bsml fragments generated by mutually priming oligonucleotides
followed by Ncol-Bsml digestion. WT libraries were available in
house.*® WT and GV libraries identities and diversities were assessed
by blind sampling to yield at least five readable sequences of each
library (see Table S1). Escherichia coli supporting A N-nut
antitermination, N567,%> were transformed with reporter plasmids,
made competent, and transformed with library plasmids. For selec-
tions, colonies showing activity comparable with the standard ARM-
RNA interaction by plate assay were chosen and grown as individual

cultures, plasmid DNA was extracted, and supplier plasmid was
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separated from reporter plasmid by agarose gel electrophoresis.
Supplier plasmids were retransformed, prepared, retested, and

sequenced.

2.6 | ARM-RNA reporter assays

For plate assays, approximately 5 to 50 ng of N-fusion plasmid
per 50 uL of competent cells were transformed by heat shock
and plated on tryptone plates containing 100 pg/mL ampicillin
and 12 pg/mL chloramphenicol as antibiotics, 80 pg/mL 5-bromo-
4-chloro-3-indolyl-p-galactoside (X-gal) as the chromogenic substrate
of the p-galactosidase reporter protein, and 50 pM isopropyl-D-
thiogalactoside (IPTG) to induce the tac promoters expressing N-
protein and the reporter transcript. The plates were scored after
16 hours at 34°C and after a second 24 hour incubation at 24°C. The
intensity of the blue colonies was used to score the antitermination
activity for selections and the preliminary assessment; by comparison,
the WT-IIB interaction is scored as 4+ and noncognate interactions
are 0+ (background white). The BIV Tat-TAR interaction in which
mgRPRGTRGKGRRIRRggg (flanking amino acids are in lower case) is
fused to the A N activation domain and 5-GCUCGUGUAGCUCAUU
AGCUCCGAGC-3’ replaces boxB, is scored as 3+ and served as a con-
trol for specificity.

For solution assays, cultures of four to six representative colo-
nies were picked from X-gal plates and grown overnight for
16 hours at 30°C with aeration in 3 mL of tryptone containing
100 pg/mL ampicillin and 12 pg/mL chloramphenicol as antibiotics,
and with 50 uM IPTG. The cultures were assayed for f-galactosidase
activity using ortho-nitrophenol-p-p-galactopyranoside (ONPG),
and units of p-galactosidase were calculated following Miller.3¢
Observed p-galactosidase units with standard deviations are

reported of representative experiments.

2.7 | Structure visualization

Jmol (http://www.jmol.org/ [January 18, 2015]), an open-source Java
viewer for chemical structures in 3D, was used to view structures and
create images of the crystal structure of Rev-RRE (PDB ID: 4PMI)?
and to view the minimized, average NMR structure of HIV-1 Rev-RRE
(PDB ID: 1ETF).1¢

3 | RESULTS

3.1 | Gelshift assays corroborate high affinity and
isothermal titration calorimetry reveals a large
unfavorable entropic contribution to GV-RRE I1IB
binding

An important characteristic of HIV Rev-RRE is that the isolated ARM-IIB
interaction displays high specificity in vitro. Consistent with N-boxB

reporter assay results, 183!

gel shift assays in the presence of nonspecific
tRNA competitor (Figure 2A) are consistent with GV-IIB having a similar
affinity and specificity as WT-IIB, with dissociation constants between
80 and 160 nM in the conditions used. Competitor RNA avoids measur-
ing nonspecific affinity of positively charged peptides with negatively
charged RNAs. Published affinities of similar WT-IIB complexes mea-
sured by gel shift assays range from 25 nM¥” to 160 nM** and presum-
ably depend on precise conditions used, especially Mg**, ionic strength,
temperature, and competitor RNA. The GV peptide, despite having one
less positive charge than WT peptide, appears to cause a slightly greater
separation in its [IB complex, suggesting a gross structural change con-
sistent with a different binding mode (Figure 2A).

Isothermal titration calorimetry was used to compare the interac-
tion of WT-IIB and GV-IIB in the absence of competitor tRNA
(Figure 2B). As observed for the gel shift assays and as expected from
reporter assays, the affinities of WT-IIB and GV-IIB are similar yet the
relative contribution of enthalpy and entropy differ substantially
between WT-IIB and GV-IIB, with a larger unfavorable contribution of
entropy in the GV-IIB interaction than the WT-IIB (Table 1). Impor-
tantly, isothermal titration calorimetry of the inactive single mutants
WT R35G and WT N40V show no specific binding (Figure S2). None-
theless, with the methods used, it is difficult to discriminate quantita-
tively between specific and nonspecific binding. The relative
contributions of enthalpy and entropy of WT-IIB are roughly similar
to what has been reported for a similar interaction in detailed thermo-
dynamic study®® characterizing a Rev ARM peptide binding to 1IB and
IA RRE RNAs. Jayaraman et al?® report dissociation constants ranging
from 0.02 nM at 283 K and 100 mM KCI to 16.3 nM at 303 K and
300 mM KCI, approaching the dissociation constant of 22 +8 nM
reported here for WT-IIB. Meaningful comparison to the values
reported here is limited by differences in the order in which molecules
are titrated, the presence of Mg**, the use of different monovalent
cations and their concentrations, the pH of the buffers, and the

TABLE 1 Isothermal titration calorimetry of WT-IIB and GV-IIB interactions®
Titrand RNAP Titrant Peptide® Stoichiometry Ky (hM) AH (kcal/mol) AG (kcal/mol) TAS (kcal/mol)
1B WT 1.02 £ 0.08 22+8 -15.8+ 0.5 -10.5+0.2 -53+05
11B GV 1.01 £0.03 39+2 -24.6+0.5 -10.1+0.1 -143+0.5

Abbreviations: ARM, arginine-rich motif; GV, Rev ARM R35G-N40V; WT, wild-type Rev ARM.
2Experiments were performed at 25°C in 20 mM sodium phosphate buffer (pH 7.0), 50 mM NaCl. Each thermodynamic parameter is represented by the

mean + SE of two or three independent measurements.
bIIB is 5-GGUCUGGGCGCAGCGCAAGCUGACGGUACAGGCC-3'.

‘WT is MATRQARRNRRRRWRERQRAAAA, GV is MATGQARRVRRRRWRERQRAAAA.
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(A) WT—IIB GV-IIB method of data analysis.2® Favorable changes in enthalpy upon bind-
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FIGURE 2 WT-IIB and GV-IIB affinity and specificity in vitro. A,

hydrogen and ionic bonding. Entropy changes are usually ascribed to
the balance of unfavorable contributions from decreases in conforma-
tional freedom and favorable contributions from decreases in exposed
hydrophobic surface area with concomitant release of water.®” Both
Rev ARM and RRE IIB are known to undergo conformational changes
upon binding,?® and the origin of the relatively larger unfavorable
entropy of GV-IIB binding could be a greater conformation change of
GV upon binding associated with the conformational flexibility of
Gly35, a larger conformational change of 1IB RNA, or complex contri-
butions from less burial of hydrophobic surface area. Because prelimi-
nary H-NMR data are consistent with the free WT and GV peptides
being unstructured (data not shown), it seems unlikely that differences

in free peptide conformations affect the thermodynamics of binding.

TABLE 2 ARM-RNA solution assays of selected ARM-IIB and
ARM-BIV TAR?

