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ABSTRACT

The HIV-1 trans-activator protein Tat binds the trans-
activation response element (TAR) to facilitate re-
cruitment of the super elongation complex (SEC)
to enhance transcription of the integrated pro-viral
genome. The Tat-TAR interaction is critical for vi-
ral replication and the emergence of the virus from
the latent state, therefore, inhibiting this interaction
has long been pursued to discover new anti-viral
or latency reversal agents. However, discovering ac-
tive compounds that directly target RNA with high
affinity and selectivity remains a significant chal-
lenge; limiting pre-clinical development. Here, we
report the rational design of a macrocyclic peptide
mimic of the arginine rich motif of Tat, which binds
to TAR with low pM affinity and 100-fold selectiv-
ity against closely homologous RNAs. Despite these
unprecedented binding properties, the new ligand
(JB181) only moderately inhibits Tat-dependent re-
activation in cells and recruitment of positive tran-
scription elongation factor (P-TEFb) to TAR. The
NMR structure of the JB181-TAR complex revealed
that the ligand induces a structure in the TAR loop
that closely mimics the P-TEFb/Tat1:57/AFF4/TAR
complex. These results strongly suggest that high-
affinity ligands which bind the UCU bulge are not
likely to inhibit recruitment of the SEC and suggest
that targeting of the TAR loop will be an essential
feature of effective Tat inhibitors.

INTRODUCTION

The interaction between the HIV trans-activator pro-
tein Tat and the trans-activation response element RNA

( TAR) is one of the most intensely studied protein—-RNA
complexes (1-6). Despite the availability of high resolution
structures for TAR (2,7), along with Tat bound to the posi-
tive transcription elongation factor (P-TEFDb) (8,9) and nu-
merous biochemical studies (10), the molecular basis for Tat
recognition of TAR remains largely unknown at atomic de-
tail (11). This complex plays important roles in viral repli-
cation and emergence from latency through recruitment of
the Super Elongation Complex (SEC) to the HIV promoter.
Therefore, TAR has long been a target of antiviral research
and a paradigmatic system to discover pharmaceuticals that
target RNA (2,11-24), but no lead structure has reached the
clinic due to insufficient activity in cellular models.

We previously described a class of cyclic peptide lig-
ands for TAR, rationally designed to mimic the Arginine
Rich Motif (ARM) of BIV Tat protein (14,25-28). These
macrocycles were small B-hairpin mimics linked to a hete-
rochiral D-pro-L-Pro dipeptide template to stabilize the 3-
hairpin fold (29,30). The most potent peptides exhibited low
nanomolar binding in vitro (1 nM) against TAR (14), in-
hibited Tat-dependent transactivation against a variety of
isolates that were both CCR5- and CXCR4-tropic (14,31)
and were active in primary blood lymphocytes by simul-
taneously inhibiting Tat-dependent transcriptional elonga-
tion and initiation of reverse transcription (31).

These initial cyclic peptides discriminated effectively
against structurally unrelated RNAs (e.g. transfer RNA
(tRNA)), but not between closely related stem-loop struc-
tures such as the BIV TAR (28). We now report the design
and discovery of a new peptide that binds to HIV TAR with
low pM affinity and remarkable specificity. This peptide,
JB181, was designed through careful analysis of the com-
plex between the previous generation peptide and TAR (26),
and the synthesis of a focused library that included non-
canonical side chains. These characteristics are unprece-
dented amongst molecules that bind to RNA and suggest
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that this chemistry could find broader applications to other
viral and eukaryotic RNA targets (32,33). However, despite
readily penetrating cells and co-localizing with TAR, these
peptides inhibit latent viral reactivation only weakly.

To understand the discrepancy between the pM affin-
ity of JB181 and its micromolar cellular activity, we exam-
ined key biochemical mechanisms in latent viral reactiva-
tion along with the JB181/TAR structure. Surprisingly, we
found JB181 is only weakly competitive with the core SEC
(P-TEFb/Tatl:57/AFF4). In fact, JB181 binds to TAR
when the SEC is also bound, displacing the Tat ARM. The
Nuclear magnetic resonance (NMR) solution structure of
JB181 bound to TAR provides an explanation for its bind-
ing properties and illustrates how TAR /JB181/SEC can be
accommodated in a complex that displaces the Tat ARM,
by inducing in the TAR loop the structure recognized by P-
TEFb. These observations suggest that targeting the TAR
RNA bulge will be insufficient to block SEC binding and
provide key insight toward the successful design of potent
inhibitors of Tat trans-activation.

