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ABSTRACT
The interaction of the protein Rev with Rev Response Element (RRE) RNA is critical to
the HIV-1 life cycle as this complex is required for the export of singly-spliced and unspliced
mRNAs from the nucleus to the cytoplasm. Disruption of this interaction is considered to be a
powerful strategy towards the development of HIV-1 therapeutics.

Therefore, we have

developed several branched peptide libraries containing unnatural amino acids to target the highaffinity binding site of RRE RNA (RRE IIB), with the idea that branching in peptides can
provide multivalent contacts with folded RNA structures and boost binding affinity and
selectivity for the target. Unnatural amino acids were incorporated into the library design to
encourage non-canonical interactions with the RNA and to improve proteolytic stability.
The on-bead high-throughput screening of our first branched peptide library (46,656
sequences) against HIV-1 RRE RNA generated hit peptides with binding affinities in the low
micromolar range. We demonstrated that branching in the peptide is required for efficient
binding and selectivity towards the RNA, and that the peptides bind a large surface area of RRE
IIB. Introduction of boronic acids into branched peptides boosted selectivity of the peptides for
RRE IIB, and proved to be a novel and tunable mode of binding towards RNA. Additionally, we
revealed that these branched peptide boronic acids (BPBAs) were cell permeable and non-toxic.
One BPBA (BPBA3) bound RRE IIB selectively and was able to inhibit HIV-1 replication in
vitro, revealing enzymatic cleavage of the RNA upon binding.
A second generation BPBA library that introduced acridinyl lysine as an intercalator

(4,096 sequences) was screened against RRE IIB. Several hit compounds bound in the low
nanomolar regime, and a significant number of compounds inhibited HIV-1 replication in vitro.
These BPBAs were also found to severely inhibit the microbial growth of bacteria and fungus,
with MICs as low as 1 µg/mL against Staphylococcus aureus, Candida albicans, and
Escherichia coli. These compounds were also found to significantly inhibit biofilm formation
and growth, and were non-hemolytic.
High-throughput screening of a third generation BPBA library containing all unnatural
amino acids (46,656 sequences) revealed several hits that bound RRE IIB RNA in the nanomolar
range. Sequence motifs present in the hit peptides suggested that the location and composition of
amino acids within the branched peptide structure were important for recognizing the RNA
target. In particular, lead compounds 2C5 and 4B3 demonstrated selectivity towards RRE, and
footprinting experiments combined with SHAPE experiments revealed different interactions of
the peptides with the RNA Toxicity assays revealed no impact on cell viability for the majority
of hit sequences tested up to 100 µM, and several compounds also demonstrated inhibition of
HIV-1 replication.
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1.1

Introduction
Human immunodeficiency virus (HIV) is a retrovirus that has been isolated and studied

by scientists for over three decades.1-2

It is responsible for the development of acquired

immunodeficiency syndrome (AIDS), a condition that ultimately destroys the immune system of
the persons infected, eventually leading to death. From its discovery in the early 1980’s, it has
taken the lives of approximately 25 million people, and over 33 million are currently infected.2-3
Its nature as a retrovirus, as well as its high rate of replication and mutation, has kept HIV/AIDS
in the forefront as a continued worldwide epidemic that requires diligent efforts in discovering
alternate methods of treatment.
Upon discovery of HIV, initial research focused on understanding the mechanism of
infection (Figure 1.1).4 HIV infects CD4+ T cells, as well as other lymphatic cells, by fusing
largely to the cells’ receptors on the cell membrane through gp120 and gp41 proteins.5-6 As HIV
is a retrovirus, it must first reverse transcribe its RNA to DNA via reverse transcriptase, and once
this is accomplished, the enzyme, integrase, incorporates the DNA into the infected cell’s
genome.7 The DNA is then transcribed back to RNA, and upon entry into the cytoplasm with the
aid of export factors such as Crm-1, eIF-5A, and Ran-GTP, the genetic information is translated
into proteins.5 HIV-1 protease cleaves the proteins and the newly translated viral proteins are
reencapsulated and released to repeat the viral cycle.8
Due to the rapid spread of HIV, many different anti-retroviral therapy (ART) drugs have
been designed to combat CD4 cell infection and reduce viral loads (Figure 1.2, Table 1.1). By
the early 1990’s, nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs/NtRTIs) were
approved by the FDA for treatment of HIV, and a few years later non-nucleoside reverse
transcriptase inhibitors (NNRTIs) were introduced. The intent of both inhibitors is to prevent
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Figure 1.1. HIV replication cycle. Reprinted with permission from Nature Publishing Group,
a division of Macmillian Publishers Ltd. [Rambaut, A.; Posada, D.; Crandall, K. A.; Holmes,
E. C., The causes and consequences of HIV evolution. Nat. Rev. Genet. 2004, 5 (1), 52-61],
Copyright 2004.
HIV from replicating by preventing the viral RNA from being transcribed to DNA, one by
terminating replication through insertion of a faulty nucleoside/nucleotide, and the other by
binding HIV-1 reverse transcriptase, respectively.9-10
In the late 1990’s and early 2000’s, protease and fusion inhibitors were introduced as new
ART drug classes. Protease inhibitors function by blocking the action of HIV protease,
preventing the cleavage and subsequent packaging of viral proteins,9, 11 while fusion inhibitors
prevent HIV from entering CD4 cells by mimicking a portion of the gp41 protein, inhibiting the
formation of the helical bundle necessary to allow the fusion of HIV with the host cell
membrane.12-13 In 2007, integrase inhibitors were approved by the FDA; these prevent the viral
DNA from becoming incorporated into the cell’s genome by binding to the enzyme.9 CCR5
3

Figure 1.2. Structures of different classes of ART drugs used for the treatment of HIV/AIDS.
receptor antagonists were also approved as a drug class that binds to CCR5, a co-receptor on the
surface of CD4 cells that interacts with HIV to allow for binding of the virus to the cell.12-13
The number and variety of drugs developed to treat HIV testify to the immense difficulty
in treating the retrovirus. This is due to a number of factors, including the ability for genetic
recombination from the two genomic copies in each viral capsid via reverse transcriptase,14 the
high mutation rate of reverse transcriptase, and fast replication of the virus.4, 15-16 Combinations
4

of ART drugs taken together, known as Highly Active Anti-retroviral Therapy (HAART), are
employed as a means of combating drug resistance,4 but issues such as adverse side effects and
maintaining strict dosing regimens remain problematic to treating HIV. Therefore, new drugs
that target HIV-1 through new modes of action are needed as next generation therapeutics.
Table 1.1. FDA-approved drugs for the treatment of HIV/AIDS.
Inhibitor (Abbr.)
HIV Drug Class
FDA Approval Date
a
Zidovudine (AZT)
NRTI
1987
Didanosine (ddl)
NRTI
1991
Zalcitabine (ddC)b
NRTI
1992
Stavudine (d4T)
NRTI
1994
a
Lamivudine (3TC)
NRTI
1995
a
Abacavir (ABC)
NRTI
1998
a
Emtricitabine (FTC)
NRTI
2003
Tenofovir disoproxil fumerate (TDF)a
NtRTI
2001
a
Tenofovir alafenamide (TAF)
NtRTI
2016
Nevirapine (NVP)
NNRTI
1996
Delavirdine (DLV)
NNRTI
1997
Efavirenz (EFV)a
NNRTI
1998
Etravirine (ETR)
NNRTI
2008
a
Rilpivirine (RPV)
NNRTI
2011
b
Saquinavir (SQV)
Protease
1995
Indinavir (IDV)
Protease
1996
Ritonavir (RTV)a
Protease
1996
Nelfinavir (NFV)
Protease
1997
b
Amprenavir (APV)
Protease
1999
a,c
Lopinavir (LPV)
Protease
2000
Fosamprenavir (FPV)
Protease
2003
Atazanavir (ATV)
Protease
2003
Tipranavir (TPV)
Protease
2005
a
Darunavir (DRV)
Protease
2006
Enfurvitide (T-20)
Fusion
2003
Maraviroc (MVC)
Entry/CCR5
2007
Raltegravir (RAL)
Integrase
2007
a
Elvitegravir (EVG)
Integrase
2012
a
Dolutegravir (DTG)
Integrase
2013
Cobicistat (COBI)a,d
PK Enhancer
2014
a
b
Used in FDA-approved combination HIV medicines. No longer marketed. cOnly used in
combination with ritonavir. dNot an ART drug, used as a pharmacokinetics (PK) enhancer
in conjunction with other medications.
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1.2

Recognition of RNA as a therapeutic target
RNA serves many critical biological functions, from transfer of genetic information to

regulating roles in the cell, such as transcription, translation, catalysis, as well as splicing. 17 A
unique facet of RNA is its exquisite three-dimensional architecture derived from secondary
structural elements such as hairpin loops, bulges, stems, turns, and pseudoknots, which minimize
the energy of the structure. Also, the structure of RNA differs from DNA in that the major
groove of A-form RNA is deeper and narrower than the B-form of DNA and the minor groove is
shallower. This tertiary structure allows for binding interactions that could impart selectivity
towards certain ligand constructs; thus, both the inherent functions and structure of RNA make it
an ideal therapeutic target.18-19 However, with the exception of antibiotics that work by binding
to portions of rRNA20-25 and RNA gene suppression by antisense technology,26 there has been
limited success in developing small-molecule ligands that selectively target RNA.27-28 This is
due to several factors, including the large targetable surface area of most RNAs, the high binding
affinity of endogenous ligands towards the RNA, permeability and stability of siRNA ligands,
and conformational dynamics that make binding to as well as crystallizing a particular structure
of RNA in solution difficult.26, 29
In order to surmount these challenges, in silico studies have been employed to virtually
screen ligands against various RNA motifs, and certain ligand-RNA dynamics have been studied
using nuclear magnetic resonance (NMR) and molecular dynamics studies.28,

30-32

Another

method is to perform a high-throughput screen using chemical libraries, in which a large number
of diverse ligands can be screened against various RNAs with rapid turnover of results.33-34
Several RNAs have been well-studied as therapeutic targets, including viral RNAs such as the
HIV-1 dimerization initiation site (DIS)35-38 and the HCV internal ribosome entry site (IRES),39-
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40

as well as expanded nucleotide repeats r(CCUG) involved with the development of myotonic

dystrophy type 2.41-44 Herein, we focus on the conserved HIV-1 Rev Response Element (RRE)
RNA as a therapeutic target. The secondary and tertiary structural elements of the RNA alone
and in complex with its cognate ligand Rev, in addition to therapeutic strategies used to target
RRE, are discussed.
1.3

Secondary structure of HIV-1 RRE RNA
The continued struggle to combat HIV has led to interest in examining the rev response

element (RRE) RNA as a potential drug target. The RRE is located in the HIV-1 genome (Figure
1.3)45 and is a highly conserved region, consisting of approximately 351 nucleotides in the env
gene.46-47 RRE interacts with a Rev protein, also encoded in the env region, to allow for
transport of singly spliced and unspliced mRNAs from the nucleus into the cytoplasm.8,

48

Unspliced and singly spliced mRNAs are required for translation of gag, env, and pol genes in
order to both encode structural proteins for packaging as well as to serve as the genome for new
viruses.8,

48-49

RRE and Rev have been studied in great depth separately and in complex to

further understand the mechanism of interaction and HIV-1 infection, as inhibition of the
Rev:RRE interaction prevents HIV-1 from replicating.
In the late 1980’s and early 1990’s, much work was done to unearth the secondary
structure of RRE RNA. From previous computer modeling predictions, a stem-loop structure was

Figure 1.3. Location of RRE in the HIV-1 genome. Reprinted with permission from John
Wiley and Sons. [Edgcomb, S. P.; Aschrafi, A.; Kompfner, E.; Williamson, J. R.; Gerace, L.;
Hennig, M., Protein structure and oligomerization are important for the formation of exportcompetent HIV-1 Rev-RRE complexes. Protein Sci. 2008, 17 (3), 420-430], Copyright 2008.
7

Figure 1.4. Initial predicted secondary structure of RRE RNA. Reprinted with permission from
Elsevier. [Malim, M. H.; Tiley, L. S.; McCarn, D. F.; Rusche, J. R.; Hauber, J.; Cullen, B. R.,
HIV-1 structural gene expression requires binding of the Rev trans-activator to its RNA target
sequence. Cell 1990, 60 (4), 675-683], Copyright 1990.
revealed, consisting of four major stem-loops labeled I, III, IV, and V, as well as a branched
stem-loop designated as IIA, IIB, and IIC (Figure 1.4).48-49 Further use of single-strand RNA
probes, such as RNase T1 and T2, and double-strand probe RNase CV allowed the bulge and
stem-loop regions within the RNA structure to be identified.48

However, there were

discrepancies located within the base pairing in stem-Loop IIB; one group published a structure
with stem-loop IIA starting earlier at base pair 51:6748 and another indicated that stem IIB
extended further into stem-loop IIA, incorporating G:C and U:A pairing at 48:74 and 47:75 as a
new entity called stem IID.50

The latter structure would be recognized in later papers,

incorporating the internal bulge in stem IIB as the high-affinity binding site “bubble,”51-53 as well
as extending the length of stem I based on Rev binding studies.46 It is interesting to note,
however, that older structures of RRE refuting incorporation of the bubble site were published
8

Figure 1.5. RRE RNA secondary structure showing stem III/IVelement. Reprinted with
permission from Elsevier. [Charpentier, B.; Stutz, F.; Rosbash, M., A dynamic in vivo view of
the HIV-1 Rev-RRE interaction. J. Mol. Biol. 1997, 266 (5), 950-962], Copyright 1997.
many years after its discovery.47 Recently, a whole genome analysis of HIV-1 utilizing selective
2′-hydroxyl acylation analyzed by primer extension (SHAPE) revealed the secondary structure of
RRE to contain a similar five major stem-loop configuration.54 However, alternative
conformations of RRE have been proposed over the years.

Structures of RRE RNA first

surfaced in the mid to late 1990’s with stem III and stem IV combining to form one stem-loop
(III/IV) (Figure 1.5),46, 55 and this second structure was hypothesized to be another conformer of
RRE RNA having a lower Gibbs free energy. This equilibrium was supported by the moderate
difference in free energy of 8.8 kJ/mol between the proposed structures.56

Recently, the

existence of both secondary structures of RRE has been observed through in-gel SHAPE analysis
of wt NL4-3 RRE, where the five stem-loop conformation was more active in promoting HIV-1
replication in vitro than the four stem-loop (III/IV) counterpart.57 This finding was interesting as
several years prior, Legiewicz et al. revealed through SHAPE analysis that a five stem-loop
mutant RRE induced resistance to RevM10, a transdominant negative phenotype of Rev shown
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to disrupt viral mRNA export via two mutations in its nuclear export signal (NES) region.58
Since the native RRE structure was determined as the four stem-loop structure, it was suggested
that conformational change of the variant RRE to a five stem-loop structure was responsible for
the observed resistance. Another secondary structure of the RRE of an HIV-1 isolate ARV2/SF2 was recently published in 2014, revealing the rearrangement of the stem III/IV secondary
structure to a five stem-loop structure where stems IV and V are connected to the internal
junction loop via an internal loop and small double-stranded bridge (Figure 1.6).59 This alternate
five stem-loop structure has also recently been proposed for related viral RREs in HIV-2 and
simian immunodeficiency virus (SIV) RNA.60-61 It has been suggested that this model is best
suited for the explanation of Rev oligomerization along RRE in the jellyfish export model
proposed by Frankel and co-workers due to increased spacing in the binding sites along stem IIB

Figure 1.6. Alternate five stem-loop secondary structure of RRE RNA. Rearrangement of the
III/IV and V loops in the four stem-loop structure (top right) into separate stem-loops IV and V
are shaded in grey. Nucleotides are colored based on their SHAPE reactivites. Reprinted with
permission from eLife under the Creative Commons Attribution license. [Bai, Y.; Tambe, A.;
Zhou, K.; Doudna Jennifer, A., RNA-guided assembly of Rev-RRE nuclear export complexes.
eLife 2014, 3, e03656]. http://creativecommons.org/licenses/by/4.0/legalcode
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and I (vide infra).62 The conflicting observations and evolution of the RRE secondary structure
over the years highlight the challenges in targeting RNA; however, incredibly high levels of
conservation in the stem II structure allowed for the elucidation of the high-affinity binding site
on stem IIB, which allowed for the development of therapeutics to target this region of RNA.
1.4

Structural determination of the HIV-1 RRE high-affinity binding site
In attempts to elucidate the structure of RRE RNA and understand the binding site of

RRE:Rev, various approaches such as chemical studies, mutation studies, electrophoretic
mobility shift assays (EMSA), circular dichroism studies, RNA footprinting, X-ray
crystallography and NMR have been conducted. Chemical studies using RNases with Rev
present showed that the Rev:RRE complex had less cleavage reactivity compared to free RRE
RNA within the stem II region,46, 48 with increased reactivity of nucleotides at the base of stem I
and the loop region of stem III.48 This suggested that Rev bound to stem II, which then induced
a conformational change in stem regions I and III.48 Stem I allows for Rev to better recognize
the RRE sequence by protruding the entire stem-loop structure.48 Mutations to destabilize the
base of stem I affected the ability of Rev to bind RRE RNA, but further mutations and
stabilization of the bulges in stem I did not affect Rev:RRE binding interactions, suggesting that
sequence alone was not responsible for the observed affinity.63 Experiments with truncated
forms of stem I showed a decrease in function with transient expression assays,49 as well as a
decrease in the number of Rev complexes formed using EMSA.46 In 2008, further targeting of a
specific bulge region on stem I through mutational analysis revealed a reduced binding affinity
of Rev to RRE RNA, identifying a secondary binding site for the arginine-rich motif (ARM) of
Rev.64
Mutational analysis showed sequences in stem-loops III, IV, and V did not affect the
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ability of Rev to bind to RRE RNA.48-49 In fact, complete deletions of stems III, IV and V had
no effect on Rev:RRE complexation.63 However, it has recently been shown in vitro that
disruption of the stem III/IV regions in RRE negatively affects expression of HIV-1 Gag and Pol,
revealing that this region is critical to formation of later-stage complexes involved in the nuclear
export of the RNA.57 Upon examining stem II, substitutions in the stem IIA region caused an
inability of Rev to bind,48 and deletion of stem II in its entirety abolished binding.63 Removal of
stem IIC decreased binding, but removal of stem IIB abolished all binding, supporting that stem
IIB is a critical sequence for the high-affinity binding site of Rev-RRE.63 Further analysis
showed mutations that abolished the loop portion of IIB did not affect binding, but mutations that
removed the IIB stem-loop structure in RRE did not bind to Rev, lending great support to the
importance of the secondary structure of RRE.49, 63
Bartel et al. discovered the stem IIB bulge and its critical role as a specific binding site
for Rev. They analyzed stem II variants and noticed a particular region was well-conserved, to
be identified as the ‘core element’ (Figure 1.7).50

It was observed that the U45:A75 and

G46:C74 base pairs were conserved, suggesting that these elements interacted with one another.
Through mutation studies they determined that C49:G70 and G50:C69 bind, supporting the

Figure 1.7. Core element of stem IIB. Reprinted with permission from Elsevier. [Bartel, D. P.;
Zapp, M. L.; Green, M. R.; Szostak, J. W., HIV-1 Rev regulation involves recognition of nonWatson-Crick base pairs in viral RNA. Cell 1991, 67 (3), 529-536], Copyright 1991.
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Figure 1.8. G:G and A:A base pairing.
presence of a bulge in the core element.50 They also discovered a critical G48:G71 base pairing
in the bulge, since single mutations of either base pair severely reduced Rev binding. 46,

50

Double mutation to A:A restored the binding of Rev to RRE, allowing for speculation that
distortion of the RNA backbone was the critical role of these non-Watson-Crick base pairs; both
G:G and A:A form geometrically similar patterns through hydrogen bonding (Figure 1.8).50
The C49:G70 base pair adjacent to the G48:G71 base pair is strongly conserved, with the
idea that the C:G base pair serves to stabilize the G:G base pair through stacking interactions.
The G47:A73 base pair was thought to possibly aid in Rev recognition and, in itself, is not an
uncommon pairing; it is seen in other RNA structures such as tRNA and ribosomal RNA.50
Another group used hypoxanthine (I) substitution to explore the relationship of the non-WatsonCrick base pairing in the bulge. Since hypoxanthine lacks an exocyclic NH2 group relative to
guanine (Figure 1.9), the hypothesis was that if Rev binds to the hypoxanthine substituted RRE
bulge, hydrogen bonding through the NH2 group of guanine is not required.65 Substitutions of G

Figure 1.9. Structures of hypoxanthine (I), guanine (G), and adenine (A), with structural
differences of G and A relative to I highlighted in blue.
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for I, as well as double mutations (G:G to I:I) showed Rev-RRE IIB complex formation, leading
to the development of a Ganti:Gsyn bonding motif that did not involve the exocyclic NH2 group
(Figure 1.10A).65 These hypoxanthine experiments were also used to show that exocylic NH2
bonding is not required in the G:A non-Watson-Crick base pair, with the option of Ganti:Asyn and
Ganti:Aanti conformations as possibilities (Figure 1.10B).65
In 1994, 2D NOESY NMR analysis allowed for the structural determination of free and
bound RRE IIB, with the free RRE IIB showing two helical sections containing no imino proton
resonances for the G50:C69 and C49:G70 base pairs.66 This indicated that the G:C nucleotides
in the bulge region did not base pair with each other, or rather did not have Watson-Crick
configurations. Upon binding, these imino resonances were detected with the formation of two

Figure 1.10. H-bonding of A) G:G and B) G:A conformations modeled after I:I experiments.
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Figure 1.11. Proposed RRE structures from NMR data for free and bound RRE IIB. Dashed
lines between paired bases indicate imino-imino NOEs, other dashed lines indicate base-sugar
interactions. Bold boxes and dark circles represent nucleobases and phosphates important for
Rev binding, respectively. Reprinted with permission from American Chemical Society.
[Battiste, J. L.; Tan, R.; Frankel, A. D.; Williamson, J. R., Binding of an HIV Rev peptide to Rev
responsive element RNA induces formation of purine-purine base pairs. Biochemistry 1994, 33
(10), 2741-2747], Copyright 1994.
new imino resonances from G48:G71. These findings led to the proposed RRE structures seen in
Figure 1.11.66

Previously it was assumed that the G:G pairing would have an anti:syn

configuration,65, 67 but no NOE pattern for syn formation was seen. This led to the hypothesis
that the guanine remains in the anti configuration and the entire sugar-phosphate backbone flips
to orient the base.
Peterson et al. also observed similar results via NMR when they studied the interaction
of the Rev binding element (RBE) portion of RRE (RBE3A) lacking the A68 bulge nucleotide
15

Figure 1.12. Schematic of the change in the sugar phosphate backbone of the Rev binding
element (RBE) upon binding to Rev. G6:G24 correlates with G48:G71 in previous figures.
Reprinted with permission from Elsevier. [Peterson, R. D.; Feigon, J., Structural change in Rev
responsive element RNA of HIV-1 on binding Rev peptide. J. Mol. Biol. 1996, 264 (5), 863877], Copyright 1996.
with the corresponding truncated version of Rev (Rev22).68 In examining the conformational
change from free to bound RRE, the G71 nucleotide in the G48:G71 pairing switched from a syn
to an anti conformation upon binding to Rev (Figure 1.12). In order to accommodate such a
conformational change, it was proposed that the backbone at this location flipped to orient
parallel to the other strand, which was in agreement with findings by Battiste et al. (vide supra).
They concluded that the U72 in the bulge acted as a spacer in order to accommodate the kinking
of the RNA backbone and may act as a recognition site for Rev. Based on these NMR data,
studies were initiated to understand the interactions between the various Rev amino acids and
RRE.
Battiste et al. and Ye et al. both published structural papers two years later discussing the
interaction of arginine residues (Arg35 and Arg39) with uracil and guanine residing on one side
16

of the structure (U66, G67, and G70) and Asn40 and Arg44 residues interacting with U45, G46,
G47, and A73 on the opposing side of the RNA helix.69-70 These analyses led to modeling of the
RRE binding site with the incorporation of the helical binding portion of Rev located deep within
the pocket (Figure 1.13).69 Ye et al. further investigated the intermolecular interactions between
Rev and RRE using a RRE analog, showing that the A27:A28 allosteric mutation is stabilized by
hydrogen bonding, much like the G:G pairing in the bulge. Their work closely coincided with
the results from Battiste et al., showing that A68, and U72 loop out, and that the side chain of
Asn40 interacts with G47 and A73 through hydrogen bonding, along with many other proposed
hydrogen bonding interactions (Figure 1.14).70 Through mutational analysis of the Rev protein,
this Asn40 interaction has been recognized as critical for the high-affinity binding of Rev to stem
IIB RRE.71
In vivo studies were performed to examine RRE:Rev binding through methylation studies
using RRE in yeast. Bound RRE had base pairs in the bulge protected from methylation
compared to free RRE RNA, further validating the stem IIB region as the high-affinity binding
site. It was also found that the adenine bases at the base of stem IIA were methylated more when
RRE was bound with Rev, supporting a conformational change in RRE upon binding with Rev. 55
However, the in vivo studies contradicted earlier NMR studies since the methylation studies did
not detect free cytosines in the bulge region. These results indicated that the C:G base pairs in
the bulge do indeed hydrogen bond and form Watson-Crick base pairs. This variance in results
was thought to be from the limitations in using one conformation of RRE for the NMR analysis,
with the possibility of multiple RNA conformations not considered. Also, stem IID was found to
be reactive to methylation until Rev was bound to RRE, and NMR did not detect this bulge in
stem IID.55 Since altered RRE was used in NMR studies to obtain good resonance signals, it was

17

Figure 1.13. 3D model of Rev:RRE core binding site interactions. Rev peptide (aa 35-50) is
shown in red. Amino acids that demonstrated a >10-fold or >3-fold decrease in specificity
towards RRE upon mutation to alanine are colored yellow and orange, respectively. Invariant
nucleotides from an in vitro selection experiment are colored green. Phosphates that interfered
with binding when ethylated are indicated with blue circles. Reprinted with permission from
AAAS. [Battiste, J. L.; Mao, H.; Rao, N. S.; Tan, R.; Muhandiram, D. R.; Kay, L. E.; Frankel,
A. D.; Williamson, J. R., α Helix-RNA major groove recognition in an HIV-1 rev peptide-RRE
RNA complex. Science 1996, 273 (5281), 1547-1551], Copyright 1996.

Figure 1.14. 3D image of Asn40 interacting with G6 and A30 (G47 and A73 from numbering in
previous figures) through hydrogen bonding. Reprinted with permission from Nature Publishing
Group, a division of Macmillian Publishers Ltd. [Ye, X.; Gorin, A.; Ellington, A. D.; Patel, D.
J., Deep penetration of an α-helix into a widened RNA major groove in the HIV-1 rev peptideRNA aptamer complex. Nat. Struct. Biol. 1996, 3 (12), 1026-1033], Copyright 1996.
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thought that without full-length RRE these conformational changes went undetected.
In 2000, a crystal structure of RRE was solved at 1.6 Å resolution (Figure 1.15).72 While
the crystal structure showed some supporting features to the NMR structures such as the loopedout A68 and U72 bases, and G47:A73 pairing (vide supra), it was found that G71 adopts a syn
configuration and forms an asymmetric ‘Hoogsteen-type’ base-pairing with G48 (Figure
1.15A).72 This asymmetrical pairing contradicts the proposed Ganti:Gsyn symmetrical pairing in
Figure 1.10 as well as the role of NH2 in hydrogen bonding between the guanine bases (vide
supra).72 Water molecules are shown to interact with the guanosine bases to help stabilize the
asymmetric pairing.72 In Figure 1.15B, the backbone configuration clearly differs between the
proposed NMR structure and the crystal structure solved, with stabilization of the G48:G71 base
pair through hydrogen bonding between the base pairs as well as from water molecules.72 The
bulged U72 base is also shown to be stabilized by water molecules. The crystal structure shows
a much shallower -helix with a 30 degree kink compared to a normal type-A helix, and thus it

A

B

Figure 1.15. Crystal structure of RRE RNA. A) G48:G71 base pairs showing anti:syn
conformation and B) free RRE RNA. Partial backbone of crystal structure in red is overlayed
with previous proposed NMR structure in blue. Reprinted with permission from Elsevier.
[Ippolito, J. A.; Steitz, T. A., The Structure of the HIV-1 RRE High Affinity Rev Binding Site at
1.6 Å Resolution. J. Mol. Biol. 2000, 295 (4), 711-717], Copyright 2000.
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was hypothesized that the uracil serves as a ‘hinge’ that can alter the size of the major groove
upon Rev binding.72 Another research group simultaneously solved the crystal structure of the
RBE of RRE at 2.1 Å resolution, with similar findings to Ippolito et al.73 However, they
detected two types of conformers, where the major difference involved hydrogen bonding
between the G:A base pairs driven by intramolecular or water-mediated contacts.
1.5

Higher order Rev assembly on the HIV-1 RRE RNA
Initial studies using gel assays with nonspecific inhibitors such as tRNA and 16S RNA

indicated these inhibitors did not compete well for RRE in the presence of Rev, revealing the
specificity of Rev for RRE.49 However, there was much debate over the number of Rev proteins
that bound to RRE in the full complex and how it bound to the complex, either as a monomer or
as oligomers. Some authors supported the currently accepted mode of binding where a single
Rev monomer binds to RRE,47,

52, 74-75

followed by cooperative assembly. However, others

suggested the formation of a Rev oligomer complex before binding to RRE.76-77 Initial studies of
Rev:RRE binding with EMSA showed a slower migration of bands when labeled RRE RNA was
incubated with varying concentrations of Rev, demonstrating that Rev bound to RRE in a
complex.48 It was found that at higher Rev concentrations, nonspecific binding occurred, which
led to the erroneous determination of Rev:RRE binding stoichiometry when using EMSA.51, 65
The use of
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S labeled RRE proposed by Mann et al. helped to improve the separation of

Rev:RRE bands, with results indicating that at low concentrations of Rev, a single monomer
bound to the high-affinity IIB site of RRE.46 The proposed stoichiometry of Rev:RRE has
ranged from 3:1 to 8:1,46, 48, 78-80 with even some suggestions of 11-12 Rev proteins; however,
this high number is based on a complete saturation model of stem I with Rev, including
nonspecific binding.46 Improved experimental design using RRE bound to a streptavidin-linked
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matrix revealed that the core site bound two monomers, with a full-length RRE binding four Rev
proteins.47

This eliminated aggregation of Rev proteins at higher concentrations, reducing

potential erroneous low affinity interaction of Rev:RRE. However, the experiment had to use a
smaller segment of stem IIB RRE RNA, which led to calculation errors and deviations from
experimental kinetics with full-length RRE. Since recent developments show that six Rev
proteins bind to RRE,81-82 the smaller number most likely reflects the use of a truncated RRE
RNA.
Deletion and mutation experiments revealed that the C-terminus of Rev is not involved in
binding of RRE.53 Rev is thought to interact with nuclear export proteins such as Crm-1 and
eLF-5A for transport. The N-terminus is associated with RRE binding and oligomerization.47
Through mutation studies using circular dichroism and helical wheel analysis, a helix-loop-helix
structure was proposed consisting of a repeat of hydrophobic sequences in the helical Nterminus, with a “helix breaking signal” separating the N terminus from the helical RRE binding
domain.83

Analysis of Rev variants revealed well-conserved hydrophobic residues (Leu12,

Val16, Leu18, Ile19, Leu22, Ile52, Ile 55, Ile59, and Leu60) flanking the ARM and helix
breaking signal, leading to the development of a Rev model where these residues aid in the
structural stability of the protein and promote Rev oligomerization (Figure 1.16).84 Amazingly,
in 1994 Auer et al. proposed that a Rev dimer is formed where two monomers interact via the
hydrophobic helical domain, allowing for further protein-protein interactions; this structure has
been recently determined through X-ray crystal structure analysis.82-83 Efforts to obtain a crystal
structure had been hampered due to aggregation of Rev.83
However, in 2010 a crystal structure of the Rev dimer was solved at 3.2 Å using a
Rev:Fab complex, revealing Rev protein-protein interaction through its hydrophobic domain
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A
D

B

C

Figure 1.16. Models of a Rev monomer and cooperative assembly of Rev on RRE. A) Head
surface and B) Tail surface of a Rev monomer. Hydrophobic residues involved in intramolecular
interactions are colored green, and residues involved in the oligomerization of Rev are colored
red on the head surface face and blue on the tail surface face. The ARM is shown in purple. C)
Rev monomer binding to RRE IIB. D) Rev trimer binding to RRE IIB, showing head to head
(Leu18, Ile55, red) and tail-to-tail (Leu12, Val16, Leu60, blue) binding between the hydrophobic
regions on Rev. Reprinted with permission from Elsevier. [Jain, C.; Belasco, J. G., Structural
model for the cooperative assembly of HIV-1 Rev multimers on the RRE as deduced from
analysis of assembly-defective mutants. Mol. Cell 2001, 7 (3), 603-614], Copyright 2001.
consisting of leucine, valine, and isoleucine residues (Figure 1.17).85 This structure helped
elucidate the mechanism of Rev oligomerization and supported the head-to-head tail-to-tail (HH/T-T) binding motif presented by Jain et al. However, further studies of higher order assembly
as well as Rev:RRE interaction could not be determined due to Fab blocking the Rev
oligomerization face (T); therefore, only H-H interactions were observable. In 2010, Daugherty
et al. also solved the crystal structure of the Rev dimer at 2.5 Å by mutating Leu12 and Leu60 to
prevent Rev aggregation.82 The structure shows the Rev dimer interacting with the stem IIB
RRE using both an ‘inner face’ and an ‘outer face’ of the ARM (Figure 1.18A). This dimer
revealed a T-T interaction upon binding RRE IIB, with a smaller bond angle of 120 compared
to the 140 angle seen with the H-H Rev dimer. The formation of a dimer at the high-affinity
binding site supports previous work (vide supra) indicating two Rev proteins binding with stem
IIB.
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Figure 1.17. Crystal structures of the N-terminal domain of Rev and Rev dimer. The
oligomerization domain is shown in cyan and the ARM is shown in dark blue. Bottom: Rev
dimer. Reprinted with permission from National Academy of Sciences, USA. [DiMattia, M. A.;
Watts, N. R.; Stahl, S. J.; Rader, C.; Wingfield, P. T.; Stuart, D. I.; Steven, A. C.; Grimes, J. M.,
Implications of the HIV-1 Rev dimer structure at 3.2 Å resolution for multimeric binding to the
Rev response element. Proc. Nat. Acad. Sci. U. S. A. 2010, 107 (13), 5810-5814], Copyright
2010.
Once a Rev monomer is assembled onto the IIB binding site, another Rev monomer binds
to the hydrophobic interface, and from there, multimerization of Rev molecules along the RRE
RNA can occur. Based on previous work that determined six Rev proteins bound to full-length
RRE,81 a higher order assembly of the Rev:RRE complex was proposed as well as the full export
complex structure (Figure 1.18B).82

This Rev:RRE complex can then interact with export

factors through the nuclear export sequence (NES) in the C-terminus of Rev and be shuttled out
into the cytoplasm.
1.6

3D constructs of HIV-1 RRE RNA and Rev:RRE complexes
With the Rev dimer solved and a Rev:RRE complex proposed, advanced structural
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A

B

Figure 1.18. Models of Rev:RRE interactions. A) Rev dimer interacting with stem IIB RRE
analog via the ARM. Asn40 is shown in yellow. B) Jellyfish model of the RRE:Rev export
complex. Rev dimers are shown in grey, green, and blue. C-terminus of Rev is shown in orange.
The Crm-1 complex is shown in grey with the NES binding site shown in cyan. Reprinted with
permission from Nature Publishing Group, a division of Macmillan Publishers Ltd . [Daugherty,
M. D.; Liu, B.; Frankel, A. D., Structural basis for cooperative RNA binding and export complex
assembly by HIV Rev. Nat. Struct. Mol. Biol. 2010, 17 (11), 1337-1342], Copyright 2010.
studies in the last several years have been performed to further explore the binding interaction of
Rev and RRE and create a better understanding of the intricate relationship between structure
and function within the complex. In 2013, Fang and co-workers reported a RRE:Rev complex in
solution using small angle X-ray spectroscopy (SAXS).86 The molecular model of a truncated
233 nucleotide RRE was fitted into a SAXS envelope using a 4 stem-loop secondary structure
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Figure 1.19. Three-dimensional structural determination of RRE by SAXS. Right: Secondary
structure of 233 nt RRE RNA with domain locations; Left: SAXS topological structure, with the
high affinity binding site IIB in green and oligomerization site between IIB and IA (cyan) legs.
Reprinted with permission from Elsevier. [Fang, X.; Wang, J.; O’Carroll, Ina P.; Mitchell, M.;
Zuo, X.; Wang, Y.; Yu, P.; Liu, Y.; Rausch, Jason W.; Dyba, Marzena A.; Kjems, J.; Schwieters,
Charles D.; Seifert, S.; Winans, Randall E.; Watts, Norman R.; Stahl, Stephen J.; Wingfield,
Paul T.; Byrd, R. A.; Le Grice, Stuart F. J.; Rein, A.; Wang, Y.-X., An Unusual Topological
Structure of the HIV-1 Rev Response Element. Cell 2013, 155 (3), 594-605], Copyright 2013.
(III/IV) as the template. The result was the three-dimensional presentation of RRE as an “A”
shape structure, where the “leg” portions corresponding to stems IIB and IA served as the
oligomerization site for Rev dimers (Figure 1.19). Based on this model, the distance between the
IIB and IA binding site spanned 55 Å, which is in agreement with the spatial separation seen
between the ARMs of a free Rev dimer.82 Eight Rev molecules were predicted to oligomerize
along the A-frame, with the suggestion that this composite binding site lends the specificity seen
with Rev:RRE interactions.
However, the following year several experiments suggested that the oligomerization
model proposed by Fang et al. was incorrect. Bai et al. analyzed a full-length RRE sequence
using SAXS and SHAPE-seq, and it was revealed that the RRE had a similar “A” frame shape
compared to the structure determined by Fang and co-workers, but the longer Stem I portion
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A

B

Figure 1.20. Model of compact full-length RRE and Rev:RRE assembly. A) Comparison of
the SAXS structures for the 233-nt RRE with a truncated stem I and the 350-nt full-length
RRE. B) Proposed model for Rev binding and assembly along RRE. Reprinted with
permission from eLife under the Creative Commons Attribution license. [Bai, Y.; Tambe, A.;
Zhou, K.; Doudna Jennifer, A., RNA-guided assembly of Rev-RRE nuclear export complexes.
eLife 2014, 3, e03656]. http://creativecommons.org/licenses/by/4.0/legalcode
folded back onto itself to form a compact structure (Figure 1.20A).59 These tertiary contacts
between stem I and the central junction region of the RRE were confirmed by an increase in the
disordered conformation of the RRE when antisense oligonucleotides targeting these regions
were employed. Reactivity differences in acylation along the RRE with increasing ratios of
Rev:RRE led to three proposed Rev binding sites along RRE that occurred sequentially in the
order of stem IIB, the central junction, and finally, the purine-rich loops located on Stem I.
Kinetic studies revealed that the interactions of Rev with RRE occurred at much faster rate at the
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A

B

Figure 1.21. Crystal structure of Rev:RRE complex. A) Secondary structure (RRE IIB40) used
for crystallization. Nucleotides of RRE IIB corresponding to the RRE secondary structure are
highlighted in red B) Crystal structure of the Rev dimer complexed with RRE IIB40. Reprinted
with permission from eLife under the Creative Commons Attribution license. [Jayaraman, B.;
Crosby David, C.; Homer, C.; Ribeiro, I.; Mavor, D.; Frankel Alan, D., RNA-directed
remodeling of the HIV-1 protein Rev orchestrates assembly of the Rev-Rev response element
complex. eLife 2014, 3, e04120]. http://creativecommons.org/licenses/by/4.0/legalcode
high-affinity binding site, with the slowest interactions along Stem I. Taken together, these data
suggested an induced fit model for Rev assembly on the RRE, where Rev initially binds to RRE
IIB rapidly followed by a slower progression of Rev recruitment along the RRE (Figure 1.20B).
This is in direct contrast to the model proposed by Fang et al. (vide supra),86 where the Rev
dimer initially bound RRE along both stem IIB and IA.
In the same year, the crystal structure of the Rev dimer bound to an RRE IIB analogue
was solved (Figure 1.21).87 A 3-way junction was engineered adjacent to the stem IIB site in
order to incorporate two Rev binding sites into the structure.46 The crystal structure revealed an
overall rearrangement of the Rev dimer when complexed with the RRE, where the angle between
the Rev monomers was severely reduced from 120 to 50. This conformational change was a
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result of the reorganization of the hydrophobic T-T interface of the Rev dimer upon binding RRE
through its ARMs. Indeed, the steeper angles of the ARMs in Rev when complexed with RRE
support the jellyfish model by Daugherty et al., where multiple Rev dimers are assembled in
proximity to one another along the RNA (vide supra). This finding also disproved the model
from Fang et al. as both ARMs on the Rev dimer bound the same RRE helix. It was revealed
that the unpaired nucleotides U43 and A42 adjacent to A44:G76 did not interact with Rev,
leading to speculation that these residues at the junction site allowed for additional flexibility in
accommodating the second Rev molecule. The ARMs had similar contacts with the RRE as
previously determined via NMR (vide supra), with most of the Arg residues interacting with the
phosphate backbone along the same face in both the IIB and junction loop binding sites.
Concurrently, Frankel et al. also determined the structure of the Rev:RRE nuclear export
complex using single particle electron microscopy.88 These results revealed that the Rev:RRE
complex bound two subunits of Crm-1 through three NES domains of a hexameric Rev. This
finding allowed them to suggest that the conformational dynamics seen in RRE:Rev binding may
provide or affect the spatial requirements for the C-terminal NES domains to bind to Crm-1 for
nuclear export (Figure 1.22). This model may explain recently acquired results, such as the
promotion of HIV-1 replication by a five stem-loop structure over a four stem-loop (III/IV)
structure, or the decrease in nuclear export of RRE:Rev complexes when stem-loop regions not
involved in the high-affinity binding site of Rev were disrupted.57 This discovery, along with the
many advances in determining the three-dimensional nature of RRE:Rev interactions, have
significantly improved the understanding of a very complicated and nuanced process in the HIV1 replication life cycle. However, these results also emphasize the challenges and shortcomings
in current targeting strategies. Although targeting the high-affinity binding site (RRE IIB)
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Figure 1.22. Conformationally diverse RRE:Rev export complexes. Different conformations of
RRE can alter the oligomerization of Rev on the RNA, thus affecting the spacing of NESs at the
C-terminus of Rev. This in turn can potentially change their avidity for the Crm1 dimer, which
may impact nuclear export activity. Rev ARMs are blue, NES binding sites are yellow, RanGTP sites are light brown, and Crm1 dimers are grey. Reprinted with permission from eLife
under the Creative Commons Attribution license. [Jayaraman, B.; Crosby David, C.; Homer, C.;
Ribeiro, I.; Mavor, D.; Frankel Alan, D., RNA-directed remodeling of the HIV-1 protein Rev
orchestrates assembly of the Rev-Rev response element complex. eLife 2014, 3, e04120].
http://creativecommons.org/licenses/by/4.0/legalcode
remains a viable strategy to develop RRE therapeutics, the discoveries of complex
conformational and cooperative interactions between full-length RRE and Rev suggest that more
holistic approaches should be developed in order to target RRE RNA.
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1.7

HIV-1 RRE RNA as a therapeutic target
Many ligands have been designed to disrupt Rev:RRE binding, including small

molecules,89-94 heterocycles,95-97 aminoglycosides,98-99 antisense oligonucleotides,100 RRE
decoys,101-103 peptide nucleic acids,104-106 metallopeptide complexes,107-108 zinc fingers,109-110
cyclic peptides,111 -helical peptidomimetics,39,

112-114

and various bi-functional conjugates

Figure 1.23. Examples of ligands designed to inhibit Rev:RRE. A) Small molecule and
heterocyclics; B) Aminoglycosides; C) Metallopeptide complexes, D) Bi-functional conjugates.
30

(Figure 1.23).98, 115-117 Also, developments have been made to covalently link drug-RNA targets;
for example, hv was utilized to covalently photocrosslink a diazinine-containing Met analogue
with RRE RNA.118 However, none of these scaffolds to date have had clinical success. This is
in part due to the challenges inherent in targeting RNA that hinder the design of selective and
potent ligands.29

Unfortunately, many of these small molecule and nucleic acid-derived

compounds also suffer from issues such as limited solubility, poor cellular permeability, or
cytotoxicity. Peptides have been one of the most widely used scaffolds to target RRE, as much
is known about protein interactions with RRE through the study of Rev. Also, peptides are
amenable to functionalization, are readily synthesized, and tend to demonstrate good solubility
and uptake profiles. With RNA-binding peptides showing great promise as therapeutic ligands,
this section will focus on -helical peptides and peptidomimetics used to target RRE RNA..
1.7.1 Targeting RRE with -helical peptidomimetics
Since Rev interacts with RRE through its –helical ARM, there has been a tremendous
focus in the use of -helical peptidomimetics to target RRE RNA and disrupt RRE:Rev
interactions. Using a highly specific RRE-binding peptide R6QR7, Guy and co-workers induced
alpha helicity in linear peptide analogs through (i, i+4) macrolactam constraints generated from
amide bond formation at Lys and Asp or Glu residues (Table 1.2).113 It was found that only three
compounds (4,8, and 12) exhibited -helical curve shapes when analyzed by CD, revealing the
importance of amino acid composition (Glu, Lys) and direction (N- to C-terminus) of the
macrolactam constraints in order to induce -helicity in the peptidomimetics. Of these, one
peptide (8) was shown to potently and selectively bind RRE, with a Kd of 45 nM and a 26-fold
selectivity for RREIIB. Additionally, this compound was shown to compete for RRE binding in
the presence of Rev17, with an IC50 of approximately 150 nM. Removal of the lactam constraint
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Table 1.2. Sequences and binding affinities of R6QR6 peptidomimetics.
Peptide Sequencea
Ksp (nM)b
Knonsp (nM)

Specificity
c

1

Ac-RRRKRRQDRRRRRR-OH

800

1200

1.5

2

Ac-RRRKRRQERRRRRR-OH

1200

1600

1.3

3

Ac-RRRDRRQKRRRRRR-OH

1200

1600

1.3

4

Ac-RRRERRQKRRRRRR-OH

700

1200

1.7

5

Ac-RRRRKRQRDRRRRR-OH

1200

1600

1.3

6

Ac-RRRRKRQRERRRRR-OH

200

1200

6

7

Ac-RRRRDRQRKRRRRR-OH

700

1200

1.7

8

Ac-RRRRERQRKRRRRR-OH

45

1200

26

9

Ac-RRRRRKQRRDRRRR-OH

1200

600

1.3

10

Ac-RRRRRKQRRERRRR-OH

1200

1200

1

11

Ac-RRRRRDQRRKRRRR-OH

1200

1200

1

12

Ac-RRRRREQRRKRRRR-OH

700

1200

1.7

13

Ac-RRRRRRQRRRRRRR-OH

1200

1200

1

14

Ac-RRRRERQRKRRRRR-OH

1600

1600

1

15

Ac-RRRRERNRKRRRRR-OH

800

1200

1

R6QR7

Suc-AAAARRRRRRQRRRRR
150
1200
8
RRAAARR-am
Rev17 Suc-TRQARRNRRRRWRERQ
100
1600
16
RAAAAR-am
a
Residues in red indicate locations of macrolactam constraint. Peptide 13 is a linear R6QR7
control peptide. bKds were determined by EMSA. cSpecificity was defined as the ratio of
dissociation constants of wild-type RRE IIB (Ksp) and a C46-G74 mutant RRE (Knonsp) that
was shown not to specifically recognize Rev or R6QR7 peptides. The structure of lead
peptide 8 is shown below to illustrate the macrolactam constraint.

(14), removal of a methylene group at position AA7 (NQ, 15), or reverse orientation of the
lactam bond (E,KK,E, 6) resulted in loss of binding affinity and specificity. Taken together,
these data support the use of macrolactam constraints in designing -helical Rev mimetics with
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the caveat that location and composition of the restraint, as well as peptide sequence, are
important to achieve potency and selectivity against RRE.
Yu and co-workers also pursued the development of peptidomimetics by first designing
N-methylated peptides as a strategy to increase the basicitiy of the electrostatic residues in an
amphiphilic peptide modeled against calmodulin (Table 1.3, 16).114 They examined the -helical
content and effect on binding affinity against RRE upon N-methylating one (17-19), two (20-22),
or three (23) lysines within the structure. Results showed that the number or position of Nmethylated lysines did not affect the helical content of the peptides.

The number of N-

methylated residues in the structure did not necessarily correspond with an increase in binding
affinity, as compound 23 revealed the worst binding affinity for RRE from all sequences tested.
A compound containing two N-methylated lysines (K*), LKK*LLKLLK*KLLKLKG (22), had

Table 1.3. Dissociation constants and discrimination ratios for N,N-dimethyl lysine peptides
against RRE and TAR RNA.
Peptide Sequence
Kd vs
Kd vs
Kd vs
a
(position(s) of K*)
RRE
TAR
tRNAmix
Helicity
[nM]c
[nM]d
[nM]
(%)b
LKKLLKLLKKLLKLKG
26/57
22
62 (2.8)
55 (2.5)
16
17

LKKLLKLLKKLLK*LKG

5/45

79

---

---

18

LKKLLKLLK*KLLKLKG

9/48

74

---

---

19

LKK*LLKLLKKLLKLKG

8/50

75

---

---

20

LKKLLKLLK*KLLK*LKG

7/49

30

---

---

21

LKK*LLKLLKKLLK*LKG

6/43

69

---

---

22

LKK*LLKLLK*KLLKLKG

8/52

9.1

53 (5.8)

42 (4.6)

23

LKK*LLKLLK*KLLK*LKG

6/47

87

---

---

Rev17

Suc-TRQARRNRRRRWRER
QRAAAR

33/73

8.5

21 (2.5)

20 (2.4)

K* = Nε,Nε-dimethyl Lys. bIn 10 mM H3PO4 / 50% 2,2,2-trifluoroethanol (TFE) in 10 mM
H3PO4, pH 7.4. cKds determined using fluorescence anisotropy. dDiscrimination ratios (Kd
against other RNA / Kd against RRE) are given in parenthesis.
a
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the strongest affinity for RRE with a Kd of 9.1 nM, which was similar to the Kd determined for
the Rev peptide. However, the other peptides with two lysine modifications (20, 21) had Kds
higher than the parent compound 16. This indicated that the position of the modifications was
key to achieving tight binding to RRE, in lieu of the degree of modification or -helical content
of the peptides.

Lead compound 22 also showed a five-fold selectivity for RRE against a

mixture of tRNAs as well as TAR RNA, which was a 2-fold higher discrimination ratio for RRE
compared to Rev. It was suggested that a conformational change of RRE upon binding 22 was
responsible for the displayed specificity, in addition to increased -helicity of the peptide
confirmed by CD. Since Lys methylation has been implicated in a growing number of cellular
processes, including RNA protein interactions,119 this strategy has promise not only for targeting
RRE, but for other biological processes as well.
Further modifications of the amphiphilic peptide included the introduction of acridine
(K**) at the epsilon amine of lysine as an intercalator, and mono- and bis-acridinylated peptides
were examined as RRE binders (Table 1.4).112 It was found that the mono-acridinylated peptides
(24-29) all showed improved binding affinities towards RRE than parent compound 16 but had
little specificity for the stem-loop RNA. Of the mono-acridinyl peptides, 1 had the greatest
affinity for RRE with a Kd of 3.2 nM, but bound TAR with slightly greater affinity (2.5 nM). In
order to determine if a multivalent effect on binding could be achieved with multiple acridine
moieties, several bis-acridinylated peptides were synthesized (30-32). Two out of the three
positions that yielded the highest binding affinities for the mono-acridinylated peptides were
chosen for installation of the acridinyl lysines.

These sequences showed improvement of

binding affinity in the subnanomolar range, with 30 and 32 displaying increased selectivity for
RRE and TAR over tRNAmix by almost 10 and 20-fold, respectively. The addition of another
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Table 1.4. Dissociation constants and discrimination ratios of acridinyl lysine peptides against
RRE and TAR
Peptide Sequence
Kd vs
Kd vs
Kd vs
a
(position(s) of K**)
RRE
TAR
tRNAmix
Helicity
[nM] c
[nM]d
[nM]
(%)b
LKKLLKLLKKLLKLKG
26/57
22
62 (2.8)
55 (2.5)
16
24

LK**KLLKLLKKLLKLKG

14/52

3.2

2.5

14 (4.4)

25

LKK**LLKLLKKLLKLKG

18/57

11

17 (1.5)

16 (1.5)

26

LKKLLK**LLKKLLKLKG

18/55

14

8.3

19 (1.4)

27

LKKLLKLLK**KLLKLKG

36/62

4.3

1.3

13 (3.0)

28

LKKLLKLLKK**LLKLKG

25/63

6.8

1.5

14 (2.1)

29

LKKLLKLLKKLLK**LKG

15/65

13

16 (1.2)

9.3

30

LK**KLLKLLK**KLLKLKG

35/57

0.61

0.55

4.9 (8.0)

31

LK**KLLKLLKK**LLKLKG

15/48

0.72

0.64

6.1 (8.5)

32

LKKLLKLLK**K**LLKLKG

12/54

0.92

0.37

6.9 (7.5)

33

LK**KLLKLLK**K**LLKLKG

15/49

0.25

0.20

0.23

K** = Nε-acridinyl-Lys. bIn 10 mM H3PO4 / 50% 2,2,2-trifluoroethanol (TFE) in 10 mM
H3PO4, pH 7.4. cKds were measured using fluorescence anisotropy. cDiscrimination ratios (Kd
against other RNA / Kd against RRE) are given in parenthesis.
a

acridinyl lysine (33) slightly raised binding affinity but selectivity was lost. Overall, this study
revealed the additive effect on installation of acridine into -helical peptides to boost binding
affinity for RRE up to 40-fold, with the potential to achieve selectivity for RRE dependent on the
location of the intercalator. While the majority of the peptides did not discriminate between
RRE and TAR, several showed good discrimination ratios against tRNAmix, making them tightly
binding peptidomimetics of interest.
An alanine and tryptophan scan was performed using 16 as a lead peptide in order to
determine the most influential Lys and Leu residues in the peptide towards binding hairpin
RNAs (Table 1.5).39

The alanine scan revealed that single substitutions of a Lys for Ala

disrupted the -helical content for all peptides. Additionally, it was discovered that several Lys
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residues were moderately important for binding RRE. With the removal of Lys at positions 2, 6,
and 9 (34, 36, and 37), the Kds increased approximately 7-fold against RRE relative to 16,
revealing a positive charge preference at these positions.

However, alanine mutations at

positions 3 and 15 (35, 40) had little effect on the Kd against RRE. Interestingly, the majority of
the Ala peptides did not show a marked increase in Kd against TAR with the exception of 36.
This may indicate that TAR is more promiscuous in binding the peptides due to a larger
conformational flexibility relative to RRE. To examine the effect of hydrophobic residues on
binding affinity, a Trp scan was also performed (41-48). Replacement of Leu for Trp in the
Table 1.5. Dissociation constants of Ala and Trp scanned peptides against RRE and TAR
Peptide Sequence
Kd vs RRE
Kd vs TAR
-Helicity
b
a
[nM]
[nM]
(%)
16

LKKLLKLLKKLLKLKG

26/57

22 ± 2

62 ± 5

34

LAKLLKLLKKLLKLKG

9/44

140 ± 10

16 ± 3

35

LKALLKLLKKLLKLKG

10/42

56 ± 6

87 ± 10

36

LKKLLALLKKLLKLKG

12/47

150 ± 10

150 ± 9

37

LKKLLKLLAKLLKLKG

12/43

130 ± 10

74 ± 10

38

LKKLLKLLKALLKLKG

17/45

92 ± 10

25 ± 5

39

LKKLLKLLKKLLALKG

8/44

90 ± 8

39 ± 5

40

LKKLLKLLKKLLKLAG

9/43

25 ± 2

63 ± 9

41

WKKLLKLLKKLLKLAG

48/65

2.5 ± 0.3

2.0 ± 0.3

42

LKKWLKLLKKLLKLAG

4.6/52

5.9 ± 0.4

34 ± 0.9

43

LKKLWKLLKKLLKLAG

20/56

6.2 ± 0.5

9.8 ± 0.7

44

LKKLLKWLKKLLKLAG

19/71

1.2 ± 0.07

21 ± 1

45

LKKLLKLWKKLLKLAG

14/59

37 ± 0.2

82 ± 10

46

LKKLLKLLKKWLKLAG

27/60

9.5 ± 1

43 ± 7

47

LKKLLKLLKKLWKLAG

12/58

13 ± 1

10 ± 1

48

LKKLLKLLKKLLKWAG

20/52

18 ± 2

7.8 ± 0.6

a

In 10 mM H3PO4 / 50% 2,2,2-trifluoroethanol (TFE) in 10 mM H3PO4, pH 7.4. bKds were
measured using fluorescence anisotropy
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majority of cases improved binding affinities towards RRE, and to a lesser extent, TAR. Peptide
44 revealed the best binding affinity for RRE, with a Kd of 1.2 nM, in addition to showing an
approximately 20-fold specificity for RRE over TAR. This peptide also had the highest helical content, which may explain the selectivity seen for RRE. Peptide 41, which had the
second-highest percentage of -helicity, also showed an improved binding affinity towards RRE,
but was not selective for TAR.

Substitution with Trp at position 8 (45) showed a dramatic

decrease in binding affinity for both RRE and TAR, indicating the Leu at this position is
important for binding the hairpin RNAs.
Yu and co-workers also developed constrained peptides from 40 in which the 5th and 12th
Leu residues were replaced with Cys and then cross-linked intramolecularly using various
maleimido derivatives (50-53); additionally, the Cys residues were cross-linked intermolecularly
to generate dimers (54-58) (Table 1.6).40 Motivation for this work stemmed from the low helicity observed in aqueous solution for the amphiphilic peptides (vide supra). Unfortunately,
only one peptide using the BMB linker (50) demonstrated increased -helical character relative
to the parent compound. Also, none of the maleimido derivatives showed increased binding
affinity towards RRE in relation to 40, with Kds ranging from 46 to 90 nM. However, significant
-helicity was induced upon the dimerization of these peptides, with helical content above 70%
for all dimers. With this increase in helical character, Kds in the picomolar range were achieved
through the covalent crosslinking of the peptides through intermolecular disulfide bonds;
however, these peptides did not display selectivity for RRE or TAR RNA.
1.7.2 Targeting RRE using the ARM scaffold
In order to discover alterative peptide structures capable of recognizing and binding RRE,
Frankel and co-workers designed two Arg-rich peptide combinatorial libraries in order to target
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Table 1.6. Dissociation constants of covalently linked peptides and peptide dimers
Peptide
Sequence
Kd vs
Kd vs TAR
-Helicity
a, b
c
(covalent cross-linkage at C)
RRE
[nM]
(%)
[nM]
LKKLLKLLKKLLKLAG
9/43
25
63
40
49

LKKLCKLLKKLCKLAG

18/73

13

9.6

50 (BMB) a

LKKLCKLLKKLCKLAG

50/61

90

67

51 (BMOE) a LKKLCKLLKKLCKLAG

13/23

46

43

LKKLCKLLKKLCKLAG

15/53

56

8.4

52 (BMDB)
53 (BMH)

a

a

LKKLCKLLKKLCKLAG

24/44

85

52

54

b

CKKLLKLCKKLLKLAG
CKKLLKLCKKLLKLAG

77/80

0.21

0.17

55b

LKKCLKLLKKCLKLAG
LKKCLKLLKKCLKLAG

79/88

0.18

0.16

56b

LKKLCKLLKKLCKLAG
LKKLCKLLKKLCKLAG

74/79

0.18

0.061

57b

LKKLLKCLKKLLKCAG
LKKLLKCLKKLLKCAG

80/83

0.040

0.021

58b

LKKLLKLCKKLLKLCG
LKKLLKLCKKLLKLCG

73/82

0.24

0.12

a

Intramolecular covalent cross-linkage between Cys residues using maleimido linkers for
peptides 50-53. BMB = 1,4-(Bismaleimido)butane, BMOE = bis(maleimido)ethane, BMDB =
1,4-bismaleimidyl-2,3-dihydroxybutane, BMH = 1,6-Bis(maleimido)hexane. bIntermolecular
covalent cross-linkage between Cys residues to form a peptide dimer for peptides 54-58. cIn 10
mM H3PO4 / 50% 2,2,2-trifluoroethanol (TFE) in 10 mM H3PO4, pH 7.4.
RRE (Table 1.7).120 The first library design utilized a 14-mer with Arg, Ser, Asn, or His (RSNH)
at each variable position to generate 414, or 2.7x108 sequences. From the library screen, four
peptides were identified (59-62). Two peptides (59 and 60) revealed similar Rev consensus
sequences and demonstrated binding affinities and selectivities against a variant RRE
comparable to those seen with Rev. The other two peptides that did not resemble Rev (61 and
62) only showed a 2-fold selectivity for RRE, and bound to RRE with less affinity.
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Table 1.7. Dissociation constants of RRE-binding ARM peptides
Peptide
ID
Sequencea

Rev

TRQARRNRRRRWRR

Kd vs
RRE
[nM]c
---

Kd vs
C46:G74
[nM]d
---

Rev(T34S)b

SRQARRNRRRRWRR

40

600, 800e

59

RSNH-1

SRSSRRNRRRRRRR

50

500

60

RSNH-2

SRSRRRNRRRRRRR

60

500

61

RSNH-3

NHRRRRRHRRRRRR

250

500

62

RSNH-4

NHRRRRRQRRRRRR

250

500

63

RSG-1

RCRRRRGSRRSGASRRRRR

30

2000

64

RSG-1 (C2R)

RRRRRRGSRRSGASRRRRR

30

600, 1000e

65

RSG-2

SPCRSRRSGSSRRRRRRR

30

2000

66

RSG-3

RRRRRSSGSGASRRRRRR

---

---

67

RSG-1.1

RRRRRRGSRPSGAERRRRR

15

1500

68

RSG-1.2

RDRRRRGSRPSGAERRRRR

6

1800

a

Sequences from both RSNH and RSG libraries were selected using a two-plasmid ß-gal
reporter assay. Peptides were fused to the λ N protein and RNA binders were identified by
their ability to antiterminate transcription using a reporter plasmid containing RRE IIB in
place of box B of the λ nut site. Mutations are underlined. The six amino acids required for
specific RRE recognition of Rev are highlighted in bold. Amino acids involved in the
evolution of parent sequence RSG-1 (C2R) are identified in red. bRevS34 mutant in wt Rev is
fully active. cKds were measured in the presence of competitor tRNA using EMSA. Values not
reported for RSG-3. dRRE mutant containing a G46:C74 to C46:G74 substitution, which is
shown to reduce Rev binding affinity. eDiffering Kd values are reported from Harada et al.
1996 and Harada et al. 1997, respectively.
With interest in designing peptides that selectively bind to RRE in non-helical
conformations, a second library was then designed that introduced Gly residues. This library
consisted of only Arg, Ser, and Gly residues (RSG), with nine randomized positions flanked on
each side by five Arg residues. From this library, three hits were selected (63, 65, and 66),
which all contained an internal consensus sequence of SxxSGxSRRRRR. Interestingly, a Cys
mutation was found in 63; however, replacement with Arg (64) did not affect binding or
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selectivity of the peptide. These peptides showed slightly higher binding affinities towards RRE
compared to Rev (Kds of 30 nM vs 40 nM), with 63 and 65 revealing a much greater specificity
for wt RRE IIB. The binding affinities for peptide 66 were not presented, and no rationale was
provided for this omission of data. The discovery that the RSG peptides did not exhibit -helical
conformations by CD proved exciting, as this was the first example of a Rev-derived peptide to
demonstrate affinity and selectivity for RRE through a potentially different mechanism of
binding. Further rounds of peptide evolution with 64 led to the discovery of two new peptides
(67 and 68) that demonstrated higher binding affinities and a significant increase in specificity
for RRE.121 While Rev showed a 20-fold preference for RRE IIB over the C46:G74 mutant, 67
and 68 showed a 100-fold and 300-fold preference, respectively. Thus, 68 revealed a 7-fold
increase in binding affinity and 15-fold increase in selectivity compared to Rev. The authors
speculated that this increased specificity was driven by the decrease in positively charged
residues in the peptide. These peptides were capable of outcompeting Rev for RRE binding in
vitro, with 68 binding 20-fold more effectively than the cognate protein. In 2001, two groups
simultaneously published structural data on the binding site of RSG-1.2 (68) with RRE.122-123
Both studies revealed the N-terminal sequence bound along the major groove in a disordered
fashion that preceded a C-terminal helical segment (Figure 1.24). Gosser et al. revealed a
conformational change in RRE upon binding RSG-1.2, where the U72 base was internalized into
the groove and stabilized by contacts from Arg15 on the peptide (Figure 1.24B, top left). This is
in contrast to Rev binding, where the U72 swings outward to accommodate the peptide. Also, it
was revealed that RSG-1.2 bound much deeper into the RNA groove than Rev, which appears to
be a consequence of the decrease in conformational change of RRE upon binding this peptide.
Use of this peptide design for further optimization of RRE ligands appears warranted and

40

A

B

Figure 1.24. Comparison of RSG-1.2 and Rev binding sites on RREIIB. Structures for RSG1.2 proposed by A) Zhang et al. and B) Gossel et al. are in agreement and indicate similar
positioning of the peptide in the high-affinity binding site of RRE. Reprinted with permission
from Elsevier and Nature Publishing Group, a division of Macmillan Publishers Ltd. [Zhang,
Q.; Harada, K.; Cho, H. S.; Frankel, A. D.; Wemmer, D. E., Structural characterization of the
complex of the Rev response element RNA with a selected peptide. Chem. Biol. 2001, 8 (5),
511-520], Copyright 2001. [Gosser, Y.; Hermann, T.; Majumdar, A.; Hu, W.; Frederick, R.;
Jiang, F.; Xu, W.; Patel, D. J., Peptide-triggered conformational switch in HIV-1 RRE RNA
complexes. Nat. Struct. Biol. 2001, 8 (2), 146-150], Copyright 2001.
provides support for the use of alternative, non-helical peptide structures towards targeting RRE.
1.8

Branched peptides as medicinal scaffolds
Branched peptides have been used as a scaffold for a variety of applications, including

vaccine development, metal chelation, tumor targeting, and as transfection agents.124 Their
prominence in drug therapy stems from their modulation of biological activity through
multivalent binding and improved resistance to proteolysis in vivo compared to linear
counterparts.124-126 This resistance is thought to occur in part due to the deep channel in the
active site of metallopeptidases such as neurolysin; only small peptides have access to this
channel, allowing for more bulky peptides to escape rapid proteolysis.127-128 The concept of
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utilizing branched peptides surfaced in 1988; Tam developed the multiple antigen peptide (MAP)
system where multiple lysines served as a core matrix on which peptide antigens could be
attached via a triglyceryl linker.129 This MAP design has also been exploited as a drug delivery
system by (i) conjugation of polyhedral boron and dihydroxyboryl-phenylalanine to branched
poly-lysine-alanine systems for boron neutron capture therapy,130-131 and (ii) use of branched
cell-penetrating peptides (CPPs) or branched histidine-lysine peptides to improve the efficiency
of internalization and gene delivery through transduction or transfection of cells.132-136 Recently,
histidine-rich branched peptides (GH)2K and (HH)2K have also been utilized as a potential
therapeutic for Alzheimer’s Disease through the chelation of Cu2+ and Zn2+ ions that are
associated with the formation of beta-amyloid (Aß) plaques.137
1.9

Branched peptides targeting folded RNA structures
As discussed earlier, the genetic diversity and high rate of mutation of HIV-1 have made

attempts to eradicate the virus unsuccessful, so the conserved properties of several HIV-1 RNAs
make them suitable targets to inhibit the virus through a new mode of action. In developing an
RNA binder, several features are desired: the inhibitor (i) must be cell permeable to reach the
target in the nucleus, (ii) must be selective against a variety of RNAs including tRNAs, and (iii)
must have the potency required to disrupt RNA:cognate protein binding. Synthesis of the binder
should be efficient, and the reaction should be one in which structural diversity can be readily
introduced. Due to the structural complexity of RNA, the binder may benefit from multivalent
interactions that could aid in both selectivity and binding affinity towards accessible pockets of
the RNA. Considering these factors, medium-sized (~1000 to 2500 Da) branched peptides were
proposed as a scaffold for targeting RNA.138 Amino acids have a wide variety of functional
groups that can interact with RNA via non-canonical modes of binding, such as with electrostatic
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interactions (Lys, Arg), - interactions (Phe, Trp), hydrophobic interactions (Val, Leu) and
hydrogen bonding (Ser, Tyr). Also, increased diversity both in function and architecture of the
peptides can be achieved due to the availability of unnatural amino acids. First developed by
Merrifield in 1963,139 the synthesis of peptides using solid phase is straightforward and large
numbers of sequences can be generated using a split and pool method to generate libraries of
peptides in an expedient manner, with subsequent on-bead screening against the desired RNA
target.140-141 Branching the peptide allows the potential for increased surface area interaction
with the RNA, and the structural diversity present in a combinatorial library should afford
sequences that are biased toward specific tertiary structures amidst an ensemble of RNA
conformations. Further, branching in peptides typically results in improved metabolic stability
making them amenable to therapeutic development (vide supra).
1.10

First generation 3.3.3 branched peptide library targeting HIV-1 RNA
HIV-1 TAR RNA has been widely investigated due to its critical role in HIV-1

replication. TAR RNA is a highly conserved 59 base pair sequence located at the 5′ end of
transcribed HIV-1 RNA. The secondary structure reveals a double-stranded stem that contains a
hexanucleotide loop as well as a three nucleotide bulge UCU (Figure 1.25), through which the
ARM of the transcriptional activator protein Tat binds; this leads to further binding of cofactors
cyclin T1-ckd1 and cyclin-dependent kinase 9 (CDK9), and the resulting complex promotes
efficient transcription elongation of the RNA from the long terminal repeat.142-143 Without the
formation of a Tat:TAR complex, the rate of viral transcription is minimal, leading to the

Figure 1.25. Secondary structure of TAR RNA.
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production of fragmented transcripts.144 Therefore, disrupting the Tat:TAR interaction is a
utilized strategy to interrupt viral replication and has been pursued through the use of a wide
variety of ligands such as intercalators,145-146 aminoglycosides,147-149 small molecules,150-152
siRNA,153 and nucleic acids.154-158
Our first-generation branched peptide library was developed to target this more wellstudied HIV-1 RNA.138,

159

A combinatorial library was synthesized by split and pool on

TentaGel resins utilizing a photocleavable linker, 3-amino-3-(2-nitrophenyl)propionic acid
(ANP), on the C-terminus to allow for selection and deconvolution of the sequences postscreening.160 The library contained three branches linked by a lysine core (designated as * in
peptide sequences), with a total of six variable positions containing one of four amino acids to
yield 46 or 4,096 possible sequences (Figure 1.26). The amino acids chosen at each variable
position were biased to increase the variety of interactions with RNA, such as electrostatic, -,
and hydrogen bonding as discussed above. The N-terminal branches had identical sequences to
allow for facile deconvolution using MALDI/mass spectrometry (MS). To increase selectivity,
the library resins were incubated with unlabeled BSA and competitor RNA to limit the potential

Figure 1.26. Design of 3.3.3 branched peptide library towards targeting HIV-1 TAR RNA.
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for off-target binding hits in the library. The library was then screened against TAR RNA
labeled with a DY547 fluorescent tag and analyzed via confocal microscopy. Hit peptides were
isolated, subjected to long-wave UV irradiation for one hour to photolytically release the
peptides, and sequenced using MALDI/MS.
Sixteen branched peptide hits were identified, with a majority containing an Arg-Arg
motif on the N-termini; this was not unexpected due to the propensity of negatively charged
phosphates on RNA to interact electrostatically with basic residues, as well as the fact that the
native ligand Tat interacts with TAR via an ARM (vide supra). Also, it was found that there was
a preference for a hydrophobic moiety (Phe or Leu) in amino acid position 6. Fluorescence
polarization and dot blot assays were used to determine the dissociation constant (Kd) of these
peptides, where each sequence was resynthesized containing a fluorescein isothiocyanate (FITC)
tag on the N-terminus of one of the branches. However, it was discovered via MALDI/MS that
upon TFA-mediated cleavage of the FITC-labeled peptides from the resin, the fluorescein tag
along with the adjacent amino acid were cleaved from the structures; use of an aminohexanoic
acid (Ahx) spacer between the N-terminus and FITC group eliminated this autocleavage and
improved overall yields.161
Results indicated binding affinities of branched peptides towards TAR RNA in the low
micromolar range, with the best binder FL4 [(RRW)2*HAL] having a Kd of 600 nM, comparable
to native Tat-TAR binding (Kd = 780 nM). It was also discovered that the lack of arginine
groups at the N-terminus for several hits led to poor aqueous solubility, thus demonstrating the
need for basic residues within the peptide sequences. Titration against TAR with a linear version
of FL4, T4-1 (RRWGHAL), revealed a 125-fold decrease in binding affinity. Several peptides
containing Arg-Arg motifs at the N-terminus as well as peptides containing a larger number of
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positive charges relative to FL4 also had lower binding affinities. This suggested that the
decrease in binding affinity seen for T4-1 was not simply due to the loss of electrostatic
interactions, thus supporting the role of branching design and sequence in increasing the binding
affinity of FL4 towards the RNA.
The selectivity of branched peptides towards the native TAR structure was also probed
using competition assays. In the presence of excess competitor tRNA, the binding affinity of
FL4 to 32P-labeled TAR RNA was shifted, indicating partial selectivity of the compound towards
TAR. Further titrations against several mutant versions of TAR including point mutation TAR
24C>U, bulgeless TAR, and tetraloop TAR, showed a decrease in binding affinity for the
tetraloop and bulgeless mutants, indicating that FL4 interacted with the bulge and apical loop
moieties on TAR RNA (Figure 1.27). Hill analyses showed noncooperative binding for both the
native structure TAR and TAR 24C>U, supporting the multivalent interaction of FL4 towards
the RNA. In the case of the point mutation TAR 24C>U, the binding affinity was similar to the
native structure. This indicated that the compound might not interact specifically with the C24
nucleobase; however, since this mutation should not alter the native structure of TAR this result
was not completely unexpected.162
Lastly, the cellular uptake and cytotoxicity of the branched peptides were examined.
These compounds were predicted to be cell permeable due to their medium molecular weight
(500<x<1500 Da) and presence of arginine moieties in the peptides.134,

163-164

It was

demonstrated that medium-sized branched peptides were internalized into the cytoplasm and
nucleus of HeLa cells. MTT assays also revealed relative cell viabilities of greater than 70% for
all compounds at a concentration of 1 µM. The successful proof-of-concept in using branched
peptides as a scaffold for selective targeting of HIV-1 TAR RNA, including the amenable
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Figure 1.27. Structures of TAR RNA variants and dissociation constants for FL4.
properties such as low toxicity and good cell permeability, paved the way for developing future
branched peptide libraries in order to target folded RNA structures.
1.11 Next generation 3.3.4 branched peptide libraries targeting HIV-1 RRE RNA
The subsequent chapters in this dissertation will discuss next generation 3.3.4 branched
peptide libraries designed to target HIV-1 RRE RNA. These libraries introduce the use of
unnatural amino acids in order to improve potency and selectivity of the peptides toward the
RNA through encouraging non-canonical RNA:peptide interactions. In general, the peptides are
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of a medium molecular weight, amenable to high-throughput screening, capable of
functionalization, and are, in general, cell permeable and non-toxic. Hits from the libraries
bound RRE in the low nanomolar to micromolar range, and through biophysical
characterizations, it was demonstrated that the multivalent branching aspect of the peptides
played a significant role in their binding affinities and selectivity towards RNA. The ability of
medium molecular weight branched peptides to utilize a large surface area for binding, and thus
create additional opportunities of selective engagement with the RNA, reveals this approach as a
viable strategy towards targeting RNA structures. Indeed, several branched peptides revealed the
ability to inhibit HIV-1 replication in vitro. Additionally, one branched peptide library was
discovered to significantly inhibit microbial growth, which is discussed in Chapter 5. Future
work includes the development of more elaborate libraries with building blocks that boost
discrimination among various RNA structures, with focus on other stem-loop structures that are
less studied, such as Hepatitis B (HBV) RNA, in addition to other biological targets.
1.12
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Chapter 2 Development of first generation branched peptide boronic acid
(BPBA) library towards targeting HIV-1 RRE RNA
Contributions
This chapter is adapted from two publications: Zhang, W.; Bryson, D. I.; Crumpton, J. B.;
Wynn, J.; Santos, W. L. Branched Peptide Boronic Acids (BPBAs): A Novel Mode of Binding
Towards RNA. Chem. Commun. 2013, 49, 2436, and Zhang, W.; Bryson, D. I.; Crumpton, J. B.;
Wynn, J.; Santos, W. L. Targeting folded RNA: A branched peptide boronic acid that binds to
large surface area of HIV-1 RRE RNA. Org. Biomol. Chem. 2013, 11, 6263, and contains
unpublished experimental work conducted by the author of this dissertation.

The author

synthesized several hit peptides including FITC-labeled peptides for cellular uptake studies,
deconvoluted hit peptides using the developed Python de novo sequencing program, performed
MALDI analysis of all compounds for the final manuscripts, performed all cell-based assays
including MTT and cellular uptake studies, conducted RNase footprinting assays for CBPBA1,
labeled RRE RNA and DNA with
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P-ATP, and performed dot blot assays for RRE IIB DNA.

Wenyu Zhang, David I. Bryson, and Jason B. Crumpton designed the 3.3.4 branched peptide
boronic acid library. Wenyu Zhang synthesized the peptide library, performed the majority of
the high-throughput screening, synthesized hit peptides, deconvoluted hit peptide sequences,
performed a significant amount of dot blot and electrophoretic mobility shift assays including
data interpretation, synthesized RNA, was responsible for Hill plot analyses, and synthesized the
unnatural amino acids containing boron. David I. Bryson designed and prepared the majority of
the RNA constructs, performed dot blot and electrophoretic mobility shift assays of several hit
peptides, and was responsible for RNase footprint assay optimization including the RNase
footprinting assay for BPBA1. Jason B. Crumpton aided in the construction of novel software for
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the de novo sequencing of unknown peptides, deconvoluted hit peptide sequences, performed
MALDI analyses of peptides, and synthesized the unnatural amino acids containing boron. The
Rekosh group at the University of Virginia was responsible for conducting the p24 in vitro
assays and corresponding MTT assays. The author also contributed to the writing and editing of
the manuscripts. The final manuscripts were prepared by Dr. Webster L. Santos. [Reproduced
by permission of the Royal Society of Chemistry]
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Abstract
On-bead high throughput screening of a medium sized (1000-2000 Da) branched peptide
boronic acid (BPBA) library consisting of 46,656 unique sequences against HIV-1 RRE RNA
generated peptides with binding affinities in the low micromolar range. In particular, BPBA1
had a Kd of 1.4 µM for RRE IIB, preference for RNA over DNA (27 fold), and selectivity of up
to >75 fold against a panel of RRE IIB variants. Structure-activity relationship studies suggest
that the boronic acid moiety is tunable and affords a novel mode of binding towards RNA and
that “branching” in peptides is a key structural feature for efficient binding and selectivity for the
folded RNA target.

BPBA1 was efficiently taken up by HeLa and A2780 cells. RNA-

footprinting studies revealed that the BPBA1 binding site encompasses a large surface area that
spans both the upper stem as well as the internal loop regions of RRE IIB.
2.1

Introduction
The human immunodeficiency virus type 1 (HIV-1) is regarded as the prototype member

of the lentivirus subfamily of retroviruses, and it is the causative agent of the worldwide health
problem, Acquired Immune Deficiency Syndrome (AIDS). In the past few decades, more than
20 drugs have become available for treatment of HIV-1 infection;1 at present, favored treatment
focuses on combination therapy using HIV-1 reverse transcriptase (RT), protease, and gp41
inhibitors. Despite the fact that highly active antiretroviral therapy (HAART) has obtained
notable successes in reducing plasma viral loads to undetectable levels, HAART fails to
completely eliminate the virus from the body due to the remaining chronically HIV-infected
CD4+ T cells, which contain the integrated but transcriptionally dormant HIV provirus.2 In
addition, the emergence of drug-resistant viruses has been reported in patients receiving
HAART.1 In order to keep pace with the rapidly evolving HIV-1, there is a great need for
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development of drugs that target novel viral mechanisms that are genetically well-conserved and
less prone to mutation under selective pressure.
One novel approach is the targeting of viral ribonucleic acid (RNA). RNA is a unique
macromolecular entity that plays key roles in a living cell. Serving in essential functions such as
a carrier of genetic information, RNA also catalyzes protein synthesis and regulates gene
expression. Along with protein:protein interactions, RNA:protein interactions are the gateway to
the diversity of functions that mediate a variety of biological effects. One attractive approach to
perturbing the system is to inhibit RNA:protein interactions by disassembling the construct either
through binding to the protein or RNA portion. Targeting RNA as a macromolecular entity with
small molecules is a herculean task that is complicated by RNA structural dynamics—specific
binding to a single conformation is difficult.

Despite considerable campaigns, clinically

effective small molecule inhibitors of RNA are rare outside of antibiotics binding to the
ribosome.3-4
In silico studies have emerged as a powerful tool in the rational design of RNA ligands.
Such studies rely on virtual screening methods that examine binding preferences of ligands
toward certain RNA motifs,5-6 or from docking experiments where ligand:RNA dynamic
ensembles are generated by nuclear magnetic resonance (NMR) and molecular dynamics
studies.7-8 While these investigations are a significant leap forward, these approaches are still in
their infancy. A complementary approach is high throughput screening of chemical libraries
against an RNA target.9-11 Chemical libraries that exploit chemical space outside the region used
for protein-targeting small molecules are ideal since structural features present in RNA are vastly
different than proteins.9
Although chemically similar, the presence of 2’-hydroxyl groups and other nucleotide
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modifications in RNA generate far more complex tertiary structures than those found in DNA. 12
For example, DNA forms a double stranded helical structure while a single stranded RNA folds
into a variety of secondary structures. Hairpins, bulges, loops, pseudoknots, and turns give rise
to three-dimensional architecture akin to targetable regions of proteins; theoretically, these can
create unique binding pockets suitable for intermolecular binding with small molecules. While
attractive, discovery of small molecules that selectively bind to a well-folded RNA has proven
difficult.3-4 New molecular scaffolds that can recognize three dimensional structures of RNA are
needed. Recently, Disney and co-workers used a modular assembly approach to target r(CCUG)
repeats that cause myotonic dystrophy type 2.6 Three copies of kanamycin A, tethered by a
linker, bound to the internal loop and resulted in the multivalent inhibition of the protein:RNA
complex with an IC50 of 25 nM.
The highly structured HIV-1 Rev response element (RRE), which is a span of ~240
nucleotides located in the env gene of all singly spliced and unspliced HIV-1 transcripts, is an
example of an extremely well-conserved sequence of RNA across different HIV-1 isolates and
plays an essential role in RNA replication by interaction with the Rev protein.13 It has been
demonstrated that proviral colonies without the rev gene have no replicative abilities and in the
absence of rev protein, the stability of unspliced mRNA is decreased.14 While the details of the
RRE-Rev export pathway are being investigated, some steps have been identified. It is known
that of the singly spliced transcripts and multiply spliced transcripts, only multiply spliced
transcripts can be exported to the cytoplasm and translated to their corresponding proteins
including Rev.15

Once Rev is expressed, it is imported into the nucleus where it binds

cooperatively to RRE.13 In particular, the stem-loop IIB of RRE (RRE IIB) has been recognized
as the high affinity site where Rev initially binds.16-17 The resulting Rev:RRE ribonucleoprotein
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complex binds the host Crm1 and is then shuttled out of the nucleus through the nuclear pore
after the larger complex binds to Ran-GTP.18-19 Since this cooperative binding allows for the
export of full-length and singly spliced transcripts and is completely viral in nature, the Rev/RRE
export pathway has become a high profile drug target for its critical role in proliferation of HIV1.20 Owing to the therapeutic potential of the Rev/RRE export pathway, many ligands have been
designed to interrupt the Rev:RRE interaction with limited clinical success. Small molecules
such as neomycin B, as well as other aminoglycosides, are demonstrated submicromolar binding
ligands of RRE; however, their lack of binding specificity, poor cell permeability, and toxicity
make them therapeutically undesirable.4,

21-23

Other inhibitors such as aromatic heterocycles,

antisense oligonucleotides, transdominant negative Rev mutant proteins, RRE-based decoys,
cyclic peptides, -helical peptidomimetics, and others have also been identified yet none of these
have found clinical success. 22, 24-37
In continuation of our effort toward developing molecules that target the tertiary structure
of RNA, we focused our attention on RRE and envisioned utilizing RNA:ligand interactions that
are outside the typical canonical mode of binding. In contrast to molecules that target RNA via
Watson-Crick base pairing, we surmise that an alternative mode of binding that recognizes the
native three dimensional fold of RNA could be advantageous.

Firstly, this will afford a

complementary approach to targeting RNA molecules with inaccessible primary sequences as a
consequence of RNA folding. Secondly, the tertiary structure of RNA could present multiple
crevices or pockets suitable for medium sized molecules to penetrate and bind favorably—a
collection of small binding interactions could accumulate to significant affinity that can also aid
in selectivity. We previously demonstrated that branching in peptide ligands provides strong
multivalent interactions with another HIV-1-related RNA, the transactivation response element
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(TAR).38-39 These branched peptides (BPs) displayed no cytotoxicity, provided excellent cell
permeability, and bound to TAR in the submicromolar regime.
From an academic standpoint, RNA ligands that minimize nonspecific electrostatic
interactions are highly desirable.

Therefore, we embarked on a strategy to improve the

selectivity and binding affinity to the RNA target through the incorporation of unnatural amino
acid side chains featuring the boronic acid functional group. Boronic acids have been used in
various applications including biomolecules. For example, boronic acids anchored to a cellulose
polymer support was first used to separate and purify RNA.40 Peptides displaying boronic acid
moieties have been demonstrated to form reversible covalent bonds with alizarin and glucose,41
in addition to being utilized as potent protease inhibitors.42-43 Furthermore, boron-containing
compounds are well tolerated in vivo as is evident from the FDA approval of the first boroncontaining drug, Bortezomib (Velcade, Figure 1A).44-45

Another boron-containing small

molecule, Tavaborole (AN2690), is currently in phase III clinical trials for treatment of
onychomycosis and its mode of action involves trapping the 2′- and 3′-oxygen atoms of the
terminal adenosine in leucyl-tRNA synthetase as a boronate adduct (Figure 2.1A).46 Since
peptidyl boronic acids have not been investigated to target RNA, we hypothesized that we can
capitalize on the empty p-orbital of boron by forming a reversible covalent bond to the Lewis
bases in RNA. In particular, the 2′-hydroxyl group in RNA is well-suited as an electron donor
towards boron.46 As a result, the strategy could promote selectivity for RNA over DNA and also
boost both affinity to the RNA target due to the formation of a reversible covalent bond (Figure
2.1B). The boronic acid moiety as an unnatural side chain in peptides increases the complexity
and diversity of peptide libraries. Further, the boronic acid functional group is an excellent
candidate for probing RNA-ligand binding interactions that are atypical of the canonical mode of

69

Figure 2.1. (A) Therapeutically relevant boronic acid derivatives that bind to protein or RNA
targets. (B) Possible reversible covalent bond formation between Lewis bases in RNA and
boronic acid moiety of branched peptides.
binding.
Herein, we report the discovery and biophysical characterization of branched peptide
boronic acids (BPBAs) as medium-sized ligands that bind to the tertiary structure of HIV-1 RRE
IIB. Our investigations suggest that the boronic acid moiety plays a pivotal role in increasing
binding affinity. Also, we detail the biophysical characterization of a branched peptide boronic
acid (BPBA1) against HIV-1 RRE IIB, other variant RNAs, and DNA. Our investigations
suggest that BPBA1 forms complex interactions that span a large surface area of the structured
RNA and that its binding affinity is highly dependent on the BP sequence. We demonstrate that
the addition of boronic acids impart increased affinity and selectivity of our branched peptides
toward RRE IIB RNA. This, combined with the cellular uptake and non-toxcity of BPBA1
encourages further development of branched peptide boronic acids as a therapeutic avenue to
target HIV-1 RNA.
2.2

Results and discussion

2.2.1 Design, synthesis, and on-bead high-throughput screening of first generation BPBA
library
A BPBA peptide library was synthesized on Tentagel beads by split and pool synthesis.
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The library was prepared38 such that there were three variable amino acid positions at both the Nand C-termini (A1-A3 and A4-A6, respectively), and each variable position was composed of six
possible side chains (Figure 2.2A). Each of the six possible side chains was chosen for its
potential to interact with the RRE IIB target RNA. The specific amino acids for each type of
binding interaction were chosen by random assignment in order to preclude bias in the library
design. In position A1, for example, we selected amino acids with functional groups that can
interact with the RNA through hydrophobic interactions (Val), electrostatic attractions (Lys),
hydrogen bonding (Ser), pi-stacking (Trp), and reversible covalent bonding between boron
(KBBA/FBPA) and a Lewis base presented by the RNA target (Figure 2.2B).

We chose to

incorporate two boron-containing side chains at each variable position in the library to examine
whether RRE IIB had a preference in the side chain length or boron Lewis acidity. Hence, the
3.3.4 branched peptide boronic acid library was composed of 46,656 possible amino acid
sequences linked to the bead by a photocleavable linker (3-amino-3-(2-nitrophenyl) propionic

Figure 2.2. (A) 3.3.4-Branched peptide boronic acid library, (B) structure of BPBA library and
unnatural amino acids bearing boronic acid groups.
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acid, ANP).

Tyr was included at position A7 as a convenient spectroscopic handle in

quantifying peptide concentrations.
The BPBA library was subjected to on-bead high throughput screening39 against DY547
labeled HIV-1 RRE IIB RNA. During the screening process, the beads were first pretreated with
an excess of both bovine serum albumin (BSA) and competitor tRNA to minimize non-specific
binding. Specific binding of the target RNA to peptide resulted in increased fluorescence of the
bead, which was monitored by fluorescence microscopy. Eleven beads were selected as possible
hits (Figure 2.3). These peptides were photocleaved via UV irradiation and then sequenced by
MALDI-MS/MS analysis.47

Hit compounds were resynthesized using solid-phase peptide

synthesis (SPPS) for further biophysical characterizations (Scheme 2.1).
2.2.2 Sequence and binding affinity of BPBAs toward HIV-1 RRE IIB
The sequence and dissociation constant of the hit BPBAs are shown in Table 2.1. Using

Figure 2.3. Images of isolated hits beads under a fluorescence microscope using a rhodamine
filter.
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Scheme 2.1. Synthesis of branched peptides using SPPS on Rink amide MBHA resin.

Table 2.1. Dissociation constants and molecular weights of hit compounds
Peptide
Sequencea
Kd (µM)
MW(g mol-1)
(WKK)2 * KBBAYWY
1.4 ± 0.4
1817.99
BPBA1
(KBBAKFBPA)2 * KBBAKKY
3.3 ± 1.2
2031.10
BPBA2
(FBPAYFBPA)2 * NKSY
8.7 ± 2.3
1727.78
BPBA3
(KKKBBA)2 * FBPATSY
26.8 ± 4.4
1751.98
BPBA4
(KKBBAF)2 * KKWY
27.2 ± 6.9
1853.04
BPBA5
(WYK)2 * PTWY
28.5 ± 4.4
1646.34
BPBA6
(KKBBAK)2 * KLKY
58.4 ± 4
1742.09
BPBA7
(KBBAYK)2 * HKKY
86.5 ± 10
1836.04
BPBA8
a
* = Lysine branching unit. Each value is an average of at least three experiments.
standard dot blot assay techniques,
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P-labeled RRE IIB was titrated with increasing

concentration of BPBAs.38 Three peptides that showed no binding were identified as false
positives. The hits contained varying numbers of boronic acid residues ranging from 0 to 5. In
particular, three peptides (BPBA1, BPBA2, and BPBA3) had low micromolar binding affinities
(1.4, 3.3 and 8.7 µM, respectively) and were investigated further. To further confirm that the
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dissociation constants determined from the dot blot assay were reliable, an electrophoretic
mobility shift assay (EMSA) was performed with BPBA1, BPBA2 and BPBA3.

The

dissociation constants determined through EMSA (0.3 ± 0.1, 0.6 ± 0.2 and 4.6 ± 2.4 µM,
respectively) were comparable to the low micromolar results obtained via dot blot assay and
were consistent in rank order of affinity. The slight discrepancy with the Kd values may be a
result of nonspecific interactions between the peptide and nitrocellulose. Nevertheless, these
sequences contained boronic acid residues with boron-containing amino acids present in
positions A1, A3 and A4.

Interestingly, no boron-containing amino acids were found at

positions A5 or A6 in any hit sequence nor was there any correlation between the number of
boronic acid moieties and the resulting binding affinities. Further, it was observed that the
longer, more Lewis acidic residue of KBBA was preferred over the less electron demanding FBPA
residue. Overall, results suggest that boron-containing side chains can provide non-canonical,
alternative, and favorable binding interaction with the RNA target (vide infra).
Further sequence analysis indicated that a Lys residue was most preferred in a majority of
the positions A1-A6.

A preference for positively charged side chains, however, is not

unexpected because the Rev protein binds RRE IIB through the polyarginine nuclear localization
signal (NLS) located in its N-terminal region.48-49 The positively charged Lys side chains in our
hits may function similarly to the Arg residues of the Rev NLS and likely provide the necessary
electrostatic attraction to the negatively charged phosphate backbone of RRE IIB. However, it is
noteworthy that the number of Lys residues in the hit sequences did not have a significant
influence in the binding affinity. For example, an increase in the net positive charge did not
result in increased binding affinity (compare BPBA1 to BPBA7 and BPBA8). Taken together,
the data suggests that the dissociation constants of the hit peptides are not entirely due to
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electrostatic attraction. Further analysis shows that aliphatic residues were the least preferred
side chains in our pool of hit compounds. This suggests that modes of binding other than
hydrophobic interactions are generally more beneficial for strong binding between these BPBAs
and RRE IIB.
2.2.3 BPBA1 binds RRE IIB via multivalent interactions
To determine whether branching in our peptides contributes to the binding affinity toward
RRE IIB, control linear peptide variants of lead compound BPBA1 were synthesized and their
dissociation constants were determined (Table 2.2). To minimize perturbations from the parent
structure of the peptide, glycine was used in place of the branching lysine residue between
positions A3 and A4 (LPBA1, LPBA4, and LPBA5). Truncation of the N-terminal branching
peptide fragment linked to either the α- or ε-nitrogen of lysine resulted in peptides LPBA3 and
LPBA1, respectively, with a dramatic loss (> 50 fold) in binding affinity compared to BPBA1.
Table 2.2. Sequences and dissociation constants of BPBA1 variants
Compound
Scheme
Sequence a

Kd (µM)

BPBA1

(WKK)2*KBBAYWY

1.4 ± 0.4

LPBA1

WKKGKBBAYWY

>75

LPBA2

(WKK)2*

>75

LPBA3

Ac(WKK)*KBBAYWYb

>75

LPBA4

WKKWKKGKBBAYWY

7±2

LPBA5

WKKGKBBAYWYWKK

9±2

RPBA1

AcYKW*KWKY (KWKBBA) c

>75

a

* = Lysine branching unit. b α-Nitrogen of lysine is acetylated and KKW is attached to the εnitrogen. c α-Nitrogen of tyrosine is acetylated and KWKBBA is attached to the ε-nitrogen of
branching lysine. Each value is an average of at least three experiments.
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Moreover, when the C-terminal fragment was removed to generate LPBA2, a similar decrease (>
50 fold) in binding affinity was observed. Collectively, these results suggest that all “branches”
of the branched peptide are required for high affinity binding. In addition to probing the effects
of branching, modifications to the structure of BPBA1 simultaneously probed the contribution of
electrostatics to the binding of RRE. For example, a marked decrease in affinity was observed
for LPBA2, which is isoelectronic with BPBA1. Peptide derivatives LPBA1 and LPBA3 with
two fewer lysine residues than BPBA1 and decreased net positive charge also demonstrated
significant loss in binding affinity (Kd > 75 µM). To investigate whether the change in binding
affinity could be a consequence of decreased electrostatic interactions, the WKK branching
fragment was installed on either the N-terminus or C-terminus of LPBA1 to provide LPBA4 and
LPBA5, respectively. Consistent with previous reports that electrostatic interactions have a
significant role in boosting binding affinity and not necessarily selectivity,

3, 38

the Kd values of

these peptides (~ 8 µM) were improved compared to LPBA2 but remained at least 5-fold weaker
than BPBA1.

Gratifyingly, when a branched peptide containing a scrambled sequence of

BPBA1 was tested (RPBA1), the Kd value increased to > 75µM suggesting that the sequence of
BPBA1 is essential for tight binding to RRE IIB. Taken together, these results indicated that
binding occurs through interactions with the three branches of BPBA1, and that the sequence of
the branched peptide plays a significant role in binding.
2.2.4 Selectivity of BPBA1 toward RRE IIB tertiary structure
Several mutations were made to RRE IIB to determine whether BPBA1 could
discriminate between the native tertiary structure of the target RNA and closely related structural
analogs. RRE IIB RNA is composed of two stems, two internal loops, a single nucleotide bulge
and an apical loop, which are expected to contribute to its tertiary structure (Figure 2.4). We
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Figure 2.4. (A) Sequence and structure of RRE IIB and variants, (B) titrations curves, and (C)
dissociation constants of BPBA1 with indicated RNAs.
synthesized ‘hexaloop RNA’, where the size of the trinucleotide apical loop (AAU) was
increased to a hexa-nucleotide loop (AUGGCC) (Figure 2.4A). The measured Kd for this variant
using dot blot assay increased by ~3-fold to 4.4 µM compared to the wild type (Figure 2.4B–C).
We next removed the 4 base pairs in the upper stem to generate ‘stem B deleted RNA’ and
obtained a similar Kd of 3.7 µM. The small change in Kd with these two mutant RRE RNA
structures suggests that BPBA1 has a minor interaction with the apical loop and stem B region of
RRE IIB. Hill analysis of the hexaloop RNA and stem B deleted RNA provides coefficients (n)
of 1.7 and 1.6, respectively, and suggest cooperative binding of BPBA1 to these variant
structures (Figure 2.5B-C).
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Figure 2.5.Hill plot of BPBA1 against (A) RRE IIB Wild Type, (B) HexaLoop, (C) Stem B
Deleted, (D) Stem A/Loop A Deleted, (E) Loop B/Bulge A Deleted, (F) Loop A(A-G)/B/Bulge
A Deleted, and (G) Loop A/B/Bulge A Deleted.
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We also probed regions toward the lower stem by generating ‘loop B/bulge A deleted
RNA’ and observed a 6-fold lower affinity (Kd = 8.7 µM). The RRE IIB variants ‘loop A(AG)/B/bulge A deleted’, which contained a smaller loop A from the removal of the A-G
mismatch, and ‘stem A/loop A deleted RNA’ were synthesized to determine whether the affected
region of the RNA is the potential binding site for BPBA1. These mutant RNAs demonstrated
>10 fold lower affinity with BPBA1 (Figure 2.4B–C) and suggested major interaction with the
nucleotides deleted from RRE IIB. We suspected that changes or removal of sequences in loop
A, loop B, and bulge A would result in an altered tertiary structure that minimizes interaction
with BPBA1. When these structural elements were eliminated to produce ‘loop A/B/bulge A
deleted RNA’ as a stem loop with a significantly altered tertiary structure, a dramatic loss (> 75
fold) in binding affinity was observed. These results support our hypothesis that the exact
tertiary structure of RRE IIB is required for optimal binding with BPBA1, where BPBA1 likely
makes contacts primarily with nucleotides present in loops A and B. Hill analysis of the dot blot
data from ‘loop B/bulge A deleted RNA,’ ‘stem A/loop A deleted RNA,’ ‘loop A/B/bulge A
deleted RNA,’ and ‘loop A(A-G)/B/bulge A deleted RNA’ generated Hill coefficients of 0.9, 1.3,
1.3, and 1.3, respectively, indicating noncooperative binding of BPBA1 (Figure 2.5D-G).
To further characterize the selectivity against other RNA structures, binding affinities
between BPBA1 and RRE IIB were measured by dot blot in the presence of excess bacterial
tRNA. Initially, a 10-fold molar excess of competing tRNA relative to RRE IIB was included
during incubation with the peptide, which resulted in an observed Kd (2.1 µM) that was within
experimental error of that obtained in the absence of tRNA (Figure 2.6). Encouraged by this
result, we increased the amount of competing tRNA to a 1000-fold molar excess. Gratifyingly,
the observed Kd was 5.3 µM, representing a minute shift in RRE IIB binding. These results
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Figure 2.6. Titration curves of BPBA1 with WT RRE IIB, RRE IIB DNA, and in the presence
of competing tRNA.
suggest that peptide BPBA1 is selective for RRE IIB in the presence of competing complex
mixture of tRNA structures. It is also important to note that these results are quite improved
from our previous generation of branched peptides that did not feature boronic acids, as peptides
from the previous library demonstrated a dramatic shift (10-fold) in binding affinity in the
presence of only a 10-fold molar excess of tRNAs.38 We next explored the selectivity of BPBA1
against DNA composed of the same RRE IIB sequence by dot blot assay. The high dissociation
constant (31.8 ± 6.6 µM) confirms our hypothesis that BPBAs confer selectivity toward RNA
(23-fold). A change in the tertiary structure, loss of the 2’-OH groups, or a combination of both
could account for the dramatic shift in binding affinity.
2.2.5 Determination of binding site of BPBA1 and CBPBA1 by RNase protection assay
The results of our binding selectivity experiments with RRE IIB mutants allowed the
evaluation of structural elements required for binding of BPBA1. To better determine regions of
specific nucleotide contacts with RRE IIB, we performed ribonuclease protection assays. Hence,
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5’-32P-labeled RRE IIB was incubated with varying concentrations (up to 20 µM) of BPBA1 in
the presence of RNase T1, RNase A, or RNase V1 (Figure 2.7). Potential binding sites were
confirmed based on the ability of the peptide to protect the RNA from enzymatic cleavage.
While there were no noticeable changes in band intensity with RNase T1, the most prominent
cleavage bands from all the experiments conducted were observed between A16 through G19
using RNase V1, which preferentially cleaves double-stranded regions of RNA. As shown in
Figure 2.7, there is a concentration dependent protection (0.2 M to 20 M) of this region in the
presence of BPBA1, which suggests that this portion of RRE IIB serves a potential binding site.

Figure 2.7.RNase protection assay of RRE IIB with BPBA1. The gel depicts the autoradiogram
of alkaline hydrolysis (AH) and RNase protection experiments using RNases T1, A, and V1 with
increasing concentration of BPBA1. Colored triangles highlight bases protected from cleavage
by RNase A (blue) and RNase VI (red).
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Interestingly, this region is also the site wherein the native protein partner Rev binds.50-51 BPBA1
also visibly protected U7, C21, and U36 from cleavage by RNase A, which hydrolyzes at the 3’
side of unpaired pyrimidine bases. In particular, U7 and U36 are potential contact points located
in the internal loop region of RRE IIB. Indeed, this same internal loop region, when deleted,
caused dramatically reduced binding affinities with BPBA1 (vide supra). Taken together, the
RNA footprinting assay indicated that the binding site for BPBA1 encompasses a large surface
area constituting the upper stem and internal loop regions of RRE IIB. Hill analysis (n = 1)
supported a noncooperative, possibly 1:1 binding stoichiometry between BPBA1 and RRE IIB
(Figure 2.5). This may indicate that BPBA1 is bound in a folded groove saddled between the
internal loop regions and upper stem bases of RRE IIB, as this compound is interacting with
these structural elements.

Although the precise nature of the RNA:peptide interaction is

currently unknown, protection from enzymatic cleavage of these regions could result either from
steric blockade or remodeling of its tertiary structure.
In order to elucidate the peptide:RNA contacts involving the boronic acid moiety of
BPBA1, a control peptide CBPBA1 [(WKK)2*KBZYWY] was synthesized where the lysine
boronic acid (KBBA) residue in BPBA1 was substituted with benzoyl lysine (KBZ) at position A4.
CBPBA1 was incubated with RRE IIB in the presence of RNases T1, A, and V1 in the hopes
that the RNase protection assay would reveal differences in binding between the two compounds,
allowing for the determination of the binding site location of boronic acid with RRE (Figure 2.8).
Unfortunately, no difference in protection of RRE IIB with CBPBA1 compared to BPBA1 was
observed. This could be due to several factors; the binding interactions of the boronic acid with
RRE IIB may occur in a region where the RNases are not active, or the interaction between the
boronic acid and the RNA may be transient enough to prevent noticeable protection from
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enzymatic cleavage in the parent peptide. Further binding studies involving techniques such as
NMR and SHAPE analysis are warranted to gain insight towards the specific nucleotide contacts
of boronic acid in our lead compound BPBA1 with RRE IIB.
2.2.6 Role of boronic acids in binding RRE IIB RNA
To determine the role of the boronic acid functional group in binding to RRE IIB RNA,
we designed control peptide variants of BPBA1 and BPBA3 wherein the boronic acid moiety
was removed. As much as possible, modifications were performed with minimal structural

RNase T1 RNase A RNase V1
AH C 0 .2 2 20 0 .2 2 20 0 .2 2 20 AH

Figure 2.8. RNase protection assay of RRE IIB with CBPBA1. The gel depicts the
autoradiogram of alkaline hydrolysis (AH) and RNase protection experiments using RNases T1,
A, and V1 with increasing concentration of CBPBA1. Colored triangles highlight bases
protected from cleavage by RNase A (blue) and RNase VI (red).
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perturbation. First, the boronic acid moiety in the para position of BPBA1 was replaced with a
hydrogen atom to afford BPBA1.1. The change was accompanied by an approximate 6-fold
increase in the observed Kd value (1.4 vs 8.2 µM, Figure 2.9). Although the precise role of the
boronic acid moiety in binding is currently unknown, the decrease in affinity suggests that the
boronic acid functional group interacts with RRE.
The single boronic acid moiety in BPBA1 contributes a modest fraction of binding
affinity with RRE IIB.

In this case, electrostatic attraction accounts for the majority of

interaction with the RNA provided by the high density of Lys residues. In order to investigate

Figure 2.9. (A) Structure, (B) binding curves and dissociation constants of boron and nonboron containing branched peptides using dot blot assay with RRE IIB RNA. NB = no binding.
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the hypothesis that the Lewis acidity of boron can increase binding affinity, we synthesized a
fluorinated analog, BPBA1.2, wherein fluorine was placed ortho to the boronic acid at position
A4. The electron withdrawing ability of fluorine results in increased Lewis acidity and is
expected to facilitate complexation. To our delight, when the Kd was determined by dot blot
assay, the binding affinity improved to 0.8 ± 0.1 µM, suggesting an induction of stronger
interaction with RRE through the boronic acid moiety. This result supports the notion that the
binding affinity of BPBAs can be tuned by manipulating the Lewis acidity of the boronic acid
and is consistent with the observation that more electrophilic boronic acids are more acidic as
they can form stable Lewis acid-base complexes.52
We also investigated the effect of the number of boronic acid moieties in hit peptide
BPBA3, which contains four boron atoms. When a boronic acid-free analog of BPBA3 was
synthesized (BPBA3.1), nearly all binding was abolished (Figure 2.9). The drastic loss of
binding with BPBA3.1 is likely due to the high density of boron containing side chains because
the major source of binding interaction, presumably Lewis acid-base complexation, is lost.
These results indicate that boronic acid side chains can be utilized in peptides to boost binding
affinity with a highly structured RNA target. Further, such interaction represents an additional
and unique mode of binding that increases the repertoire of RNA binding motifs.
2.2.7 Branched peptide boronic acids are cell permeable and exhibit no cytotoxicity
Our previous generation of branched peptides that featured Arg-rich N-termini exhibited
excellent cell permeability and non-cytotoxic properties.38 The key feature of the current library
is the incorporation of unnatural amino acids with boronic acid functional groups and the
elimination of Arg in place of Lys. It was unclear whether these changes would have an impact
on cell permeability, but we suspected that the BPBAs would be cell permeable in part because
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Figure 2.10. Initial imaging of FBPBA1 in A2780 cells under a fluorescence microscope. From
left to right.: halogen image (with FITC filter in place), DAPI image, and FITC image.
they maintained a medium molecular weight (~1000–2000 Da) and contained multiple basic
residues.53 Therefore, cellular uptake was assayed in both HeLa and A2780 cells by incubation
with the FITC-labeled version of BPBA1 (FBPBA1) using an established procedure in tissue
culture medium for 4 hr at 37 °C.38

After washing, cells were fixed with 4% (w/v)

paraformaldehyde in PBS followed by incubation with BSA and then DAPI staining. Cells were
imaged using a confocal microscope.
Initial imaging of A2780 and HeLa cells incubated with FBPBA1 under a fluorescence
microcope showed a high level of background fluorescence that prevented the ability to discern
cellular uptake of the compound (Figure 2.10). Several strategies were employed to reduce
background fluorescence, including reducing incubation time of cells with FBPBA1 from 4 hr to
2 hr, reducing the concentration of FBPBA1 from 1 µM to 100 nM, using live cells for imaging,
and introducing BSA to block the coverslip; with the exception of employing BSA, no
discernible improvement of background fluorescence was observed. A branched peptide (FL3)
from a prior library that had been previously imaged was then compared with FBPBA1 using
confocal microscopy under identical experimental and imaging acquisition parameters, and a
large difference in both fluorescence intensity and background contrast between the two peptides
was noted (Figure 2.11). Since the major structural difference in the two peptides is the presence
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of boronic acids, it was thought that these moieties in FBPBA1 were aiding in the strong
adherence of the compound to the coverslip, allowing for FBPBA1 to leach into and interact
with the anti-photobleaching agent/mountant (Prolong Gold) used in the experiments. A Zstacking image of FBPBA1 further confirmed suspicions that the peptide was omnipresent in the
mountant (Figure 2.12). Scans showed background fluorescence in the majority of the stacked
images, indicating the presence of FBPBA1 both around as well as above the cell. Ultimately,
removal of the mountant, along with using BSA, allowed for the successful imaging of the
boronic acid-containing branched peptides. Once conditions were optimized, HeLa and A2780
cells incubated with FBPBA1 showed fluorescence evenly distributed throughout the cytoplasm
and nucleus, suggesting that the boronic acid moiety did not have a negative impact on the
membrane permeability of BPBAs (Figure 2.13A–B).

A

B

Figure 2.11. Confocal images of (A) FL3, and (B) FBPBA1 in A2780 cells, obtained under
identical acquisition parameters. Top left: FITC channel; top right: DAPI channel showing
stained nuclei; bottom left: overlay of both channels.
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Coverslip

Above cell
Figure 2.12. Z-stack image of a HeLa cell that was incubated with 1 µM FBPBA1 over 4 hr and
fixed in the presence of mounting media. Each box represents an X-Y image slice. Moving from
left to right across each row are images from the coverslip (top left) to images taken above the
cell (bottom right).

Figure 2.13.Cellular uptake of 1 μM FBPBA1 into (A) HeLa and (B) A2780 cells. Top left:
fluorescence image of cells; top right: DAPI staining of the nucleus; bottom left: DIC image;
bottom right: overlay of the three images.
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Along with cellular uptake studies, the viabilities of boronic acid-containing
branchedpeptides were determined using an MTT assay. Initial toxicity studies of BPBA1 with
an incubation time of 4 hr (cellular uptake conditions) in A2780 cells revealed no toxicity for
concentrations up to 100 µM (Figure 2.14). With this promising result, BPBA1 was then
incubated in both A2780 and HeLa cell lines for a longer period of time; no toxicity was
observed in either cell line up to the maximum concentration of compound used (10 µM) over 24
hr (Figure 2.15). An increase in the concentration of BPBA1 to 30 µM also did not induce cell
death over the same incubation period of 24 hr (Figure 2.16). HeLa cells were then subjected to
a dose-dependent screen of BPBA1 up to 100 µM over a 24 hr period (Figure 2.17). Cell
viability noticeably decreased at 60 µM, with severe toxicity noted at 100 µM. Taken together,
these results indicate that BPBA1 is non-toxic at concentrations up to 30 µM over a 24 hr
incubation period, as well as at higher concentrations when exposure time to cells is decreased.
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Figure 2.14. MTT assay of A2780 cells incubated for 4 hr with varying concentrations of
BPBA1 (1-100 µM). Control represents cells incubated without compound. The relative cell
viability data shown is the average of one independent experiment run in triplicate.
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Figure 2.15. MTT assay of A2780 and HeLa cells incubated for 24 hr with varying
concentrations of BPBA1 (0.1-10 µM). Control represents cells incubated without compound.
The relative cell viability data shown is the average of three independent experiments, each run
in triplicate.
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Figure 2.16. MTT assay of A2780 and HeLa cells incubated for 24 hr with 30 µM of BPBA1.
Control represents cells incubated without compound. The relative cell viability data shown is
the average of one independent experiment run in triplicate.
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Figure 2.17. MTT toxicity assay of HeLa cells incubated with varying concentrations of
BPBA1 (0.1-100 µM) over 24 hr. The relative cell viability data shown is the average of three
independent experiments, each run in triplicate.

Toxicity profiles for BPBA2 and BPBA3 were assessed in addition to BPBA1 in order to
further confirm the neglible effect of boronic acids in branched peptides on cell viability, and to
determine the toxicity of the remaining hit peptides that bound RRE IIB in the low micromolar
range.

A time study was conducted where BPBA2 was incubated in A2780 cells at

concentrations ranging from 1 µM to 100 µM (Figure 2.18). Results indicated that the branched
peptide was non-toxic in A2780 cells over incubation times up to 24 hr for concentrations up to
10 µM; however, at 100 µM there was a decrease in cell viablity observed across all time points.
BPBA2 was then incubated in A2780 cells up to 24 hr at a concentration of 30 µM and no
toxicity was observed, revealing that the peptide is non-toxic up to 30 µM over 24 hr (Figure
2.19). BPBA3 was also screened for toxicity in both cell lines and found to be relatively nontoxic at concentrations up to 10 µM over 24 hr. These MTT results and further discussion of this
compound can be found in Chapter 3. Overall, it can be concluded that the introduction of
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Figure 2.18. MTT assay of A2780 cells incubated with BPBA2 up to 24 hr. Control represents
cells incubated without compound. The relative cell viability data shown is the average of one
independent experiment run in triplicate.
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Figure 2.19. MTT assay of A2780 cells incubated with 30 uM of BPBA2 up to 24 hr. Control
represents cells incubated without compound. The relative cell viability data shown is the
average of one independent experiment run in triplicate.
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boronic acids into a branched peptide scaffold did not have adverse effects on permeability or
toxicity on the cell lines used in this study. These data support the introduction of boronic acids
into branched peptides as a non-toxic, cell-permeable scaffold towards the development of
compounds capable of inhibiting HIV-1 replication.
2.2.8 Resynthesis and rescreening of first generation BPBA library
Initial screening of the 3.3.4 BPBA library was conducted using a Complex Parametric
Analyzer and Sorter (COPAS) from Union Biometrica. Unfortunately, a significant portion of
the library was lost during the screening process due to the incompatibility of the large tentagel
resins used for the library synthesis; the resins aggregated and clogged the inlet to the instrument,
damaging the resins for further analysis. The remainder of the library was returned and manually
screened using fluorescence microscopy (vide supra). Therefore, to ensure that no potential hits
were overlooked from this library, the library was resynthesized using protocols described
earlier; however, the library was screened more stringently using a larger amount of non-specific
RNA before incubation with DY547-RRE IIB (10,000-fold molar excess of tRNA relative to
RRE IIB). Eighty-four hits were isolated and their sequences were determined via MALDIMS/MS. It is interesting to note that the amino acids in each variable position of these hit
peptides were significantly different than those from the initial library, with the exception of the
‘WY’ motif present at the C-terminus and presence of basic residues at the N-terminus (Figure
2.20). Overall, there was a much greater frequency of hydrophobic amino acids (Pro, Leu, Ala),
with a strong preference for proline at the A2 position. With the exception of KBBA (B) at the A1
position, there was a marked decrease in boronic acid monomer frequency at the N-terminus, and
the C-terminus no longer revealed a preference for basic and polar residues as seen with the
initial hits found in the 3.3.4 library.
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Fifteen of these hits were chosen for resynthesis based on their sequence and confidence
of deconvolution (Table 2.3). Resynthesis of the more hydrophobic sequences using SPPS
proved challenging during the purification stage, with HPLC analyses of crude samples revealing

A

B

Figure 2.20. WebLogos showing the frequency of amino acids at each variable position in hit
peptides from (A) the initial 3.3.4 BPBA library and (B) the resynthesized 3.3.4 BPBA library.
Amino acids are colored based on their side chain properties: blue = basic, orange =
hydrophobic, red = aromatic, green = polar, and purple = boronic acids, where B represents
KBBA and Z represents FBPA. Frequency plots generated at http://weblogo.berkeley.edu/logo.cgi

Table 2.3. Sequences of hits from library rescreen

a

Peptide

Sequencea

BPBA1R

(KBBAPF)2*PLWY

BPBA2R

(KBBAPF)2*PYWY

BPBA3R

(KPK)2*PYAY

BPBA4R

(KPA)2*PYKY

BPBA5R

(KPA)2*PTKY

BPBA6R

(VPK)2*HTKY

BPBA7R

(KBBAPF)2*KBBAYWY

BPBA8R

(KBBAPF)2*NKBBAWY

BPBA9R

(VKA)2*PKBBAAY

BPBA10R

(KYK)2*KKBBAAY

BPBA11R

(KBBAPF)2*FBPAYWY

BPBA12R

(KBBAPF)2*FBPALWY

BPBA13R

(KBBAPF)2*FPBAFBPAWY

BPBA14R

(KBBAPFBPA)2*FBPALWY

BPBA15R

(VKK)2*FBPALAY

* = Lysine branching unit.
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poor coupling efficiency during synthesis (Figure 2.21). Moving to a lower loading resin (0.6
mmol/g to 0.4 mmol/g) solved this issue with the exception of BPBAR14, which could not be
isolated. It was also observed that although these sequences contained polar residues, many were
not readily soluble in aqueous medium, demonstrating the need for basic residues to help aid in
the solubility of BPBAs.

This important observation on sequence-dependent solubility of

branched peptides should help guide future designs of next-generation branched peptide libraries,
as well as decisions made when choosing hit sequences for further analysis. Since biophysical
characterizations of this new library of branched peptide boronic acids had already been
performed, these fifteen compounds were resynthesized solely for testing in HIV-1 culture,
where hits demonstrating inhibition of HIV-1 replication in vitro would be further analyzed.
Unfortunately, none of the compounds demonstrated any inhibition of HIV-1 (vide infra), so this
set of BPBAs were not investigated further.

A

B

Figure 2.21. HPLC traces of crude BPBAR13 monitored at 270 nm during collection on a
Jupiter 4 µm Proteo 90 Å semipreparative column (10x250mm), with (A) 0.6 mmol/g and (B)
0.4 mmol/g rink amide resin used during peptide synthesis.
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2.2.9 Toxicity of branched peptides and inhibition of HIV-1 p24 in cell culture
Once it was established that branched peptides containing boronic acid retained certain
desirable properties, such as low toxicity and nuclear permeability, and were shown to
selectively bind RRE IIB with decent affinity, it became necessary to examine their ability to
inhibit HIV-1 replication in vitro. Therefore, BPBAs were screened at 10 µM in a 5BD.1 cell
line, where HIV-1 p24 capsid production was monitored via an enzyme-linked immunosorbent
assay (ELISA).4 This protein is expressed from the gag gene of HIV-1 that is found in full
length and singly spliced mRNA transcripts. Therefore, if a compound is capable of inhibiting
Rev:RRE interactions, which results in nuclear sequestration of HIV-1 mRNA, then p24
translation and, subsequently, HIV-1 replication are inhibited. Results from this screening are
shown in Figure 2.22. Of the BPBAs tested, only BPBA3 revealed any ability to inhibit p24
production over a 24 hr period, with approximately 70 percent inhibition observed.

This

inhibition was comparable to that seen with 108333, a small molecule known to inhibit Rev-RRE
interaction with an EC50 of 0.9 µM.54-55 Excited to discover a branched peptide capable of
30000
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Figure 2.22. p24 assay of BPBAs conducted with 5BD.1 cells over a 24 hr period. 103833 is a
small molecule known to inhibit Rev-RRE function (positive control).
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inhibiting HIV-1 replication in cell culture, further in vitro studies and characterization of
BPBA3 were conducted, which can be found in Chapter 3. In addition, the fourteen BPBA hits
discovered from the rescreening of the 3.3.4 BPBA library (BPBAR1-BPBAR13, and
BPBAR15) were also tested at 10 µM for their ability to inhibit p24 production in cell culture
(Figure 2.23). Unfortunately, none of these compounds revealed any ability to inhibit p24
expression.
2.3

Conclusion
The unique aspect of our study is the use of boronic acid groups that introduce an

alternative mode of binding to a well-folded, therapeutically relevant target RNA. To our
knowledge, this is the first instance of boronic acid side chains being utilized in peptidic RNA
ligands. In this work, we characterized our lead peptide BPBA1, which was selected from a
3.3.4-branched peptide boronic acid library. Our results demonstrated that this medium-sized
peptide boronic acid selectively binds RRE IIB RNA against competitor tRNAs, six RRE IIB
related structural variant RNAs, and an RRE IIB DNA analogue. We also showed that BPBA1

5BD.1
250

% control

200
150
100
50
0

sample (10uM)

Figure 2.23. p24 assay of BPBA hits from the resynthesized 3.3.4 BPBA library conducted with
5BD.1 cells over a 24 hr period. p24 inhibition is measured as a percentage of p24 expression (%
control) observed relative to p24 expression in 5BD.1 cells without compound.
97

is cell permeable and poses minimal cytotoxicity in two eukaryotic cell lines. Finally, we
provided evidence that BPBA1 binding to RRE IIB spans a large surface area in the upper stem
and internal loops of the RNA.

This work demonstrates complex, multiple intermolecular

interactions along a large surface area as a key feature in developing selective binders of unique
RNA tertiary structures. Additionally, structure-activity relationship studies demonstrated that
the binding affinity of BPBAs can be tuned by changing the electronic property of the boron
center, revealing the contribution of boronic acid towards RNA binding and the potential for
improved ligand binding through tailoring its Lewis acidity. Finally, one compound, BPBA3,
was shown to be active in vitro in a HIV-1 p24 assay and warrants further study. Overall, this
work highlights the potential of this novel class of RNA binding compounds to be further refined
for use in therapeutic development, as well as the utility of this method as a general platform for
RNA ligand discovery. Current efforts are aimed to further improve the binding affinity and
selectivity of BPBAs. Lessons learned from this study will inform our ongoing efforts to target
highly structured RNAs with high affinity and selectivity.
2.4

Materials and methods

2.4.1 Synthesis of 3.3.4 branched peptide boronic acids library
We used standard solid-phase peptide synthesis techniques to generate the 3.3.4 library
via the split and pool method using the previously described apparatus (Scheme 2.22).39 N-αFmoc

protected

L-amino

acids

(Novabiochem),

PyOxim

(Novabiochem)

and

N,N-

Diisopropylethylamine (DIEA, Aldrich) were used in coupling reactions. The synthesis and full
characterization of Fmoc-N--(4-boronobenzoyl)-L-lysine (KBBA), Fmoc-N--benzoyl-L-lysine
(KBz) and Fmoc-N--(4-borono-3-fluorobenzoyl)-L-lysine (KFBA) will be described elsewhere.
Fmoc-L-4-boronophenylalanine (FBPA) and Fmoc-ANP-OH were synthesized as previously
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Scheme 2.2. Synthesis of the 3.3.4 branched peptide boronic acid library using SPPS on
Tentagel Macrobead NH2 resin. p = 3-amino-3-(2-nitrophenyl)propionic acid (ANP).
reported.56-58 Three copies of the library were prepared simultaneously by using a three-fold
excess of Tentagel Macrobead-NH2 resin (2.13 g, 0.57 mmol/g) (Peptides International). The
resin was swollen in DCM (20 mL, 2 × 15 min) followed by DMF (20 mL, 15 min). The
photocleavable linker Fmoc-ANP-OH (739 mg, 1.71 mmol) was first coupled to the resin in
DMF for 3 hr in the presence of PyOxim (901.53 mg, 1.71 mmol) and DIEA (493 L, 2.85
mmol). After coupling, the resin was washed with DMF (20 mL, 1 min), DCM (20 mL, 1 min)
and DMF (20 mL, 1 min). The same washing procedure was applied after every step. Then,
20% piperidine in DMF (20 mL, 2 × 10 min) was used for Fmoc deprotection. A Kaiser test was
used after each coupling and deprotection step to confirm reaction completion. N-Fmoc amino
acids (3 equiv.), PyOxim (3 equiv.), and DIEA (5 equiv.) were added to each reaction vessel in
DMF and coupled for 30 min. Fmoc-Lys(Fmoc)-OH was used as a branching unit, and molar
equivalencies of reagents were doubled in coupling reactions after installation of the branching
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unit. After Fmoc deprotection of the N-terminal amino acids, the resin was bubbled in a
phenylboronic acid solution (0.2 g/mL, 1.6 M) overnight to remove the pinacol groups of boroncontaining side chains. Finally, the resin was treated with 95:2.5:2.5 TFA (Trifluoroacetic acid,
Acros)/H2O/TIS (Triisopropylsilane, Acros) (v/v/v) for 3 hr. After deprotection, the resin was
washed extensively with DMF, DCM, and MeOH before drying and storing at -20 C.
2.4.2 On-bead screening assay
DY547 labeled HIV-1 RRE-IIB RNA (5′-DY547-GGC-UGG-UAU-GGG-CGC-AGCGUC-AAU-GAC-GCU-GAC-GGU-ACA-GGC-CAG-CC-3′) was purchased from Dharmacon
and prepared according to the manufacturer’s protocol. To account for the autofluorescence of
Tentagel Macrobead-NH2 resin, the control peptide (KYR)2*FDS was incubated for 1 hr in 100
nM DY547 labeled HIV-1 RRE-IIB RNA in phosphate buffer (10 mM potassium phosphate, 100
mM KCl, 1 mM MgCl2, 20 mM NaCl, pH 7.0). These beads were washed extensively and
placed into a sterile 96-well plate (Nunc) and imaged by a Zeiss Axiovert 200 fluorescent
microscope under a rhodamine filter. The fluorescence intensity was adjusted to remove the
background autofluorescence of untreated beads (Figure 2.24).

Screening conditions were

initially tested using ~ 2,400 beads from the library. The beads were placed into a 1.5 mL nonstick microfuge tube (Fisher) with a 500 µL final volume of phosphate buffer and mixed by a
Barnstead/Thermolyne Labquake rotisserie shaker. The beads were first treated with 1 mg/mL
bovine serum albumin (BSA) (New England BioLabs) and 0.8 mg/mL E. coli tRNA (Roche)
(~3,144-fold molar excess to RRE IIB RNA) for 3 hr at rt to block nonspecific binding peptide
sequences. Then, the beads were washed 5 times with phosphate buffer and incubated in 500 µL
of 10 nM DY547 labeled RRE IIB RNA in phosphate buffer for 5 hr at rt. After the final
incubation, the resin was extensively washed with buffer, and the beads were imaged under a
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fluorescence microscope in a 96-well plate using the previously optimized settings. The initial
screening afforded 7 hits which were isolated, rinsed with DMF (5 × 500 µL) and MeOH (5 ×
500 µL), and photocleaved in clear non-stick 0.5 mL microfuge tubes in 15 µL of 1:1 MeOH:
H2O (v/v) by irradiation at 365 nm with a 4W handheld UV lamp. The supernatant was retained
and subjected to MALDI-TOF analysis. MALDI-MS/MS fragmentation analysis generated 6
sequences (one was deemed a false positive) providing a hit rate of 0.25%. The remaining beads
of the 3.3.4 library were screened using more stringent conditions in an attempt to reduce the
total number of hit beads. First the beads were blocked at rt for 3 hr in phosphate buffer with 1
mg/mL BSA, and 1.25 mg/mL tRNA (5000-fold molar excess to RRE stem IIB RNA). Next, the
beads were washed in buffer and incubated with 10 nM DY547 labeled RRE-IIB RNA in
phosphate buffer for 5 hr at rt. The resin was washed extensively after final incubation prior to
screening. Another 5 beads (from approximately half of the total compound library) were found
with elevated fluorescence using these more stringent conditions.

These beads were

Figure 2.24. Bead images for determining the optimal filter settings. (A) Tentagel MacrobeadNH2 resin prior to peptide coupling visualized with a fluorescence microscope using
rhodamine filter, (B) Branched peptide boronic acid derivatized macrobeads, (C) Positive
control peptide (KYR)2*FDS with 100nM RRE incubated in phosphate buffer for 1 hour,
washed and visualized under fluorescence microscope, and (D) eleven hits from optimized
screening of the 3.3.4 branched boronic acid peptide library.
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photocleaved and sequenced using MALDI-TOF.
2.4.3 Peptide synthesis, purification and characterization
Synthesis of branched peptides was achieved by SPPS using N--Fmoc protected Lamino acids (Novabiochem) (3 equiv.), Pyoxim (Novabiochem) or HCTU (Peptides
International) (3 equiv.) in DMF as the coupling reagent, and DIEA (Aldrich) (6 equiv.) on Rink
amide MBHA resin (100-200 mesh) (Novabiochem) with 0.6 mmol/g loading. The Fmoc group
was deprotected with 20% piperidine in DMF. A Kaiser test was used after each coupling and
deprotection step to confirm reaction completion. For unlabeled peptides, Fmoc-Lys(Fmoc)-OH
was used as a branching unit, and molar equivalencies of reagents were doubled in coupling
reactions after installation of the branching unit.

In the preparation of the fluorescein-5-

isothiocyanate (FITC) (Sigma) labeled peptides, Fmoc-Lys(ivDde)-OH (Novabiochem) was used
as the branching unit (Scheme 2.3).38 Acetic anhydride in DMF (1:1 v/v) with 10 equivalents of
DIEA was used to cap the first N-terminus. Then, ivDde was removed by treatment with 2%
hydrazine in DMF for 1 hr, and the second N-terminus was synthesized through the ε-N of the
Lys side chain. Fmoc-6-Ahx-OH (AnaSpec) was coupled to the N-terminal amino acid to
provide a linker for FITC, which prevents autocleavage of FITC under acidic conditions.38, 59 All
subsequent steps were protected from light. FITC (5 equiv.) was reacted with the deprotected Nterminus of the peptides for 6 hr using DIEA (14 equiv.). The solid-phase synthesis was done on
a vacuum manifold (Qiagen) outfitted with 3-way Luer lock stopcocks (Sigma) in either PolyPrep columns or Econo-Pac polypropylene columns (Bio-Rad). The resin was mixed in solution
by bubbling argon during all coupling and washing steps. After Fmoc deprotection of the Nterminal amino acids, the resin was bubbled in a phenylboronic acid solution (0.2 g/mL, 1.6 M)
overnight to remove the pinacol groups of boron-containing side chains. Finally, the resin was
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Scheme 2.3. Solid-phase synthesis of FITC-labeled branched peptides.
treated with 95:2.5:2.5 TFA (Trifluoroacetic acid, Acros)/H2O/TIS (Triisopropylsilane, Acros)
(v/v/v) for 3 hr in order to remove acid-labile side-chain protecting groups. The supernatant was
dried under reduced pressure, and the crude peptide was triturated with cold diethyl ether. The
peptides were purified using a Jupiter 4 µm Proteo 90 Å semiprep column (Phenomenex) using a
solvent gradient composed of 0.1% TFA in Milli-Q water and HPLC grade acetonitrile. Peptide
purity was determined using a Jupiter 4 µm Proteo 90 Å analytical column (Phenomenex), and
peptide identity was confirmed by MALDI-TOF analysis. Unlabeled peptide concentrations
were measured in nuclease-free water at 280 nm using their calculated extinction coefficients.
FITC-labeled peptide concentrations were monitored at 495 nm using the extinction coefficient
of FITC at 77,000 mol-1 cm-1 in 100 mM glycine, pH 9.0.
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2.4.4 Preparation of 32P-labeled RNA and DNA
Wild-type and mutant RRE-IIB RNAs were transcribed in vitro by T7 polymerase with
the Ribomax T7 Express System (Promega) using previously reported techniques.60 The
antisense templates, sense complementary strand (5'-ATGTAATACGACTCACT ATAGG-3')
and RRE IIB reverse PCR primer (5'-GGCTGGCCT GTAC-3') were purchased from Integrated
DNA Technologies. Antisense templates were used as follows: RRE IIB RNA 5'GGCTGGCCTGTACCGTCAGCGTCATTGACGCTGCGCCCATACCAGCCCTATAGTGAG
TCGTATTACAT-3';

HexaLoop

5'-GGCTGGCCTGTACGTCAGCGTCGG

CATTGACGCTGCGCCCATACCAGCCCTATAGTGAGTCGTATTACAT-3'; Stem A/Loop
A

Deleted

5'-

GGCGTACCGTCAGCGTCATTGACGCTGCGCCCGCCCTATAGTGAGTCGTATTACAT3';

Stem

B

Deleted

5'-

GGCTGGCCTGTACCGTCACATTGTGCGCCCATACCAGCCCTATAGTGAGTCGTAT
TACAT-3';

Loop

A(A-G)/B/Bulge

A

Deleted

5'-

GGCTGGCCAGCGTCATTGACGCTGACCAGCCCTATAGTGAGTCGTATTACAT-3'; Loop
B/Bulge

A

Deleted

5'-GGCTGGCCTGCAGCGTCATTGACGC

TGCATACCAGCCCTATAGTGAGTCGTATTACAT-3'; Loop A/B/Bulge A Deleted 5'GGCTGGCAGCGTCATTGACGCTGCCAGCCCTATAGTGAGTCGTATTACAT-3'.
TetraLoop and RRE IIB were both PCR amplified using HotstarTaq DNA polymerase (Qiagen)
followed by a clean-up procedure using a spin column kit (Qiagen). For the preparation of all
other sequences, the antisense DNA template was annealed with the sense DNA complementary
strand in reaction buffer at 95 C for 2 min and then cooled on ice for 4 min. T7 transcription
proceeded at 42 C for 1.5 hr. After transcription, DNA templates were degraded with DNase at
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37 C for 45 min, and the RNA was purified by a 12% polyacrylamide gel containing 7.5 M
urea. The band corresponding to the RNA of interest was excised from the gel and eluted
overnight in 1x TBE buffer at 4 C. The sample was desalted using a Sep-Pak syringe cartridge
(Waters Corporation) and lyophilized. The products, along with bacterial tRNA, were
dephosphorylated with calf intestinal phosphatase (CIP) in NEBuffer 3 (New England Biolabs)
according to manufacturer’s protocol. The product was recovered by a standard phenol
extraction followed by ethanol precipitation. Purified RNA was stored as a pellet at -80 C. RRE
IIB DNA (5′-GGCTGGTATGGGCGCAGCGTCAATGACGCTGACGGTACAGGCCAGCC3′) was purchased from Integrated DNA Technologies and stored at -20 ˚C.
HIV-1 RRE IIB RNA, as well as the mutant RNA sequences, tRNA, and RRE IIB DNA
were labeled at the 5’-end by treating 10 pmol of dephosphorylated RNA / DNA with 20 pmol of
[γ-32P] ATP (111 TBq mol-1) and 20 units of T4 polynucleotide kinase in 70 mM Tris•HCl, 10
mM MgCl2, and 5 mM dithiothreitol, pH 7.6. The mixture was incubated at 37 C for 30 min,
and then at rt for 20 min. The kinase was heat-inactivated at 65 C for 10 min. The product was
recovered by ethanol precipitation, and the purity was examined using 12% denaturing PAGE
followed by autoradiography.
2.4.5 Dot blot assays
Dot blot assays were performed at rt using a Whatman Minifold I 96 well Dot Blot
system and Whatman 0.45 µm pore size Protran nitrocellulose membranes. To determine the
binding affinities, 0.04 nM radiolabeled RNA was titrated with peptide (0.001–100 µM). First, a
solution of 0.08 nM

32

P-labeled RNA was refolded in 2x phosphate buffer (20 mM potassium

phosphate, 200 mM KCl, 1 mM MgCl2, 40 mM NaCl, pH 7.0) by heating at 95 C for 3 min and
then slowly cooling at rt for 20 min. Next, 25 µL of the [32P]-RNA solution was added to 25 µL
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of peptide in nuclease-free water and incubated at rt for 4 hr. The 50 µL mixtures were filtered
through the nitrocellulose membrane, which was immediately followed by two consecutive 50
µL washes with 1x phosphate buffer. Peptide binding was visualized by autoradiography using a
storage phosphor screen (GE Healthcare) and a Typhoon Trio phosphorimager (GE Healthcare).
Densitometry measurements were quantified using ImageQuant TL (Amersham Biosciences).
Binding curves were generated using a four parameter logistic equation with Kaleidagraph
(Synergy Software): y = m1+(m2-m1)/(1+10^(log(m3)-x); m1 = 100; m2 = 1; m3 = .000003,
where y = percentage of RNA binding, x= log[peptide], m1 = percentage of RNA binding
affinity at infinite concentration (nonspecific binding), m2 = percentage of RNA binding affinity
at zero concentration, m3 = peptide concentration at 50% binding (Kd). Each experiment was
performed in triplicate and error bars represent the standard deviation calculated over three
replicates.
2.4.6 Electrophoretic Mobility Shift Assays (EMSA)
EMSA were performed at room temperature. First, 4 nM

32

P labeled RNA in 2x

phosphate buffer (20 mM potassium phosphate, 200 mM KCl, 1 mM MgCl2, 40 mM NaCl, pH
7.0) was refolded by heating at 95 C for 3 min and cooling at room temperature for 20 min. A
10 µL solution of the refolded RNA was added to 10 µL of peptide in nuclease-free water and
incubated at room temperature for 4 hours. The final concentration of peptide was varied from
0.001 to 100 µM. After incubation, 3 µL of 30% glycerol was added for loading. Peptide:RNA
complexes were resolved on 10% non-denaturing PAGE, which had been pre-run for at least 1
hour. Gels were electrophoresed at 150 V for 35 min at room temperature. Gels were dried to
filter paper and visualized by autoradiography. Each experiment was repeated 3 times. Data
was measured as the percentage of bound RNA in each lane, and error bars represent the
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standard deviation calculated over three replicates.
2.4.7 Nuclease protection assays
RNA was first refolded by heating a solution of 5’-32P-labeled RRE-IIB (10 nM) and
excess unlabeled RRE-IIB (200 nM) at 95C for 3 min and then snap cooling on ice. The
refolded RNA was incubated on ice for 4 hr in a solution containing the BPBAs and buffer
composed of 10 mM Tris, pH 7, 100 mM KCl, and 10 mM MgCl2. RNase (Ambion) was then
added to the solution, which was further incubated on ice for 10 min (0.002 Units RNase V1), or
1 hr (1 Unit RNase T1; 20 ng RNase A). Inactivation/precipitation buffer (Ambion) was added
to halt digestion, and the RNA was pelleted by centrifugation at 13,200 rpm for 15 min. Pelleted
RNA was redissolved into tracking dye and run through a 12 % PAGE containing 7.5 M urea.
The gel was dried at 80 C for 1 hr and imaged by autoradiography.
2.4.8 Cellular internalization of peptides and MTT toxicity assays
HeLa cells were grown and plated for peptide internalization using previously established
methods.38 A2780 cells were grown and plated in RPMI 1640 media supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 1% L-glutamine, 100 units/mg penicillin, 100 μg/mL
streptomycin, and 0.25 μg/mL amphotericin (Invitrogen). Both cell lines were maintained in a
37 C incubator containing a 5% CO2 atmosphere and were subcultured once per week. Cell
samples were prepared in 35mm poly-lysine treated glass-bottom dishes containing a no. 1.5
coverglass (MatTek) using the manufacturer’s protocol. The dishes were pre-equilibrated with
media for 15 min at 37 C in 5% CO2 atmosphere. Media was aspirated from the dishes and the
cells were plated at 1.5 x 104 cells/dish in a 500 μL media suspension and incubated for 1 hr to
allow for initial cell adherence.

Additional media (2 mL) was added, and the cells were

incubated for a total of 48 hr. After the removal of medium and washing of cells with PBS, 600
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μL of FITC-labeled branched peptide boronic acid (FBPBA1, 1 μM) in Opti-MEM
(Invitrogen/Gibco) was added to the dish; cells were incubated with the peptide for 4 hr. Control
cell samples were incubated in 600 μL of Opti-MEM for 4 hr. After incubation and following
each subsequent step, a 15 min PBS wash was applied to all cell samples at rt. Cells were fixed
with 4% (w/v) paraformaldehyde (Acros) in PBS for 15 min, and incubated with 3% (v/v) BSA
(New England Biolabs) in PBS for 30 min. Nucleus staining was performed with the addition of
150 μL of 600 nM DAPI to the cell samples for 4 min. Finally, cells were submersed in PBS,
and the dishes were sealed with parafilm and stored at 4C in the dark until imaged. Cells were
imaged using a 40X water-immersion objective (N.A. = 1.2) on an LSM 510 confocal system
mounted on an Axiovert 100 inverted microscope (Zeiss).

For each cell line, identical

acquisition parameters were used for both peptide and control samples. Brightness and contrast
were adjusted for the image processing of DAPI and DIC channels using AxioVisionLE software
(Zeiss).
For the MTT toxicity assays, 96-well plates (Nunc) were incubated with 100 μL of polylysine (Sigma) for 24 hr at 4 C. The poly-lysine was removed and the wells were rinsed ten
times with sterile nuclease-free water. HeLa and A2780 cells were plated in the poly-lysine
treated wells and analyzed via an MTT toxicity assay using a previously published procedure.38
2.4.9 HIV-1 p24 inhibition assays
5BD.1 cells were re-suspended in IMDM (10% fetal calf serum, 0.2 mg/mL hygromycin
B, 1.5 mg/mL G418 and 0.50 µg/mL gentamicin sulfate) and dispensed into 96-well plates at
20,000 cells per well in a total volume of 135 µL. The cells were incubated with 10 µM of each
compound in triplicate, for 16 hr. After 16 hr, the medium was removed and replaced with 135
µL of fresh medium containing 10 µM of compound, and then incubated for an additional 24 hr,
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when supernatant was collected for p24 ELISA. The 5BD.1 cells used in this assay have been
previously described.54 They were made by calcium phosphate transfection of CMT3 COS cells
with pCMVGagPol-RRE, pCMVrev, and pCMVenv. They express pseudovirions in a Revdependent fashion. The pseudovirions bud into the medium and can be measured by p24 ELISA.
2.5
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Chapter 3 Characterization and in vitro activity of a branched peptide
boronic acid that interacts with HIV-1 RRE RNA
Contributions
This chapter is adapted from the following publication: Wynn, J. E.; Zhang, W.; Tebit, D.
M.; Gray, L. R.; Hammarskjold, M.-L.; Rekosh, D.; Santos, W. L. Characterization and in vitro
activity of a branched peptide boronic acid that interacts with HIV-1 RRE RNA. Bioorg. Med.
Chem. 2016, In Press, Corrected Proof, DOI:10.1016/j.bmc.2016.04.009. The author of this
dissertation previously synthesized BPBA3 (refer to Chapter 2), and conducted stoichiometry
experiments, RNase footprinting assays, and MTT assays in HeLa cells with this compound.
She was also responsible for the analysis and interpretation of data from all experiments, and
wrote the manuscript. Wenyu Zhang synthesized the BPBA3 variants, prepared the RNAs used
in the selectivity assays, and performed all selectivity and structure-activity binding assays. The
Rekosh group at the University of Virginia (Denis M. Tebit, Laurie R. Gray, Marie-Louise
Hammarskjold, and David Rekosh) was responsible for all of the in vitro p24 assays, as well as
the MTT assays performed in the U87 CXCR4 cell line. Webster L. Santos edited and prepared
the final manuscript. [Reproduced by permission of Elsevier]
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Abstract
A branched peptide containing multiple boronic acids was found to bind RRE IIB
selectively and inhibit HIV-1 p24 capsid production in a dose-dependent manner. Structureactivity relationship studies revealed that branching in the peptide is crucial for the low
micromolar binding towards RRE IIB, and the peptide demonstrates selectivity towards RRE IIB
in the presence of tRNA. Footprinting studies suggest a binding site on the upper stem and
internal loop regions of the RNA, which induces enzymatic cleavage of the internal loops of
RRE IIB upon binding.
3.1

Introduction
RNA has gained significant attention as a potential therapeutic target because of its vital

role in regulating many biological processes such as transcription, translation, splicing, catalysis,
as well as transfer of genetic information within the cell. Secondary structural elements such as
stems, pseudoknots, bulges, and hairpin loops afford a tertiary architecture unique to RNA. Aform RNA adopts a deeper and narrower major groove and shallower minor groove than in Bform DNA. These unique structural properties of RNA are expected to impart selective binding
towards certain ligand motifs, suggesting that both the structure and function of RNA make it an
ideal target in the development of therapeutics.1-2 However, endeavors toward developing smallmolecule ligands that target RNA have been met with limited success.3-4 This predicament is
exacerbated by the substantial surface areas of RNAs that yield high-affinity binding of cognate
ligands, as well as the large conformational dynamics inherent in RNA that make it difficult to
target the active conformation in efforts to design potent and selective inhibitors. 5

To

circumvent these challenges, several strategies have been pursued. For example, in silico studies
have been employed to screen ligands against various RNA motifs, and nuclear magnetic
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resonance and molecular dynamics have been employed to investigate certain ligand-RNA
conformations.4, 6-8 Further, high-throughput screens using chemical libraries that contain large
numbers of diverse ligands have been utilized to screen against various RNAs in an expedient
manner.9-10 Short interfering RNAs have also been deployed to selectively target RNA, but these
are hampered by poor membrane permeability and stability.11 Several RNAs have been wellstudied as therapeutic targets, including expanded nucleotide repeats r(CCUG) involved with the
development of myotonic dystrophy type 2,12-15 as well as viral RNAs that contain targets such
as the HIV-1 dimerization initiation site (DIS)16-19 and the HCV internal ribosome entry site
(IRES).20-21 The Rev/Rev Response Element (RRE) pathway has become a high-profile drug
target due to its critical role in the proliferation of HIV-1.22 RRE is a highly conserved region in
the HIV-1 genome that spans approximately 351 nucleotides in the env gene.23-24 RRE interacts
with the Rev protein, which is synthesized from a fully spliced mRNA to allow transport of
singly spliced and unspliced mRNAs from the nucleus into the cytoplasm via complex formation
with nuclear export factors such as Ran-GTP, eIF-5A, and Crm-1.25-26

This RRE:Rev

interaction is essential to the HIV-1 life cycle as unspliced and singly spliced mRNAs are
required for the translation of gag, pol, and env genes that encode structural proteins for
packaging. In addition, unspliced RNA serves as the genome for new viruses.25-27 Thus,
disruption of this interaction presents an avenue to inhibit viral replication.

Owing to the

therapeutic potential of the RRE:Rev export pathway, a variety of small molecules, such as
aminoglycosides, have been designed to interrupt RRE:Rev interactions with limited clinical
success.3, 28-30 In addition to small molecules, inhibitors such as aromatic heterocycles, antisense
oligonucleotides, RRE-based decoys, cyclic peptides, -helical peptidomimetics, and others have
been identified, but also failed to yield any success in clincial applications.29, 31-46
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As a general platform to develop compounds capable of selectively targeting folded
structures of RNA, we utilized a branched peptide scaffold with the rationale that peptide
libraries can be generated expediently on solid-phase with a wide variety of functional groups
available to introduce structural diversity. Second, branching the peptide should allow for
multivalent interactions with the RNA and increase the surface area of binding towards the
accessible tertiary structural elements found in the RNA.

We previously disclosed the

development of a first-generation branched peptide library that selectively bound another HIV-1
RNA, the transactivation response element (TAR).47-48 These peptides demonstrated little to no
cytotoxicity, excellent cellular uptake, and bound TAR in the submicromolar range. Our secondgeneration library targeted the stem-loop IIB of RRE (RRE IIB), which has been recognized as
the high affinity site where Rev initially binds.27,

49-53

This library introduced two unnatural

amino acid derivatives containing boronic acid, -(4-boronobenzoyl)-L-lysine (KBBA) and L-4boronophenylalanine (FBPA) based on the hypothesis that the empty p-orbital of boron could act
as a Lewis acid and form a reversible covalent bond with the 2′-hydroxyl group of the RNA,
affording a novel mode of binding.

These medium-sized branched peptide boronic acids

(BPBAs) selectively bound to the tertiary structure of RRE IIB in the low micromolar regime,
encompassing a large surface area on the RNA (Table 3.1).54-55 Herein, we report the in vitro
activity of these BPBAs via monitoring the expression of HIV-1 p24 capsid protein, as well as
HIV-1 replication. One compound, BPBA3, was shown to inhibit these processes. Further
characterization of this compound revealed that branching in the peptide is critical for its low
micromolar binding affinity, and that binding to RRE IIB elicits a conformational change in
RNA structure.
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Table 3.1. Sequences and dissociation constants of BPBAs
Peptide
Sequence
Kd (µM)
BPBA 1

(WKK)2*KBBAYWY

1.4 ± 0.4

BPBA 2

(KBBAKFBPA)2*KBBAKKY

3.3 ± 1.2

BPBA 3

(FBPAYFBPA)2*NKSY

8.7 ± 2.3

BPBA 4

(KKKBBA)2*FBPATSY

26.8 ± 4.4

BPBA 5

(KKBBAF)2*KKWY

27.2 ± 6.9

BPBA 6

(WYK)2*PTWY

28.5 ± 4.4

BPBA 7

(KKBBAK)2*KLKY

58.4 ± 4.0

BPBA 8

(KBBAYK)2*HKKY

86.5 ± 10

* = lysine branching unit. Each Kd value is an average of at
least three experiments.

3.2

Results and discussion

3.2.1 Inhibition of p24 production and HIV-1 replication and toxicity of BPBA3 in cell
culture
Having determined the binding affinities of BPBAs toward RRE RNA, we were
interested in examining the ability of BPBAs to inhibit HIV-1 capsid production and HIV-1
replication in cell culture.

Since the best binders had dissociation constants in the low

micromolar range, we first tested our compounds at 10 µM in a p24 production and HIV particle
release assay over a 24 hr period using a p24 ELISA (Figure 2.22).45 This initial screen revealed
significant inhibition (70%) of p24 with one compound, BPBA3. An MTT assay conducted in
HeLa cells over 24 hr up to the concentration used in the p24 screening revealed no toxicity
(Figure 3.1). Encouraged by these results, a subsequent screening was conducted to determine
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whether inhibition of p24 could be maintained during an HIV-1 infection over a longer period of
several days (Figure 3.2). As expected, two nucleoside reverse transcriptase inhibitors (NRTIs),
2′,3′-dideoxy-3′-thiacytidine (3TC) and azidothymidine (AZT), and two integrase inhibitors,
Elvitegravir and Raltegravir, completely abolished p24 expression.

Among the branched

Relative Cell Viability
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Figure 3.1. MTT assay of HeLa cells incubated with BPBA3 at varying concentrations over 24
hr. Each run is an average of at least three measurements.
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Figure 3.2. (A) HIV-1 replication screening of BPBAs at 10 µM. 3TC, AZT, Raltegravir, and
Elvitegravir served as positive controls. NL-4-3 only represents the U87-CD4/CXCR4 cell line
infected with the HIV-1 virus (NL4-3 strain without addition of compound/inhibitor).
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peptides tested, only BPBA3 significantly inhibited p24 production. To confirm the effect of
BPBA3, a dose-dependent p24 inhibition assay was performed.

As shown in Figure 3.3,

increasing the concentration of BPBA3 from 1 nM to 100 µM resulted in a concomitant
inhibition of p24 expression. Although 2-log less potent than AZT or 3TC, significant inhibition
of p24 at 10 µM was confirmed, and complete inhibition of p24 production was achieved at 100
µM. From this data, the IC50 value appears to be around 5 µM, which is in good agreement with
the Kd established by dot blot (8.7 µM) and EMSA (4.6 µM) assays.54 The MTT assay run in
parallel with the p24 assay revealed a decrease in cell viability at higher concentrations of
BPBA3 (Figure 3.4). However, the inhibition of p24 production is not directly correlated to
toxicity since there is still decent cell viability (> 80 percent) at 10 µM where approximately 90
percent suppression of p24 production is observed. This is exciting as this is the first peptide
from our branched peptide library that demonstrated inhibition of HIV-1 p24 production and
replication in cell culture.
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Figure 3.3. Dose-dependent inhibition of HIV-1 p24 with BPBA3. AZT and 3TC were used as
reference compounds.
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Figure 3.4. MTT assay with BPBA3 in U87-CD4/CXCR4 cells over several days at a
concentration range of 1nM-100 µM.
3.2.2 Selectivity of BPBA3 against tRNA and TAR RNA
After establishing the in vitro activity of BPBA3, we investigated its ability to selectively
recognize RRE IIB, the RNA used in the high throughput screen (Figure 3.5). Gratifyingly, only
a 3-fold increase in Kd was observed (26.4 ± 10.2 µM) in the presence of 1000-fold excess

Figure 3.5. Titration curves and dissociation contants of BPBA3 with wild-type RRE IIB
RNA, RRE IIB RNA in the presence of 1000-fold excess competing tRNA, and TAR RNA.
Each value is an average of at least three experiments.
122

competitor tRNA, suggesting a preference to small RNA structures. We then compared this
activity with another HIV-1 conserved RNA structure, TAR RNA (Figure 1.25). While the
binding affinity with TAR (Kd of 5.2 ± 1.5 µM) is comparable to RRE IIB (Kd of 8.7 ± 2.2 µM),
this result is not surprising since the branched peptide may interact similarly with folded stemloop RNA structures. This binding study also highlights the potential for the binding of multiple
HIV-1 RNAs by BPBA3 that could synergistically contribute towards the inhibition of HIV-1
p24 expression (vide supra).
3.2.3 Structure-activity of BPBA3 variants towards RRE IIB
We next probed whether the structure of BPBA3 has an effect on binding to RRE IIB.
Previously, we explored the role of the boronic acids in BPBA3 towards binding RRE IIB and
demonstrated that removal of boronic acids in the structure completely abolished RNA binding.54
Therefore, a structure-activity relationship study was conducted to determine the effect of
branching on the peptide and resulting RNA binding. The truncated and linear variants of
BPBA3 and their dissociation constants with RRE IIB are shown in Table 3.2 (see Figure 3.9 for
binding curves). Removal of one of the branches (LBPBA3A) led to a 2-fold loss in binding
affinity, suggesting a minor binding contribution from the N-terminus branch attached to the nitrogen of BPBA3. Titrations with a linear variant composed of the amino acids in BPBA3
(LBPBA3B) revealed a 3-fold loss in binding affinity towards RRE IIB. The larger decrease in
binding affinity seen for LBPBA3B compared to LBPBA3A may be due to a longer peptide
sequence that could alter or abolish interactions of key residues with the RNA. We suspect that
the slight change in the binding affinity of these peptides is a result of an additional electrostatic
attraction because of the presence of a positive charge on the -nitrogen of the branching lysine
moiety. However, when the C-terminal branch was removed (LBPBA3C), a dramatic loss of
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Table 3.2. Sequences and dissociation constants of BPBA3 variants
Peptide
Scheme
Sequencea
Kd (µM)
(FBPAYFBPA)2*NKSY
8.7 ± 2.2
BPBA3
FBPAYFBPA*NKSY
17.7 ± 5.0
LBPBA3A
FBPAYFBPAFBPAYFBPA*NKSY
27.2 ± 7.1
LBPBA3B
(FBPAYFBPA)2*
>100
LBPBA3C
a
* = lysine branching unit. Each value is an average of at least three experiments.
binding affinity was observed (Kd > 100 µM). Overall, our studies suggest a critical role of the
C-terminus branch of BPBA3, and amino acids on this region likely interact extensively with
RRE IIB.
3.2.4 Binding site determination of BPBA3 with RRE IIB
To determine regions of specific nucleotide contacts with BPBA3, we performed
ribonuclease protection assays by incubating 5′-32P-labeled RRE IIB with varying concentrations
(up to 20 µM) of peptide in the presence of RNase T1, RNase A, or RNase V1 (Fig. 3.6).
Potential binding sites were confirmed based on protection of the RNA from enzymatic cleavage.
The assay revealed a concentration-dependent protection of RNA at G17 and C18 from RNase
VI, which preferentially cleaves double-stranded RNA. BPBA3 also protected RRE IIB from
cleavage at C21 and to a lesser extent at U24 in the presence of RNase A, which cleaves the 3’
side of unpaired pyrimidine bases. Taken together, these results indicate BPBA3 binds to the
upper stem and apical loop region of RRE IIB in a 1:1 stoichiometry (Figure 3.7). Surprisingly,
we detected additional cleavage bands when BPBA3 was incubated with RNases T1 and A, a
replicable phenomenon never observed with other peptides in this or other series. Unlike
BPBA155 and other BPBAs characterized by ribonuclease protection assays (unpublished data),
there was no protection from cleavage by RNases observed in the internal loops of the RNA
structure. Instead, there was an increase in enzymatic cleavage observed at several bases within
(U9, G10, G11, G34) and adjacent to (C33) loop B of RRE IIB when the concentration of
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Figure 3.6. RNase Protection Assay autoradiograph gel of RRE IIB in the presence of
increasing concentrations of BPBA3 (0-20 µM). AH is the alkaline hydrolysis ladder and C is
the negative control (RRE IIB only, with no RNase or peptide). Contacts of the peptide with
the RNA bases are indicated by color-coded wedges, where an increase in protection is
indicated in blue (RNase A) or red (RNase VI), and a decrease in protection is indicated in
green with arrows indicating bands of increased enzymatic cleavage.
BPBA3 was increased to 20 µM. The concentration dependency observed for the RNase activity
is reasonable considering the dissociation constant for BPBA3 is in the low micromolar range. It
is interesting to note that the points of contact of BPBA3 with the internal loops and the adjacent
stem portion are located on opposite sides of the RNA secondary structure, indicating that the
BPBA may be binding within a saddled groove and altering the tertiary conformation of the
RNA. More specifically, there may be a disruption in the non-canonical G12:G35 base-pairing
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Figure 3.7. Job plot of BPBA3 with 2-aminopurine (2-AP) labeled RRE IIB. Intersection of
linear portions of plot indicates a 1:1 stoichiometry of binding.
observed in this high-affinity binding site of Rev56-57 that may in turn expose the neighboring
nucleotides to RNase cleavage. Since the dissociation constant of the native Rev protein with
RRE is in the low nanomolar range and BPBA3 has a significantly lower binding affinity in
comparison, it is possible that this remodeling of tertiary structure is partially responsible for the
in vitro inhibition seen with BPBA3 since this internal loop region is where the Rev protein
binds.26, 58 Indeed, this may explain why other BPBAs with similar binding affinities toward
RRE (BPBA1 and BPBA2) do not inhibit HIV-1 replication in cell culture. Overall, the RNA
footprinting assay indicated that the binding site for BPBA3 encompasses two possible regions,
the upper stem / apical loop region and internal loop region. However, it may be that BPBA3 is
binding to other regions of the RNA that are inducing the conformation change observed;
distinguishing the mechanism of increased enzymatic cleavage is beyond the scope of this assay.
3.3

Conclusion
In summary, a branched peptide (BPBA3) containing multiple boronic acid residues from

a 3.3.4 library screening against RRE IIB RNA was found to inhibit HIV-1 p24 production and
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HIV replication in vitro. Biochemical characterization of this compound revealed selectivity for
RRE IIB in the presence of competitor tRNA, and that the C-terminal peptide branch was critical
for RNA binding. The binding interactions of BPBA3 with RRE IIB suggest a conformational
change of the tertiary structure in the internal loop region that predisposes the RNA to RNase
cleavage. This is a novel mode of action with branched peptide inhibitors. Further studies are
currently underway to gain insight into the mechanism of action and to understand the structural
elements of BPBA3 responsible for the alteration of RNA tertiary structure.
3.4

Materials and methods

3.4.1 Peptide synthesis, purification, and characterization
Synthesis of the branched peptides was achieved by solid-phase peptide synthesis using
N--Fmoc protected L-amino acids (Novabiochem) (3 equiv.), Pyoxim (Novabiochem) (3 equiv.)
in DMF as coupling reagent, and DIEA (Aldrich) (6 equiv.) on Rink amide MBHA resin (100200 mesh) (Novabiochem) with 0.6 mmol/g loading. The Fmoc group was deprotected with
20% piperidine in DMF. Fmoc-Lys(Fmoc)-OH was used as a branching unit, and molar
equivalencies of reagents were doubled in coupling reactions after installation of the branching
unit. For linear variants LBPBA3A and LBPBA3B, Fmoc-Lys(Boc)-OH was used in place of
Fmoc-Lys(Fmoc)-OH at the branching position.

The solid-phase synthesis was done on a

vacuum manifold (Qiagen) outfitted with 3-way Luer lock stopcocks (Sigma) in either Poly-Prep
columns or Econo-Pac polypropylene columns (Bio-Rad). The resin was mixed in solution by
bubbling argon during all coupling and washing steps. After Fmoc deprotection of the Nterminal amino acids, the resin was bubbled in a phenylboronic acid solution (0.2 g/mL, 1.6 M)
overnight to remove the pinacol groups of boron-containing side chains. Finally, the resin was
treated with 95:2.5:2.5 TFA (Trifluoroacetic acid, Acros)/H2O/TIS (Triisopropylsilane, Acros)
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(v/v/v) for 3 hr. The supernatant was dried under reduced pressure, and the crude peptide was
triturated with cold diethyl ether. The peptides were purified using a Jupiter 4 µm Proteo 90 Å
semiprep column (Phenomenex) using a solvent gradient composed of 0.1% TFA in Milli-Q
water and HPLC grade acetonitrile. Peptide purity was determined using a Jupiter 4 µm Proteo
90 Å analytical column (Phenomenex), and peptide identity was confirmed by MALDI-TOF
analysis. Peptide concentrations were measured in nuclease-free water at 280 nm using their
calculated extinction coefficients.
3.4.2 Preparation of 32P-labeled RNA and DNA
Wild-type RRE-IIB RNA and wild-type TAR RNA were transcribed in vitro by T7
polymerase with the Ribomax T7 Express System (Promega) using previously reported
techniques.48,
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The

antisense

ATGTAATACGACTCACTATAGG-3')

template,
and

sense

RRE-IIB

complementary
reverse

PCR

strand

(5'-

primer

(5'-

GGCTGGCCTGTAC-3') were purchased from Integrated DNA Technologies. The antisense
template for the HIV-1 RNAs that were used are as follows: RRE IIB Wild Type RNA 5'GGCTGGCCTGTACCGTCAGCGTCATTGACGCTGCGCCCATACCAGCCCTATAGTGAG
TCGTATTACAT-3';

TAR

RNA

GCCCGAGAGCTCCCAGGCTCAGATCGGGCCTATAGTGAGTCGTATTACAT-3'.

5’HIV-1

RRE-IIB Wild Type was PCR amplified using HotstarTaq DNA polymerase (Qiagen) followed
by a clean-up procedure using a spin column kit (Qiagen). For the preparation of all other
sequences, the antisense DNA template was annealed with the sense DNA complementary strand
in reaction buffer at 95 C for 2 min and then cooled on ice for 4 min. T7 transcription
proceeded at 42 C for 1.5 hr. After transcription, DNA templates were degraded with DNase at
37 C for 45 min and the RNA was purified by a 12% polyacrylamide gel containing 7.5 M urea.
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The band corresponding to the RNA of interest was excised from the gel and eluted overnight in
1x TBE buffer at 4 C. The sample was desalted using a Sep-Pak syringe cartridge (Waters
Corporation), lyophilized, and dephosphorylated with calf intestinal phosphatase (CIP) in
NEBuffer 3 (New England Biolabs) according to manufacturer’s protocol. The product was
recovered by a standard phenol extraction followed by ethanol precipitation. Purified RNA was
stored as a pellet at -80 C. HIV-1 RRE-IIB RNA was labeled at the 5’-end by treating 10 pmol
of dephosphorylated RNA with 20 pmol of [γ-32P] ATP (111 TBq mol-1) and 20 units of T4
polynucleotide kinase in 70 mM Tris•HCl, 10 mM MgCl2, and 5 mM dithiothreitol, pH 7.6. The
mixture was incubated at 37 C for 30 min, and then at rt for 20 min. The kinase was heatinactivated at 65 C for 10 min. The RNA was recovered by ethanol precipitation, and the purity
was examined using 12% denaturing PAGE followed by autoradiography.
3.4.3 Dot blot assays
Dot blot assays were performed at rt using a Whatman Minifold I 96 well Dot Blot
system and Whatman 0.45 µm pore size Protran nitrocellulose membranes. To determine the
binding affinities, 0.4 nM radiolabeled RNA was titrated with peptide (0.001–100 µM). First, a
solution of 0.8 nM

32

P-labeled RNA was refolded in 2x phosphate buffer (20 mM potassium

phosphate, 200 mM KCl, 1 mM MgCl2, 40 mM NaCl, pH 7.0) by heating at 95 C for 3 min and
then slowly cooling at rt for 20 min. Next, 25 µL of the [32P]-RNA solution was added to 25 µL
of peptide in nuclease-free water and incubated at rt for 4 hr. The 50 µL mixtures were filtered
through the nitrocellulose membrane, which was immediately followed by two consecutive 50
µL washes with 1x phosphate buffer. Peptide binding was visualized by autoradiography using a
storage phosphor screen (GE Healthcare) and a Typhoon Trio phosphorimager (GE Healthcare).
Densitometry measurements were quantified using ImageQuant TL (Amersham Biosciences).
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Binding curves were generated using a four parameter logistic equation with Kaleidagraph
(Synergy Software): y = m1+(m2-m1)/(1+10^(log(m3)-x); m1 = 100; m2 = 1; m3 = 0.003 to
0.000003, where y = percentage of RNA binding, x = log[peptide], m1 = percentage of RNA
binding affinity at infinite concentration (nonspecific binding), m2 = percentage of RNA binding
affinity at zero concentration, m3 = peptide concentration at 50% binding (Kd). Each experiment
was performed in triplicate and error bars represent the standard deviation calculated over three
replicates (Figure 3.8).
3.4.4 Nuclease protection assays
RNA was first refolded by heating a solution of 5’-32P-labeled RRE-IIB (10 nM) and
excess unlabeled RRE-IIB (200 nM) at 95C for 3 min and then snap cooling on ice. The
refolded RNA was incubated on ice for 4 hr in a solution containing the BPBA and buffer
composed of 10 mM Tris, pH 7, 100 mM KCl, and 10 mM MgCl2. RNase (Ambion) was then

Figure 3.8. Titration curves of BPBA3 and linear variants LBPBA3A-C with RRE IIB.
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added to the solution, which was further incubated on ice for 10 min (0.002 Units RNase V1), or
1 hr (1 Unit RNase T1; 20 ng RNase A). Inactivation/precipitation buffer (Ambion) was added
to halt digestion, and the RNA was pelleted by centrifugation at 13,200 rpm for 15 min. Pelleted
RNA was redissolved into tracking dye and run through a 12 % PAGE containing 7.5 M urea.
The gel was dried at 80 C for 1 hr and imaged by autoradiography.
3.4.5 Stoichiometry of peptide:RNA binding (Job Plot)
The stoichiometry of binding for BPBA3 was determined using 2-aminopurine (2-AP)
labeled RRE IIB RNA that contained an internal substitution of 2-AP at the U72 position (5'CUGGUAUGGGCGCAGCGUCAAUGACGCUGACGG-2AP-ACAGGCCAGCC-3',
Integrated DNA Technologies).60-62 All fluorescence spectra were measured on a Varian Cary
Eclipse fluorescence spectrophotometer using a xenon flash lamp with a thermoelectrically
controlled cell holder. The excitation slit width and the emission slit width were set to 10 nm.
The excitation of the sample was done at 310 nm and fluorescence spectra were collected from
340 nm to 450 nm. A quartz cell of 1 cm path length transparent on three sides (Starna Cells,
Inc.) was used. All experiments were done at 20 C. Both peptides and RNA were prepared in
0.2 µm sterile-filtered 1x phosphate buffer (10 mM potassium phosphate, 100 mM KCl, 1 mM
MgCl2, 20 mM NaCl, pH 7.0). The RNA was refolded by heating at 95 C for 3 min and snap
cooled on ice for 8 min. The total concentration of BPBA3 and RNA was fixed at 0.4 µM, where
the mole ratio of peptide vs RNA was varied from 0.25 to 4. The normalized fluorescence
intensity at 372 nm was plotted against the ratio of [peptide]/[RNA]. The intersection of the two
linear portions of the Job Plot yielded the mole ratio corresponding to the approximate binding
stoichiometry between the peptide and RNA.
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3.4.6 MTT toxicity assays in HeLa cell line
HeLa cells were grown using previously established methods.48

The cell line was

maintained in a 37 C incubator containing a 5% CO2 atmosphere and cells were subcultured
once per week. For the MTT toxicity assays, 96-well plates (Nunc) were incubated with 100 μL
of poly-lysine (Sigma) for 24 hr at 4 C. The poly-lysine was removed and the wells were rinsed
ten times with sterile nuclease-free water. HeLa cells were plated in the poly-lysine treated wells
and analyzed via an MTT toxicity assay using a previously published procedure.48
3.4.7 MTT toxicity assays in U87 CXCR4 cell line
MTT assays were performed using the CellTiter 96® Non-Radioactive Cell Proliferation
Assay System (Promega). U87 CXCR4 cells were seeded in a 96-well flat bottom plate at 1 ×
104 cells per well (90 µL) and incubated at 37°C in 5% CO2 overnight. The cells were then
treated with the appropriate concentration (100, 50 or 10 µM, final per well) of each compound.
Wells containing cells and media only were used as controls. After a 24 hr incubation at 37°C in
5% CO2, 15 µL of the Dye Solution (containing tetrazolium salt) was added to each well and
incubated for 4 hr at 37 °C with 5% CO2. After the incubation, 100 µL of the Solubilization
Solution/Stop Mix was added to each well and incubated for 1 hr. The wells were mixed gently
with a multi-channel pippetor, and the plates were read at an absorbance of 570 nm using a
microplate reader (Synergy 2, BioTec). The readings were then normalized and plotted using a
value of 1.0 for the control cells.
3.4.8 Viral replication assays
Compounds to be tested were resuspended in distilled water at a concentration of 1mM.
The control drugs Zidovudine (AZT), Lamivudine (3TC), Raltegravir, and Elvitegravir were
obtained from the AIDS Research and Reference Reagent Program. AZT and 3TC were initially
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diluted in dimethyl sulfoxide (DMSO) to concentrations of 10 mM and 1 mM, respectively. All
control compounds and experimental compounds were further diluted in RPMI to the appropriate
working concentrations and tested against the reference HIV viral strain NL4-3, which uses the
CXCR4 co-receptor. Sensitivity to inhibitors/compounds of HIV-1 replication was determined
by infecting U87-CD4/CXCR4 cells with NL4-3 following a previously published procedure.63
Briefly, cells were added to 96-well flat bottom plates at a density of 1 × 104 cells/well and
allowed to adhere overnight. On the next day, cells were treated with the test compounds at
desired concentrations (10M - 100M) or controls (3TC or AZT) for 1 hr prior to infection.
Cells were then exposed to virus at an MOI of 0.01 infectious units/ml (IU/ml) for 24 hr, after
which they were washed with phosphate-buffered saline (PBS), and fresh medium containing
additional compound was added. The culture was then left to grow for 4 days and supernatant
aliquots were taken at intervals from days 2 to 4. Virus production was quantified by p24
assay.64

When necessary, the fifty percent inhibitory concentration (IC50) curves were

constructed for supernatant samples taken at peak virus production.
3.4.9 p24 production and viral particle release assay
5BD.1 cells were re-suspended in IMDM (10% fetal calf serum, 0.2 mg/mL hygromycin
B, 1.5 mg/mL G418 and 0.50 µg/mL gentamicin sulfate) and dispensed into 96-well plates at
20,000 cells/well in a total volume of 135 µL. The cells were incubated with 10 µM of each
compound in triplicate, for 16 hr. After 16 hr, the medium was removed and replaced with 135
µL of fresh medium containing 10 µM of compound, and then incubated for an additional 24 hr,
when supernatant was collected for p24 ELISA. The 5BD.1 cells used in this assay have been
previously described.65 They were made by calcium phosphate transfection of CMT3 COS cells
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with pCMVGagPol-RRE, pCMVrev, and pCMVenv. They express pseudovirions in a Revdependent fashion. The pseudovirions bud into the medium and can be measured by p24 ELISA.
3.5
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Abstract
The interaction of the protein Rev with Rev Response Element (RRE) RNA is critical to
the HIV-1 life cycle as this complex is required for the export of singly-spliced and unspliced
mRNAs from the nucleus to the cytoplasm. Disruption of this interaction is considered to be a
powerful strategy towards the development of HIV-1 therapeutics. In this study, we screened a
4,096-member branched peptide library that contains an intercalator (acridine) and reversible
covalent bond moiety (boronic acid) against the IIB region of RRE RNA (RREIIB), which is the
high affinity binding site of Rev. Hit peptides revealed compounds with binding affinities in the
double digit nanomolar range that were demonstrated to inhibit Rev:RRE RNA interaction in
vitro by monitoring the expression levels of an HIV-1 capsid protein, p24.

Biophysical

characterization of peptide A7 with RREIIB suggests a binding site that encompasses a large
surface area involving the stem and loop regions of the RNA.
4.1

Introduction
The interaction of HIV-1 Rev protein with the Rev Response Element (RRE) RNA plays

a critical role in the assembly of new viral particles. Unspliced and singly spliced mRNAs are
exported to the cytoplasm by the cooperative docking of multiple Rev proteins with a highly
structured intronic RRE (~350 nucleotides). Once the Rev:RRE oligomeric complex is formed
and interacts with the Crm-1 pathway, mRNA nuclear export ensues.1-4 Disruption of this
protein-RNA interaction presents an avenue to inhibit viral replication. The RNA component
serves as a prime target because its nucleic acid sequence is highly conserved and structured.
Biochemical and crystal structures studies reveal the α-helical arginine-rich motif of Rev binding
in the major groove of the RNA through an extensive network of sequence specific and
electrostatic contacts.4-9 Further, RRE appears to act as a scaffold in the oligomerization of
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Rev.10-12 In this study, we focused on targeting the primary, high-affinity binding site of Rev,
RRE IIB.
As a general platform to develop compounds capable of selectively targeting folded
structures of RNA, we utilized a branched peptide scaffold in order to introduce diverse
structures and opportunities for multivalent interactions.13-14 Our previous studies suggest that
branched peptides utilize a large surface area of RNA to achieve selective binding. The second
generation library, which targeted the stem loop RRE IIB, incorporated boronic acids to
capitalize on the empty p-orbital of boron. We hypothesized that the formation of a reversible
covalent Lewis acid-base complex with the 2'-hydroxyl group of RNA can increase selectivity.
15-16

Indeed, we showed that branched peptide boronic acids (BPBAs) demonstrated a marked

increase in selectivity using an identical sequence of RNA versus DNA.16 However, their
binding affinities were in the low micromolar range, making them unsuitable for competing
against native protein:RNA interactions where the binding affinity is in the nanomolar range.
To improve the affinity of the BPBA library towards RRE IIB, we investigated the effect
of introducing an intercalator as a structural feature. We hypothesized that incorporation of an
acridine17-18 moiety will facilitate intercalation whereas other functional groups on the peptide
side chains will promote selective recognition of the RNA target (Figure 4.1). Acridine has been
conjugated to a variety of ligands in order to target RNA. For example, acridine-N-neomycin
and an amphiphilic helical peptide containing two RNA acridinyl lysine residues afforded Kd
values of 2.4 nM and 610 pM against target RNA, respectively.19-20 In addition, a peptideacridine conjugate has been shown to bind to a duplex RNA, where acridine is shown to interact
with the RNA via a threading intercalation process.21
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Figure 4.1. Possible interactions of acridine and boronic acid with target RNA.
4.2

Results and discussion

4.2.1 Design, synthesis, and on-bead high throughput screening of second generation 3.3.4
BPBA library
The BPBA library was synthesized in triplicate on Tentagel beads by split and pool
synthesis, where a photocleavable linker, 3-amino-3-(2-nitrophenyl)propionic acid (ANP) was
installed on the C-terminus to allow for post-screening selection and deconvolution. The library
was prepared such that there were three variable amino acid positions at both the N- and Ctermini (AA1-AA3 and AA4-AA6, respectively), and each variable position was composed of four
side chains, generating a library containing 4,096 unique sequences (Figure 4.2). As the major
goal of this library is to determine the effect of incorporating an intercalator on binding affinity,
we chose four amino acids to represent several modes of interaction towards the RNA. For
example, in each position at AA1-AA6 we used N--(9-aminoacridinyl)-L-lysine (KACR) for
interactions with the RNA through π stacking, Lys for electrostatic attraction and hydrogen
bonding, Leu for hydrophobic interaction, and KBBA for reversible covalent bonding. Tyr was
incorporated at the AA7 position for spectroscopic quantification of the peptides. The BP library
was subjected to an on-bead high-throughput screen against DY547-labeled HIV-1 RRE IIB
RNA after a preincubation using bovine serum albumin and tRNA to minimize non-specific
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Figure 4.2. Branched peptide library and structures of KBBA and KACR.
binding.13-14 Binding of RRE IIB to BPBAs resulted in increased bead fluorescence, which was
monitored by both fluorescence and confocal microscopy.

Twenty beads were selected,

photocleaved via UV irradiation, and then sequenced by MALDI MS-MS analysis.22
4.2.2 Sequence and binding affinities of BPBAs toward HIV-1 RRE IIB
Sequences for fourteen hits were obtained and the dissociation constants (Kd) were
determined by electrophoretic mobility shift assays (EMSAs) (Table 4.1).

Initial binding

experiments were performed via dot blot assay (Figure 4.11 in Section 4.4.5 under materials and
methods).

Unfortunately, compounds without KACR in their sequence did not stick to the

nitrocellulose membrane; thus, an alternative assay (EMSA) was utilized in order to determine
binding affinities. Job Plot analyses using 2-aminopurine (2-AP)-labeled RRE IIB were used to
determine the stoichiometry for all acridine-containing compounds; results revealed that all
compounds bound RRE IIB in a 1:1 stoichiometry (Figure 4.3). We were fortunate to find three
sequences in duplicate (A1, A10, and A12), which increased confidence in the quality of the
library as well as the screening process. All hits contained boronic acid, acridine, or both
moieties. Sequence analysis of the hits suggests that KBBA is preferred on the C-terminus,
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Table 4.1. Sequences and Kds of BPBAs by EMSA
Entry
Peptide
Sequencea
1
A1
(KKK)2*LKBBAKBBAY
2
A2
(KKK)2*LKBBALY
3
A3
(KKK)2*KACRLKY
4
A4
(KKK)2*KLKACRY
5
A5
(KKK)2*KACRKACRKY
6
A6
(KACRKK)2*KLKBBAY
7
A7
(KKACRK)2*KLKBBAY
8
A8
(KKBBAK)2*LLKY

Kd (nM)
280 ± 80
130 ± 30
140 ± 50
20 ± 4
30 ± 4
60 ± 10
70 ± 30
660 ± 90

9
A9
(KKKBBA)2*KLKBBAY
120 ± 40
10
A10
(KLK)2*LKKBBAY
300 ± 40
11
A11
(KLK)2*KKKBBAY
1430 ± 870
12
A12
(KKL)2*LKKBBAY
330 ± 100
13
A13
(LLK)2*KKBBAKY
210 ± 30
14
A14
(KKL)2*KKBBAKBBAY
170 ± 50
a
*= Lysine branching unit. Each Kd value is an average of at least three experiments.
whereas KACR is present in both the N- and C-termini. In general, a substantial improvement in
the dissociation constants was observed in comparison to our second generation library, where
the majority of the peptides were in the low micromolar range.16 As shown in Table 4.1, there is
a preference for lysine in positions AA1 to AA3 (entries 1-5). A preference for positively
charged side chains, however, is not unexpected because the Rev protein binds RRE IIB through
the polyarginine nuclear localization signal (NLS) located in its N-terminal region.8, 10, 23-24 The
positively charged Lys side chains in our hits likely function similarly to the Arg residues of the
Rev NLS and may provide the necessary electrostatic attraction with the negatively charged
phosphate backbone of RRE IIB.
Both acridine and boronic acid moieties were observed in these peptides, and in general,
acridine-containing peptides were more potent than their boronic acid counterparts. In particular,
peptide A4, which contained an acridine at position AA6, had a Kd of 20 nM. This value is
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Figure 4.3. Stoichiometry plots of acridine-containing BPBAs A3-A7 with 2-AP RRE IIB.
Normalized fluorescence intensity at 364 nm was plotted as a function of increasing ratios of
BP:RNA. The intersection of the two linear portions of the Job plots corresponds to the
approximate binding stoichiometry between the peptide and RNA.
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significantly better than the dissociation constants obtained from the EMSA analysis of Rev17
(Suc-TRQARRNRRRRWRERQRAAAAR-am, Kd 100 nM), the minimum binding elements of
the Rev protein, with wild-type RRE IIB RNA.25 The position of this group appears to be
critical as moving it to a different position (i.e., A3) increased the Kd to 140 nM. However, when
the lysine residues in the AA1-AA3 positions are substituted with acridine or boronic acid
groups, the intercalating properties of acridine outweigh binding interactions of the boronic acid
(compare entries 6 and 7 to 8 and 9). Finally, the hydrophobic nature of leucine in these
positions lead to weaker binding affinities (entries 10-14). It is noteworthy that the number of
Lys residues in the hit compounds did not result in increased binding affinity. For example, A11
with six Lys residues had a >7-fold higher Kd value (1430 vs 210 nM) compared to A13 with
four Lys residues. We suspect that an alternative mode of binding with the RNA compensated
for the loss of electrostatic interactions.
4.2.3 Inhibition of p24 production and HIV-1 replication, and toxicity of BPBAs in cell
culture
With the improved binding affinities of our BPBAs, we determined whether these new
generation peptides could inhibit HIV replication. First, the hit BPBAs were screened for
toxicity via an MTT assay using a U87 CXCR4 human glioblastoma cell line stably transfected
with CD4 and CXCR4 (Figure 4.4).

Almost all of the compounds were non-toxic at

concentrations up to 100 μM; A4 and A6 showed slight toxicity. One compound, A7, displayed
cytotoxicity in a dose-dependent manner. It is interesting that while A6 and A7 had similar Kds
to RRE IIB and differed only in the sequence order of positions AA1 and AA2 (KACRK vs
KKACR), A6 was nearly non-toxic while A7 showed moderate toxicity in this cell line, suggesting
that structure plays a role in toxicity. Overall, the results suggested that branched peptides
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Figure 4.4. MTT assay of BPs at varying concentrations. U87 represents the control with no
compound added.
containing boronic acid and acridine were non-toxic.
We next determined the ability of these peptides to inhibit HIV replication in cell culture
by monitoring the production of the HIV-1 capsid protein, p24, by ELISA.26-27 The initial screen
was performed at 10 and 100 µM (Figure 4.5). A significant number of compounds (A1, A3,
A4, A5, A6, and A7) greatly suppressed HIV replication at 100 µM, while at a lower
concentration of 10 µM, only A11 and A7 inhibited the production of p24 by 40 percent and 60
percent, respectively. Other compounds either showed slight inhibitory activities or did not
demonstrate any inhibition of p24. The compounds that demonstrated dose-dependent inhibition
of p24 along with complete or virtually complete inhibition of p24 at 100 µM (A1, A4, A5, A6,
and A7) were subjected to another screening at 20, 40, 60, and 80 µM (Figure 4.6). This assay
revealed a dose-dependent inhibition of p24 for A5, A6, and A7, with approximate IC50 values of
10.2, 10.1, and 7.3 µM, respectively. For A5, A6, and A7, approximately 90% inhibition of p24
expression was achieved at 40 µM. Since the decrease in p24 concentration could be due to a
loss of cell viability, an MTT assay was performed in parallel with the second screening. To our
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delight, the results confirmed cell viability at this concentration (Figure 4.7). Taken together,
these data support the proposal that acridine-containing BPs inhibit HIV replication in cell

p24 antigen (pg/mL)

culture in a dose-dependent manner.
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Figure 4.5. p24 inhibition assay of BPs A1-A14 at 10 and 100 µM. Ctr. is the U87 cell line
without any compound and 3TC is 2'-3-dideoxy-3'-thiacytidine (Lamivudine), an FDAapproved NRTI for the treatment of HIV/AIDS.
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Figure 4.6. Dose-dependent p24 inhibition assay for select compounds A1, A4, A5, A6, and
A7.
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Figure 4.7. Viability assay (MTT) for BPs A1, A4, A5, A6, and A7 run in parallel with dosedependent p24 assay.
4.2.4 Determination of peptide:RNA binding site by RNase protection assay
To understand the interaction of our branched peptides with RRE RNA, a footprinting
experiment using ribonucleases was performed. We focused our attention on A6 rather than the
strongest binders in the library (A4 or A5) due to the desire to probe peptide-RNA contacts with
a more diverse sequence containing both acridine and boronic acid. Following our previous
protocol,16 5'-32P-labeled RRE IIB was incubated with varying concentrations (up to 20 µM) of
A6 in the presence of RNase T1, RNase A, or RNase V1 (Figure 4.8). Potential binding sites
were based on the ability of the peptide to protect the RNA from enzymatic cleavage. While
there were no noticeable changes in band intensity with RNase T1, the most prominent cleavage
bands were observed at G17 and C18 using RNase V1, which preferentially cleaves double
stranded regions of RNA. The results of this assay indicate a concentration dependent protection
(0.2 M to 20 M), which suggests that this portion of RRE IIB is a potential binding site. A6
also protected U7, C21, C29, and U36 from cleavage by RNase A, which hydrolyzes at the 3′
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RNase T1 RNase A RNase V1
AH C 0 .2 2 20 0 .2 2 20 0 .2 2 20 AH
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Figure 4.8. Top: Summary of RNase Protection of RRE IIB with A6. Font size reflects levels
of protection from RNase A (blue) and RNase V1 (red), and brackets indicate regions of
peptide:RNA contact; Bottom: Autoradiograph of footprinting experiment. AH is the alkaline
hydrolysis ladder and C is the negative control (RRE IIB only, with no RNase or peptide).
side of unpaired pyrimidine bases. Fortunately, this region is also the site wherein the native
protein binding partner Rev binds.4, 28 Taken together, the RNA footprinting assay indicated that
the binding site for A6 encompasses a large surface area constituting the upper stem and internal
loop regions of the RNA. Job plots confirmed a 1:1 binding stoichiometry between A6 and RRE
IIB (Figure 4.3), and may suggest that A6 is bound in a folded groove saddled between the
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internal loop regions and upper stem bases of RRE IIB, as this compound is interacting with
these structural elements.

Although the precise nature of the RNA:peptide interaction is

currently unknown, protection from enzymatic cleavage of these regions could result either from
steric blockade or remodeling of its tertiary structure. The downregulation of p24 synthesis
observed in vitro can, in principle, be a result of changes in RRE tertiary structure or
encumbrance of the Rev binding site that impairs Rev-RRE interaction. However, since the
assay shown here measures viral replication and not Rev function directly, we cannot rule out the
possibility that the compounds are inhibiting other steps in the HIV life cycle.
4.3

Conclusion
In summary, a 3.3.4 BPBA library featuring boronic acid and acridine moieties yielded a

series of peptides with improved binding affinities (double digit nM) towards HIV-1 RRE IIB
RNA.

Our studies support the hypothesis that incorporation of intercalating moieties in

combination with boronic acids in branched peptides can have a beneficial effect in boosting
binding affinity towards the target RNA. Further, we demonstrated that the majority of these
compounds are non-toxic and more importantly, inhibit HIV replication in cell culture. RNase
footprinting assays revealed the upper stem and internal loop regions as the likely sites of
interaction between RRE and branched peptide A6. Our studies highlight the potential of RNAbinding compounds containing acridine and boronic acid groups as a general platform to target
conserved, highly structured RNA sequences that control biological pathways. Efforts towards
improvement of this strategy as well as other RNA targets are currently underway.
4.4

Materials and methods

4.4.1 Synthesis of 3.3.4 branched peptide boronic acid library
We used standard solid-phase peptide synthesis techniques to generate the 3.3.4 library
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via the split and pool method using the previously described procedure.13 N-α-Fmoc protected Lamino acids (Novabiochem), PyOxim (Novabiochem), and N,N-Diisopropylethylamine (DIEA,
Aldrich) were used in coupling reactions. The synthesis and full characterization of Fmoc-N-(4-boronobenzoyl)-L-lysine (KBBA) will be described elsewhere. Fmoc-N--(9-aminoacridinyl)L-lysine

(KACR) and Fmoc-ANP-OH were synthesized as previously reported.19, 29 Three copies

of the library were prepared simultaneously by using a three-fold excess of Tentagel MacrobeadNH2 resin (0.19 g, 0.05 mmol/g, Peptides International). The resin was swollen in DCM (20 mL,
2 × 15 min) followed by DMF (20 mL, 15 min). The photocleavable linker Fmoc-ANP-OH (58
mg, 0.14 mmol) was first coupled to the resin in DMF for 3 hr in the presence of PyOxim (70
mg, 0.14 mmol) and DIEA (47 L, 0.27 mmol). After coupling, the resin was washed with DMF
(20 mL, 1 min), DCM (20 mL, 1 min) and DMF (20 mL, 1 min). The same washing procedure
was applied after every step. Then, 20% piperidine in DMF (20 mL, 2 × 10 min) was used for
Fmoc deprotection. A Kaiser test was used after each coupling and deprotection step to confirm
reaction completion. N-Fmoc amino acids (3 equiv.), PyOxim (3 equiv.), and DIEA (6 equiv.)
were added to each reaction vessels in DMF and coupled for 30 min. Fmoc-Lys(Fmoc)-OH was
used as a branching unit, and molar equivalencies of reagents were doubled in coupling reactions
after installation of the branching unit. After Fmoc deprotection of the N-terminal amino acids,
the resin was bubbled in a phenylboronic acid solution (0.2 g/mL, 1.6 M) overnight to remove
the pinacol groups of boron-containing side chains. Finally, the resin was treated with 95:2.5:2.5
TFA (Trifluoroacetic acid, Acros)/H2O/TIS (Triisopropylsilane, Acros) (v/v/v) for 3 hr. After
deprotection, the resin was washed extensively with DMF, DCM, and MeOH before drying and
storing at -20 C.
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4.4.2 On-bead screening assay
DY547

labeled

HIV-1

RRE

IIB

RNA

(5′-DY547-

GGCUGGUAUGGGCGCAGCGUCAAUGACGCUGACGGUACAGGCCAGCC-3′)

was

purchased from Dharmacon and prepared according to the manufacturer’s protocol. To account
for

the

autofluorescence

of

Tentagel

Macrobead-NH2

resins,

the

control

peptide

(LLK)2*KBBAKACRLY was incubated for 1 hr in 100 nM DY547 labeled HIV-1 RRE IIB RNA in
phosphate buffer (10 mM potassium phosphate, 100 mM KCl, 1 mM MgCl2, 20 mM NaCl, pH
7.0). These beads were washed extensively and placed into a sterile 96-well plate (Nunc) and
imaged by both a Zeiss Axiovert 200 fluorescent microscope under a rhodamine filter and a
Zeiss LSM 510 microscope set to longpass 585 (Figure 4.9). The fluorescence intensity of these
RNA-incubated beads was compared with the auto-fluorescence of unincubated control branched
peptide beads, and the detector sensitivity was adjusted for removal of auto-fluorescence.
Adjusting the fluorescence intensity to a minimum setting did not eliminate the autofluorescence of the untreated beads; however, the fluorescence emission of control resins was
intense enough to discriminate them from untreated beads. Screening conditions were initially
tested using approximately 500 beads from the library. The beads were placed into a 1.5 mL
non-stick microfuge tube (Fisher) with a 200 µL final volume of phosphate buffer and mixed by
a Barnstead/Thermolyne Labquake rotisserie shaker. The beads were first treated with 1 mg/mL
bovine serum albumin (BSA) (New England BioLabs) and 6.25 mg/mL tRNA (Roche) (~5,000fold molar excess to RRE IIB RNA) for 4 hr at rt to block nonspecific binding interactions of the
peptide sequences. Then, the beads were washed 5 times with phosphate buffer and incubated in
200 µL of 50 nM DY547 labeled RRE IIB RNA in phosphate buffer for 3 hr at 4 C. After the
final incubation, the beads were extensively washed with buffer and then imaged under both a
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Figure 4.9. (A) Positive control peptide (LLK)2*KBBAKACRLY and (B) Branched peptide
library with 100 nM RRE incubated in phosphate buffer for 1 hr, washed, and visualized under
confocal microscope (left), and overlap of confocal microscopy with transmitted light (right).

Figure 4.10. (A) Fluorescence image of incubated library, with an arrow indicating a possible
hit. (B) Examples of images of hits isolated from the library obtained via fluorescent
microscopy (top) and confocal microscopy (bottom).
confocal microscope and a fluorescence microscope in a 96-well plate using the previously
optimized settings.

The initial screening afforded 4 hits which were isolated (Figure 4.10),

rinsed with DMF (5 × 500 µL) and MeOH (5 × 500 µL), and photocleaved in clear non-stick 0.5
mL microfuge tubes in 15 µL of 1:1 MeOH: H2O (v/v) by irradiation at 365 nm with a 4W
handheld UV lamp for 1 hr. The supernatant was retained and subjected to MALDI-TOF
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analysis. The remaining beads of the 3.3.4 library were divided for subsequent screening, in
which each batch contained 50 mg of beads. Each batch was screened using more stringent
conditions in an attempt to reduce the total number of hit beads. First the beads were blocked at
rt for 4 hr in phosphate buffer with 1 mg/mL BSA, and 12.5 mg/mL tRNA (10,000-fold molar
excess to RRE stem IIB RNA). Next, the beads were washed in buffer and incubated with 50
nM DY547 labeled RRE IIB RNA in phosphate buffer for 3 hr at rt. The beads were washed
extensively after the final incubation prior to screening. Hit beads were isolated, photocleaved
and sequenced using MALDI-TOF MS.
4.4.3 Peptide synthesis, purification, and characterization
Synthesis of the branched peptides was achieved by solid-phase peptide synthesis using
N--Fmoc protected L-amino acids (Novabiochem) (3 equiv.), Pyoxim (Peptides International)
(3 equiv.) in DMF as coupling reagent, and DIEA (Aldrich) (6 equiv.) on Rink amide MBHA
resin (100-200 mesh) (Novabiochem) with 0.4 mmol/g or 0.6 mmol/g loading. The Fmoc group
was deprotected with 20% piperidine in DMF. Fmoc-Lys(Fmoc)-OH was used as a branching
unit, and molar equivalencies of reagents were doubled in coupling reactions after installation of
the branching unit. The solid-phase synthesis was done on a vacuum manifold (Qiagen) outfitted
with 3-way Luer lock stopcocks (Sigma) in either Poly-Prep columns or Econo-Pac
polypropylene columns (Bio-Rad). The resin was mixed in solution by bubbling argon during all
coupling and washing steps. After Fmoc deprotection of the N-terminal amino acids, the resin
was bubbled in a phenylboronic acid solution (0.2 g/mL, 1.6 M) overnight to remove the pinacol
groups of boron-containing side chains. Finally, the resin was treated with 95:2.5:2.5 TFA
(Trifluoroacetic acid, Acros)/H2O/TIS (Triisopropylsilane, Acros) (v/v/v) for 3 hr.

The

supernatant was dried under reduced pressure, and the crude peptide was triturated with cold
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diethyl ether. The peptides were purified using a Jupiter 4 µm Proteo 90 Å semiprep column
(Phenomenex) using a solvent gradient composed of 0.1% TFA in Milli-Q water and HPLC
grade acetonitrile. Peptide purity was determined using a Jupiter 4 µm Proteo 90 Å analytical
column (Phenomenex), and peptide identity was confirmed by MALDI-TOF analysis. Nonacridine containing peptide concentrations were measured in nuclease free water at 280 nm using
their calculated extinction coefficients.

Acridine-containing peptide concentrations were

monitored at 412 nm using the extinction coefficient of acridine at 13,200 mol-1 cm-1 in nuclease
free water.
4.4.4 Preparation of 32P-labeled RNA
Wild-type RRE IIB RNA was transcribed in vitro by T7 polymerase with the Ribomax
T7 Express System (Promega) using previously reported techniques.14,

30

The antisense

template, sense complementary strand (5'-ATGTAATACGACTCACTATAGG-3') and RRE IIB
reverse PCR primer (5'-GGCTGGCCTGTAC-3') were purchased from Integrated DNA
Technologies. The antisense template for HIV-1 RRE IIB Wild Type RNA that was used is as
follows:

5'-

GGCTGGCCTGTACCGTCAGCGTCATTGACGCTGCGCCCATACCAGCCCTATAGTGAG
TCGTATTACAT-3'. HIV-1 RRE IIB Wild Type was PCR amplified using HotstarTaq DNA
polymerase (Qiagen) followed by a clean-up procedure using a spin column kit (Qiagen). T7
transcription proceeded at 42 C for 1.5 hr. After transcription, DNA templates were degraded
with DNase at 37 C for 45 min and the RNA was purified by a 12% polyacrylamide gel
containing 7.5 M urea. The band corresponding to the RNA of interest was excised from the gel
and eluted overnight in 1x TBE buffer at 4 C. The sample was desalted using a Sep-Pak syringe
cartridge (Waters Corporation), lyophilized, and dephosphorylated with calf intestinal
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phosphatase (CIP) in NEBuffer 3 (New England Biolabs) according to manufacturer’s protocol.
The product was recovered by a standard phenol extraction followed by ethanol precipitation.
Purified RNA was stored as a pellet at -80 C. HIV-1 RRE IIB RNA was labeled at the 5'-end by
treating 10 pmol of dephosphorylated RNA with 20 pmol of [γ-32P] ATP (111 TBq mol-1) and 20
units of T4 polynucleotide kinase in 70 mM Tris•HCl, 10 mM MgCl2, and 5 mM dithiothreitol,
pH 7.6. The mixture was incubated at 37 C for 30 min, and then at rt for 20 min. The kinase
was heat-inactivated at 65 C for 10 min. The RNA was recovered by ethanol precipitation, and
the purity was examined using 12% denaturing PAGE followed by autoradiography.
4.4.5 Dot blot assays
Dot blot assays were performed at rt using a Whatman Minifold I 96 well Dot Blot
system and Whatman 0.45 µm pore size Protran nitrocellulose membranes. To determine the
binding affinities, 0.4 nM radiolabeled RNA was titrated with peptide (0.001–100 µM). First, a
solution of 0.8 nM

32

P-labeled RNA was refolded in 2x phosphate buffer (20 mM potassium

phosphate, 200 mM KCl, 1 mM MgCl2, 40 mM NaCl, pH 7.0) by heating at 95 C for 3 min and
then slowly cooling at rt for 20 min. Next, 25 µL of the [ 32P]-RNA solution was added to 25 µL
of peptide in nuclease-free water and incubated at rt for 4 hr. The 50 µL mixtures were filtered
through the nitrocellulose membrane, which was immediately followed by two consecutive 50
µL washes with 1x phosphate buffer. Peptide binding was visualized by autoradiography using a
storage phosphor screen (GE Healthcare) and a Typhoon Trio phosphorimager (GE Healthcare).
Densitometry measurements were quantified using ImageQuant TL (Amersham Biosciences).
Initial experiments via dot blot assay revealed little to no binding of RRE IIB with non-acridine
containing compounds (Figure 4.11). However, a secondary assay (EMSA) used to confirm
these results revealed high binding affinties for these same compounds, indicating that there was
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[Peptide]
A10
A12
A6
Figure 4.11. Dot blot assay radiograph image showing poor adsorption of non-acridine
containing peptides (A10 and A12) relative to an acridine-containing peptide (A6) incubated
with 32-P-labeled RRE IIB.
poor adsorption of non-acridine containing peptides onto the nitrocellulose (and subsequently,
little to no detection of radiolabeled peptide:RNA complexes). Therefore, no further analysis
with dot blot assay data was performed.
4.4.6 Electrophoretic mobility shift assays (EMSA)
EMSAs were used to determine dissociation constants of branched peptides towards RRE
IIB RNA.

32

P-labeled RNA (4 nM) in 2x phosphate buffer (20 mM potassium phosphate, 200

mM KCl, 1 mM MgCl2, 40 mM NaCl, pH 7.0) was refolded by heating at 95 C for 3 min and
cooled at room temperature for 20 min. A 10 µL solution of the refolded RNA was added to 10
µL of peptide in nuclease free water and incubated at room temperature for 4 hr. The final
concentration of peptide was varied from 0.001 to 10 µM. After incubation, 3 µL of 30%
glycerol was added for loading. Peptide:RNA complexes were resolved on 10% non-denaturing
PAGE, which had been pre-run for at least 1 hr at 400V at 4 C. Gels were electrophoresed at
400 V for 20 min at 4 C. Gels were dried to filter paper and visualized by audioradiography
using a storage phosphor screen (GE Healthcare) and a Typhoon Trio phosphorimager (GE
Healthcare). Densitometry measurements were quantified using ImageQuant TL (Amersham
Biosciences). Binding curves were generated using a four parameter logistic equation with
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Kaleidagraph (Synergy Software): y = m1+(m2-m1)/(1+10^(log(m3)-x); m1 = 100; m2 = 1; m3
= .000003, where y = percentage of RNA binding, x = log[peptide], m1 = percentage of RNA
binding affinity at infinite concentration (nonspecific binding), m2 = percentage of RNA binding
affinity at zero concentration, m3 = peptide concentration at 50% binding (Kd). Each experiment
was performed in triplicate and error bars represent the standard deviation calculated over three
replicates.
4.4.7 Stoichiometry of peptide:RNA binding (Job Plot)
The stoichiometry of binding for the acridine-containing branched peptides was
determined using 2-aminopurine (2-AP) labeled RRE IIB RNA, with an internal substitution of
2-AP at the U72 position (5'-CUGGUAUGGGCGCAGCGUCAAUGACGCUGACGG-2APACAGGCCAGCC-3', Integrated DNA Technologies).31-33

All fluorescence spectra were

measured on a Varian Cary Eclipse fluorescence spectrophotometer using a xenon flash lamp
with a thermoelectrically controlled cell holder. The excitation slit width and the emission slit
width were set to 10 nm. The excitation of the sample was done at 310 nm and fluorescence
spectra were collected from 340 nm to 450 nm. A quartz cell of 1 cm path length transparent on
three sides was used (Starna Cells, Inc.). All experiments were done at 20 C. Both peptides
and RNA were prepared in 1x phosphate buffer (10 mM potassium phosphate, 100 mM KCl, 1
mM MgCl2, 20 mM NaCl, pH 7.0). The RNA was refolded by heating at 95 C for 3 min and
cooled at room temperature for 20 min. The total concentration of BPs and RNA was fixed at
0.4 µM, where the mole ratio of peptide vs RNA was varied from 0.25 to 4. The fluorescence
intensity at 364 nm was plotted against the ratio of [peptide]/[RNA]. The intersection of the two
linear portions of the Job’s plot yielded the mole ratio corresponding to the approximate binding
stoichiometry between the peptide and RNA.
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4.4.8 Nuclease protection assays
RNA was first refolded by heating a solution of 5'-32P-labeled RRE IIB (10 nM) and
excess unlabeled RRE IIB (200 nM) at 95C for 3 min and then snap cooling on ice. The
refolded RNA was incubated on ice for 4 hr in a solution containing the BPBA and buffer
composed of 10 mM Tris, pH 7, 100 mM KCl, and 10 mM MgCl2. RNase (Ambion) was then
added to the solution, which was further incubated on ice for 10 min (0.002 Units RNase V1), or
1 hr (1 Unit RNase T1; 20 ng RNase A). Inactivation/precipitation buffer (Ambion) was added
to halt digestion, and the RNA was pelleted by centrifugation at 13,200 rpm for 15 min. Pelleted
RNA was redissolved into tracking dye and run through a 12 % PAGE containing 7.5 M urea.
The gel was then dried to filter paper under vacuum at 80 C for 1 hr and imaged by
autoradiography.
4.4.9 Viral replication assays
Compounds to be tested were resuspended in distilled water to a concentration of 1mM.
The control drug Lamivudine (3TC) was obtained from the AIDS Research and Reference
Reagent Program and initially diluted in dimethyl sulfoxide (DMSO) to a concentration of 1
mM. All control compounds and experimental compounds were further diluted in RPMI to the
appropriate working concentrations and tested against the reference HIV viral strain NL4-3,
which uses the CXCR4 co-receptor. Sensitivity to inhibitors/compounds of HIV-1 replication
was determined by infecting U87-CD4/CXCR4 cells with NL4-3 following a previously
published procedure.27 Briefly, cells were added to 96-well flat bottom plates at a density of 1 ×
104 cells/well and allowed to adhere overnight. On the next day, cells were treated with the test
compounds at desired concentrations (10 M – 100 M) or control 3TC (1 pM -10 M) for 1 hr
prior to infection. Cells were then exposed to virus at an MOI of 0.01 infectious units/mL

161

(IU/mL) for 24 hr, after which they were washed with phosphate-buffered saline (PBS), and
fresh medium containing additional compound was added. The culture was then left to grow for
4 days and supernatant aliquots were taken at intervals from days 2 to 4. Virus production was
quantified by p24 assay.34 When necessary, the fifty percent inhibitory concentration (IC50)
curves were constructed for supernatant samples taken at peak virus production.

Results

presented in the dose-dependent assay are from aliquots taken at day 3.
4.4.10 Cell viablity assays (MTT)
MTT assays were performed using the CellTiter 96® Non-Radioactive Cell Proliferation
Assay System (Promega). U87 CXCR4 cells were seeded in a 96-well flat bottom plate at 1 ×
104 cells per well (90 µL) and incubated at 37 °C in a 5% CO2 overnight. The cells were then
treated with the appropriate concentration (100, 50 or 10 µM, final per well) of each compound.
Wells containing cells and media only were used as controls. After a 24 hr incubation at 37 °C
in 5% CO2, 15 µL of the Dye Solution (containing tetrazolium salt) was added to each well and
incubated for 4 hr, at 37 °C with 5% CO2. After the incubation, 100 µL of the Solubilization
Solution/Stop Mix was added to each well and incubated for 1 hr. The wells were mixed gently
with a multi-channel pippetor and the plates were read at an absorbance of 570 nm using a
microplate reader (Synergy 2, BioTec). The readings were then normalized and plotted using a
value of 1.0 for the control cells.

For the dose-dependent assays, concentrations of each

compound (80, 60, 40, or 20 µM, final per well) were incubated for 72 hr following the
procedure above.
4.5
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Chapter 5 Boron and Acridine Functionalized Branched Peptides as
Antibacterial and Antifungal Agents
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Abstract
Branched antimicrobial peptides are emerging as a promising class of therapeutics
towards combating the increase in microbial resistance seen worldwide. A series of branched
peptides previously identified through an on-bead screening assay against HIV-1 Rev Response
Element (RRE) were screened against a panel of five different microorganisms. Results revealed
minimal inhibitory concentrations (MICs) as low as 1 µg/mL against Staphylococcus aureus,
Candida albicans, and Escherichia coli for branched peptide sequences that contained acridine
alone or in combination with boronic acid. These peptides were non-hemolytic and significantly
inhibited both biofilm formation and biofilm growth of C. albicans.

Structure-activity

relationship studies revealed acridine as a driving force for the strong inhibition seen against
bacteria. Our studies indicate that incorporation of an intercalating agent into a branched peptide
boronic acid library yielded compounds capable of inhibiting the microbial growth of both
bacteria and fungi in suspension as well as in biofilms.
5.1

Introduction
Antibiotic effectiveness is failing throughout the world. This resistance is seen not only

with first-line antibiotics, but last-resort antibiotics as well. The U.S. Centers for Disease
Control and Prevention (CDC) estimates that antibiotic resistance is responsible for more than 2
million infections and 23,000 deaths each year in the United States.1 Furthermore, the cost of
antibiotic-resistance is estimated at $20 billion per year.1 The situation is similar in Europe as
antibiotic-resistance is estimated to cause 25,000 deaths with a cost of €1.5 billion annually.2
There are a number of approaches used to combat microbial antibiotic-resistance. One way is to
reduce antibiotic selective pressure by reducing antibiotic use when not merited, such as in
agronomic animals and individuals infected with viruses.3 Such measures will reduce selection
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for antibiotic-resistance. A complementary approach is to identify and develop novel antibiotics,
which tend to be synthetic or natural product-based in origin.4 This second approach cannot be
pursued by itself, as misuse of a novel antibiotic will lead to the emergence of resistance.
However, the increase in resistance seen from antimicrobials across the spectrum demands
continuous efforts toward the design and discovery of new agents capable of combatting this
growing epidemic.
One class of emerging antibiotics that displays broad antibiotic activity is antimicrobial
peptides (AMPs). AMPs are typically six to sixty amino acids in length, contain basic and
hydrophobic residues, demonstrate amphipathicity, and can inhibit microorganisms through
several mechanisms, such as forming transmembrane pores or inhibiting the synthesis of cell
walls, nucleic acids, or proteins.5 An advantage of AMPs is that they are components of the
innate immune system of microorganisms and operate as antibacterial agents, mostly through the
disruption of bacterial membrane structures.6 Their mechanism of action likely decreases the
development of antibiotic-resistance.7-8 However, many AMPs demonstrate toxicity towards
eukaryotic cells at their effective antimicrobial concentrations and tend to have short half-lives in
vivo due to proteolysis. With the exception of polymyxins and daptomycin, very few cationic
peptides have been approved for use as antibiotics.7, 9
To overcome toxicity and proteolytic degradation, a newer class of AMPs, specifically
antimicrobial dendrimeric peptides (AMDPs), have been utilized to target microbes. AMDPs
employ a branched core to covalently tether multiple AMP sequences within the peptide in order
to reduce toxicity and increase selectivity, efficacy, and resistance of the peptides to
proteolysis.10-12 Diversity of AMDP designs exist, including poly(amidoamine) (PAMAM),13-14
poly(propyleneimine) (PPI),15-16 carbosilane dendrimers,17-18 and branched peptides that utilize a
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Figure 5.1. Structures of several classes of antimicrobial dendrimeric peptides (AMDPs).
lysine or lysine core derivative (Figure 5.1).12,

19-20

dendrimeric motif towards targeting antimicrobials.

Also, there are several patents utilizing a
In one patent, derivatives of the M6

(QKKIRVRLSA) peptide using a multiple antigen peptide (MAP) lysine core were shown to
exhibit low micromolar MIC values comparable to polymyxin B against Pseudomonas
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aeruginosa, E.coli, Enterobacter species, and Klebsiella pneumoniae, with in vivo survival rates
of 100% in mice infected with E. coli.21 Another patent also divulged the design of MAPs
decorated with histidine and lysine, and these AMDPs showed activity against kanamycinresistant E. coli, with one compound H2K4b ((KHKHHKHHKHHKHHKHHKHK)4K3) having a
MIC of 58 µg/mL and no toxicity in vivo.

22

Butylenediamine functionalized dendrimers were

also shown to display strong antimicrobial properties, with MICs in the sub-µg/mL regime
against E. coli and S. aureus.23
Previously, we designed a 3.3.4-branched peptide boronic acid library containing acridine
in order to target the high affinity binding site (stem IIB) of the HIV-1 Rev Response Element
(RRE) RNA.24 Fourteen hits from a 4,096-member branched peptide (BP) library synthesized in
triplicate (0.1% hit rate) were identified by on-resin screening, where all BP sequences contained
boronic acid and/or acridine. It was hypothesized that this series of BPs could also act as
antimicrobial agents for several reasons. They contain cationic (Lys) and hydrophobic (Leu)
residues, with the potential to display amphipathic character commonly seen with AMPs. Their
cationic properties could aid in selectively targeting the more negatively-charged membranes,
such as lipopolysaccharides, found in bacteria.9

Bacteria also have an overexpression of

polysaccharides on the cell surface relative to eukaryotic cells,25 and boronic acid could be used
to target and bind those sugars in order to selectively exert antimicrobial effects. Both boronic
acid and acridine also have precedent as antimicrobial agents.
Boronic acids have seen an increased use in chemical biology and in therapeutics that
stems from their ability to form reversible covalent bonds with diols.26-27 Two FDA-approved
drugs containing boron operate via this mechanism through the formation of boronate adducts:
Bortezomib (Velcade) binds the Thr-OH in the 26S proteasome for treatment of multiple
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myeloma,27-28 and Tavaborole (AN2690) traps the 2′ and 3′-oxygen of the terminal adenosine in
tRNA leucyl synthetase, inhibiting the enzyme for treatment of onychomycosis caused by
dermatophytic fungi (Trichophyton spp.) and Candida spp.29 The ability of boronic acids to form
boronate adducts with hydroxyl groups also led to their use as inhibitors of ß-lactamases that
utilize serine as the active site nucleophile. Inhibition of ß-lactamases in bacteria using boronic
acids was first reported in 1987,30 and their effectiveness stems from the ability of boronic acid
to serve as a transition-state analogue inhibitor that lacks a ß-lactam recognition motif (Figure
5.2A).31-33 There has also been the discovery of boronic acid and benzoxaborole derivatives as
antibacterial and antifungal agents,34-37 as well as antagonists of bacteria and fungal quorum
sensing (Figure 5.2B).38-39
Clinical use of acridines as antibacterial agents predated the introduction of penicillins
and sulfonamides after World War II.40 Due to increased antibiotic resistance, there has been a
renewed interest in examining acridine and its derivatives as antimicrobial agents (Figure 5.3).
Alkyl-substituted 1-nitro-9-acridones tested against a broad panel of antimicrobials revealed
MICs ranging from 50-100 µg/mL for 7 against E. coli, S. aureus, and M. smegmatis,41 and
Patel et al. reported a 4-(acridine-9-ylmethyl)-2H-(substituted chromen)-2-one derivative (8)
with MICs against S. aureus and E. coli as low as 50 µg/mL.42 Dipyrido-quinolino-phenazine
heptacycle derivatives of acridine were tested for in vitro activity against a panel of microbials
and showed inhibition against molds, specifically the Fusarium species.43 Also, 9-(benzotriazol1-yl)-2-substituted acridines (9) were shown to have moderate antibacterial activity against S.
aureus, Bacillus subtilis, and E. coli.44 More recently, Ferguson and co-workers have evaluated
N-alkyl-9-aminoacridines (10) for antibacterial activity and found that aminoacridines containing
an alkyl tail of ten to fourteen carbons inhibited S. aureus and methicillin-resistant S. aureus
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A

B

Figure 5.2. (A) Structure of a boronic acid AmpC ß-lactamase inhibitor (1) and boronic acid
binding to the active serine nucleophile of ß-lactamase (E-Ser-OH), forming a transition-state
analogue of the hydrolytic attack from E-Ser-OH on a ß-lactam ring. (B) Select examples of
various boronic acid (2) and benzoxaborole (3,4) inhibitors of bacteria and fungi growth, a RacE
inhibitor of Bacillus spp. (5), and an inhibitor of AI-2 in V. harveyi (quorum sensing) (6).
(MRSA) with MIC99 values of 2-3 µM.45 There has also been recent interest in exploring
alternative modes of delivering the acridine pharmacophore to its target sites; acridine
derivatives such as 9-aminoacridine hydrochloride hydrate (9AA-HCl) and acridine orange (AO)
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Figure 5.3. Examples of acridine derivatives with antibacterial activity: 1-nitro 9-acridones (7),
4-(acridine-9-ylmethyl)-2H-(substituted chromen)-2-one derivatives (8), 9-(Benzotriazol-1-yl)2-substituted acridines (9), and N-alkyl-9-aminoacridines (10), where n = 9-13.
have been conjugated to gold nanoparticles and demonstrated improved activity against both
Gram-positive and Gram-negative bacteria.46
Some issues associated with the use of acridines, other than potential mutagenicity in
vitro, is the short half-life of some derivatives, such as acriflavine and ethacridine, and poor
aqueous solubility that hinders the use of aminoacridines for treatment of systemic microbial
infections.40

These issues can be circumvented using a functionalized BP scaffold by: (i)

reducing toxicity via increased specificity towards the target through use of the peptide sequence
and inclusion of boronic acid, (ii) increasing stability of the peptide via introduction of branches
in the peptide chain and incorporation of unnatural amino acids to resist proteolysis, and (iii)
improving solubility through the incorporation of basic residues within the sequence. Herein, we
report the identification and characterization of a family of novel antimicrobial BPs containing
boronic acid and acridine. This class of BPs demonstrated the greatest inhibition of microbial
growth towards C. albicans. Several peptides were also shown to significantly inhibit bacterial
growth of S. aureus and E. coli. Further, these BPs were capable of inhibiting biofilm formation
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and growth against C. albicans at MICs comparable to current antifungal agents and were found
to be non-hemolytic at their effective concentrations.
5.2

Results and discussion

5.2.1 Synthesis and screening of branched peptides against a panel of microbials
Branched peptide hits selected from an on-bead screening of a 3.3.4-branched peptide
library against the high-affinity binding site stem IIB of HIV-1 RRE RNA were subjected to a
screening against a panel of microbes including Gram-positive bacteria (S. aureus), Gramnegative bacteria (E. coli), mycobacteria (Mycobacterium smegmatis), yeast (C. albicans), and
fungi (Aspergillus niger) (Table 5.1).24 These peptides were synthesized using solid-phase
Table 5.1. Minimal Inhibitory Concentrations (MICs) in µg/mL of BPs
Peptide
Sequencea
S. aureus E. coli M. smegmatis C. albicans

A. niger

A1

(KKK)2*LKBBAKBBAY

32

8

32

4

62.5

A2

(KKK)2*LKBBALY

32

16

32

4

62.5

A3

(KKK)2*KACRLKY

16

16, 8

16

1

62.5

A4

(KKK)2*KLKACRY

8, 16

8

16, 32

1, 2

62.5

A5

(KKK)2*KACRKACRKY

1

8

16

4

62.5

A6

(KACRKK)2*KLKBBAY

1

4

16

8

32

A7

(KKACRK)2*KLKBBAY

8

2

32

2

32

A8

(KKBBAK)2*LLKY

62.5

16

62.5

16

125

A9

(KKKBBA)2*KLKBBAY

62.5

16

62.5

8

125

A10

(KLK)2*LKKBBAY

62.5

16

32

4

125

A11

(KLK)2*KKKBBAY

32

16

32

4, 2

125

A12

(KKL)2*LKKBBAY

62.5

16

32

4

125

A13

(LLK)2*KKBBAKY

62.5

16

125

8

250

A14

(KKL)2*KKBBAKBBAY

62.5

16

62.5

8

125

a

*= Lysine branching unit. Numbers after commas are varying MIC (µg/mL) results for
duplicated experiments.
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chemistry and contained three variable amino acid positions at the N- and C-termini linked by a
lysine core. Each variable position was composed of one of four amino acids: Lys, Leu, KACR,
or KBBA (Figure 4.2). Tyr was incorporated at the C-terminus for spectroscopic quantification of
the peptides. The hits all contained boronic acid, acridine or both moieties, which led us to test
the BPs for antimicrobial activity.
Overall, the BPs showed the greatest inhibition of growth against the pathogenic yeast, C.
albicans, with minimal inhibitory concentrations (MICs) ranging from 1-16 µg/mL. Poly-lysine
N-terminus BPs (A1-A5) revealed comparable MICs against A. niger, indicating that this
cationic motif may play a role in the inhibition seen against this microbe. Isomeric sequences
(A2/A11, A3/A4, A8/A14, and A10/12) displayed similar MICs against the panel of microbes
tested with the exception of A6 and A7; A6 demonstrated a strong inhibitory effect against S.
aureus with a MIC of 1 µg/mL, while A7 inhibited both E. coli and C. albicans with a MIC of 2
µg/mL. A5 had similar inhibitory effects against S. aureus as A6, with a MIC of 1 µg/mL.
Along with A7, both A3 and A4 also severely inhibited the growth of C. albicans with a MIC of
1 µg/mL. Further testing of the compounds active against S. aureus (A5 and A6) with a recent
clinical isolate of MRSA (strain 43300) resulted in MICs of 62.5 µg/mL and 2 µg/mL,
respectively. These results demonstrate the ability of A6 to target and inhibit growth of both
resistant and non-resistant strains of S. aureus with similar efficacy. While there has been
reported resistance in various strains of MRSA against acriflavine and proflavine, there appears
to be no reported clinical resistance shown against aminacrine derivatives,47 making acridinyl
lysine a potentially useful pharmacophore against resistant strains of S. aureus.
We were particularly excited to discover BPs capable of inhibiting the growth of C.
albicans. Rise in fungal infections specifically involving C. albicans are associated with those
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infected with HIV/AIDS or cancer, where depression of immune functions has led to decreased
efficacy of therapies designed to treat both mucosal and systematic fungal infections.48 In fact,
species of Candida are involved in the majority of nosocomial fungal infections.49 Resistance to
all the common classes of antifungal agents used to treat C. albicans, including polyene,
flucytosine, azole, and echinocandin derivatives, has emerged.48,

50

This resistance in

conjunction with the few antifungal drugs available for treatment of fungal infections, in general,
underscores the importance of novel drug discovery towards targeting Candida.
5.2.2 Influence of acridine moiety on microbial inhibition
Sequence analysis revealed that only BPs containing an acridine moiety (KACR) alone or
in conjunction with boronic acid (KBBA) demonstrated severe inhibition of any of the five
microbials with low MICs of 1-2 µg/mL (Table 5.1). As the presence of KACR in the BPs
correlated with strong antimicrobial activity, control (CA) peptides of the five sequences
containing acridine were synthesized and their MICs were measured against the same panel of
microbes (Table 5.2). Benzoyl lysine (KBZ) was chosen as a substitute for acridinyl lysine in
order to maintain similar structural properties of the amino acid including length of the alkyl
chain and hydrophobicity of the aromatic functional group, with diminishment of the
intercalating abilities of acridine.

Overall, removal of the acridine substituent resulted in

decreased antimicrobial activity. The most dramatic effect is observed in sequences A5 and A6,
with a 63-fold reduction in anti-S. aureus activity (i.e., CA5 and CA6). Similarly, substitution of
acridine in A7 (CA7) also resulted in a decrease in anti-E. coli activity. These results are not
surprising, as aminoacridine derivatives have been demonstrated to bind to bacterial nucleic
acids and exert their effects through intercalation or stabilization of DNA topoisomerase II-DNA
cleavage complexes.51-52 It also appears that the moderate inhibition of A. niger is related to the
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Table 5.2. Antimicrobial activity of control (CA) peptides
MICs (µg/mL)
Peptide
A3
CA3

Sequence
(KKK)2*KACRLKY
(KKK)2*KBZLKY

A4
CA4

(KKK)2*KLKACRY

A5
CA5

(KKK)2*KACRKACRKY

A6
CA6

(KACRKK)2*KLKBBAY

A7
CA7

(KKACRK)2*KLKBBAY

(KKK)2*KLKBZY
(KKK)2*KBZKBZKY
(KBZKK)2*KLKBBAY
(KKBZK)2*KLKBBAY

S. aureus

E. coli

M. smegmatis

C. albicans

A. niger

16
62.5

16, 8
32

16
32

1
2

62.5
125

8
62.5

8, 16
8

16, 32
32

1, 2
1

62.5
125

1
62.5

8
16

16
32

4
1

62.5
250

1
62.5

4
8

16
62.5

8
8

32
125

8
32

2
32

32
62.5

2
4

32
125

presence of acridine in the sequences, as removal of the acridine led to loss of anti-A. niger
activity for all BPs. Most significantly, removal of acridine in the BPs did not affect the strong
antifungal activity against C. albicans; this indicates that the mechanism of action for these
compounds against C. albicans most likely does not involve effects due to intercalation of
acridines into nucleic acids.
5.2.3 Mechanism of action studies of BPs active against C. albicans
Since the SAR study (vide supra) did not reveal a causal relationship between acridine
and the strong inhibition seen against C. albicans, additional experiments were conducted to
further probe the mechanism of inhibition of these BPs towards the pathogenic yeast. As
previously discussed, AMPs mainly operate through the disruption of microbial cell membranes
via their cationic residues. Recently, molecular simulations on a branched AMP that contained a
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cross-linked C-termini fragment (RGRKVVRR) of a peptide derived from human beta-defensin
suggested that electrostatic interactions and hydrogen bonding from Arg played a role in
disrupting the surface of bacterial membranes.53 Therefore, we hypothesized that these BPs
might have a similar mode of action due to the prevalence of Lys in the BP sequences. Hence,
the lysis of two yeast, S. cerevisiae and C. albicans, was measured in the presence of A3, A4,
A7, and their respective control sequences via the release of maltase, an intracellular enzyme
(Table 5.3).54 With the exception of CA7, none of the BPs demonstrated any noteworthy lysis of
either yeast at their MICs. Similar behavior of the control peptides (CA3, CA4, and CA7) in
comparison to their respective BPs validates previous results that indicated acridine was not
responsible for the antimicrobial effect seen against C. albicans. Ultimately, this assay disproves
our hypothesis that the mechanism of action involves disruption of the cell membrane. Further
experiments examining inhibition of intracellular events, such as ATP processing and cell
metabolism, are warranted towards deciphering the mechanism of action of these BPs against
Candida.

Table 5.3. Lysis measurements of BPs with S. cerevisiae and C. albicans
% Lysisa
Compound

S. cerevisiae

C. albicans

A3

1.1

1.0

CA3

0.7

6.0

A4

1.4

1.0

CA4

1.0

<1

A7

1.8

4.0

CA7

0.4

18

100
100
Lyticase
Percent release of maltase after 60 min of exposure of compounds at their MICs. Lyticase
served as the positive control.
a
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5.2.4 Inhibition of biofilm formation and growth
While inhibition of microbial growth in solution is a promising starting point for the
discovery of new antimicrobial agents, attention is also warranted towards the ability of an agent
to either inhibit the formation or growth of biofilms. Candida spp. forms biofilms and infections
are often associated with Candida biofilms in patient tissue and medical devices.55 Substantial
resistance to antimicrobial therapy of biofilms stems from the inability of drugs to penetrate
beyond the exopolysaccharide matrix, as well as the slower growth of mature biofilms,
heterogeneity within the biofilm, development of resistant phenotypes, as well as quorum
sensing of colonies within the biofilm.55-57 With this in mind, BPs with strong activity against C.
albicans in suspension (A3, A4, and A7) were tested for their ability to inhibit biofilm formation
and growth of C. albicans (Table 5.4). Gratifyingly, both A4 and A7 inhibited biofilm formation
and growth of C. albicans with MICs comparable or lower than those measured in suspension.
These BPs demonstrated similar inhibition towards biofilm growth (MICs of 0.5-1 µg/mL) as
those displayed by the polyene Amphotericin B, an antifungal drug currently used for systemic
fungal infections. Miconazole, an antifungal drug that contains an imidazole pharmacophore,
demonstrated the least efficacy in preventing biofilm growth. A4 and A7 also displayed low
MICs against biofilm formation of C. albicans, and demonstrated MICs in suspension
comparable to both antifungal drugs.
Table 5.4. Comparison of MICs (μg/mL) against C. albicans in suspension and biofilms
Compound
Suspension
Biofilm-form
Biofilm-growth
A3

1

62.5

16

A4

1, 2

1

1

A7

2

1

0.5

Amphotericin B

0.25

0.25

1, 0.25

1
4, 0.25
>250, 32
Miconazole
Numbers after commas represent varying MIC (μg/mL) results from duplicated experiments.
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5.2.5 Hemolytic activity of BPs
Hemolytic activity of the BPs was measured in order to assess the safety of the BPs
relative to their efficacies as antimicrobial agents. The EC10% hemolysis values for the BPs that
demonstrated significant microbial inhibition are presented in Table 5.5. All BPs with the
exception of A3 revealed negligible hemolytic effects on red blood cells, with A3 having an
EC10% value of 175 µg/mL; however, this EC10% value is still well over the MIC of A3 against C.
albicans (1 µg/mL). Indeed, all BPs showed a safety factor of over 100 comparing their EC10%
values to their respective MIC values against S. aureus or C. albicans.

These BPs were

previously tested in a U87 cell line for cell viability via an MTT assay (Figure 4.4), and upon
converting MIC values from µg/mL to µM, these BPs show little to no toxicity (95-100 percent
cell viability) at their MICs against S. aureus and C. albicans (Table 5.6). Taken together, these
results indicate that the BPs are non-hemolytic and non-toxic at concentrations needed to exhibit
inhibitory effects on various microbial growth.
5.3

Conclusion
In summary, a series of BPs screened against a panel of microbials yielded compounds

that inhibited the microbial growth of S. aureus, E. coli, and C. albicans with MICs as low as 12 µg/mL. The acridinyl lysine moiety in the BPs was responsible for the strong inhibitory effects
Table 5.5. Hemolytic activity of BPs
Compound
EC10% Hemolysis (μg/mL)
175
A3
>250
A4
>250
A5
>250
A6

Safety factor (EC10% / MICa)
>100
>100
>100
>100

>250
>100
A7
10-12
N/A
Triton X-100
a
MIC against S. aureus for A5 and A6 and against C. albicans for A3, A4, and A7. Triton X100 served as a positive control.
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Table 5.6. Cell viability of BPs in U87 CXCR4 cell line at 10-fold MICs
Compound
A3
A4
A5
A6
A7

MW (g/mol)
1624.3
1624.3
1816.5
2067.5
2067.5

MIC (µg/mL)
1
1, 2
1
1
2

MIC (µM)
0.62
0.62, 1.23
0.55
0.48
0.97

% Viability U87 cells at ~10fold MIC (10 µM)
100
>95
>95
>90
>95

observed against the bacteria S. aureus and E. coli, while inhibition of C. albicans may likely
result from inhibition of intracellular events. These BPs also inhibited the growth and formation
of biofilms in C. albicans at MICs similar to or lower than currently employed antifungal drugs,
and are non-hemolytic.

While branched antimicrobial peptides have been developed as

antimicrobial agents, to our knowledge these BPs are the first series of peptides to incorporate
acridine and boronic acid in order to target microbials. It is interesting to note that the library of
BPs was initially developed to target HIV-1; these findings suggest that this series of BPs could
possibly serve as dual antiviral and antimicrobial agents for HIV/AIDS patients, where
candidiasis is commonplace due to the immunocompromised systems of those infected.
Regardless, further design and optimization of these BPs is warranted towards developing a new
class of antimicrobial compounds, and further mechanistic studies to elucidate the strong
inhibition against Candida are underway.
5.4

Materials and methods

5.4.1 Peptide synthesis, purification, and characterization
Synthesis of the branched peptides was achieved by solid phase peptide synthesis using
N--Fmoc protected L-amino acids (Novabiochem) (3 equiv.), Pyoxim (Peptides International)
(3 equiv.) in DMF as coupling reagent, and DIEA (Aldrich) (6 equiv.) on Rink amide MBHA
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resin (100-200 mesh) (Novabiochem) with 0.4 mmol/g or 0.6 mmol/g loading. The Fmoc group
was deprotected with 20% piperidine in DMF. Fmoc-Lys(Fmoc)-OH was used as a branching
unit, and molar equivalencies of reagents were doubled in coupling reactions after installation of
the branching unit. The solid phase synthesis was done on a vacuum manifold (Qiagen) outfitted
with 3-way Luer lock stopcocks (Sigma) in either Poly-Prep columns or Econo-Pac
polypropylene columns (Bio-Rad). The resin was mixed in solution by bubbling argon during all
coupling and washing steps. After Fmoc deprotection of the N-terminal amino acids, the resin
was bubbled in a phenylboronic acid solution (0.2 g/mL, 1.6 M) overnight to remove the pinacol
groups of boron-containing side chains. Finally, the resin was treated with 95:2.5:2.5 TFA
(Trifluoroacetic acid, Acros)/H2O/TIS (Triisopropylsilane, Acros) (v/v/v) for 3 hr.

The

supernatant was dried under reduced pressure, and the crude peptide was triturated from cold
diethyl ether. The peptides were purified using a Jupiter 4 µm Proteo 90 Å semiprep column
(Phenomenex) using a solvent gradient composed of 0.1% TFA in Milli-Q water and HPLC
grade acetonitrile. Peptide purity was determined using a Jupiter 4 µm Proteo 90 Å analytical
column (Phenomenex), and peptide identity was confirmed by MALDI-TOF analysis. Nonacridine containing peptide concentrations were measured in nuclease free water at 280 nm using
their calculated extinction coefficients.

Acridine containing peptide concentrations were

monitored at 412 nm using the extinction coefficient of acridine at 13,200 mol-1 cm-1 in nuclease
free water. Peptides were lyophilized and redissolved in growth medium for antimicrobial
testing.
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5.4.2 Microbial strains, culture conditions, and preparation of inocula for susceptibility
testing
E. coli strain C (ATCC 13706), S. aureus (ATCC 6538) and M. smegmatis (ATCC 607)
were obtained from the American Type Culture Collection. C. albicans and A. niger were
obtained from the Virginia Tech Microbiology teaching laboratory culture collection. Colonies
of E. coli, S. aureus, and C. albicans were grown on 1/10-strength Brain Heart Infusion Broth
(BBL Microbiology Systems, Cockeysville, MD, USA) containing 0.2% (w/v) sucrose (BHIB +
S) and 1.5% (w/v) agar. M. smegmatis was grown on Middlebrook 7H10 agar (M7H10, BBL
Microbiology Systems) and A. niger on potato dextrose agar (PDA; BBL Microbiology
Systems). Streaked plates were incubated at 37 °C (30 °C for A. niger). A single colony for each
microbe except A. niger was used to inoculate 5 mL of 1/10-strength BHIB + S (E. coli and S.
aureus), Middlebrook 7H9 broth (M. smegmatis) or yeast extract peptone maltose broth (C.
albicans) and incubated at 37 °C. After growth, the resulting broth cultures were diluted with
buffered saline gelatin [BSG; gelatin (0.1 g/L), NaCl (8.5 g/L), KH2PO4 (0.3 g/L), Na2HPO4 (0.6
g/L)] to equal the turbidity of a No. 1 McFarland standard.

To check for viability and

contamination, broth cultures were streaked on plate count agar (BBL Microbiology Systems);
the plates were incubated at 37 °C for 3–4 days. Spores of A. niger were scraped from the
surface of PDA medium and suspended in 5 mL of 1/10-strength BHIB + S and that suspension
transferred to a sterile test tube. The turbidity was adjusted to be equivalent to that of a No. 1
McFarland standard by dilution with BSG. To check for viability and contamination, those spore
suspensions were streaked on PDA and incubated at 37 °C for 3–4 days.
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5.4.3 Quality assurance
For the work reported here, all cultures and suspensions used as inocula were
uncontaminated and the colonies had the expected morphologies. All viable, uncontaminated
inocula were stored up to 14 days at 4 °C until used, without any differences in susceptibility to
antimicrobial compounds.
5.4.4 MIC measurements
MICs of compounds dissolved in the medium used for growth were measured by broth
microdilution in 96-well microtitre plates. A 2-fold dilution series of the compounds was
prepared in 96-well microtitre plates in a 50 µL volume of the broth media and the dilution series
was inoculated with 50 µL of each cell suspension. The resulting inoculated dilution series were
incubated at 37 °C or 30 °C and growth, as turbidity, was scored visually and recorded on the
fourth day. S. aureus MICs were measured by broth microdilution of fresh overnight cultures
according to the Clinical and Laboratory Standards Institute (CCLI) guidelines with cationadjusted Müeller-Hinton broth and an inoculum of 105 CFU/mL. Stocks of the compounds were
dissolved in Müeller-Hinton broth. The MIC of each compound was measured in triplicate and
was defined as the lowest concentration of drug resulting in > 99 % decrease in turbidity
(absorbance 540 nm) compared with the drug-free control.
5.4.5 Measurement of lysis of S. cerevisiae and C. albicans
Lysis measurements were performed with both yeast as described in Jewel et al.54 and
results (percent lysis) were reported as the percentage amount of maltase detected after 60 min of
incubation with compound.
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5.4.6 Measurements for the inhibition of biofilm growth of C. albicans
Washed overnight cultures of C. albicans strain VT1406 were suspended at a
concentration of 106 CFU/mL in TSB. Samples (200 µL) were dispensed into the wells of a 96well polystyrene plate (MBEC, Innovotech, Edmonton, Alberta, Canada) and the 96-peg lid was
immersed in the yeast suspension to allow the formation of biofilms for 24 h at 37 °C, with
agitation (1 reciprocation/sec) to provide shear forces. The colonized pegs were washed in 10
mL of TSB in a 96-well lid to remove non-adherent cells. A second 96-well plate was prepared
with 4 columns (1-4) with only 200 µL TSB, 4 columns (5-9) with 200 µL of TSB containing 1
µg compound/mL, and 4 columns with 200 µL of TSB containing 10 µg compound/mL. The
colonized pegs were immersed in the 96-well plate containing 200 µL of TSB with and without
compound. At 1, 2, and 3 hr the 96-peg lid was withdrawn and 2 pegs of each type (e.g.,
Column 1, rows A and B) were removed, placed in separate 5 mL of TSB tubes, vortexed for 60
sec, and 0.1 mL of the suspensions was spread on TSA plates in triplicate and incubated at 37
°C. Pegs were removed at 1, 2, and 3 hr of compound exposure. An average (± standard
deviation) was calculated for the number of surviving C. albicans cells under each condition
(control, 1 and 10 µg/mL compound).
5.4.7 Hemolysis measurements
Hemolysis measurements were performed as described in Maisuria et al.58 and results
were reported at the lowest concentration of compound yielding 10% hemolysis (EC10%).
5.5
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Chapter 6 ‘Rev’olutionary 3.3.4 Branched Peptide Library Containing All
Unnatural Amino Acids
Contributions
This chapter is adapted from a manuscript that is currently in preparation for submission
to a peer-reviewed journal. The author of this dissertation performed the majority of work
presented in this chapter. She was responsible for the design of the branched peptide library
along with Wenyu Zhang, Neeraj Patwardhan, and Webster L. Santos. She synthesized the Lguanidinoproline and D-aminoproline monomers as well as the branched peptide library. The
author also optimized screening conditions of the library by confocal microscopy, developed the
screening protocol and performed the initial screening of the library, performed the initial
selectivity assays with TOPRO-1 and 2-AP RRE RNA, synthesized RNAs used in the screening
and selectivity assays, modified the Python software for use with unnatural amino acids,
deconvoluted hits from the first half of the library, performed MALDI analyses and optimized
matrices for use in this library, synthesized and purified the majority of peptides presented in the
first half of the library screen, determined the extinction coefficient for lysine pyrazine,
performed the majority of binding assays for the hits isolated from the first half of the library,
performed all ribonuclease protection assays and stoichiometry experiments, analyzed and
interpreted the majority of the data, and wrote the manuscript. Yumin Dai screened the majority
of the library, deconvoluted the majority of peptide hits, synthesized hit peptides and unnatural
amino acids, and performed MALDI analyses. He was also responsible for all binding assays of
hits generated from the second half of the library screen, and performed selectivity assays using
2-AP RRE RNA. Ashley Peralta screened a significant portion of the library, synthesized RNAs,
performed MALDI analyses, and synthesized hit peptides as well as the L-proline monomer.
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Astha Verma and Hao Li synthesized the lysine pyrazine and lysine boronic acid monomers.
Neeraj Patwardhan also aided in the synthesis of the lysine boronic acid and D-aminoproline
monomers. Brett Rastatter aided in the development of Python software for use with unnatural
amino acids, and helped with obtaining UV-Vis data. Mehdi Ashraf performed LC-MS purity
analyses of the synthesized unnatural amino acid monomers.

W. Keith Ray aided in the

optimization of MALDI matrices. The Rekosh group at UVA was responsible for all in vitro
HIV-1 p24 assays as well as cell viability assays. The LeGrice group at NIH (Stuart LeGrice and
Chringma Sherpa) was responsible for conducting all SHAPE experiments. Webster L. Santos
aided in the intellectual development of this work and will be responsible for the editing and
submission of the manuscript for publication.
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Abstract
Interaction of HIV-1 rev response element (RRE) RNA with its cognate protein Rev is
critical for HIV-1 replication. Therefore, disruption of this protein-RNA interaction is a viable
strategy for developing anti-HIV therapeutics. Our approach utilizes branched peptides as a
scaffold for multivalent binding to RRE IIB (high affinity binding site), with the incorporation of
unnatural amino acids to increase binding affinity via non-canonical interactions with the RNA.
High-throughput screening of the 46,656-member library revealed several hits that bound RRE
IIB RNA in the nanomolar range. In particular, lead compounds 2C5 and 4B3 demonstrated
selectivity towards RRE IIB and bound the RNA in a 1:1 stoichiometry.

A ribonuclease

protection assay revealed significantly different interactions of these peptides with the stem-loop
structure; SHAPE analyses with full-length RRE RNA further confirmed differences in
nucleotide contact points. Toxicity assays of the peptide hits revealed no impact on cell viability
for the majority of sequences tested up to 100 µM, and several compounds also demonstrated
inhibition of HIV-1 replication via monitoring the production of p24, a capsid protein.
6.1

Introduction
Although treatments such as highly active antiretroviral therapy (HAART) are effective

at significantly reducing viral loads associated with HIV-1 infection, lifelong maintenance of
viral suppression is required as there is no available cure.1-2 This is due to several factors,
including acquired resistance as well as persistent, latent viral loads post-treatment.2-4 Therefore,
the continued development of therapeutics to target HIV-1 is needed, ideally using strategies to
inhibit mechanisms of viral replication less prone to mutation and drug resistance. One such
strategy involves targeting conserved regions of RNA that are needed to promote the life cycle of
the virus. RNA regulates many vital biological processes and its folded tertiary structure yields
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great potential as a druggable target.5-7 Particular interest has been placed on targeting the Rev
Response Element (RRE) RNA, a 351 nucleotide region of conserved RNA located in the env
gene of the HIV-1 genome.8-9 Interaction of this RNA with its cognate ligand, Rev, allows for
the nuclear export of unspliced and singly spliced mRNAs upon complexation with nuclear
export factors such as Ran-GTP, eIF-5A, and Crm-1.10-11 This subsequently allows for both the
translation of gag, pol, and env genes needed for viral packaging and the inclusion of the fulllength genome in budding virions.10-12 Therefore, disruption of this RRE-Rev interaction is a
viable strategy to inhibit HIV-1 replication. There has been a wide array of ligands designed to
target RRE, including small molecules,13-18 heterocycles,19-21 aminoglycosides,22-23 antisense
oligonucleotides,24 RRE decoys,25-27 peptide nucleic acids,28-29 metallopeptide complexes,30-31
cyclic peptides,32 -helical peptidomimetics,33-36 and various bi-functional conjugates,22, 37-39 but
to date none have had clinical success. This is in part due to the challenges inherent in targeting
RNA that hinder the design of selective and potent ligands.40 Several factors contribute to this
difficulty: (i) the large surface area of RNAs available for binding interactions, (ii) limited
permeability and stability of siRNA ligands, (iii) high binding affinities of cognate ligand:RNA
interactions, and (iv) conformational dynamics inherent in RNA that make it difficult to both
target the active conformation as well as obtain reliable secondary or tertiary structures for
designing effective ligands.40-42
In an effort towards targeting the tertiary folds of RNA, we envisioned the ability of
branched peptides (BPs) to bind RNA via multivalent interactions, allowing for increased surface
area contact with the RNA that would improve both the selectivity and affinity of the peptide for
the RNA target. Generation of branched peptide libraries can be performed rapidly using solidphase techniques, and diversification of the peptides is easily achieved through use of both
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natural and unnatural amino acids. Additionally, branched peptides have been shown to resist
proteolysis compared to their linear counterparts.43 The first BP library was developed in order
to target another conserved HIV-1 RNA structure, the transactivation response element (TAR).
44-45

These BPs bound TAR in the submicromolar range, and were both non-toxic and cell-

permeable. We then turned our attention to targeting the stem-loop IIB of HIV-1 RRE (RRE
IIB), which is the high-affinity initial binding site for Rev.12,

46-50

This second generation

46,656-member BPBA library incorporated the use of two unnatural amino acids containing
boronic acid to target RNA via the formation of a reversible covalent bond using the empty porbital of boron and the 2′-hydroxyl of the RNA.

These branched peptide boronic acids

(BPBAs) selectively bound to RRE IIB in the low micromolar range, and were shown to
encompass a large surface area on the RNA.51-52

Additionally, one compound elicited a

conformation change in the RNA structure upon binding and inhibited the in vitro production of
p24, an HIV-1 capsid protein.53 A second BPBA library consisting of 4,096 members was
rapidly generated to improve upon the binding affinities of BPs toward RRE IIB via the
incorporation of an intercalating moiety.54 We observed a drastic improvement in binding
affinity towards RRE IIB, and several compounds demonstrated dose-dependent inhibition of
HIV-1 replication in cell culture. However, selectivity towards RRE IIB was diminished, most
likely due to the lack of diversity present in the library.
Herein, we report the high-throughput screening and characterization of a fourth
generation BP library that consists solely of unnatural amino acids at all variable positions. The
biophysical characterization of hit compounds revealed improved binding affinities in the
nanomolar range, with several BPs demonstrating selectivity for RRE RNA. These BPs revealed
sequence motifs during the high-throughput screeening against RRE IIB that indicated preferred
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modes of binding to the RNA, which was further supported by selective 2′- hydroxyl acylation
and primer extension (SHAPE) analysis. Additionally, these BPs were found to be non-toxic and
several tested compounds demonstrated the ability to inhibit the production of HIV-1 p24.
6.2

Results and discussion

6.2.1 Design and synthesis of third generation BPBA library
The BPBA peptide library was synthesized in triplicate on Tentagel resins using split and
pool synthesis.

In order to allow for deconvolution of the sequences post-screening, a

photocleavable linker, 3-amino-3-(2-nitrophenyl)propionic acid (ANP), was installed between
the resin and the C-terminus. The library was prepared such that there were three variable amino
acid positions at both the N- and C-termini (AA1-AA3 and AA4-AA6, respectively) linked
together by a lysine core, and each variable position was composed of six unnatural amino acids
(Figure 6.1). This yielded a one-bead-one-compound (OBOC) library comprised of 46,656

Figure 6.1. Design of 3.3.4 library and structures of unnatural amino acids.
196

unique sequences.
The unnatural amino acids used at each variable position were chosen in order to
diversify the modes of interaction of the branched peptides with the RRE IIB RNA target. For
example, lysine pyrazine (KPYR, P) was chosen for its ability to hydrogen bond and pi-stack with
the RNA. 1-Naphthylalanine (NAL1, N) was also utilized to encourage pi-pi interactions with the
RNA, including the possibility of intercalation within the stem-loop structure. The guanine
peptide nucleic acid (GPNA, G) was incorporated into the library for its ability to initiate pi-pi
interactions or hydrogen bonding with the RNA, especially with exposed nucleotides in the
apical loop or internal bulge and loop regions. Of the nucleobases, guanine was selected due to
both its larger aromatic surface area compared to the pyrimidines as well as its ability to engage
in more hydrogen bonding, compared to adenine, with the single-stranded nucleotides (U, A, and
G) in the RNA (Figure 6.2). In particular, the U72 nucleotide in RRE IIB is known to swing
outward upon binding with Rev,48 and thus the guanine moiety could form a wobble base pairing
with this or other single-stranded uracils shown in the secondary structure. Additionally, we
envision that this PNA could also base-pair with adenine and guanine, since a derivative of
guanine, hypoxanthine, has shown the ability to form hydrogen bonds with these bases and
hydrogen bonding between guanine base pairs has been observed in both RRE IIB (G48:G71)
and other nucleic acid structures such as G-quadruplexes.55-57
As in our previous BPBA libraries, we utilized lysine boronic acid (KBBA, B) to
encourage reversible covalent bonding between the Lewis acidic boron and the 2′-OH in the
RNA.51

L-Guanidinoproline

(LPRO, L) and

D-aminoproline

(DPRO, D) were chosen as

electrostatic mimetics of arginine and lysine, respectively. The diastereomeric prolines in this
library also were included to induce turns in the branched peptide, thereby increasing the overall
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Figure 6.2. Hydrogen bonding between the guanine PNA in the branched peptide and various
single-stranded nucleobases (A,U, and G) present in RRE IIB.
rigidity of the structure. Also, the incorporation of D-amino acids has been shown to increase
the proteolytic stability of peptides.58-59 Tyrosine was incorporated at position AA7 in order to
quantify yields of peptides lacking aromatic groups via spectroscopic methods.
6.2.2 Synthesis of proline derivatives for 3.3.4 library
Due to the incorporation of all unnatural amino acids in the 3.3.4 library, monomers that
were commercially unavailable were synthesized for the generation of the 3.3.4 library as well as
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Scheme 6.1. Synthesis of (2S,4R)-N-α-Fmoc-4-N,Nˊ-di-Boc-guanidinoproline (LPRO)a

Reagents and conditions: (a) BnBr (1.1 equiv.), TEA (1.1 equiv.), THF, 0 C-rt, 18 hr (84%);
(b) CBr4 (1.5 equiv.), PPh3 (1.5 equiv.), 1H-imidazole (1.5 equiv.), THF, 0 C-rt, overnight
(87%); (c) NaN3 (6.0 equiv.), DMF, rt, 24 hr (86%); (d) PPh3 (2.0 equiv.), H2O (2.0 equiv.),
THF, reflux, 6 hr; (e) N,Nˊ-Di-Boc-1H-pyrazole-1-carboxamidine (0.8 equiv.), DIEA (1.0
equiv.), CH2Cl2, 0 C-rt , overnight (54% over two steps); (f) H2, Pd/C (10 mol%), MeOH, rt, 7
hr; (g) Fmoc-OSu (1.5 equiv.), Na2CO3 (2 equiv.), DMF/H2O, 0 C-rt, 3 hr (88% over two
steps).
a

for the resynthesis of hit peptides for further biophysical characterization. The synthesis and
yields of both orthogonally protected proline monomers are shown in Scheme 6.1 and 6.2. With
the exception of the Appel reaction used to generate the brominated intermediate and use of
N,Nˊ-Di-Boc-1H-pyrazole-1-carboxamidine as the guanylating reagent, the synthetic route for
(2S,4R)-N-α-Fmoc-4-N,Nˊ-di-Boc-guanidinoproline (LPRO) was taken from work previously
published by Hruby and co-workers.60

Synthesis of the (2R,4R)-N-α-Fmoc-4-N-Boc-

aminoproline (DPRO) was synthesized using protocols previously reported for the (2S,4R)
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Scheme 6.2. Synthesis of (2R,4R)-N-α-Fmoc-4-N-Boc-aminoproline (DPRO)a

Reagents and conditions: (a) BnBr (1.1 equiv.), TEA (1.1 equiv.), THF, 0 C-rt, 18 hr (74%);
(b) CBr4 (1.5 equiv.), PPh3 (1.5 equiv.), 1H-imidazole (1.5 equiv.), THF, 0 C-rt, overnight
(83%); (c) NaN3 (6.0 equiv.), DMF, rt, 2-3 days (86%); (d) PPh3 (2.0 equiv.), H2O (2.0
equiv.), THF, reflux, 6 hr; (e) Boc2O (1.2 equiv.), TEA (2.0 equiv.), THF, 0 C-rt , overnight
(79% over two steps); (f) H2, Pd/C (10 mol%), MeOH, rt, 7 hr; (g) Fmoc-OSu (1.2 equiv.),
Na2CO3 (2 equiv.), THF/H2O, 0 C-rt, 3 hr (89% over two steps).
a

diastereomer.61 The yields for all intermediate steps were good to excellent with the exception of
the guanylation step of LPRO (6.4  6.6, 54 % over two steps), and the overall yields for LPRO
and DPRO were 30% and 37%, respectively. The purity of both final products was confirmed at >
90% using LC-MS before incorporation into the library.
6.2.3 On-bead high throughput screening of third generation BPBA library
Before subjecting the library to high-throughput screening with the target RNA,
acquisition parameters on the confocal microscope were adjusted to account for autofluorescence
of the tentagel resins. A control peptide, (KKK)2*KKKY was synthesized on tentagel resin and
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Figure 6.3. Autofluorescence of library resins with confocal microscopy. (A) tentagel resins
only; poly-lysine control peptide incubated with (B) 10 nM and (C) 100 nM DY547 RRE IIB
RNA; (D) unincubated library resins.
incubated with both 10 nM and 100 nM DY547 RRE IIB RNA to serve as a positive control.
When decreasing the intensity to remove the autofluorescence from the resin, both positive
controls were easily visible; however, library resins that had not been incubated with the
fluorescent RNA showed a fluorescence emission comparable to the 100 nM positive control
(Figure 6.3). The absorbance spectra of all of the Fmoc-protected monomers used in the library
at maximum concentrations permitted by solubility in aqueous medium revealed no substantial
absorbance at or near 543 nm, which is the maximum absorbance wavelength of DY547 (Figure

Abs

6.4). This revealed the possibility of autofluorescence derived from intra- or inter-stacking of the
4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

D-NH2Proline
GPNA
L-GuanProline
KBBA
Napthalene
Pyrazine
RNA Incubation 1
200 240 280 320 360 400 440 480 520 560 600 640 680 720
wavelength (nm)

Figure 6.4. Absorbance spectra of Fmoc-protected amino acid monomers and RNA Incubation
1 solution (BSA (1 mg/mL), tRNA (0.25 mg/mL), and RRE IIB RNA variants (10 nM) in 1X
phosphate buffer).
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peptides on the resin. Next, two fluorescence quenchers, 3-nitrotyrosine and potassium iodide
(KI), were employed to reduce the emission from the non-incubated library.62 3-Nitrotyrosine
did not appear to have any effect on quenching the signal, but this may be a result of the
maximum concentration tested (10 µM) due to the limited solubility of the quencher in aqueous
media. KI reduced the signal emission slightly but not enough to allow for adequate screening
with the DY547 RNA (Figure 6.5). Other techniques such as dual-wavelength confocal and
spectral unmixing were attempted, but none were successful. However, these experiments led to
the discovery that the fluorescence emission from the library resins was broad in nature.
Ultimately, the emission band filter was narrowed, allowing for selective detection of emission
from the DY547 and good contrast between the library resins and the positive control. A new
tiling function on the recently acquired LSM 880 confocal microscope also allowed for the
development of a more rapid screening protocol of the library; previously, the entire well had to
be scanned by rows through manual manipulation of the microscope (Figure 6.6).
Once the screening conditions were optimized, the BPBA library was subjected to onbead high throughput screening against DY547 labeled HIV-1 RRE IIB RNA.44

A

Before

B

Figure 6.5. Confocal images of (BLN)2*PDGY on tentagel resin (A) alone and (B) in the
presence of 1 mM KI using identical acquisition parameters (HeNe1 laser 543 nm, 600 Gain).
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Figure 6.6. Tiling function optimized on the LSM 880 confocal with positive control polylysine peptides incubated with 100 nM DY547 RRE IIB RNA. From left to right: fluorescent
image of resins in an entire well of a 96-well plate (HeNe1 laser, 543 nm); DIC image; overlay
of both images.
screening the sequences against the target RNA, the beads were pretreated with an excess of both
bovine serum albumin and competitor RNAs, including a tRNAmix and three variant RRE IIB
stem-loop structures to minimize non-specific binding (Figure 6.7). The RRE variants were
chosen based on their sequence deletions in the internal loop and upper stem regions of RRE IIB,

Figure 6.7. Secondary structures of the three RRE IIB RNA variants (Stem B Deleted, Loop
B/Bulge A Deleted, and Loop A/B/Bulge A Deleted RRE IIB) incubated with library resins
before screening with DY547 RRE IIB RNA in order to reduce non-specific binding.
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as these regions were determined by footprinting assays to be the major contact points between
previous generation branched peptides and RRE IIB.52 Specific binding of the DY547 RRE IIB
RNA to the branched peptide resulted in increased fluorescence of the bead, which was
monitored by fluorescence microscopy. A total of 141 beads were selected as possible hits,
yielding a 0.1% hit rate.

These peptides were photocleaved via UV irradiation and then

sequenced by MALDI-MS/MS analysis.63

Of the 141 sequences, 85 were successfully

deconvoluted. Several compounds were found in duplicate (vide infra), validating the screening
process. Due to the sheer volume of hits, only repeated sequences, sequences with repeated
motifs, and select compounds that demonstrated sequence variety were resynthesized using solid
phase peptide synthesis (SPPS) for further biophysical characterizations.
6.2.4 Optimization of MALDI matrices for deconvolution
In order to determine if the presence of unnatural amino acids would impede the ability to
accurately deconvolute and identify hit compounds, test peptides were synthesized on tentagel
resin and subjected to cleavage following the standard irradiation protocol of 1 hr using
longwave UV in 1:1 MeOH:H2O.44 The initial library design included use of His and lysine
acridine (KACR); therefore, the following two peptides (GD)2*HLKACRY and (BD)2*HLKACRY
were synthesized in tandem in order to examine the effect of boronic acid on sequencing while
conserving expensive reagents (GPNA). 2,5-Dihydroxybenzoic acid (DHB) was chosen as the
analyte matrix for facile one-step derivatization and detection of boronic acid-containing
peptides.63 While the molecular weights were detected for both peptides using MALDI-TOF, the
intensity of the MS signal was low and MS/MS fragmentation showed little to no signal intensity
using DHB as the matrix. This is not altogether surprising, as DHB has been known to generate
weaker signal intensities in exchange for better signal-to-noise resolution relative to other
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commonly employed matrices for peptide analysis.64 An experiment was conducted where the
number of beads per tube, irradiation solvent, and time of cleavage were altered in order to
improve signal intensity (Table 6.1). Also, the DHB matrix was recrystallized and the eppendorf
tubes were washed with ethanol and dried before irradiation to reduce background signal from
polymer residues present in the tubes. Unfortunately, the signal intensity did not improve under
any conditions presented, with resulting MS intensities on average of less than 200 a.u. relative
to commonly observed intensities of 1.0 x 103 – 1.0 x 105 a.u. for other branched peptide
libraries. This revealed that the issue of detection was most likely a result of the ionization of the
peptide sequence in the DHB matrix.
Once the library design was finalized, a new test peptide (NLP)2*DGBY was
Table 6.1. MALDI MS signal intensity for detection of cleaved peptides
Sample 1 or 2a
Solvent
Time of cleavage (hr) Intensity of MS signal
b
(Single/Multi bead)
1S
ACN
1
94
1M
ACN
1
207
1S
MeOH
1
903
1M
MeOH
1
346
1S
ACN
3
75
1M
ACN
3
75
1S
MeOH
3
25
1M
MeOH
3
51
2S
ACN
1
50
2M
ACN
1
57
2S
MeOH
1
124
2M
MeOH
1
552
2S
ACN
3
25
2M
ACN
3
126
2S
MeOH
3
10
2M
MeOH
3
40
a
Sample 1 = (GD)2*HLKACRY, Sample 2 = (BD)2*HLKACRY, where G is GPNA, D is DPRO, H
is His, L is LPRO, and B is KBBA.bMulti-bead incubation (M) consisted of 20-30 beads per
sample tube.
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synthesized in order to validate the synthesis and deconvolution of branched peptides containing
the new unnatural amino acids.

Change in the composition of the library involved the

substitution of His and KACR for lysine pyrazine (KPYR, P) and 1-naphthylalanine (NAL1, N). This
change was implemented in order to increase the use of unnatural amino acids in the library as
well as to address the lack of synthetic accessibility to the KACR monomer. Similar to results
discussed above, use of this set of unnatural amino acids within the branched peptide sequence
did not ionize well using DHB as the matrix. Although the parent ion [M-DHB + H]+ was
detected at low intensity and the sequence could not be obtained, the correct adduct mass (2277
Da) was present, which confirmed our ability to synthesize sequences containing the selected
amino acids.
A ‘hot’ matrix commonly used for peptides, -cyano-4-hydroxycinnamic acid (CHCA), was then employed and fragmention in MS/MS mode was easily observed for the
compound (Table 6.2). However, the parent ion lacking protection of the boronic acid (2159 Da)
was not detected; instead, a mass of 2131 Da was observed. Additionally, only one fragment
that was detected by MALDI MS/MS corresponded to a predicted fragmentation mass. Further
analysis of the MS/MS spectrum revealed that multiple observed fragments corresponded to
predicted fragmentation masses when taking into account the same loss of 28 Da seen with the
parent ion. Since the one detected fragment mass was a b-ion of 1300 Da that encompassed the
N, L, P, and branching lysine amino acids, the loss of 28 Da had to be a result of a mass
difference involving D, G, or B. Since there were no discernable areas of fragmentation within
those three monomers that would yield a mass difference of 28 Da, a control peptide
(KKK)2*KKKY used for the screening of the library was subjected to MALDI-TOF MS and
MS/MS analysis to confirm that no issues existed with the calibration of the instrument. The
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Table 6.2. MALDI MS and MS/MS of (NLP)2*DGBY for deconvolution of new library using
-CHCA
MALDI MS
Predicted mass parent ion (Da) Observed mass parent ion (Da)
Delta value (Da)
2159.1a
2131.2
28
MALDI MS/MS
Predicted fragment mass (Da)b Observed fragment mass (Da)
Delta value (Da)
181.1
NDc
--198.1
ND
--352.2
ND
--457.2
ND
--586.3
ND
--748.3
ND
--860.4
832.5
28
1299.7
1299.7
0
1411.7
ND
--1573.8
1545.8
28
1702.8
ND
--1807.9
1779.8
28
1962.0
1933.8
28
1978.6
ND
--a
+
[M+H] , where M is the mass of the peptide with an unprotected boronic acid. bFragment
masses correspond to cleavage at amide bonds. Observed fragments are highlighted in green.
B-ion fragments are [M]+ where M is the mass of the peptide fragment with a positive charge
on the carbonyl carbon. Y-ion fragments are [M + H]+ where M is the mass of the peptide
fragment with an NH2 at the N-terminus. cND = not detected.

poly-lysine peptide showed the correct parent molecular ion mass for both DHB and CHCA
matrices, and all b-ions and several y-ions were detected by MS/MS analysis (Figure 6.8A).
Therefore, the boronic acid monomer was considered a potential source for the delta value due to
its unprotected state when using -CHCA as the matrix in addition to the lack of boron isotope
patterns present in the spectra. This hypothesis was strengthened based on the loss of 28 Da
observed with the ESI MS characterization for the KBBA monomer, as communicated to the
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author by Dr. Astha Verma. This loss in mass of 28 Da under these ionization conditions may be
the result of oxidation of the boronic acid to phenol. However, it may also be a result of the
incorporation of trace amounts of deboronated monomer into the peptide during SPPS, where
differences in ionization potential allowed for detection of this peptide via MALDI. The latter
scenario is more likely, since oxidation of boronic acid as a result of MS ionization has not been
reported in the literature.
While explanation of the fragmentation pattern was achieved, there still remained the
issue of being able to obtain enough information to accurately deconvolute a branched peptide

Figure 6.8. Predicted MS/MS fragmentation patterns for (A) (KKK)2*KKKY, (B)
(LN)2*PDGY, and (C) (BLN)2*PDGY. Fragment masses highlighted in green were observed
using -CHCA as the matrix. For (BLN)2*PDGY, fragments were predicted based on
[M+H]+, where M is the mass of the peptide with pinacol-protected boronic acids. Fragment
masses correspond to cleavage at amide bonds. B-ion fragments are [M]+ where M is the mass
of the peptide fragment with a positive charge on the carbonyl carbon. Y-ion fragments are [M
+ H]+ where M is the mass of the peptide fragment with an NH2 at the N-terminus.
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sequence containing the aforementioned unnatural amino acids. Two new test peptides were
synthesized, (LN)2*PDGY and (BLN)2*PDGY, in order to examine peptide fragmentation with
and without boronic acid.

The boron-containing compound (BLN)2*PDGY was minimally

treated with 1.6 M PBA for several hours instead of overnight in order to encourage the presence
of a minute fraction of pinacol-protected boronic acid for analysis on -CHCA matrix. Both
sequences also did not ionize well on DHB matrix, but the predicted parent ion masses for the
DHB adduct [M-DHB + H]+ were detected. Using the -CHCA matrix, MS signal intensity was
greatly improved at the cost of increased ionization peaks and detection of multiple adducts [M +
Na]+ and [M + K]+. With the exception of GPNA (G), all monomers fragmented at their respective
amide bonds to form, y-, b-, or both ions (Figure 6.8B and C). This led to confidence in our
ability to deconvolute branched peptides using the new library design.
A disadvantage to using the -CHCA matrix for MS/MS deconvolution was the
increased noise observed due to additional fragmentation and formation of multiple Na+ and K+
adducts, also seen in the MS analysis (vide supra).

Also, note that the parent ion for

(BLN)2*PDGY with oxidized boronic acids was not detected; whether this is due to efficient
ionization of the small amount of pinacol-protected compound present, or the specific sequence
requirements needed for oxidation of the boronic acid, is unknown. Previous analysis of both a
free and pinacol-protected boronic acid branched peptide indicated no detection of either parent
ion using -CHCA as the matrix.63 This indicates that no assumptions should be made in the
future use of -CHCA for analyte detection regarding BPBAs.
Other available matrices such as 1-chloro-4-hydroxyisoquinaline (CHIQ), and 2,4,6trihydroxyacetophenone (THAP) were also tested to circumvent the issues addressed above.
However, -CHCA remained by far the best matrix regarding signal intensity, and therefore
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MS/MS detection, of these new peptides. Use of a mixture of both -CHCA and DHB matrices
in order to capitalize on the benefits of each matrix65 (i.e. increased signal intensity of -CHCA
with the decreased background and facile derivatization of DHB) did not prove advantageous;
each matrix optimized on its own led to better sequence characterization. This led us to employ
both DHB and -CHCA matrices separately for the deconvolution of this 3.3.4 branched peptide
library.
6.2.5 Determination of extinction coefficient for lysine pyrazine
Since this library contained all unnatural amino acids, a literature search was performed
to determine the contributions of each monomer towards the overall extinction coefficient of the
peptides for spectroscopic quantification. It was presumed that KPYR, much like the KBBA
monomer, would not have a significant contribution towards the extinction coefficient of a
peptide as phenylalanine contributes very little to the molar extinction coefficient of proteins at
280 nm.66 Also, there were no reported extinction coefficients for pyrazine at 280 nm in the
literature. However, upon the resynthesis of hit compounds for further characterization, it was
observed that one sequence containing only KPYR (2E11, (PPP)2*PPPY) at each variable position
had an abnormally high concentration (12.5 mM) when using only tyrosine to determine the
extinction coefficent of the peptide ( = 1280 M-1cm-1). The absorbance spectrum scan of the
UV-active component of KPYR, 2-pyranoic acid, indicated a contribution from pyrazine at 280
nm (Figure 6.9). A single data point determination of the extinction coefficient of 2-pyranoic
acid at 280 nm ( = 2350 M-1cm-1) revealed the concentration of 2E11 to be 0.621 mM, or
approximately 20-fold less than the original assumption of 12.5 mM. Therefore, the extinction
coefficient of KPYR was determined at 280 nm in nuclease-free water using 2-pyranoic acid
(Figure 6.10). A standard Beer-Lambert plot was generated using serial dilutions of 2-pyranoic
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Figure 6.9. (A) UV spectrum of 2-pyranoic acid and (B) structure of 2-pyranoic acid, the
building block used to generate the lysine pyrazine (KPYR, P) monomer.
acid, and the extinction coefficient of pyrazine was found to be 3374 M-1cm-1 at 280 nm in
nuclease-free water. Linear deviation was observed for absorbance values above 0.5, and so an
additional standard curve was generated using parallel dilutions of 2-pyranoic acid to confirm
this phenomenon. This second plot using parallel dilutions revealed a similar linear deviation (>
0.5 Abs) and extinction coefficient (3113 M-1cm-1) compared to the serial dilution. Due to the

1
y = -3E+06x2 + 3706.6x + 0.0061
R² = 0.9998

0.9
0.8

y = 3373.7x + 0.0105
R² = 0.9969

0.7
Abs

0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.00005 0.0001 0.00015 0.0002 0.00025 0.0003 0.00035 0.0004
Concentration (M)

Figure 6.10. Beer-Lambert plot of 2-pyranoic acid using serial dilutions. The slope of the
linear portion of the plot (y = 3373.7x + 0.0105) corresponds to the extinction coefficient. Each
data point is the average of three experiments.

211

linear variation above 0.5 absorbance units, all concentration calculations for peptides containing
KPYR were performed where the absorbance contributions from KPYR were between 0.1 and 0.5.
6.2.6 Determination of Kds using 2-AP labeled RRE IIB RNA
As reported in the previous branched peptide library,54 use of dot blot assays to quantify
the Kd values of the peptides proved unreliable due to the inability of the peptides to stick to the
nitrocellulose membrane. Electrophoretic Mobility Shift Assay (EMSA) was also unreliable due
to the inability of several peptide:RNA complexes to enter the gel, a result most likely due to the
large number of basic residues present in the hit sequences. Therefore, a fluorescence-based
assay was employed using 2-aminopurine (2-AP)-labeled RRE IIB RNA, where U72 in the
internal loop region of IIB was substituted with 2-AP (Figure 6.11A). The intensity of the
fluorescence signal from 2-AP is highly sensitive to changes in the microenvironment, which
allows for the detection of conformational changes in 2-AP-labeled nucleic acids upon ligand
binding.67 Earlier studies of RRE-Rev interaction established that U72 undergoes environmental
perturbation upon binding to Rev and small molecules (Figure 6.11B); additionally, substitution
of this base provides minimal effect on Rev binding affinities.48,68 Therefore, incorporation of 2AP into stem IIB at the U72 position functions as an appropriate model to probe RRE:peptide
binding.68-69
The binding affinities of BPs to HIV-1 RRE IIB were determined by titrating the BPs
with 2-AP RRE IIB RNA. As shown in Figure 6.11C, a decrease in fluorescence intensity was
observed as a function of increasing peptide concentration, which indicates that the environment
around the 2-AP base changed as a consequence of increased base stacking or a more
hydrophobic environment.67 This observation is quite different from previous studies where the
binding of small molecules with RRE IIB usually exposed the 2-AP base more toward the
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Figure 6.11. Use of 2-aminopurine (2-AP)-labeled RRE IIB RNA to determine ligand binding
affinity. (A) Structure of RRE IIB (with position U72 highlighted in red), and 2-AP. (B) Top:
Structural models of free RRE IIB and RRE IIB bound to neomycin; Bottom: Changes in
fluorescence intensity as a result of titrating increasing amounts of Rev with 2-AP-labeled
RRE IIB, and a normalized plot of fluorescence intensity at 370 nm used to generate Kd values.
(C) Fluorescence titration of BPs with 2-AP RRE IIB RNA, where an increase in BP
concentration resulted in a decrease in fluorescence emission intensity. Figure 6.11B was
reprinted with permission from the American Chemical Society. [Lacourciere, K. A.; Stivers,
J. T.; Marino, J. P., Mechanism of Neomycin and Rev Peptide Binding to the Rev Responsive
Element of HIV-1 As Determined by Fluorescence and NMR Spectroscopy. Biochemistry
2000, 39 (19), 5630-5641], Copyright 2000.
solvent.68 These results suggest that the BPs have a different conformation effect on RRE IIB
upon binding compared to Rev and small molecules such as neomycin.
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6.2.7 Sequence and binding affinities of BPs toward HIV-1 RRE IIB
Sequences of the twenty-three selected hits and their binding affinities are reported in
Table 6.3. Selection criteria of hits for further biophysical characterization included i) repeated
detection during the screening process, ii) frequency of the peptide sequence, iii) presence of
repeated N- or C-terminal motifs within the peptide sequence, or iv) presence of a diverse amino
acid sequence. BPs RA7, RA8, and RA9 (entries 9, 11, and 13) were selected from the first
batch screened and immediately characterized in order to validate the optimized screening
protocol. Of the twenty-three hits, six demonstrated Kd values in the submicromolar range
(entries 1-6). Compound 2C5 yielded the best binding affinity with a Kd value of 290 nM, and
was also the leading non-polyelectrostatic sequence based on frequency analysis of deconvoluted
hits from screening the first half of the library (Figure 6.12A). Two sequences, T1 and TT1
(entries 5 and 15) were not found during the screening process, but were chosen for
characterization based on a frequency analysis of deconvoluted hits from the second-half and
entire library, respectively (Figure 6.12B and 6.12C). These compounds had Kd values of 0.76
and 1.76 µM, supporting the use of frequency analysis to generate additional hit compounds.
Comparison of the two sequences revealed a slight boost in binding affinity when DPRO (D) was
replaced with NAL1 (N) in variable positions AA3 and AA6.
The majority of hit sequences revealed Kd values in the low micromolar range, which is a
drastic improvement from the previous 46,656-member library that contained only one sequence
with a Kd value near the submicromolar range (BPBA1, 1.4 µM).51 Gratifyingly, several peptide
sequences with Kd values in the low to submicromolar range were found in duplicate (entries 1,4,
and 16), validating the screening protocol developed for this library. LPRO (L) and DPRO (D) were
strongly preferred at the N-terminus and were the most preferred amino acids in the library
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Table 6.3. Sequences and Kds of BPs determined by fluorescence spectroscopy
Entry

Peptide

Sequence

Kd (µM)

1

2C5

(LDD)2*PPDY a

0.29 ± 0.01

2

4B3

(DLL)2*LGBY

0.31 ± 0.03

3

13B8

(LDL)2*LGBY

0.63 ± 0.03

4

11F6

(DLD)2*DLDY a

0.72 ± 0.03

5

T1

(LDN)2*GGNYb

0.76 ± 0.02

6

4A5

(GGD)2*PGLY

0.88 ± 0.02

7

16D9

(PDL)2*GLDY

1.11 ± 0.05

8

10B10

(LDD)2*PGDY

1.12 ± 0.07

9

RA7

(LDL)2*PPGY

1.12 ± 0.08

10

19B3

(LDG)2*GBPY

1.18 ± 0.05

11

RA8

(LDP)2*LLPY

1.30 ± 0.03

12

7F8

(LDD)2*LPDY

1.32 ± 0.06

13

RA9

(LDB)2*NPLY

1.45 ± 0.45

14

18D10

(GDP)2*LLPY

1.64 ± 0.03

15

TT1

(LDD)2*GGDYb

1.76 ± 0.13

16

5B9

(LDL)2*DDBY a

2.57 ± 0.03

17

7F5

(LDD)2*PNDY

2.98 ± 0.11

18

8B1

(DNB)2*PGDY

3.18 ± 0.70

19

5E12

(LDD)2*BBLY

4.46 ± 0.20

20

7C7

(LBN)2*PNLY

4.96 ± 0.48

21

6B3

(GNG)2*BBLY

> 10

22

2E11

(PPP)2*PPPY

> 10

23

18D1

(LBB)2*BPNY

> 10

* = Lysine branching unit. Each Kd value is an average of at least two experiments. aDuplicate
hits found during screening. bSequences synthesized based on frequency plot.
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Figure 6.12. WebLogos showing the frequency of amino acids at each variable in the
deconvoluted hits from the screening of the (A) first-half, (B) second-half, and (C) entire 3.3.4
BP library. Amino acids in the variable positions are colored based on their side chain
properties: blue = basic (LPRO, L and DPRO, D), purple = hydrophobic (NAL1, N), red and black
= aromatic/hydrogen bonding (KPYR, P and GPNA, G), and orange = reversible covalent bonding
(KBBA, B). Frequency plots generated at http://weblogo.berkeley.edu/logo.cgi
(Figure 6.12C). This is not unexpected as the N-terminus of Rev interacts with the Rev-binding
element (RBE) of RRE via its -helical ARM.49-50 However, a large number of positively
charged residues in the BPs did not necessarily correlate with a high binding affinity (compare
entries 3 and 5 with 16 and 19). This suggests that alternative modes of binding and overall
sequence were responsible for some of the low Kd values observed against RRE IIB.
Hit sequences with very few or no basic residues (entries 21-23) demonstrated the worst
binding affinities toward RRE IIB. While this may be due to limited electrostatic interactions
with the RNA, it is also a possible result of poor solubility of these BPs in the aqueous buffer
used to determine the Kd values. NAL1 (N) was preferred at the N-terminus, in particular at AA3,
revealing a preference for stacking and aromatic interactions of the peptide with the RNA in this
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position. KPYR (P) and GPNA (G) were preferred at the C-terminus in positions AA4 and AA5.
This suggests that aromatic functional groups capable of hydrogen bonding are crucial at these
positions for binding interactions of the peptide with RRE IIB. The boronic acid-containing
amino acid KBBA (B) was the least preferred amino acid in this library, which was surprising as
this monomer has been frequently discovered in other branched peptide sequences used to target
RRE IIB.51 This may be a result of the decreased ability of the boronic acid to access the RNA
due to the structural influence from the other unnatural amino acid monomers used in this
library.
Gratifyingly, there were several sequence motifs present in the hit sequences that
indicated sequence and structural requirements of our BPs in demonstrating affinity for the RNA
target. The most prevalent motif found was (LDD)2* _ _ DY, where positions AA4 and AA5
were varied. Hit sequences with this motif that were characterized are presented in Table 6.4.
From these data, several observations were made regarding the structure-activity relationship of
these BPs. Analysis of the compounds containing the motif (LDD)2*P _ DY (entries 1, 8, and
17) revealed the presence of aromatic residues (P, G, and N) at variable position AA5, with
incorporation of P yielding the best binder in the library (2C5, entry 1). Substitution with G
(entry 8) or N (entry 17) at this position revealed a 4-fold and 10-fold decrease in binding

Table 6.4. SARs of BPs with branched motif (LDD)2*_ _ DY
Entry

Peptide

Sequence

Kd (µM)

1

2C5

(LDD)2*PPDY

0.29 ± 0.01

8

10B10

(LDD)2*PGDY

1.12 ± 0.07

17

7F5

(LDD)2*PNDY

2.98 ± 0.11

12

7F8

(LDD)2*LPDY

1.32 ± 0.06

15

TT1

(LDD)2*GGDY

1.76 ± 0.13
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affinity, respectively. It is possible that due to the binding orientation of peptides containing this
motif, an aromatic moiety capable of hydrogen bonding better engages the RNA at position AA5
(P,G > N), and that the smaller surface area of the pyrazine is favored over the purine (P > G).
Comparison of compounds containing the motif (LDD)2*_ PDY (entries 1 and 12) revealed the
importance of P in position AA4, as replacement with L led to over a 4-fold decrease in binding
affinity. Lastly, comparison of the motif (LDD)2* _ GDY (entries 8 and 15) revealed similar
binding affinities for both compounds when either P or G was present in position AA4. This
suggests that hydrogen bonding or stacking interactions are needed at this location for binding
RRE IIB.
Several C-terminus motifs were also present in the selected hit sequences (Table 6.5).
These included LGBY, LLPY, BBLY, PG(D/L)Y, PP(D/G)Y, and PN(D/L)Y.

From the

characterized hits, a few observations could be made based on the SARs of the BPs. Both 4B3
and 13B8 (entries 2 and 3) had good binding affinities towards RRE IIB. These isomers only
differed in the location of D and L in position AA1 and AA2, with a 2-fold difference in Kd.
This indicates that little preference is given for the amino acid at this position within this motif
( _ _ L)2*LGBY as long as both positions maintain a positive charge. Additionally, comparable
binding affinities were found with both RA8 and 18D10 (entries 11 and 14), which share the
sequence ( _ DP)2*LLPY. Considering that variable position AA1 is filled by either L or G and
little change in binding affinity is observed, it is possible that the guanidine group in both
monomers is engaging the RNA in a similar fashion. This may also hold true for two other BPs
with similar binding affinites (entries 6 and 8), where the major difference in sequence involves
the substitution of G with L and D in variable positions AA1 and AA2, respectively. In the case
of 2C5 and RA7 (entries 1 and 9), substitution of D with L and G at AA3 and AA6, respectively,
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Table 6.5. SARs of BPs with various C-terminus motifs
Entry

Peptide C-Motif/Sequence

Kd (µM)

LGBY motif
2

4B3

(DLL)2*LGBY

0.31 ± 0.03

3

13B8

(LDL)2*LGBY

0.63 ± 0.03

LLPY motif
11

RA8

(LDP)2*LLPY

1.30 ± 0.03

14

18D10

(GDP)2*LLPY

1.64 ± 0.03

PG(L/D)Y motif
6

4A5

(GGD)2*PGLY

0.88 ± 0.02

8

10B10

(LDD)2*PGDY

1.12 ± 0.07

18

8B1

(DNB)2*PGDY

3.18 ± 0.70

PN(D/L)Y motif
17

7F5

(LDD)2*PNDY

2.98 ± 0.11

20

7C7

(LBN)2*PNLY

4.96 ± 0.48

PP(D/G)Y motif
1

2C5

(LDD)2*PPDY

0.29 ± 0.01

9

RA7

(LDL)2*PPGY

1.12 ± 0.08

BBLY motif
19

5E12

(LDD)2*BBLY

4.46 ± 0.20

21

6B3

(GNG)2*BBLY

> 10

led to an approximate 4-fold decrease in binding affinity. This could be a result of the change of
peptide architecture via the diastereomeric proline at AA3; currently, there are no characterized
BPs that can support or disprove this possibility. It may also suggest that the shorter charged
amine species in D is better able to engage the RNA relative to the guanidine groups in L and G.
Additionally, G may have stacking or hydrogen bonding interactions with the RNA at this
position that are less favorable than the electrostatic and/or hydrogen bonding interactions of D.
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Entries 8 and 18 share the same C-terminus motif of PGDY, but due to their difference in
N-terminal composition it is difficult to rationalize the effect of sequence on binding, other than
noting that positively charged residues at the N-terminus moderately increase binding affinity. A
similar pattern is observed with another set of BPs with the C-terminus motif PN(D/L)Y (entries
17 and 20). If we compare entries 8 and 17 to 20 and 18, an overall structural motif is seen (L/D
_ _)2*P _ D/L Y, where positions AA1 and AA6 consist of positively charged D or L residues,
and position AA5 consists of an aromatic moiety with a large surface area (N or G). N-terminal
substitution of D for B and N at variable positions AA2 and AA3 reveal small decreases in
binding affinity in both sets of BPs, which is surprising as they are structurally very different
from the D-aminoproline. This suggests that B and N are capable of binding to the RNA using
alternative modes of binding in these sequences, albeit not as effectively as D. Comparison of
the two BPs with a BBLY C-terminus motif (entries 19 and 21) reveal the importance of the Nterminus sequence in binding RRE IIB. Once again, this may be due to the partial insolubility of
6B3, and so a definitive analysis comparing these two BPs is difficult.
There were also N- and C-terminal motifs in hit sequences that deserve discussion (Table
6.6). The L and D monomers were heavily preferred at the N-terminus in this library, with
motifs DDD (entries 32-35), DLD (entries 4, 38-42), LDD (entries 1,8,12, 17, 49-55), and LDL
(entries 3, 57-62) representing the most frequent N-terminus motifs in the deconvoluted hits.
While there was a possibility of 23, or 8 combinations involving L and D at the N-terminus, 2 of
these combinations (LDD and LDL) represented over two-thirds of the L/D N-terminus
sequences found. This reveals that the introduction of the diasteromeric prolines lends spatial
selectivity and sequence preference in binding RRE IIB with the given library design. Much like
the SAR study discussed above for the C-terminus BP sequences, there were series of motifs
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Table 6.6. Sequences of the remaining deconvoluted hits from the 3.3.4 BP library.
Entry

Bead ID

Sequence

Entry

Bead ID

Sequence

24

17B8

(BBN)2*GNNY

56

13D5

(LDG)2*PBNY

25

13D12

(BBN)2*GPNY

57

18B1

(LDL)2*BBLY

26

16D4

(BGN)2*GGNY

58

5E1

(LDL)2*DBDY

27

16B11

(BNB)2*PNGY

59

5B9

(LDL)2*DDBY

28

16B3

(BNN)2*GGLY

60

6C7

(LDL)2*DLDY

29

19B8

(BNN)2*GPBY

61

6C6

(LDL)2*DLPY

30

17D5

(BNN)2*NGNY

62

4D9

(LDL)2*LPDY

31

18B3

(DBN)2*GGNY

63

8D8

(LDP)2*LPDY

32

12B6

(DDD)2*BLDY

64

15B5

(LGP)2*GDGY

33

3C8

(DDD)2*DNDY

65

5F4

(LLL)2*NDLY

34

2C6

(DDD)2*LDLY

66

12F4

(LLL)2*PLDY

35

4B8

(DDD)2*PDLY

67

2G1

(LLP)2*DGDY

36

8F12

(DDP)2*DPBY

68

12C4

(LNN)2*GLLY

37

20B2

(DGN)2*GNPY

69

16D8

(LPL)2*PDDY

38

15D7

(DLD)2*DLDY

70

20B6

(NBG)2*GNNY

39

13D2

(DLD)2*DPNY

71

16B4

(NBN)2*GNGY

40

9F8

(DLD)2*LBPY

72

13B7

(NBP)2*GNPY

41

4A3

(DLD)2*LPDY

73

2C4

(NDD)2*LDNY

42

6D5

(DLD)2*PDDY

74

20D10

(NGG)2*BBGY

43

16B2

(DNP)2*NGGY

75

20D7

(NGG)2*GBNY

44

7A11

(DNG)2*BDLY

76

20D8

(NGP)2*BNGY

45

14D7

(DPP)2*LNPY

77

9D3

(NLD)2*DLDY

46

19B7

(GLP)2*DDBY

78

18D6

(NND)2*DGLY

47

13B3

(GNN)2*GNDY

79

16B1

(NNN)2*DGGY

48

15B3

(LBN)2*GGPY

80

19B42

(NNN)2*GLGY

49

8E10

(LDD)2*BLDY

81

16D5

(NPP)2*GLDY

50

8E1

(LDD)2*DLLY

82

13F8

(PDL)2*GDLY

51

11B8

(LDD)2*LLPY

83

17B7

(PDL)2*LLBY

52

16D2

(LDD)2*PDNY

84

7F3

(PDN)2*LGLY

53

17D6

(LDD)2*PNLY

85

19B41

(PGN)2*GGNY

54

14D9

(LDD)2*PPDY

86

6D8

(PLG)2*DPLY

55

5A8

(LDD)2*PPLY

87

18B7

(PND)2*PLPY
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found in small number (repeats of 2-3) within the deconvoluted library. The most frequent
motifs were BBLY (entries 9, 21, 57), DLDY (entries 4, 60, 77) GGNY (entries 26, 31, 85),
LLPY (entries 11, 14, 51), and LPDY (entries 12, 41, and 62). The presence of these motifs
indicates C-terminus sequence-dependent recognition of these BPs towards the RNA. This may
also be supported by the N-terminus associated with these motifs. For example, comparing the
N-terminus of BPs with the LLPY C-terminus motif reveals that D is found at AA2 for all three
hits, P is conserved at AA3 in two BPs (entries 11 and 14), and L is conserved at AA1 in two
BPs (entries 14 and 51). Additionally, BPs with the LPDY motif all have D and L residues in
positions AA1-AA3, with L or D conserved in two out of three BPs at each position. BPs with
the GGNY C-terminus motif were not selected for testing due to lack of electrostatic residues
present in the overall sequences. However, structural analysis of these BPs reveal sequence
conservation at AA3 with N, and G is present at AA2 for two BPs (entries 26 and 85). Overall,
certain sequence motifs show a preference in binding RRE IIB and warrant further investigation
to elucidate the binding interactions of these BPs with the RNA.
6.2.8 Selectivity of BPs toward HIV-1 RRE IIB
Encouraged by the submicromolar binding affinities of the BPs toward RRE IIB, we
wanted to determine if the BPs were also selective for the stem-loop RNA. Since techniques
previously used to determine Kd values of variant RNAs with BPs were not applicable with this
series of BPs, selectivity experiments were initially conducted using a fluorescence intercalator
displacement (FID) assay. This assay uses an indirect method to evaluate the binding affinity of
ligands for a receptor through monitoring the change in fluorescence of the intercalator-receptor
complex upon displacement of intercalator by ligand (Figure 6.13). Use of FID to determine
binding affinities has significant advantages such as ease of implementation for high-throughput
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Figure 6.13. Representation of an FID assay with RNA. A quenching of fluorescence from
the intercalator-RNA complex can be monitored through displacement of the intercalator with
increasing concentrations of ligand in order to generate apparent Kd values.
screening and avoids the use of expensive chemical modifications and surface immobilization of
reagents that can alter the native conformation of either receptor or ligand. There are several
drawbacks to this assay, including the potential for nonspecific binding of the intercalator to the
receptor and overlap of the fluorescence profiles of both intercalator and ligand.70-71
Nonetheless, many examples of successful characterization of DNA-ligand binding using FID
assays exist, with ethidium bromide or thiazole orange most commonly used as the indicators.7276

FID assays have also been used to determine the selectivity of various ligands for RNA.70-71,

77-81

2,7-Bis(2-aminoethoxy)xanthone (X2S) has been used to determine the binding affinity of

ligands for RRE RNA and no-bulge RNAs, but a multi-step synthesis of the dye is required.70
Therefore,

we

turned

our

attention

to

3-methyl-2-((1-(3-(trimethylammonio)propyl-4-

quinolinylidene) (TOPRO-1), as this commercially available dye had a low EC50 and high
senstivity with another HIV-1 stem-loop structure, TAR RNA. TOPRO-1 also showed promise
as an indicator used to both probe a variety of RNAs and identify potent ligands from a highthroughput screen of an RNA library.78, 80
First, the stoichiometry of binding was determined for RRE IIB and RRE No Bulge (NB)
RNA (Loop A/B/Bulge A Deleted, Figure 6.7) with TOPRO-1 (Figure 6.14). Both RNAs bound
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Figure 6.14. Job Plots and titrations curves of TOPRO-1 with (A) RRE IIB RNA and (B) RRE
No Bulge (NB) RNA. Intersections of the two lines on the Job Plots indicate an approximate
1:1 binding stoichiometry for the intercalator:RNA complexes. Dotted lines on the titration
curves indicate the maximum fluorescence intensity achieved, where the intensity for RRE IIB
was approximately 5-fold higher than RRE NB RNA.
TOPRO-1 in a 1:1 stoichiometry. The RRE NB:TOPRO-1 complex generated a much weaker
fluorescence emission relative to the RRE IIB:TOPRO-1 complex at the 0.4 µM concentrations
used in the stoichiometry plot. A titration of TOPRO-1 solely in 1X phosphate buffer was also
conducted to confirm negligible fluorescence when not bound to any RNA.

Attempts to

determine the EC50 of the RRE IIB:TOPRO-1 complex were unfruitful due to the appearance of
multiple plateaus when titrating in increasing concentrations of TOPRO (Figure 6.15). This may
indicate that at higher concentrations of TOPRO-1, the intercalator binds nonspecifically to the
RNA. TOPRO-1 (100 nM) was used in a 1:1 stoichiometric ratio with RRE IIB for determining
the apparent Kd values of the BPs, since the approximate EC50 of the complex was 100 nM when
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Figure 6.15. Plot of the fluorescence intensity of the RRE IIB RNA:TOPRO-1 complex upon
titration with increasing concentrations of TOPRO-1. The concentration of RNA was
maintained constant at 100 nM. Arrows indicate step-like increases in fluorescence emissions
with continued addition of intercalator.
disregarding the data at higher concentrations. One of the initial hits, RA7, was chosen as the
test peptide as selectivity experiments were developed in tandem with the screening of the
library. The titration curves of this BP with RRE IIB and RRE NB RNA in the presence of
TOPRO-1 are presented in Figure 6.16. The apparent Kd value against RRE IIB was 1.5 µM,
which was in close agreement to the Kd value determined by another fluorescence assay (vide
infra). However, the Kd value for RA7 against NB RRE was 0.5 µM, indicating that the BP is
not selective for the wt RNA. Under the conditions used for the assay, very little fluorescence
was detected from the RRE NB: TOPRO-1 complex before addition of compound, which may
negatively affect the ability to calculate an accurate binding affinity. To circumvent this issue, a
significantly larger concentration of variant RNA would need to be used, which was not feasible
from both a cost and labor standpoint. Attempts to switch this assay to a 96-well or 384-well
plate were unsuccessful, and so this method was abandoned. However, this FID assay can be
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Figure 6.16. Binding and titration curves for RA7 against a 1:1 TOPRO-1:RNA complex with
(A) RRE IIB and (B) RRE NB RNA. Best fit curves and apparent Kd values were calculated in
GraphPadPrism using the hyperbola function, Y = Bmax*[X]/(Kd + [X]).
employed to examine the binding affinities of ligands with RRE IIB, which is the first
documented case with TOPRO-1 using this particular stem-loop RNA structure .
Selectivity was then determined using a competitive assay where the binding affinities of
the BPs were determined for 2-AP-labeled RRE IIB in the presence of unlabeled RNA variants.
Experiments were once again conducted on one of the early sequences isolated and characterized
(RA7). A 1000-fold excess of tRNA was added to 2-AP RRE IIB and titrated against the BP
(Figure 6.17A).

As the Kd value of RA7 against 2-AP RRE IIB was ~ 1 µM, it was
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disconcerting to observe that a high concentration (72 µM) of this BP was unable to fully
outcompete the tRNA. Therefore, BPBA1 was tested in this assay as it had been previously
characterized against RRE IIB and 1000-fold excess tRNA.52 First, the Kd value of BPB1 was
determined against 2-AP RRE IIB (Kd = 1.5 µM) (Figure 6.17B); this result was agreeable with
the Kd value previously obtained for the compound via dot blot assay (Kd = 1.4 µM). However,
when 1000-fold excess tRNA was added to 2-AP RRE IIB and titrated with BPBA1, no end
point was reached up to a final BP concentration of 30 µM (Figure 6.17C). This is in contrast to

Figure 6.17. Initial selectivity assays employing 2-AP RRE IIB RNA. (A) Fluorescence
titration of RA7 against 100 nM 2-AP RRE IIB RNA in the presence of 1000-fold molar
excess tRNA. (B) Left, fluorescence titration of BPBA1 against 2-AP RRE IIB; right,
normalized plot used to generate the Kd value for BPB1. (C) Fluorescence titration of BPBA1
against 100 nM 2-AP RRE IIB RNA in the presence of 1000-fold molar excess tRNA.
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the Kd value of ~ 5 µM previously determined for BPBA1 in the presence of 1000-fold excess of
tRNA used in the 2-AP assays. The 1000-fold excess of tRNA used in both experiments was
relative to the molar concentration of RRE IIB and 2-AP RRE IIB (0.4 nM and 100 nM,
respectively); therefore, a significantly larger concentration of tRNA was present in the 2-AP
assay (100 µM versus 0.4 µM) with which BPBA1 had to outcompete in order to bind to 2-AP
RRE IIB.
Next, a 10-fold molar excess of RNA and DNA variants (1 µM) was used to determine
the selectivity of the BPs for RRE IIB. Selectivity of the best hit BPs, 2C5 and 4B3, was
determined with 2-AP RRE IIB RNA in the presence of 10-fold excess tRNA, LoopA/B/BulgeA
Deleted RRE IIB RNA (RRE No Bulge), RRE IIB DNA, and TAR RNA (Figure 6.18). In this
assay, all Kd values reported are against 2AP-labeled RRE RNA; little or no change in the Kd
value in the presence of unlabeled competitor RNA or DNA indicates selectivity of the
compound for RRE IIB. Lead compound 2C5 demonstrated the best selectivity for RRE IIB,
showing a strong preference for this RNA over the bulge/loop deleted version of RRE IIB (No
Bulge RRE), as well as the DNA homologue of RRE IIB. The BP showed less selectivity for
RRE IIB in the presence of TAR RNA, as the Kd value against RRE IIB increased approximately
10-fold. The affinity of 2C5 for TAR RNA is not entirely surprising, as TAR is also a small
stem-loop structure. Considering that 2C5 showed little affinity for No Bulge RRE RNA and
RRE DNA, the BP may be selective for small RNAs that contain a stem-loop motif. 2C5 was
also not selective in the presence of tRNA, but showed the least preference for binding tRNA
compared to all other BPs tested.
The second best binder in the library, 4B3, also had a similar preference for 2-AP RRE
IIB relative to the other RNAs and DNA tested, albeit not to the extent of 2C5. The compound
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showed partial selectivity for RRE IIB in the presence of No Bulge RRE RNA and RRE DNA,
with approximately a 4-fold decrease in binding affinity seen with both competitor nucleic acids.
4B3 was incredibly non-selective for RRE IIB in the presence of 10-fold excess tRNA; the end
point of the titration was not reached, indicating a Kd value higher than 20 µM. This > 65-fold
decrease in binding affinity may indicate a higher stoichiometry of binding of the BP with the
tRNA, generating the large Kd value observed for RRE IIB.
We also chose to examine the selectivity of 11F6 and 10B10 (Table 6.7). 11F6 also
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2C5
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0.31 ± 0.03
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>20

+ 10x TAR RNA

3.34 ± 0.19
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0.52 ± 0.02

1.14 ± 0.10

Figure 6.18. Selectivity assays for 2C5 and 4B3 against RNA and DNA variants in the
presence of 2-AP RRE IIB RNA. aLoopA/B/Bulge A Delted RRE IIB RNA. Kd values are an
average of two experiments except for the single experiment conducted for 4B3 with tRNA.
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Table 6.7. Dissociation constants of 11F6 and 10B10 against 2-AP RRE IIB RNA in the
presence of competitor RNA and DNA
Kd (µM)
11F6

10B10

0.72 ± 0.11

1.12 ± 0.07

>>20

>20

+ 10x TAR RNA

13.4 ± 3.3

5.77 ± 1.02

+ 10x RRE DNA

4.44 ± 0.51

4.05 ± 0.38

+ 10x RRE No Bulge

5.00 ± 0.42

4.41 ± 0.57

2-AP RRE IIB RNA
+ 10x tRNA

a

LoopA/B/Bulge A Delted RRE IIB RNA. Kd values are an average of two experiments except
for the single experiment conducted for 11F6 and 10B10 with tRNA.
demonstrated a submicromolar binding affinity against RRE IIB (Kd = 0.72 µM), and we were
interested to see if the alternating D and L residues in the sequence would lend the BP selectivity
in targeting RRE. Unfortunately, the BP did not demonstrate selectivity for RRE IIB in the
presence of any of the competitor RNAs, with Kd values 6-7 fold higher in the presence of RRE
NB RNA and RRE DNA. 11F6 showed a stronger preference for TAR RNA compared to 2C5
and 4B3, with a Kd value of 13.4 µM against RRE IIB in the presence of 10-fold excess TAR.
This indicates that the alternating D/L motif may be more effective in binding the tertiary
structure of this stem-loop RNA over RRE IIB. Also, similar to 4B3, a high level of nonselective binding towards tRNA was observed for 11F6, with an observed Kd value greater than
20 µM.
We were also curious to examine the selectivity of 10B10 against these variant RNAs
and DNA, since this compound shared sequence conservation with lead compound 2C5. Along
with the reduced binding affinity observed for RRE IIB, 10B10 showed little selectivity for the
RNAs and DNA tested.

The BP demonstrated a 4-fold decrease in binding affinity to 2-AP
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RRE IIB in the presence of 10-fold excess RRE DNA and RRE No Bulge RNA, and an
approximately 6-fold decrease in binding affinity for RRE IIB when incubated with 10-fold
excess TAR RNA. The compound also bound non-selectively to tRNA, much like the other BPs
tested. The higher Kd value and non-selective binding observed for 10B10 in comparison to 2C5
reveals KPYR to be a critical residue at variable position AA5 in 2C5, as the substitution of KPYR
for GPNA reduced both the potency and selectivity of the BP. This assay, while giving an
estimate as to the selectivity of our BPs toward RRE IIB RNA, falls short of being able to
directly determine the binding affinities of the BPs toward the variant RNA structures.
Experiments utilizing other techniques as isothermal calorimetry (ITC) or surface plasmon
resonance (SPR) should be employed to gain further insight to the selectivity of these BPs by
direct measurement of Kd value, as well as to determine stoichiometry of binding of the BPs
against the RNA and DNA variants used in the assay.
6.2.9 Determination of peptide:RNA binding sites by RNase protection assay
The potential binding sites of lead compounds 2C5 and 4B3 along RRE IIB were
determined via footprinting assays. Increasing concentrations of BP (0-20 µM) were incubated
with 5′- 32P-labeled RRE IIB, which was then subjected to enzymatic cleavage by RNase T1, A,
and V1 (Figure 6.19). Protection of the RNA from enzymatic cleavage is indicative of potential
contact points between the BP and RNA. For both BPs, very little activity was observed for
RNase T1, which cleaves single-stranded G residues. The most noticeable cleavage was caused
by RNase V1 in the upper stem region of RRE IIB between bases A16 and C19, as this enzyme
cleaves double-stranded RNA. 4B3 revealed similar binding sites along RREIIB compared to
previously characterized BPs from other 3.3.4 BP libraries.52

A concentration dependent

protection from RNase V1 in the upper stem region of the RNA was observed, as evidenced by
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the reduction of enzymatic cleavage seen at G17, C18, and C29. Protection of RRE IIB from
cleavage by RNase A, which cleaves the 3′ end of pyrimidines C and U, was also observed in the
internal loop region of the RNA (U7 and U36). Interactions of the BP with this region of the
RNA was not surprising, as this is also the region where Rev is shown to bind RRE IIB.10, 82
Taken together, 4B3 interacts with both the internal loop and upper stem / apical loop regions of
RRE IIB, spanning a significant portion of the entire stem-loop structure.

A Job’s plot

confirmed that multiple copies of the peptide were not binding to the RNA, as the stoichiometry
indicated a 1:1 binding for both 4B3 and 2C5 (Figure 6.20).
Unexpectedly, the lead compound of the library, 2C5, did not show any protection at any
location on RRE IIB. No other BPs have shown the inability to protect RRE IIB via this

Figure 6.19. RNase protection assay of RRE IIB with 2C5 (left) and 4B3 (right). The gels
depict the autoradiograms of alkaline hydrolysis (AH) and RNase protection experiments using
RNases T1, A, and V1 with increasing concentration (0-20 µM) of branched peptide. Colored
triangles highlight bases protected from cleavage by RNase A (blue) and RNase VI (red) upon
incubation with 4B3.
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Figure 6.20. Stoichiometry plots for 4B3 and 2C5 with 2-AP-labeled RRE IIB. The
intersection of the linear portions of the plot (the apex of the curve) corresponds to the binding
stoichiometry represented by the molar fraction of BP (0.5 = 1:1 BP:RNA binding).
footprinting assay; the experiment was repeated and this unique result was confirmed. Since the
BP binds RRE IIB with a Kd value in the submicromolar range, these results indicate that the BP
must be interacting with nucleotides in the RNA that are not subject to cleavage by any of the
RNases employed.

Therefore, techniques capable of single nucleotide resolution, such as

selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE), are needed to probe the
differences in binding between 2C5 and 4B3 and may also help shine light on the driving force
behind the selectivity seen with 2C5 for RRE IIB.
6.2.10 SHAPE analysis of peptide:RNA interactions
Since the footprinting assays conducted did not provide insight into the binding
interactions of our lead compound 2C5 with RRE IIB, we performed SHAPE analyses on several
of our peptides to examine their interactions with the RNA using single nucleotide resolution.
Initially developed by Weeks and co-workers,83 SHAPE has become a very powerful tool for
deciphering the secondary structure and tertiary interactions of RNA.84 SHAPE reagents such as
N-methylisatoic anhydride (NMIA) or 1-methyl-7-nitroisatoic anhydride (1M7) acylate the 2′-
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SH PE reagent
NMI

5′
constrained

3′

flexible

Figure 6.21. SHAPE chemistry and methodology. The 2′-OH groups of flexible nucleotides are
acylated using electrophilic SHAPE reagents to form 2′-O adducts. These adducts terminate
reverse transcription of the RNA, generating cDNA fragments that can be identified and
separated using electrophoresis. Further computational deconvolution then allows for the
prediction of RNA secondary structures and tertiary contacts as a result of local nucleotide
flexibility.
OH of conformationally flexible, unpaired nucleotides at a much greater rate than those in
constrained nucleotides, which allows for the chemical probing of RNA structures (Figure 6.21).
Full-length 5SL(stem-loop) RRE RNA (351 nt) was used in this assay to probe both the highaffinity binding site of stem IIB as well as other potential binding sites on RRE. Both the free
RNA and RNA incubated with BP were subjected to SHAPE using NMIA as the acylating
reagent, and the reactivity differences of the free RNA compared to the bound RNA were
calculated as [RNA:BP – RNA]. Comparison of the reactivities for lead compounds 2C5 and
4B3 are shown in Figure 6.22. 2C5 moderately increased acylation of RRE (reactivity difference
of 0.2-0.5) on stem IIB at U130 (U72 in previous discussion) in the internal loop region as well
as at neighboring nucleotides A126, G128, G129, and A131. Although 2C5 bound RRE IIB in
the low nanomolar regime, the BP did not reveal protection of RRE IIB from enzymatic cleavage
via footprinting assays (vide supra). SHAPE analysis showed no protection of the stem IIB
region from acylation was observed for 2C5. These results may be a consequence of using fulllength 351 nt RRE for the SHAPE experiments. The lack of observed protection and increase in
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Figure 6.22. SHAPE reactivity of 351 nt 5SL
RRE RNA incubated in a 1:1 ratio with 2C5 and
4B3. Reactivity differences were reported as
[RNA:BP – RNA]. Reactivity differences: < 2, magenta; -1.0 to -2.0, purple; -0.5 to -1.0,
blue; -0.2 to -0.5, green; 0.2 to 0.5, yellow; 0.5
to 1.0, light orange; 1.0 to 2.0, dark orange; >
2.0, dark red. Grey shaded areas indicate
regions shown to form tertiary contacts in RRE.
The RNA above the dashed line indicates the
shorter 233 nt RRE sequence proposed for
further studies.
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acylation at stem IIB may be a result of the preferred binding of 2C5 with other stem-loop
regions in the full-length RNA. Additionally, conformational changes in the full-length RRE
upon binding 2C5 may prevent interactions of the BP with nucleotides in this stem-loop IIB
region. It is also possible that the BP is binding to more constrained regions of stem IIB that do
not demonstrate significant differences in reactivity when bound, resulting in the conformational
change observed in IIB at the internal loop and bulge regions. Increased activity was seen on
apical loops III (A172) and IV (A236), and at nucleotides 186-188 in the junction loop region.
The most significant increase in reactivity was observed at nucleotides 216-219 on stem IV,
where reactivity differences were greater than 2.0 at C218 and A219. Since these nucleotides are
located at the base of stem IV, it is likely that binding of the BP to the RRE significantly distorts
this portion of stem IV, allowing for increased acylation of the nucleotides in this region.
Conversely, moderate protection from acylation was observed along the I′ face of stem I (G301,
G302, U306), in addition to the I face of stem I (C11, G20, G22, and A23), revealing potential
binding sites of 2C5 with the internal loops and adjacent stem portions along stem I. Protection
along the I′ face occurs in a region known to form tertiary contacts with RRE (grey shaded area),
as stem I folds upward to engage the multi stem-loop junction.85 Some changes in reactivity are
also observed at several nucleotides located in the secondary Rev binding site (G83, G85), also
known to form tertiary contacts with RRE.
These data support a possible disruption in the tertiary conformation of RRE induced by
BP 2C5 binding to stem IA, reflected in increased exposure of nucleotides in stem II-V. The
SHAPE profile of the RRE with 4B3 revealed less change in local nucleotide flexibility both in
the number of nucleotides affected and the difference in reactivity upon incubation of the peptide
with the RNA. There was very little change in reactivity at stem IIB, but several locations in
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stems III, IV, and V revealed similar increases in acylation compared to 2C5 (A172, U188,
A236, C218, and A219). Additionally, similar protection of the RNA from acylation was
observed in stem I, with stronger decreases in reactivity (0.5-1.0) observed at G302, G303, and
C310 as well as A18, G20, and G22. This may indicate that the 3.3.4 branching motif may
position the BPs to establish contacts with the tertiary structure of the RNA in a similar manner.
To probe the effects of increasing concentration of peptide on the SHAPE profile of
RRE, the full-length RNA was incubated with a 4-fold excess of BP. Significant changes in
reactivity (∆ > 0.5) between the 1:1 and 1:4 RRE:BP profiles are shown in Figure 6.23.
Increases or decreases in reactivity of the 1:4 profiles relative to the 1:1 profiles are considered
positive or negative values, respectively. Overall, there were not many differences observed
between the 1:1 and 1:4 RRE:BP profiles for both 2C5 and 4B3. A significant reduction in
reactivity was observed at C218 and A219 when additional equivalents of 2C5 were incubated
with RRE. Also, nucleotide C187 became protected from acylation compared to the 1:1 SHAPE
analysis. This may indicate that the increased concentration of 2C5, whether in solution or upon
binding RRE, decreases the reactivity of those nucleotides at and near the base of stem IV.
The other notable change in reactivity difference was the significant increase in reactivity
of G84 and G85 in the internal loop of the secondary Rev binding site. These data suggest a
large conformational change in the structure of this internal loop on Stem I, exposing the purine
nucleotides to higher rates of acylation.

4B3 also revealed increased protection of the

nucleotides near the base of stem IV (A189, C218), as well as nucleotides in the apical loops of
stems III (C173) and V (A236). The shift to increased protection of nucleotides in the upper
portion of the RRE structure may indicate similar effects on the conformational structure of RRE
at higher concentrations of BP. The most notable increase in reactivity in the presence of excess
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Figure 6.23. Comparison of reactivity differences
in the SHAPE profiles for 351 nt 5SL RRE RNA
using increased concentrations of 2C5 and 4B3.
Reactivity differences were reported as the
absolute value of [1:1(RNA:BP – RNA) –
1:4(RNA:BP-RNA)], where positive and negative
values were assigned based on the direction of
reactivity change. Reactivity differences: < -2,
magenta; -1.0 to -2.0, purple; -0.5 to -1.0, blue; 0.5
to 1.0, light orange; 1.0 to 2.0, dark orange; > 2.0,
dark red. Grey shaded areas indicate regions
shown to form tertiary contacts in RRE. The RNA
above the dashed line indicates the shorter 233 nt
RRE sequence proposed for further studies.
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4B3 occurred along face I on stem I (A13-A18), where nucleotides that were once mildly
protected from acylation became significantly susceptible to acylation. Clearly, incubation of the
full-length RRE with a larger concentrations of 2C5 and 4B3 altered the conformational
dynamics present at the 1:1 ratio of RNA:BP, with the general trend of increased protection in
the upper stem-loop region of RRE and decreased protection along stem I.
Several BPs that contained unique scaffolds were also analyzed by SHAPE (Figure 6.24).
2E11, 8B1, and 11F6 were chosen in order to examine nucleotide contacts with a poly-pyrazine
scaffold, diverse unnatural amino acid sequence, and alternating D/L scaffold, respectively.
Overall, significantly more differences in nucleotide reactivity were observed for these
compounds compared to 2C5 and 4B3 (Figure 6.22). When comparing the reactivities of the
nucleotides in the upper portion of the RRE (stems II-V), moderate reactivity (0.2-0.5) is
observed over a much larger surface area, including all stems in the secondary structure. 2E11
and 8B1 both increased the reactivity of nucleotides along one face of stem IIB, and all three BPs
show moderate protection of A133 in the junction between stems IIB, IIC, and IIA. 8B1
revealed the greatest reactivity in this region of the RNA, with sequential contact points
surrounding the A126 internal bulge of IIB, and was the only BP to alter the reactivity of
nucleotides in the major junction region between A248 and U253. 2E11 and 11F6 both altered
reactivities in nucleotides present in the apical loop of stem III and along the stem portion of
stem IV, which was not observed with any other BPs. 11F6 induced the greatest change in
reactivity in the upper region of RRE, with increased acylation noted at A235 and A236 in stem
IV, A172 in stem III, and C187 in the major junction. Interestingly, this BP also showed
moderate protection at multiple contact points within the apical loops and junctions of stems IIB,
IIC, III, and IV, which was not observed for other BPs at a 1:1 ratio. This may indicate that the
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Figure 6.24. SHAPE reactivites of 351 nt 5SL
RRE RNA incubated in a 1:1 ratio with 2E11,
8B1, and 11F6. Reactivity differences were
reported as [RNA:BP – RNA]. Reactivity
differences: < -2, magenta; -1.0 to -2.0, purple; 0.5 to -1.0, blue; -0.2 to -0.5, green; 0.2 to 0.5,
yellow; 0.5 to 1.0, light orange; 1.0 to 2.0, dark
orange; > 2.0, dark red. Grey shaded areas
indicate regions shown to form tertiary contacts
in RRE. The RNA above the dashed line
indicates the shorter 233 nt RRE sequence
proposed for further studies.
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mode of binding for 11F6 with the tertiary structure of RRE is unique compared to the other
BPs. Some similarities between all BPs tested include protection in the apical loop region of
stem V (A231-C233), increased reactivity at A236 and A172, and increased reactivity at the base
of Stem IV (C218, A219) and nearby junction. Examination of reactivity differences along Stem
I revealed an increase in reactivity along this portion of the RNA compared to 2C5 and 4B3.
Exposure of nucleotides to acylation increased significantly in the polypurine internal loops of
Stem I known to make tertiary contacts with RRE. There was also an increase in reactivity
differences along the stem portion of Stem I (nts 318-332), with particular protection observed in
the presence of 2E11 and 8B1 between U319 and U323. Further down Stem I, only 8B1 showed
similar protection of internal loops in relation to 2C5 and 4B3 (G20, G22-A24). Both 2E11 and
11F6 destabilized the region significantly.
From these SHAPE experiments, it is evident that, while the BPs interacted with similar
regions along the RNA, their effect on the conformational change of the RNA varied depending
on sequence. Since multiple BPs were found to interact with the lower region of stem I, further
SHAPE experiments are being conducted with the shorter 233 nt RRE to compare the chemical
footprint of the BPs with the RNA when this structural element is removed. This will aid in
identifying alternative binding sites on the RNA without interference of the tertiary contacts
initiated by Stem I with the upper portion of RRE. It is also possible that the BPs are binding in
this region, which may allow for the development and characterization of BPs in order to target
the stem-loop secondary structures located along Stem I. Several other compounds, such as
10B10, are being analyzed to gain insight into the difference in nucleotide contacts for
compounds with similar sequences, but different affinities for RRE compared to lead compound
2C5.
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6.2.11 Toxicity and inhibitory evaluation of BPBAs in cell culture
With submicromolar Kd values observed for several of our BPs against RRE IIB, the BPs
were then tested in cell culture in order to determine their toxicity and ability to inhibit HIV-1
p24 production. An initial screen of several hit BPs revealed that all BPs except for 8B1 were
non-toxic up to 100 µM (Figure 6.25). Gratifyingly, lead compound 2C5 did not show any dosedependent toxicity, with greater than 85-90 percent viability at all concentrations tested. In the
case of 8B1, limited solubility of the BP due to a minimal presence of electrostatic residues may
be a factor in the increased toxicity observed at high concentrations. Overall, the unnatural
amino acids introduced into this series of BPs did not demonstrate toxicity in the glioblastoma
cell line, revealing their potential for use in therapeutic applications. Toxicity studies of the
remaining hit BPs are currently underway.

Figure 6.25. MTT assay of several BPs at varying concentrations in the U87 CXCR4 cell line.
Dotted line represents 100 percent cell viability.
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Figure 6.26. HIV-1 p24 inhibition assays of BPs at (A) 1, 50, and 100 µM, and (B) 10, 25, 50,
and 100 µM. Dotted line represents quantity of p24 generated in the absence of any drug (no
drug control). AZT is an FDA-approved Nucleoside Reverse Transcriptase Inhibitor (NRTI)
for the treatment of HIV/AIDS.
The ability of these BPs to inhibit the production of p24, an HIV-1 capsid protein, was
also examined in the U87 CXCR4 cell line. