1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ﬁ Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 October 04.

s HHS Public Access
L

Published in final edited form as:
Angew Chem Int Ed Engl. 2016 October 04; 55(41): 12637-12642. doi:10.1002/anie.201605745.

Cell Permeable Peptides Containing “Cycloalanine” Residues

Dr. Hao Wu?, Dr. Guillaume MousseauP, Dr. Sonia MediouniP, Prof. Dr. Susana T. Valente®,
and Prof. Dr. Thomas Kodadek?

aDepartment of Chemistry and Cancer Biology, The Scripps Research Institute, 130 Scripps Way,
Jupiter FL 33458 (USA)

bDepartment of Immunology and Microbial Sciences, The Scripps Research Institute, 130 Scripps
Way, Jupiter FL 33458 (USA)

Abstract

We present here an efficient alternative to the N-methylation for the purpose of morphing protein-
binding peptides into more serum stable and cell permeable compounds. This involves the
incorporation of a “cycloalanine (CyAla)” into a peptide in a way that avoids difficult coupling
steps. We demonstrate the utility of this chemistry in creating a cell permeable derivative of a high
affinity HIV Rev protein-binding peptide.

Graphical Abstract

Given Peptide
O R,
— PN A —

l CyAla Scan
O R
C)QkNAWH{:)
V0

Morphed Peptidomimetics
Improved Serum Stability
Improved Cell Permeability

Cycloalanine: Introducing sites of N-alkylation into peptides improves serum stability and cell
permeability. The most common strategy, N-methylation, requires difficult, forcing peptide
coupling reactions. Here we introduce an alternative strategy involving the efficient incorporation
of “cycloalanine” residues into peptides. This approach is employed to create a cell permeable
version of a HIV Rev peptide antagonist
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Protein surfaces that are difficult to target with traditional small molecules can often be
recognized by peptides. These peptide ligands can be discovered by screening libraries or, in
some cases, designed by examination of the crystal structure of the protein of interest in
complex with a native binding partner or antibody. Unfortunately, peptides are non-optimal
drug leads, particularly for intracellular targets, due to poor serum stability and cell
permeability. Many efforts have been made to develop general methods to morph peptides
into molecules with improved pharmacokinetic properties without compromising binding.
One of the most common is N-methylation.[2] Peptidases do not recognize tertiary amide
substrates and replacement of the polar N-H unit of the peptide bond with an N-alkyl moiety
increases passive membrane permeability greatly.[?] A limitation of this approach is that
acylation of N-methyl amino acids is difficult (Fig. 1A), requiring highly activated acylating
reagents, and often proceeds in only modest yield.[3] Our laboratory is interested in the
creation of high-quality, DNA-encoded one bead one compound (OBOC) libraries of novel
oligomeric molecules,[4] including those containing N-alkylated peptides. These harsh,
DNA-damagingl®! couplings are particularly problematic in this context.

In this report, we describe a new strategy to produce peptide analogues with improved
properties that avoids difficult acylation reactions. The chemistry involves reductive
amination of the N-terminal amino acid with the aldehydel®! that represents the side chain-
reduced form of aspartic acid,[] followed by an efficient, intramolecular acylation reaction
(Fig. 1B). Thus, sterically demanding intermolecular peptide coupling is avoided. We call
this unit a “cycloalanine” (CyAla).[8]

The Fmoc- and Alloc-protected building block 1 (Fmoc-Asp(H)-OAll, Fig. 1C) was
synthesized in gram quantities from commercially available Fmoc-Asp-OAll by conversion
to the Weinreb amide and reduction following the published procedure of Kessler and co-
workers,[7]

To optimize conditions for solid-phase synthesis, a 1:1 mixture of Fmoc-Gly and Chz-Gly
was loaded onto 2-CTC resin. The Fmoc group was then removed. 1 was linked to the Gly-
NH,, via reductive amination. After deprotection of the carboxylate with Pd(PPh3)4, amide
bond formation was achieved by treatment with PyAOP/HOALt and DIPEA in DMF. After
cleavage from the beads, LC-MS analysis of the crude products (with Cbz-Gly as an internal
standard) showed that the desired GlyCyAla-Fmoc dipeptide was created in high yield
(>90%) and purity (>90%) (Supp. Fig. S1).