MATERIALS AND METHODS
RNA and peptide synthesis

RNAs were transcribed in vitro using DNA templates from
IDT (Coralville, 1A), with in-house prepared T7 RNA
polymerase, as previously described (34). 2AP-TAR (2-
aminopurine substituted in position 24) was synthesized by
IDT and purified by denaturing polyacrylamide gel elec-
trophoresis. Peptides were prepared by Fmoc chemistry, as
previously described (26). Fluorescently labeled cyclic pep-
tides were prepared by reacting the single primary amine
of lysine with 5/6-carboxyfluorescein succinimidyl ester or
Alexa-647 succinmidyl ester (Thermo). Coupling reactions
were completed as per manufacture protocol, purified by
High Performance Liquid Chromatography (HPLC) and
analyzed by Nuclear Magnetic Resonance (NMR).

Binding assays

Electro Mobility Shift Assays (EMSA) and 2-aminopurine
fluorescence (35) were used to measure peptide binding.
For EMSA, all RNAs were 5-dephosphorylated (25,26)
and 5-rephosphorylated using T4 Polynucleotide Kinase
(PNK); shifts were performed and analyzed as previously
described (14). The P-TEFb/Tatl:57/AFF4 binding assays
were run as described (11), with protein samples generously
donated by Drs Ursula Schulze-Gahmen and James Hur-
ley, but binding buffers contained 250x fold excess yeast
tRNA. JB181-bound samples were prepared with 3 x excess
labeled HIV-TAR prior to titration with the pre-formed P-
TEFb/Tatl:57/AFF4 complex.

For the 2-aminopurine fluorescence assay, the struc-
ture of L22-TAR suggested modifying C24 would be non-
perturbing. Fluorescence titration assays were performed
as described (35) but the concentration of RNA was re-
duced to 100 fM to accommodate the very tight binding of
these peptides. Fluorescence data were quantitatively ana-

lyzed with Kaleidagraph:
2 ((RI[P]) = ([Rl, +[P], + Kp)

—\/([R], + [Pl + Kp)’ = 4((R[Pl) (1)

where [R] is concentration of RNA, [R]; is total RNA con-
centration, [P]; is total peptide concentration and Kp is the
equilibrium dissociation constant.

NMR spectroscopy, spectral assignments and structure deter-
mination

Methods for resonance assignments and structure deter-
mination of RNA:peptide complexes have been described
(2,14,15). Additional details can be found in the Supple-
mentary Data.

Spreading infection

A 5 x 10° 5.25.EGFP.Luc.M7 cells (M7-luc, gift of N.
Landau(36)) grown in Roswell Park Memorial Institute
medium (RPMI) containing 25 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (GE Life Sciences,
Pittsburgh, PA), 10% Fetal Bovine Serum (FBS) (Sigma,
St. Louis, MO) and 100 pg/ml normocin (Invivogen, San
Diego, CA) were infected with the HIV-1 strain NL43-
GFP-IRES-Nef (NLgNef) that expresses Green Fluores-
cent Protein (GFP) and Nef on a bicistronic Nef messen-
ger RNA (a gift of David Levy (37)) at a low multiplicity of
infection (<0.01 infectious units/cell). Twenty-four hours
later, a 2-fold dilution series from 100 to 12.5 wM of JB181,
cyclic L22 and linear L22 were added to 5 x 10* cells/well
in a 96-well plate in triplicate. Twenty-four hours post pep-
tide addition, 50% of the cells and media were removed and
replaced with media containing peptides at the same con-
centration that was removed. Forty-eight hours post pep-
tide addition, the percentage of cells expressing GFP was
determined by flow cytometry via BD Fortessa SORP (BD,
Franklin Lakes, NJ). Flow cytometry data were analyzed
using WinList 3D (Verity Software House, Topsham, ME).
Graph and statistics generated using GraphPad Prism soft-
ware (GraphPad, LaJolla, CA).

Reactivation from latency

A 5 x 10* cells/well of Jurkat clone E4 (in RPMI (38)) were
added to a 96-well plate at the same time as a dilution se-
ries of JB181, cyclic L22 and linear L22 (0.39, 1.56, 6.25, 25,
50 and 100 wM) in triplicate. Four hours following peptide
addition, tumor necrosis factor « (TNFa) (1 ng/ml, Pepro-
tech, Rocky Hill, NJ) was added to stimulate HIV-1 tran-
scription. Twenty-four hours later, the percentage of cells
expressing GFP was determined by flow cytometry as de-
scribed above.

Peptide uptake

Frozen, de-identified human PBMCs (Allcells, Alameda,
CA) were thawed and stimulated with 6 TU IL-2 (R&D
Systems, Minneapolis, MN) and 10 pg/ml concanavalin
A (ConA, MilliporeSigma, Billerica, MA) in RPMI. Six



days post-thaw, CD4+ T cells were positively isolated us-
ing an EasySep Human CD4 positive selection kit in a
RoboSep robot (#18052RF, Stemcell Technologies, Cam-
bridge, MA). 2D10 Jurkat cells (38) were also grown in
RPMI. L22 selectively labeled with 5/6-carboxyfluorescein
was added at indicated concentrations at indicated time
points prior to flow cytometry analysis as described above.

Microscopy

2D10 Jurkats were treated with TNFa for 4 h prior to ad-
dition of AF647 labeled L22 for 30 min, then prepared for
RNA FISH as described (39). Cells were washed three times
in phosphate buffered saline (PBS) (Corning, Corning, NY)
and affixed to poly-L lysine (Sigma, St. Louis, MO) coated
glass coverslips for 5 min. Cells were washed once in PBS,
fixed in 4% formaldehyde in PBS for 15 min, then washed
three times with PBS. To permeabilize, cells were immersed
in 1 ml of 70% (vol./vol.) ethanol for at least 1 h at 4°C.
Coverslips were rehydrated in wash buffer (2x systemic scle-
rosis (SSC), 10% deionized formamide) for 5 min. Cover-
slips were hybridized in a humidified chamber at 37°C in
hybridization buffer (10% dextran sulfate, 2 SSC and 10%
deionized formamide) containing 2.5 wM RNA probes for
4-12 h. Stellaris RNA FISH probes (Biosearch Technolo-
gies, Novato, CA) to the HIV LTR as described (39). Fol-
lowing hybridization, cells were washed once in wash buffer
at 37°C for 30 min and washed a second time in wash buffer
containing 0.5 wg/ml Hoechst dye for 30 min at 37°C. Cells
were washed in 2x SSC for 5 min and immediately mounted
using Prolong Gold Antifade mountant (Life Technologies,
Carlsbad, CA). Imaging was done on a DeltaVision RT epi-
fluorescence microscope (Applied Precision, Inc., Issaquah,
WA). Images were captured in z-series by using a charge-
coupled-device digital camera, and out-of-focus light was
digitally removed by deconvolution software (Applied Pre-
cision, Inc., Issaquah, WA).

RESULTS

Introduction of non-canonical amino acids identifies a pM
macrocyclic ligand for TAR

New methods to explore macrocycle structure space and
advances in delivery methods have opened therapeutic
targets previously considered ‘undruggable’ (40-46). Be-
cause of their rigid scaffolds, we have pursued a class
of B-hairpin macrocycle mimics (Figure 1A) that target
structured RNAs and rapidly optimized them to discover
low nM affinity ligands for TAR RNA (14,28,31,47.,48).
These cell-penetrating macrocyclic peptides discriminate
well against structurally unrelated RNAs such as tRNA, but
only show marginal selectivity between closely related stem-
loops. Since specificity is a significant challenge in RNA-
targeting therapeutics, we sought to improve the selectivity
of our leads (Figure 1A) by synthesizing a relatively large
positional scanning library around the L22 sequence (14),
for which a structure exist, comprising natural L-amino
acids, mixed chirality and non-canonical side chains (Fig-
ure 1B and Supplementary Table S1).

Introduction of L-Ornithine (Orn), or L-24-
diaminobutyric acid (Dab) at position 1 led to the
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Figure 1. (A) TAR-binding cyclic peptides adopt an anti-parallel B-sheet
structure with residues in black directly interacting with RNA; green
residues are solvent exposed, while B-turn residues are blue, with residues
13 and 14 establishing the D-Pro/L-Pro template. (B) A new peptide li-
brary was constructed using extended or shortened non-standard mimics
of arginine and lysine to improve contacts with RNA. (C) The salt bridge
between Argl and the RNA backbone in the L22-TAR complex prevents
the peptide from reaching deep into the RNA major groove.

greatest improvement in binding (Table 1), followed by
L-2-amino-4-guanidinobutyric acid (Nor, norarginine)
at position 11. To further explore these affinity gains, we
generated a very small (8 peptides) focused library holding
Dab in position | and Nor in position 11 (Table 1). JB181
cyclo(Dab-Val-Arg-Thr-Arg-Lys-Gly-Arg-Arg-Ile-Nor-
Ile-Dpr-Pro) emerged as the most potent sequence with
sub-nM affinity, even in the presence of 250-fold excess of
tRNA (Kp < 200 pM by EMSA, Supplementary Figure
S1). To more accurately measure the affinity of this new
ligand, we substituted C24 with 2-aminopurine (2-AP) (35)
and used 2-AP fluorescence to directly measure Kp = 28 +
4 pM (Supplementary Figure S2). At last, JB181 exhibits
slow exchange kinetics during NMR titrations of the imino
protons (Figure 2A) and large chemical shift changes in the
TOCSY (Figure 2B), indicative of ultra-high affinity.

We next evaluated binding specificity by comparing two
structurally and functionally related RNAs (BIV TAR and
7SK stem-loop 4). Remarkably, although these peptides
were originally designed using the BIV structure as model
(25,26), and the previous high affinity ligands showed little
selectivity between HIV and BIV, binding of JB181 to BIV
TAR occurs with Kp = 4 nM. No significant binding to
7SK-SL4 was observed at >1 uM (Supplementary Figure
S1). We further evaluated JB181 binding against TAR vari-
ants identified in primary isolates, common substitutions
observed over time in patients exposed to treatment (Table
2) (32). Mutating G28 or Arg5 reduces binding to JB181
nearly six orders of magnitude, and the U23C substitution
or its removal abolishes JB181 binding. In contrast, varia-
tions in the apical loop sequence largely retain binding ca-
pacity to <200 pM, suggesting that any purine at these po-
sitions supports peptide binding. Mutation of A35 reduced
JB181 binding but not as severely as mutations which dis-
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Table 1. Dissociation constants for L22 derivatives binding to HIV-1 TAR RNA as determined by EMSA

Peptide 1 2 3 4 5 6 7 8 9 10 11 12 13 14 Kp (HIV), nM
L2214 R A% R T R K G R R I R I p P 30.0 + 5.00
JB58 Om V R T R K G R R I R I p P 3.0+£03
JB59 Dab V R T R K G R R I R I p P 1.0£0.3
JB181 Dab V R T R K G R R I Nor I p P <0.180

JB190 Dab V R T R G K R R I Nor I p P 1.6£0.5
JB186 Dab V R T R K G R R I Nor v p P 12402
JBI85 Dab V R T R K G R R I R L p P 0.5+0.1
JB184 Dab V R T 0 K G R R \ Nor \ p P >250

Representative binding gels for peptides can be found in SI material.

L-Ornithine (Orn), L-2,4-diaminobutyric acid (Dab) or L-2-amino-4-guanidinobutyric acid (Nor, norarginine) and D-Proline as lower-case p.
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Figure 2. The improvement in binding affinity over other peptides of this
class is highlighted by (A) clear slow exchange of imino resonance during
a titration of HIV TAR with JB181 {1 mM RNA with 0-1.3 mM JB181
(i-x)} and (B) large chemical shift changes between free (black) and bound
(red) TOCSY spectra. Data were recorded on a 500 MHz Bruker DRX
with TCI cryoprobe, at 10°C in 95%H,0/5%D>0 (A) or 25°C in 99%
DO (B) with the same NMR binding buffer conditions (10 mM potassium
phosphate pH 6.5, 10 mM sodium chloride, 0.0lmM ethylenediaminete-
traacetic acid).

rupt the secondary structure, while mutating U25 to C25
showed a decrease in affinity to ~1nM.