RRE 11B RNA-binding gel shift assays with WT and GV peptides. 1I1B
was mixed with increasing concentrations of peptide, from 10 to
2560 nM, in buffer (10 mM HEPES, pH 7.5; 100 mM KCI; 1 mM
MgCl,; 0.5 mM EDTA; 10% glycerol; 50 pg/mL yeast tRNA). The
concentration of peptide required to shift half the RNA is the
apparent dissociation constant. Paired bars at fixed separation
highlight the difference in shifts. B, Isothermal titration calorimetry
plots in which peptide is titrated into a solution of RNA at 25°C in
20 mM sodium phosphate buffer (pH 7.0), 50 mM NaCl. Top panels
show raw calorimetry traces, and bottom panels show plots of
integrated heat values before subtracting the heat of nonspecific
binding. See Table 1 for calculated values and Figure S1 for plots of
integrated heat values after subtraction of the estimated heat of
nonspecific binding
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FIGURE 3 Mutational profiling of GV-IIB. Bar height represents
the percentage of GV library members displaying activity similar to
GV in X-gal plate assays with RRE 1IB reporter. Above the bars, the
identities of mutants from randomly selected active colonies are
shown with the number recovered as subscript. Below the bars, the
letters describe the amino acid identity and position in GV. The
number of clones with the starting amino acid is shown as the
subscript below. Important positions are in bold type

N-fusion® Sequence® [:5 BTAR®
wrT' -TRQARRNRRRRWRER- 23050 3.1+0.7
GVe -TGQARRVRRRRWRER- 100+22 2703
BIV Tat" -GRPRGTRGKGRRIRR- 1.2+0.6 90 + 30
WT R35G/GV -TGQARRNRRRRWRER- 158+1.1 3.0+04
V40 N
WTN40V/GV ~ -TRQARRVRRRRWRER- 0.0 £0.6 2604
G35R
GV G35A -TAQARRVRRRRWRER- 2.6 +0.5 31+02
GV Q36A -TGAARRVRRRRWRER- 558 22+03
GV A37Q -TGQQRRVRRRRWRER- 150+40 22+0.5
GV R38K -TGQAKRVRRRRWRER- 0.3 +0.5 2304
GV R39K -TGQARKVRRRRWRER- 0.4 +0.3 2.19 £0.13
GV V40A -TGQARRARRRRWRER- 455 224 +0.19
GV R42A -TGQARRVRARRWRER- 4.1+0.6 249 £ 0.07
GV R42K -TGQARRVRKRRWRER- 40+4 25+03
GV R43A -TGQARRVRRARWRER- 8 +2 1.7+1.0
GV R43K -TGQARRVRRKRWRER- 248+16 2402
GV W45A -TGOARRVRRRRARER- 11.2+18 20+0.3

Abbreviations: ARM, arginine-rich motif; GV, Rev ARM R35G-N40V; WT,
wild-type Rev ARM.

@Plasmids were transformed into reporter cells with the named RNA in
place of A nut site boxB. At least three replicates of each clone were
grown at 30°C overnight in tryptone medium supplemented with 50 pM
IPTG and assayed for p-galactosidase activity with ONPG. Values
represent B-galactosidase units and standard deviations.

PLaboratory names of N-fusions expressed by pBRN plasmids. All plasmid
inserts were reconstructed from synthetic oligonucleotides and
sequenced.

“The sequences of ARM fused to A N.

%The IIB sequence replacing boxB expressed by reporter IIB is 5'-
GGUCUGGGCGCAGCGUCAAUGACGCUGACGGUACAGGCC-3'.
°BTAR is the heterologous control, bovine immunodeficiency virus TAR,
5’-GCUCGUGUAGCUCAUUAGCUCCGAGC-3'.

fWT is MA TRQARRNRRRRWRERQR AAAA.

BWT is MA TGQARRVRRRRWRERQR AAAA.

hBIV Tat, the heterologous control, is MG RPRGTRGKGRRIRR GGG.
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FIGURE 4 WT-IIB and GV-IIB affinity and specificity in vitro. As FIGURE 5 Isothermal titration calorimetry of WT and GV with

in Figure 2A, peptide-RNA-binding gel shift assays with WT and GV
peptides and RNAs, as labeled. A, Peptides with #15 (G50A-C69A),
left: WT and right: GV. B, Peptides with #8 (G48U), left: WT and right:
GV. C, Peptides with #2 (U45G-A75U), left: WT and right: GV. D,
Peptides with #21 (C51G-A52U-G53U-C65A-U66G-G67U), left: WT
and right: GV. RNAs were mixed with increasing concentrations of
peptide described in nanometers in buffer containing

competitor tRNA

mutant RNAs. As in Figure 2B, raw isothermal titration calorimetry
traces and plots of peptides and RNAs, as labeled. A, Peptides with
#15 (G50A-C69A), left: WT and right: GV. B, Peptides with #8
(G48U), left: WT and right: GV. C, Peptides with #2 (U45G-A75U),
left: WT and right: GV. D, Peptides with #21 (C51G-A52U-G53U-
C65A-U66G-G67V), left: WT and right: GV. See Table 3 for calculated
values and Figure S1 for plots of integrated heat values after
subtraction of the heat of nonspecific binding
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relatively large proportion of the corresponding library will be active.
Although the representation of amino acids is substantially skewed by
the genetic code and by errors and nonrandom incorporation of
nucleotides during oligonucleotide synthesis, codon randomization
provides diversity beyond alanine scanning and is an inexpensive
alternative to the use of triplet phosphoramidites.® Here, sampling of
individual WT and GV libraries without selection found targeted ARM
mutations with distinct triplets in at least one third of five to eight
readable sequences (Table S1). Using a reporter assay in E. coli based
on bacteriophage A N-boxB antitermination, library plasmids were
screened for ARM-IIB recognition in which ARM-RNA binding is
reflected in the expression of p-galactosidase and intensity of blue
pigment in colonies on X-gal solid media.*° The proportions of each
library displaying colonies with activity similar to GV-IIB were esti-
mated by visual inspection and counting (Figure 3). Importantly, the
profile obtained of GV-IIB differs strongly from that of WT-1IB® at
multiple positions, consistent with GV-IIB interaction employing a dis-
tinct recognition strategy. To corroborate the mutagenic profiling, at
least 24 active colonies were selected and their plasmids were pre-
pared, retested, and sequenced from each assay plate (Figure 3). To
suggest functional roles of interesting positions, some alanine, lysine,
and glutamine mutants were constructed and assayed (Table 2).

The immutability of Gly35 is consistent with previously published
selections from a WT R35X-N40X library in which only glycines were
recovered at position 35.*8 That Gly35 of GV cannot be substituted,
even with alanine, suggests steric restraints imposed by a close
approach of the peptide to the RNA or by the peptide backbone con-
formation. The immutability of Arg38 and Arg39 and low activity of
their lysine mutants suggest critical roles in specific recognition of
bases via hydrogen bonding.®’ That GV R38K and R39K have very
weak activity is consistent with base-specific hydrogen bonds, as
lysine can often substitute for arginine ionic contacts to phosphates.
Of the three arginines that contact guanines in WT-IB2 (Figure 1A),
WT R35K has moderate activity, and WT R39K and WT R44K have
background levels of activity.'® Thus, the restricted mutability of
Arg42 and Arg43, the recovery of only arginines and lysines, and the
moderate activity of lysine substitutions suggest either hydrogen

Recognition

bonding to specific bases or ionic contacts to phosphates. Intermedi-
ate proportions and limited diversity and preferences suggest Thr34,
GIn36, and Trp45 may have specific roles or restrictions on size,
shape, and hydrophobicity. Other positions appear tolerant of muta-
tion and without obvious restrictions.

3.3 | WTand GV display high affinity and
specificity to mutant RREs in vitro

Using representative, specific RRE 11B mutants,>* we characterized the
binding of WT and GV to WT-specific RRE mutants G50A-C69A (#15)
and G48U (#8), GV-specific mutants U45G-A75U (#2), and C51G-
A52U-G53U-C65A-U66G-G67U (#21) (Figure 1C). As expected, the
affinity of WT for RRE 1IB mutants #15 and #8 and GV for #2 and #21
observed in the reporter system®! was corroborated by gel shift assays
(Figure 4) and isothermal titration calorimetry experiments (Figure 5 and
Table 3). Interestingly, by gel shift assays, the binding of WT-#15 and
GV-#2 appear stronger than that of WT-IIB and GV-IIB. The relative
specificities measured by reporter and gel shift assays agree better than
the relative affinities measured by calorimetry. This highlights the possi-

ble effects of conditions and context on ARM-RNA measurements.

3.4 | Recognition strategies of WT and GV
are maintained while binding specific RRE mutants

We next asked if WT and GV bind mutant RREs using the same recog-
nition strategies as they bind 11B. Mutational profiling of WT libraries
with #15 and #8 resulted in profiles (Figure 6A,B) that are similar to
that of WT-1IB,*8 in which Arg39, Asn40, and Arg44 have very low
proportions active library members. Likewise, mutational profiling of
GV libraries with #2 and #21 (Figure 6C, D) are similar to that of GV-
IIB (Figure 2), in which Gly35, Arg38, Arg39, Arg42, and Arg43, yet
not Asn40 or Arg44, are low. These observations are consistent with
the existence of merely two recognition strategies, possibly with
minor variations: WT-like and GV-like.

TABLE 3 Isothermal titration calorimetry of WT-#15, WT-#8, GV-#2, and GV-#21°
Titrand RNA® Titrant Peptide® Stoichiometry Kg (nM) AH (kcal/mol) AG (kcal/mol) TAS (kcal/mol)
#15 WT 1.1+£0.2 305 -22+2 -10.3+0.1 -12+2
#8 WT 1.1+0.2 85+4 -16+1 -11.1+£03 -4.7£0.9
#2 GV 1.3+£0.2 44 + 3 -25+3 —10.05 £ 0.04 -15+3
#21 GV 0.96 = 0.07 75+ 11 -40+1 -9.81+£0.01 -30+1

Abbreviations: ARM, arginine-rich motif; GV, Rev ARM R35G-N40V; WT, wild-type Rev ARM.
2Experiments were performed at 25°C in 20 mM sodium phosphate buffer (pH 7.0), 50 mM NaCl. Each thermodynamic parameter is represented by the

mean + SE of two or three independent measurements.

PlIB is 5'-GGUCUGGGCGCAGCGCAAGCUGACGGUACAGGCC-3/, #15 is 1IB-G50A-C69A is 5'-GGUCUGGGCACAGCGCAAGCUGAAGGUACAGGCC-3/,
#8 is 11B-G48 U is 5'-GGUCUGGUCGCAGCGCAAGCUGACGGUACAGGCC-3, #2 is IIB-U45G-A75U is 5'-
GGUCGGGGCGCAGCGCAAGCUGACGGUACUGGCC-3, #21 is lIB-C51G-A52U-G53U-C65A-U66G-G67U is 5'-

GGUCUGGGCGGUUCGCAAGAGUACGGUACAGGCC-3'.

‘WT is MATRQARRNRRRRWRERQRAAAA, GV is MATGQARRVRRRRWRERQRAAAA.
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FIGURE 6 Mutational profiling of WT and GV libraries with
mutant RNAs. As in Figure 3, bar height represents the percentage of
library members displaying activity similar to WT-IIB or GV-IIB in X-
gal plate assays with mutant RNA reporters (see Figure 1). A, WT-#15
(1IB G50A-C69A). B, WT-#8 (IIB G48U). C, GV-#2 (IIB U45G-

A75U). D, GV-#21 (IIB C51G-A52U-G53U-C65A-U66G-G67U)

3.5 | Enhanced specificity mutants of WT and GV

Considering that RNA change in an ARM-RNA complex could affect
the function of some ARM mutants, we reasoned that there may be
enhanced-specificity mutants of WT and GV that do not recognize
IIB yet do recognize mutant RNAs. Thus, we used the X-gal plate
assays to select four pools comprising at least 24 active members
each from WT libraries'® for binding to #15 and #8 and for active
members of the GV libraries for binding to #2 and #21. After

isolating and selecting clones that were active with the specific RRE
mutant and inactive with 1IB, modest numbers of clones were
sequenced, reconstructed, and retested. Selected altered-specificity
mutants and other available mutants were assayed for activity with
1IB, #15, #8, #2, #21, and BIV TAR (Table 4). Remarkably, several
mutants of WT and GV display altered specificity. GV R42A, GV
R43A, and GV W45A have much higher activity with #2 than IIB,
and WT R35P, WT R38G, and WT R41G have much higher activity
on #15 than IIB.

3.6 | GV and specific RRE mutants are not found in
clinical data

Searches via the National Center for Biotechnology Information
BLAST server®® restricted to HIV-1 found no occurrences of the GV
sequence or specific mutant 1IB sequences #15, #8, #2, and #21. This
was anticipated in light of a previous analysis that found neither
R35G-N40V, R35G, nor N40V,* and more recent publications exam-
ining clinical variation of Rev-RRE, 24274142 which describe relatively

little variation and none related to this study.

4 | DISCUSSION

4.1 | Structural insights
How different could the GV-IIB structure be from WT-IIB? The struc-
tural diversity of ARM-RNA complexes, which include extended con-

formations®28 4543

and B turns, as well as «a helices, provides no
obvious limits. More relevant could be selections from arginine-rich
libraries for sequences that bind 1IB, which have found diverse amino

30:44-47 41| of which

acid identities embedded in arginine-rich contexts,
appear partially or completely o helical, including one for which a
structural model is available, RSG-1.2.*> RSG-1.2 binds IIB in a par-
tially a-helical conformation inserted deep in the major groove and
nearly perpendicular to the RNA axis.?’ Interestingly, RSG-1.2 con-
tains a glycine in the portion binding 11B and its RNA requirements*®
are similar to that of GV,3! although they do not share all of each
other's important residues.

How similar could GV-IIB be to WT-1IB? Despite sharing a binding
site and the identity of 13 of 17 amino acids, GV-IIB cannot be a
minor variant of the WT-IIB binding mode. GV tolerates mutations
flanking the core RNA-binding site that WT does not, including muta-
tion of G67, U66, and base pair U45:A75. Conversely, unlike WT, GV
requires base pair G50:C69. Although specificities of ARM-RNA inter-
actions can differ even with very similar architecture,” of the four WT
amino acids making base-specific hydrogen bonds to IIB, only Arg39 is
critical in GV and in common with WT. Additionally, the greater shift
of GV-1IB than WT-IIB and the relative contributions of enthalpy and
entropy are consistent with gross structural differences. All these data
support a model in which GV binds IIB using a distinct recognition
strategy than WT.
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TABLE 4 ARM-RNA reporter assays®
Lab Ref® N-fusion® #15 #8 1B #2 #21 BTAR
ii728-1 WT 4+ (320 + 70) 3+ (86 +11) 4+ (230 + 50) 0+(2+0.5) 1+(5.1+0.7) 0+(3.1+0.7)
Xxv26-3 GV 1+ (5.7 £ 0.4) 0+(2.5+0.3) 3+ (100 + 22) 3+(180+30) 3+(110+18) 0+ (2.7 £0.3)
xv363-1 BIV Tat 0+(1.8 £0.5) 0+(2.14+£032) 0+(1.2+0.6) 0+(1.0+0.2) 0+(21+0.3) 3+(90 £ 30)
Xxv26-9 WT R35G/GV V40N 1+ (47 £ 17) 0+(3.17 £0.15) 3+(158+1.1) 3+ (65+16) 3+ (27 £ 4) 0+(3.0+0.4)
xv26-17 WT N40 V/GV G35R  0+(2.3+0.2) 0+(2.26 +0.16) 0+ (0.0 £0.6) 0+(1.1+0.2) 0+(1.69 £+0.12) 0+(2.6 £0.4)
xv188-36 GV G35A 0+(2.11+0.09) 0+(1.7 £0.3) 1+ (2.6 £ 0.5) 0+(1.9+0.8) 0+(34+04) 0+(3.1+0.2)
xv220-33 GV Q36A 0+ (4.4 +£0.3) 0+(2.6 £0.3) 3+ (55 +8) 4+ (130 9) 4+ (70 = 10) 0+(2.2+0.3)
xv444-18 GV Q36Y 0+(2.11+0.18) 0+(246+0.19) 0+(0.3+0.3) 2+ (10 £ 4) 0+(2.3+0.2) 0+(2.2+0.3)
xv382-11 GV A37Q 3+(21 £ 3) 0+(2.5+0.3) 3+ (150 + 40) 4+(120+ 14) 4+(11.3+1.3) 0+(2.2+0.5)
xv220-34 GV R38K 0+(2.07 £+0.16) 0+(2.3+0.2) 0+ (0.3 £0.5) 1+(59+12) 0+(23+0.2) 0+(2.3+04)
xv220-35 GV R39K 0+(2.10+0.13) 0+(2.4 £0.5) 0+(0.4 +£0.3) 0+(1.0+0.5) 0+(2.5+0.3) 0+(2.19 £0.13)
xv220-37 GV V40A 0+(34+0.2) 0+(2.39 £+0.16) 3+(45+5) 4+ (80 + 20) 3+(53+7) 0+(2.24 £ 0.19)
xv444-21 GV R41G 0+(2.3+0.3) 0+ (2.6 £0.5) 0+(0.3+0.4) 1+(7.2 £ 0.8) 1+ (3.4 £ 1.5) 0+(1.8 +0.3)
ii2554-8 GV R42A 0+(1.8 £0.3) 0+(2.16 +0.15) 0+ (4.1 £ 0.6) 2+ (38 £ 6) 0+(29+0.2) 0+ (2.49 £ 0.07)
xv382-16 GV R42I O+ O+ O+ O+ O+ o+
ii2554-31 GV R42K 0+ (3.1 £0.5) 0+ (1.9 £ 0.6) 2+ (40 + 4) 2+ (114 £18) 2+(27+5) 0+(2.5+0.3)
ii2554-37 GV R43A 0+ (1.8 +0.4) 0+(1.8+0.3) 1+(8+2) 2+ (77 £ 6) 1+(19.1 £ 1.6) 0+(1.7 £ 1.0)
ii2554-22 GV R43K 0+(2.2+0.3) 0+(1.83+0.14) 1+(248+1.6) 2+(70+9) 2+ (50 + 6) 0+(24+0.2)
xv220-39 GV WA45A 0+(2.56 +0.08) 0+(2.3+0.2) 2+(11.2+1.8) 2+(120+20) 2+(23.1+1.2) 0+(2.0+0.3)
xv395-21  WT R35P 4+ (100 + 20) 1+(3.5+0.4) 2+(8+3) 0+(1.5+0.3) 1+ (3.6 £ 0.6) 0+(2.8+0.7)
xv382-22  WT R38G 4+ (127 £ 8) 1+(2.5+0.3) 2+(3.3+0.6) 0+(1.1+0.2 0+(2.0+0.3) 0+(2.4 +0.5)
xv444-2 WT R38S 3+ 2+ 2+ O+ 0+ 0+
ii922-1 WT R39K 0+ 0+ 0+ 0+ o+ O+
xv382-28  WT R41G 3+ (50 £ 9) 1+ (4.3 +£0.3) 2+(2.3+0.7) 0+(0.9+0.2) 0+(1.83+0.08) 0+(1.8+0.5)
ii909-2 WT R41K 4+ 3+ 4+ O+ 1+ O+
xv382-33  WT R42K 4+ 3+ 4+ 1+ 1+ O+
xv382-38  WT R43K 4+ 3+ 4+ 1+ 2+ o+

Abbreviations: ARM, arginine-rich motif; GV, Rev ARM R35G-N40V; WT, wild-type Rev ARM.
?Plasmids were transformed into reporter cells with the named RNA in place of A nut site boxB. Number of plusses indicates intensity of blue pigment
deposited in colonies of X-gal plate assays containing 50 pM IPTG. Values in parentheses represent p-galactosidase units and standard deviations as in
Table 2: at least three replicates of each clone were grown at 30°C overnight in tryptone medium supplemented with 50 pM IPTG and assayed

with ONPG.

bLaboratory reference of plasmids.
Laboratory names of N-fusions expressed by pBRN plasmids. All plasmid inserts were reconstructed from synthetic oligonucleotides and sequenced.

42 |

Evolutionary potential

peptides™#?

recognition of bases and base pairs found in RNA motifs

and the permutations possible with specific amino acid
39,50,51 that

The diverging specificities from WT-1IB to GV-IIB continuing to WT-
#15 and GV-#2 and further to WT R38G-#15 and GV WA45A-#2
describe paths from the original WT-IIB interaction to orthogonal
ARM-RNA interactions (Table 4): WT R38G-#15 and GV W45A-#2
are similar in activity to GV-IIB, yet the inverse interactions WT
R38G-#2 and GV W45A-#15 have background activity. Orthogonal
interactions, in which cognate partners do not recognize noncognate
partners, allow for viral regulation to be specific in complex cellular
environments. How many orthogonal recognition strategies are possi-
ble with ARM-RNA interactions? It would seem from the great variety

of sequences and strategies employed by RNA-binding proteins and

the number could be very large.

A fitness landscape®? that describes the relationship between
the ARM-RNA sequences (genotypes) and functional recognition (fit-
ness) is useful in considering how far evolution paths might extend.
The question becomes whether regions of fitness are isolated like
mountain peaks or connected like ridges. Neutral and nearly neutral
theories of evolution predict landscapes of ridges: that for any phe-
notype, sufficient functional genotypes exist such that incremental
paths connect distinct phenotypes without any loss-of-function
intermediates.®? Relaxed-specificity ARMs and RNAs have been
found that transit recognition strategies between distinct lentiviral
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Tat-TAR interactions and between distinct lambdoid N-boxB
interactions.2?>373> Like Rev-RRE,*>2%2! Tat-TAR and N-boxB inter-
actions are characterized by disordered proteins binding RNAs sites
with conformational flexibility, a feature of RNA-protein interactions
relating to their role in complex, fine-tuned regulation.’®>”

Synthetic and natural ARM-RNA interactions include such struc-
tural diversity that it is difficult to imagine that neutral paths extend
to very different interactions. Yet, the conformational ﬂexibility,21
adaptive binding,2° recognition of multiple partners, and the existence
of structurally distinct, orthogonal interactions found close in
sequence space adds support to the application of neutral theories to
ARM-RNA interactions. The role of neutral evolution in HIV is com-
plex®®: HIV genetic diversity is created by error-prone reverse tran-
scription, host editing factors, and retroviral recombination,®® and
over evolutionary timescales, complex retroviruses have found diverse
solutions to Rev-RRE binding.®® The variation in WT-IIB observed in

the virus?6:27:41:42

is very limited relative to the mutational potential
seen in the laboratory, yet there are many reasons GV may not appear
in clinical isolates: it is uncertain how well GV binds to secondary RRE
binding sites, whether GV cooperates with Rev multimerization, and

how GV might affect overlapping viral reading frames.

5 | CONCLUSION

Although there is insufficient information to propose a structural
model, these mutagenesis data will assist interpretation of a future
structural model. The orthogonal WT-#15 and GV-#2 interactions
illustrate how viral sequences and recognition strategies can evolve
and how change in one partner permits change in the other. The
architecture of WT-IIB with its genetic and structural plasticity may
be unusually capable of functional variations, ideal for achieving and
altering specificity in a small size and complex cellular environment,

attractive for viruses with small genomes.
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