With these conditions in hand, the efficacy of this CyAla substitution strategy was evaluated
in the context of a peptide (H,N-YPAASYR) that is a paratope derived from the light chain
CDR3 loop of a Fab that binds tightly to the HIV Rev protein.[®] A crystal structure of the
Fab-Rev complex (Supp. Fig. S2) showed these seven residues make many of the key
contacts with Rev.[9: 101 Consistent with the structure, Wingfield and colleagues
demonstrated that a synthetic peptide containing these residues bound to Rev with moderate

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 October 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 3

affinity.[9] All possible single CyAla-containing derivatives of NH,-YPAASYR (henceforth
called Rev-Binding peptide (RBP) were prepared by solid-phase synthesis, except for
substitution of the N-terminal tyrosine (since the following residue is proline, this was not
possible). All were obtained in good yield and purity (see supplementary material). The
crude products were purified by preparative HPLC.

The affinity of each derivative for Rev protein relative to the parent peptide (Kp =217 + 22
nM; Supp. Fig. S3A) was tested using a competitive fluorescence polarization assay in
which a complex of the Rev protein with the fluorescein-labeled parent peptide was
challenged with increasing concentrations of unlabeled molecules (supplementary Fig. S3B
and S3C). In the self-competition, unlabeled RBP exhibited an ICsg of 179 nM. Several of
the CyAla-containing derivatives had I1Csgs within two-fold of that exhibited by the parent
peptide, with the exception of substitution of the tyrosine at position 6 (Table 1). In
particular, substitution of the proline and two alanines appeared to be particularly well
tolerated.

Based on these data, we synthesized a peptide in which both of the alanine residues were
replaced by CyAla units (since Pro is an N-alkyl amino acid, there was no reason to modify
it). For comparison purposes, we also made the analogous di-N-Me alanine-substituted
peptide using the BTC coupling conditions that have been reported to be the most efficient
method of driving the acylation of N-methyl amino acids.[3°] HPLC analysis of the products
revealed that the crude di-CyAla compound was produced with superior yield and purity
compared to the di-N-methylalanine-containing peptide (Supp. Fig. S4). To further examine
the relative efficiencies of incorporating N-methyl or CyAla residues in peptides, a model
solid-phase synthesis was also carried out and showed that the di-CyAla compound was
formed with >95% purity. In contrast the crude di-N-methylalanine compound was less than
50% pure (Supp. Fig. S6).

The purified peptide containing CyAla residues at position 3 and 4 (CyAla3,4) exhibited an
affinity for Rev protein in the competitive binding assay similar to that of the parent peptide
(Table 1). We also created a head to tail cyclized version of CyAla3,4 (cCyAla3,4) since it
was shown that a cyclic peptide containing the RBP bound Rev with higher affinity than the
linear molecule, as expected from the loop-like conformation seen in the crystal structure
(Supplementary Fig. S2).[9] As positive and negative controls the analogous head to tail
cyclized RBP (cRBP) and a scrambled version of cCyAla3,4 (scrcCyAla3,4) were also
made. As expected, cyclization increased the affinity of both RBP and CyAla3,4
significantly (IC5¢ = 28 nM; Table 1 and Supplementary Fig. S3C).

Rev is an RNA-binding protein that is required for export of unspliced or incompletely
spliced viral messages from the nucleus to the cytoplasm.[11] This event is essential for viral
replication and thus is a therapeutic target of interest, though currently no good Rev
inhibitors exist. Rev associates with a specific RNA sequence known as the RRE (Rev
response element). Therefore, we examined whether RBP or CyAla-containing analogues
could interfere with Rev-RRE binding using a previously established gel shift assay. As
shown in Fig. 2, both the linear and cyclic forms of RBP and CyAla3,4 potently inhibit Rev-
RRE binding. The linear molecules exhibited I1Cggs of 62 and 68 nM, respectively, while the
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cyclic compounds were about ten times more potent. scr CyAla3,4 had no effect on complex
formation It is unusual for small molecules to antagonize protein-nucleic acid interactions,
particularly with this level of potency. Note that these molecules do not bind to the RNA-
binding surface of Rev, and thus must be acting via an allosteric mechanism.

Given this promising result, we evaluated the suitability of these molecules as Rev
antagonists in living cells. First, the serum stability was evaluated. As shown in Fig. 3A and
Supplementary Fig. S5, RBP had a half-life of approximately two hours when incubated
with human serum. CyAla3,4 exhibited an improved half-life of about five hours.
Cyclization of either of these species dramatically improved serum stability. cRBP was still
75% intact after a 12 hour incubation, while the level of cCyAla3,4 was essentially
unchanged in the same time frame. Indeed, longer serum incubations revealed cRBP had a
half-life of approximately 30 hours, and cCyAla3,4 more than 72 hours (Fig 3A, and Supp.
S7). Given the superior binding properties and serum stability of the cyclic molecules, we
focused on these exclusively for the remainder of the study.

The critical issue of cell permeability was addressed next. Derivatives of cRBP and
cCyAla3 were created with a lysine inserted between the N- and C-terminal residues. A
fluorescein diacetate (FDA) moiety was tethered to the Lys side chain (Fig 3B). FDA is dim,
but the fluorophore “lights up” when the acetyl groups are hydrolyzed, an event catalyzed by
intracellular esterases. Thus, if the molecules can access the cytoplasm, the cells become
fluorescent.[12]

As expected, incubation of the cRBP-FDA conjugate with HeLa cells did not result in the
generation of intracellular fluorescence (Fig. 3C), reflecting the generally poor cell
permeability of peptides of this size. While cyclization can increase the permeability of
some peptides, this requires the formation of intracellular amide hydrogen bonds that act to
desolvate the molecule.[13] But this is not a general phenomenon and apparently cRBP does
not adopt such a conformation. In stark contrast, incubation of HeLa cells with cCyAla3,4-
FDA produced clear green fluorescence inside the cells (Fig. 3C). While some of the green
color was localized to punctate regions, most of it appeared to be spread throughout the
cytoplasm. To further address the concern that the peptide analogue may have accessed the
cell by endocytosis or some related mechanism, we also stained the cells with Lysotracker
dye (red). The overlay of the red and green channels showed no correlation between the
localization of lysosomes and the cCyAla3,4-Fluorescein, consistent with most of the
peptidomimetic entering the cells by passive diffusion. The huge difference between the
cyclic peptide and the diCyAla-substituted molecule validates the utility of this novel N-
alkylation strategy as a method to improve cell permeability. A cyclic di-N-methylalanine
analogue (cMeAla3,4-FDA) was also made with an FDA fusion. Cells incubated with this
compound showed less cytoplasmic fluorescence than those incubated with cCyAla3,4-FDA
compound under the same experimental condition (Fig. S8), suggesting that the CyAla
strategy may provide more cell permeable molecules than N-methylation.

With a serum stable and cell permeable antagonist of the Rev-RNA interaction in hand, we
proceeded to evaluate its effect on HIV replication in living cells. These experiments
employed a reporter cell line that stably expresses the B-galactosidase (LacZ) gene, driven
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by the HIV-1 5’ long terminal repeat (LTR), which responds to the viral protein Tat
expressed by an incoming virus. The measured p-gal activity correlates directly with viral
replication.l!4] Thus, HelLa-CD4-LTR-LacZ cells were infected with the HIV-1 isolate
NL4-3, a X4 tropic virus, in the presence of increasing concentrations of the linear
(CyAla3,4) or cyclic (cCyAla3,4) CyAla-containing analogues of RBP, or, as a control
ScrcCyAla3,4. cCyAla3,4, but not the linear compound or the scrambled control, inhibited
viral replication, with an ICgq of 378 nM (Fig. 4A). We confirmed the efficacy of cCyAla3,4
to inhibit HIV-1 replication by measuring other replication readouts such as viral capsid p24
in the supernatant by p24 ELISA[!4] and cell-associated viral RNA by gPCR (Fig. 4B, and
4C).[15] Efavirenz,[15] a reverse transcription inhibitor, was used as positive control in these
assays. We also assessed the activity of cCyAla3,4 to inhibit replication of an R5 tropic
HIV-1 strain, YU2. Infection of CCR5+ GHOST cells with this R5 tropic virus was inhibited
by cCyAla3,4 with an ICsq of 106 nM (Fig. 4D). The integrase inhibitor Raltegravirl15] was
used as a positive control.

While these results were encouraging, the ICsq values measured, while respectable, were not
as low as we might have expected given the low nM potency displayed by cCyAla3,4 in
antagonizing Rev-RRE interactions in vitro (Fig. 2). Since cCyAla3,4 appears to be highly
cell permeable (Fig. 3C), it seemed unlikely that this difference could be explained by only a
fraction of the molecule added to the cells traversing the membrane. Therefore, more
detailed assays were undertaken to determine if the inhibition of HIV replication by
cCyAla3,4 was indeed due to a blockade of Rev-mediated RNA transport from the nucleus
to the cytoplasm.

First, proviral integration events were quantified to determine whether cCyAla3,4 targets an
early or late event in the HIV-1 life cycle. Integration is an early event that precedes any
Rev-mediated steps in the viral life cycle. This was done by using an Alu-PCR followed by a
nested qPCR directed at the HIV-1 promoter region.[*5] To our surprise, and contrary to what
would be expected from an inhibitor of Rev activity, cCyAla3,4 showed a dose-dependent
inhibition of this early stage, Rev-independent proviral integration event (Fig. 4E).

A Rev inhibitor should promote accumulation of unspliced and singly spliced viral mMRNAs
in the nucleus, while the ratio of the multiply spliced MRNA between the nucleus and
cytoplasm remains unchanged. To determine if cCyAla3,4 has an effect on these ratios, viral
MRNA was isolated from both the nucleus (nuc) and the cytoplasm (cyt) of cells treated for
24 h with KPT (a selective CRM1-mediated nuclear mRNA transport inhibitor)[26],
cCyAla3,4 or scrcCyAla3,4. Quantitative RT-gPCR was then used to measure the relative
amounts of unspliced (GagPol), singly spliced (Env) and multiply spliced mRNA (Tat, Rev
and Nef) (Fig. 4F). Treatment with KPT, induced a 3- to 5-fold increase in the nucleus of
GagPol mRNA and a 3 to 7-fold of Env mRNA. In contrast, the ratio between the nuclear
and cytosolic levels of these mRNAs did not change when the cells were treated with 10 uM
cCyAla3,4 (Fig. 4F). Together these data rule out the possibility that cCyAla3,4 antagonizes
CRM1/Rev-RRE viral mRNA export from the nucleus.

Why cCyAla3,4 cannot engage Rev in HIV-infected cells is unknown. The live cell
fluorescence images show that cCyAla3,4-Fluorescein is absent from the nucleus (Fig. 3C).
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Perhaps it is thus unable to engage Rev at a point at which blocking its interaction with RNA
is possible. It seems extremely unlikely that the lack of anti-Rev activity in living cells is due
to poor cell permeability of cCyAla3,4. First, the live cell fluorescence imaging indicates
that substantial levels of the compound can enter the cell. Moreover, the compound does
exhibit significant anti-viral activity (Fig. 4), with 1Csq’s in the mid-nM region depending on
the viral strain. This argues the compound recognizes one or more intracellular off-targets.
More work will be required to track down these off-targets.

It may be that the selectivity of the peptide for Rev is insufficient to allow engagement in the
cell. 1t is worthwhile to remember that the RBP, which represented the starting point of this
probe development project, comes from a paratope of a Rev-binding Fab antibody fragment
that was isolated from a phage display library to aid in obtaining the crystal structure of Rev.
Thus, the RBP sequence has not been required by evolution, either natural or applied, to
bind to Rev selectively in a complex milieu like the cytoplasm, as would be the case if the
parent peptide came from a native binding partner. While binding in vitro is tight, high
affinity does not always go hand in hand with high selectivity. We note that a fusion of the
Rev-binding Fab with a Tat cell penetrating peptide was shown to have anti-viral activity in
cells, as does cCyAla3,4, but the mechanism of action was not probed in detail to determine
if this activity was indeed due to Rev inhibition. We speculate that it was not, though this
would have to be determined experimentally.

Returning to the major focus of this study, which was to evaluate the CyAla substitution as
an alternative to N-methylation for improving the properties of peptide ligands, the data are
encouraging. This chemistry is considerably cleaner and more efficient than the placement
of N-methyl amino acids in a peptide (Supp. Figs. S4 and S6). Replacing two native peptide
residues with CyAla moieties in the seven-residue RBP increased the serum stability of the
peptide by about 2.5-fold (Fig. 3A) and increased the cell permeability tremendously (Fig.
3C), perhaps to even greater degree than did the corresponding N-methyl units. All of this
without affecting the affinity of the peptide for Rev (Table 1). Another advantage of using
CyAla over N-methyl is that the latter substitution results in a mixture of cis and trans
peptide bonds, while CyAla is expected to have the same trans-dominated equilibrium as a
standard peptide. Thus, the CyAla chemistry should be a useful tool for morphing interesting
peptide ligands into cell permeable probe molecules in the future. It should be emphasized
however, that this substitution eliminates the native side chain of a peptide, unlike N-
methylation, so can be employed only at positions where the side chain does not make a
critical contact with the protein.

Finally, while RBP may not have been an optimal starting point for the development of a
selective Rev inhibitor, the fact that we were able to develop a serum stable and highly cell
permeable molecule that antagonized Rev-RRE binding with low nM potency in vitro is
cause for optimism for future probe/drug development against this key HIV protein. It is
clearly possible to engage an allosteric site on the protein with high affinity given a molecule
of the size of a cyclic heptapeptide. This suggests that a de novo screen of large libraries of
molecules of this type under conditions that demand high selectivity, as well as affinity,
would be a productive route to interesting Rev inhibitors.
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Experimental Section

Additional experimental details are provide in the supplementary material.

Synthesis of CyAla-containing peptides

Fmoc-Gly-OH and Chz-Gly-OH (1:1 mixture) were loaded onto 2-CTC resin. After removal
of the Fmoc group, 1 was condensed onto the amine by reductive amination. The allylic
ester was cleaved and the resultant free acid was cyclized in an intramolecular fashion to the
free amine. Fmoc chemistry was used during the solid phase synthesis with modifications.
The synthetic procedure for each type of chemical reaction conducted is provided below.

Amino acid to amino acid coupling!7l—Fmoc amino acid (3.0 eq to resin loading),
Ethyl (hydroxyimino)cyanoacetate (Oxyma) or Ethyl (hydroxyimino)cyanoacetate
potassium salt (K-Oxyma, 3.0 eq to resin loading) and N,N’-Diisopropylcarbodiimide (DIC,
3.0 eq to resin loading) were mixed together in dimethylformamide (DMF) for 10 min,
before the mixture was added to resin. After 2 h reaction, the resin was washed by DMF
3x/DCM 3%x/DMF 3x,

Fmoc deprotection—The Fmoc group was subsequently deprotected by 20% piperidine
in DMF for 15 min twice. After deprotection, the resin was extensively washed by DMF 5x/
dichloromethane (DCM) 5x/DMF 5x.

Reductive amination—After Fmoc deprotection, resin was treated with compound 4
(10.0 eq) in DMF for 1 h at room temperature, followed by washing with 1:1 DMF/DCM.
Subsequently, excess NaBH, (greater than 10.0 eq) was added in DCM/MeOH. The reaction
was carried for 2 h at room temperature. A positive chloranil test indicated the desired
secondary amine was generated.

Ally deprotection—The allyl group was removed by incubating the resin with Pd(PPh3)4
(3.0 eq) and PhSiH3 (12.0 eq) in anhydrous DCM with continuous shaking at room
temperature for 30 min. The resin was washed with DCM, DMF, 1.0 % DIPEA in DMF, and
1.0 % sodium diethyldithiocarbamate trihydrate in DMF 3x and then DMF 3x.

Cyclization—Cyclization was performed by incubating resin with PyAOP (3.0 eq), 2.04
mg of HOAL (3.0 eq), and DIPEA (6.0 eq) in DMF with rotation at room temperature for 6
hr. Resin was washed with DMF 1x and incubated in DMF with rotation at room
temperature overnight.

Cleavage—If no subsequent macrocyclization is needed, the cleavage should be done
together with global deprotection of acid-labile protecting groups, The compound was
cleaved from chlorotrityl chloride resin by freshly prepared cleavage cocktail: trifluoroacetic
acid (TFA)/ triisopropylsilane (TIPS)/H,0 (95:2.5:2.5) for 1 hr.

Alternatively, if macrocyclization is needed, the compound was cleaved by a cocktail
containing trifluoroethanol(TFE)/acetic acid (HOAC)/DCM (1:1:3). After 1 h reaction at
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room temperature, the cleavage cocktail was evaporated, followed by ether precipitation, and
preparative HPLC purification.

Supplement

ary Material

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

A new strategy for morphing peptides into more serum-stable, cell permeable molecules via
N-alkylation. A. The traditional insertion of N-methyl amino acids into peptides necessitates
a difficult acylation of the secondary amine. B. The CyAla strategy described here renders
the acylation of the secondary amine an intramolecular reaction. C. Synthesis of the building
block used to insert a CyAla residue into a peptide.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 October 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wau et al. Page 11

Rev + - + + + + + + +
RRE-IB + + + + + + + + +

Compound [nM] 0 0 1000500100 50 10 5 1

— Rev-RRE

RBP — RRE

CyAla3,4

cRBP

cCyAla3,4

scrcCyAla3,4

Fig. 2.
Effect of RBP and the RBP mimics indicated on the association of Rev with the RRE RNA

as monitored by native gel electrophoresis.
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Fig. 3.

Assessment of the serum stability and cell permeability of RBP and selected analogues. A.
The compounds indicated were incubated with human serum. At the times indicated the
samples were analysed by HPLC and the fraction of the intact peptide remaining was
quantified. B. Structures of the FDA conjugates used in part C. C. Live cell confocal
fluorescent images of HelL a cells treated with the compounds indicated and stained with
Hoechst 33342 (blue; DNA stain) and LysoTracker Red DND-99 (red).
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Fig. 4.

cC?yAIa3,4 inhibits early events of the HIV-1 replication cycle. A) The cyclic peptide
cCyAla3,4, but not its linear version, inhibits HIV-1 replication. HeLa-CD4 LTR-LacZ cells
were infected with the HIV-1 X4 tropic NL4-3 isolate in presence of the indicated
compounds and concentrations. Beta-galactosidase activity was quantified 72 h later. scr:

scr cCyAla3,4; NA: not applicable. B) cCyAla3,4 inhibits HIV-1 p24 capsid production.
HelLa-CD4 cells were infected with NL4-3 for 5 h. Cells were washed three times and fresh
media added with the indicated compounds. Capsid p24 in the supernatant was assessed 72 h

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2017 October 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wu et al.

Page 14

later by p24 ELISA. Efav: Efavirenz. Error bars in A) and B) represent standard deviation of
three independent experiments done in duplicate (n = 3). C) cCyAla3,4 inhibits viral mMRNA
expression. Experiment done as in B). Total RNA was extracted 96 h post infection and
analyzed by quantitative RT-gPCR. Total HIV mRNA normalized to GAPDH and to 100%
DMSO control. Error bars represent standard deviation of two independent experiments
done in duplicate (n = 2). D) cCyAla3,4 inhibits acute R5 tropic HIV-1 replication. GHOST
cells were infected with the HIV-1 R5 tropic YU2 isolate for 24 h in presence of the
indicated compounds and concentrations. Cells were washed and fresh media with
compounds added. p24 ELISA was performed 72 h later. Ralt: Raltegravir. Error bars
represent standard deviation of four independent experiments (n = 4). E) cCyAla3,4 inhibits
an early event hindering proviral integration. HeLa-CD4 cells were infected in presence of
the indicated compounds. gDNA was extracted 18 h later and integration events were
determined by Alu-PCR followed by nested quantitative gPCR. HI: Heat inactivated. Error
bars represent standard deviation of at least three independent experiments done in duplicate
(n = 4 except cCyAla3,4 scr n = 3). F) cCyAla3,4 does not inhibit Rev-RRE/CRM1
dependent viral mMRNA export. HeLa-CD4 cells were infected for 48 h. Cells were washed
and compounds added for 24 h. After this period of time, cytoplasmic and nuclear RNA
were extracted and analyzed by quantitative RT-qPCR using primers recognizing total HIV
mRNA, multiply spliced (Tat, Rev, Nef), singly spliced (Env) or unspliced mRNA (GagPol).
All mRNA normalized to GAPDH. The ratio nuc/cyt RNA represents the fold enrichment
(accumulation) of viral mRNA in the nucleus with the DMSO control set to 1. KPT-330 is a
selective CRM1-mediated nuclear mRNA export inhibitor. Error bars represent standard
deviation of two independent experiments done in duplicate (n = 2).
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Results of competitive binding assays in which fluorescein-labeled RBP was mixed with Rev protein, then
competed with increasing amounts of the compounds indicated. See Supp. Fig. S3 for the primary data. The

cyclic compounds have an amide bond between the N-terminal amine and the C-terminal carboxylate.

Name Sequence 1Cs0 [NM]
RBP YPAASYR 179+ 15
CyAla2 YCcAAASYR 209 £ 17
CyAla3 YPcAASYR 218+ 15
CyAla4 YPACASYR 257 £ 17
CyAla5 YPAACAYR 293+9
CyAla6 YPAASCAR >650
CyAla7 YPAASYCA 323+20
CyAla3,4 YPCACASYR 205+ 15
cRBP cyclo-YPAASYR 28+5
cCyAla3,4 cyclo-YPCACASYR 28+2
scr cCyAla3,4  cyclo-YScCAYCARP  >5000
FLAG DYKDDDDK >5000
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