The JB181 macrocycle only weakly inhibits viral transcrip-
tional reactivation

We previously showed that macrocyclic peptides of this
class inhibit viral replication by acting both against reverse
transcription and activation of proviral transcription (31).
To demonstrate cell penetration and uptake, we conjugated

the previous generation peptide L22 with a fluorescent dye,
because the addition of Dab in JB181 adds a second pri-
mary amine making stoichiometric coupling very difficult
with readily available NHS ester coupling methods, and the
Dab amine is required for binding. We observed good up-
take in both CD4+ T-cells and 2D 10 Jurkat cells at I mg/ml
peptide concentration in the extracellular medium (Supple-
mentary Figure S4). High resolution images of 2D10 Jurkat
cells treated with Alexa-654-L22 after induction of HIV
RNA synthesis from the latent proviruses showed that cells
with reduced HIV RNA and GFP protein had accumulated
the highest levels of peptide, consistent with its activity as a
transcriptional inhibitor (Supplementary Figure S4). Addi-
tionally, many puncta of peptide (red) overlap with cytosolic
FISH-stained TAR (yellow), demonstrating that the pep-
tides penetrate cells and co-localize with TAR within cells.

To evaluate anti-viral potency, we tested compound
JBI181 for inhibition of viral spread (Figure 3A) by compari-
son with L22 and a linear peptide control (same sequence as
L22 but not cyclized). The HIV-1 indicator cell line M7-luc,
which expresses GFP from a Tat-dependent LTR (36), was
infected with the replication-competent HIV-1 clone NL-
gNef, which also expresses GFP. Peptides were added 24 h
post-infection and spread of infection determined after 72
h. JB181 and L22 reduced infection upward of 50% com-
pared to no peptide controls, while the linear analog of L.22
was much less active. However, we observed no significant
difference between JB181 and L22, despite the >100-fold
improvement in affinity and specificity.

In order to understand why large improvements in bind-
ing properties did not result in improved cellular potency,
we first assessed whether our new peptides improved RT
inhibition, since our previous work showed that this one
mechanism of antiviral activity (31). When we compared
peptides with different binding affinity for TAR, RT inhi-
bition was approximately equal for all peptides and uncor-
related with affinity or specificity of binding (Figure 3C).

The JB181 macrocycle only weakly inhibits SEC binding to
TAR RNA

To directly study the impact of JB181 on HIV transcrip-
tion, we tested our peptides in an assay in which inhibition
results exclusively from blocking the interactions between
TAR, Tat and the SEC, without contribution from reverse
transcription (38,49). A Jurkat T cell clone (E4) contain-
ing a latent HIV provirus with a LTR-driven GFP was used



Nucleic Acids Research, 2019, Vol. 47, No. 3 1527

Table 2. Dissociation constants for common HIV-1 TAR mutants bound to JB181, as determined by EMSA

HIV-1 TAR RNA Structure Kp (HIV), nM
u23C bulge (base triple) no binding observed
U234 bulge (base triple) no binding observed
A35G, G28A loop/helix junction 11 nM
G33A, G34A, G21A loop/lower stem 70 nM
A35G, G28C loop/helix junction 10 nM
U25C bulge 1 nM
A35C loop <1.3nM
A354e1 loop <1.3nM
G32A, G36A loop <166 pM
A , B, e the gels indicated that JB181 forms a complex with the SEC
:fy’:ﬁl L2 i core and TAR (Supplementary Figure S6), undoubtedly by
S| wineariz :\;4 «Linear L22 displacing the Tat ARM, since their binding sites overlap.
< g3 This result provides an explanation as to why JB181 only in-
z, 22 hibits proviral transcription at micromolar concentrations.
= £, , In order to better understand why JB181 did not inhibit P-
T TEFb, we determined the NMR structure of JB181 bound
12,5 25 50 100 0.1 1 10 100 to TAR.
Peptide [uM] Peptide [uM]
c D
1.0
0y = 4 - ig;f” 0 The exceptional affinity of the peptide reveals new structural
g - Az 20 features of TAR
3 —+ JB59 g . . . SO
E 501 ~ JB6O Loa Because of its higher affinity, NMR data quality increased
= £ oz - HIV TAR Only significantly for JB181, with nearly 150 more NOEs ob-
. : oodh T MIVTARJBIST Complex served compared to the L22 complex (14,28), whose struc-
04 1 10 100 0 20 40 60 8 100

[Ligand] uM [PTEF-b/Tat1:57/AFF4] nM
Figure 3. (A) M7-luc cells were infected with the replication competent
HIV-1 clone NLgNef at very low titer. Three days post-infection, GFP
expression was measured by flow cytometry. Both cyclic L22 and JB181
blocked replication and spread while linear L22, which does not bind to
TAR well, showed much lower inhibition. (B) JB181 inhibits HIV-1 re-
activation from latency. Tat-dependent expression of GFP is repressed in
E4 Jurkat cells, which serve as a model of HIV latency. These cells were
pre-incubated for 2 h with L22 (cyclic, green), L22 (linear, blue) or JB181
(cyclic, red) at concentrations 0.5-100 wM, then stimulated for reactiva-
tion by TNFa at 1ng/ml. Twenty-four hours later, reactivation as moni-
tored by GFP expression was measured by flow cytometry. Both cyclic L22
and JB181 blocked reactivation while linear L22 showed no inhibition. (C)
Biochemical RT inhibition assays were conducted as described previously
(31) for peptides JB59, JB60, JB181 and L50 along with AZT. (D) Compe-
tition EMSA comparing affinity of the P-TEFb/Tat1:57/AFF4 complex
for wild-type HIV-TAR with or without JB181 pre-bound to TAR.

to assess the impact of the peptides on latency (38,49). Fol-
lowing stimulation of the cells with a potent latency reversal
agent (TNFaq, 1 ng/ml), we found that L22 and JB181 in-
hibit at similar levels (Figure 3B), while the linear L22 con-
trol was much less active. Since the readout from this assay
is GFP production from the provirus, these results strongly
suggest that L22 and JB181 prevent Tat-mediated transcrip-
tion from the LTR, but at concentrations uncorrelated with
their binding affinity.

Next, we tested whether JB181 could displace the com-
plete Tat/P-TEFb/AFF4 core SEC (11) from TAR. Sur-
prisingly, JB181 was only weakly competitive with the P-
TEFb/Tat1:57/AFF4 complex, shifting the apparent Kp by
<2-fold; from Kp = 9 +4 nM for free TAR to Kp = 17
4 7nM for TAR bound to JB181 (Figure 3D). Analysis of

ture was already of very high quality. Many RNA reso-
nances which were too broad to be confidently assigned, are
now clearly resolved, including a 2’-OH from A27 protected
from exchange with solvent, and many previously ambigu-
ous intermolecular NOEs (Supplementary Figures S7 and
S8). A35 adopts the syn conformation, which was observed
in half of the models for the L22 structure, and suggested as
part of a sparsely populated excited state structure in free
TAR (3). A new peak at 14.16 ppm corresponds to U23 in
the U23-A27-U38 base triple (Figure 2). The NOE pattern
demonstrates that the peptide directly interacts with U23
(Supplementary Figure S7). The base triple has long been
proposed, but was not directly observed in any of the nu-
merous peptide or small molecule-TAR complexes we ex-
haustively examined, including L22 (1,4,6,11,14), until a
very recent crystal structure of TAR bound to a protein
evolved to bind to TAR with nM affinity (50).

Each peptide backbone HN resonance is clearly resolved
(Supplementary Figure S7). Four of the five guanidinium
side chain resonances (all but Arg9) were confidently identi-
fied as well, indicating reduced rotation due to intermolecu-
lar hydrogen bonding. We were also able to unambiguously
identify the primary amine side chains of Dabl and Lyso6,
which suggest direct interactions with the RNA as well. Al-
together, we were able to clearly identify at least one inter-
molecular NOE from each of the side chains of Dab1, Arg3,
Arg5, Lys6, Arg8 and Norl 1, allowing their precise place-
ment. These observations strongly imply that the very high
affinity of JB181 has pushed the TAR structure into a deep
conformational free energy minimum, corresponding to its
‘bound state’, while previous Tat-derived peptides, mimics
and small molecules only partially induced this conforma-
tion, which remained partly dynamic.
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Figure 4. Structure of JB181 bound to HIV-1 TAR RNA, based on the
experimental restraints summarized in Supplementary Table S2. (A) The
representative (lowest energy) structure of the complex shows similar ori-
entation to other ligands of this class. (B) Overlay of the 20 lowest energy
structures with all atom alignment showing excellent precision even with-
out RDC refinement (GUA = Red, ADE = Orange, CYT = Blue, URI
= light blue), except for G32 and G33. (C) JB181 fully occupies the major
groove.

Figure 5. (A) The Dabl salt bridge with G21 O1P shortens the distance
between peptide and RNA backbones compared to Argl in L22 complex.
This establishes a pocket between A22 and U23 for Arg3, while Arg5 sand-
wiches the U23 base to stabilize the base triple. (B) Overlay of the top 20
low energy structures shows the U23-A27-U38 base triple is rigidly defined
in the JB181 complex, allowing observation of the 2’-OH from A27. (ADE
= Orange, URI = light blue). (C) A new hydrogen bond between Lys6 and
U2s.

Structure of the JB181 HIV-1 TAR complex

The final structure was of very high-quality (all atom back-
bone rmsd for 10 low energy structures of 1.4 A over the full
structure) (Figure 4). Only G32 and G33 remain less pre-
cisely defined (Figure 4B) and the structure conforms well
to the NMR restraints (Supplementary Table S2).
Examination of the new structure supports the conclu-
sion that the Argl-Dabl substitution was most important
for increasing peptide affinity. The primary amine side chain
of Dab maintains a salt bridge with the RNA backbone (2.4
A from O1P of G21 and 3.6 A from O1P of A22). Maintain-
ing this interaction while shortemng the side chain length
brings the peptide closer to the major groove by ~2.4 A
(measured from the Ca Dabl to P of G21) allowing the KG
turn to pitch upward with respect to the helical axis (Sup-
plementary Figure S12). This increase in pitch establishes a
new binding pocket for Arg3 between A22 and U23 (Figure
4C) and sandwiches U23 between ArgS and Arg3 (Figure
5A; a clearer close up view is provided in Supplementary
Figure S13), in a manner reminiscent of the previously de-
scribed arginine-fork (51). Arg3 has the sharpest He peak
of all such side chain, with the NH,’s clearly split and well-

resolved, supporting a strong interaction. The Arg3/Arg5
sandwich of U23 improves the packing of Ile10 and dramat-
ically increases the stability of the U23-A27-U38 base triple
(Figure 5B), compared to the previous L22-TAR structure
(Figure S13). However, HIV-1 Tat has no equivalent hy-
drophobic residue within its RNA-binding domain. Thus,
even in recent crystal structures, it remains unclear if a sta-
ble base triple forms in the complex between HIV Tat and
TAR (11).

The upward pitch of the peptide allows formation of a
new hydrogen bond with U25 (Figure 5C) supported by
NOEs between Arg5 He:U25-HS and Lys6 He:U25-HS
(Supplementary Figure S8). We recently reported this hy-
drogen bond in an intermediate structure of TAR bound to
a linear Tat-derived peptide and to L22, linking the free and
bound conformations (52). This hydrogen bond contributes
to the stability the complex. As shown in Table 1, swapping
the turns from KG to GK in JB190, or changing U25 to
C25 (Table 2), decreased binding from ~25 pM to ~1.5nM
in both cases. Notably, this interaction cannot form in BIV
or 7SK RNAs, as neither contains the bulged U25 residue.
It is therefore likely to contribute to the specificity of JB181
toward HIV TAR as well.

DISCUSSION

HIV-1 TAR represents a long-standing paradigm for the
discovery of RNA targeting molecules (12,13,15,17,21-
23,53,54) yet not one candidate has advanced even to the
pre-clinical validation stage. It is often stated that a main
limitation is that even high affinity ligands lack sufficient
selectivity to distinguish TAR from other cellular RNAs.
We report the design and synthesis of a macrocycle peptide
incorporating non-canonical amino acids with unprece-
dented pM affinity and specificity. The remarkable binding
properties of JB181 demonstrate that specific RNA recog-
nition of relatively simple RNA secondary structures like
TAR, as often found in eukaryotic non-coding RNAs, can
be achieved using a structure guided approach.

The exceptional affinity of JB181 allows analysis of the
structure of TAR to a much greater detail than possible with
linear Tat-derived peptides or weaker binding macrocycles
and small molecules (14,15,25-28). We directly observe the
long postulated and only recently directly observed (50)
U23-A27-U38 base triple, but also new features of the api-
cal loop, namely the switching of A35 to the syn conforma-
tion that displays to solvent nucleotides recognized by P-
TEFDb and the hydrogen bonded G34:C30 base pair, both
indirectly suggested by studies of NMR dynamics. Thus,
TAR possesses a bi-modal structure (52), corresponding to
a free and a bound conformation stabilized to different ex-
tent by different ligands, that is sparsely populated in free
TAR (3,55). The JB181 peptide induces a conformation in
TAR that resembles the structure of TAR bound to the
Tat-ARM (Figure 6A), as we described (2), but also pre-
organizes the apical loop for binding to the TAR Recogni-
tion Motif (TRM) of CycT1 (Figure 6B).

Despite the unprecedented binding characteristics, the
peptide only weakly inhibits transcriptional activation and
its anti-viral potency in cells does not scale with affinity.
This result is puzzling because these peptides readily pen-



Figure 6. (A and B) Upon binding to CycT1 of the P-TEFb complex, Tat
induces a conformational change in the C-terminal helix (residues 247—
265; free = cyan, Tat-bound = magenta), which directly binds to the TAR
loop and is named the TAR Recognition Motif (TRM). As recent struc-
tures show, the conformational change of the TRM is independent of TAR
binding. For clarity, only the Cyt-T1 portion of each structure is shown.
(Free: PDB4EC9 and 3BLH. Bound: PDB 5L1Z, 3M19, 3MIA and 40OR5)
(C and D) At the same time, binding of peptide JB181, and presumably
the Tat ARM, to the TAR UCU bulge region, reorganizes the RNA struc-
ture both globally and locally to facilitate recognition of the TAR loop by
CycT1. (Free: PDB 1ANR. Bound: PDB 6D2U). (E) From this perspec-
tive, Tat has a dual function in inducing conformational rearrangements
in both CycT1 and TAR to drive formation of a high affinity complex be-
tween TAR and the SEC.

etrate cells, are proteolytically stable, and co-localize with
RNA inside cells. The low cellular activity can be partially
explained by the dual mechanism of action of the pep-
tides, which inhibit both initiation of RT and Tat-dependent
trans-activation (31). We observed no improvement in RT
inhibition biochemically (Figure 3C), suggesting that once
TAR RNA is saturated with peptide, maximal RT inhibi-
tion is achieved.

However, although JBI81 is an extremely potent in-
hibitor of Tat binding to TAR RNA, it only weakly inhibits
loading of the SEC core (P-TEFb, AFF4 and Tat) on TAR
in vitro. Remarkably, JB181 binds to TAR when the SEC
core is also bound, by displacing the Tat-ARM while per-
mitting CycT1 to interact normally with the apical loop of
TAR RNA. In other words, inhibition of the Tat ARM by
a peptide that binds to the UCU bulge with pM affinity is
insufficient to permit strong inhibition of the recruitment
of P-TEFDb, once it is assembled with Tat. This observation
might also explain the weak activity (mid wM) of low nM
small molecules synthesized by us in the past (51,56).

Binding of Tat to TAR is important not only because Tat
increases the affinity of P-TEFb for TAR is due to its in-
teraction with the CycT1-TRM, but also because it induces
a conformational change in TAR that facilitates binding of
CycT1 (Figure 6). The direct interaction of its ARM with
TAR may simply be required to induce the RNA structural
change, while imparting minimal additional affinity. Thus,
the dominant contribution to binding energy comes from
the recognition of the loop by the CycT1-TRM and the
structural rearrangement in the RNA induced by Tat (Fig-
ure 6) (8,9,11). Here, we observe binding of an ultra-high
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affinity mimic of the Tat-ARM to the TAR UCU bulge po-
sitions the loop to bind the TRM. Additionally, the Tat-
ARM might be functionally more important in the absence
of CycTl, to bring Tat (and P-TEFb) to TAR, and in ex-
tracting P-TEFDb from 7SK RNA where it is stored in an
inactive form.

This model for TAR recognition, in which affinity is
driven primarily by binding of CycT1 and Tat provides a
trigger for RNA conformational changes, is consistent with
the long standing observations that mutations in the TAR
sequence which disrupt Tat binding have only modest ef-
fects on P-TEFb/AFF4/Tat binding to TAR (11). The im-
plication is that targeting the UCU bulge alone, which has
been the universally pursued strategy to inhibit TAR, is un-
likely to lead to a pharmacological response unless CycT1
interactions with the rearranged TAR RNA loop is also tar-
geted.
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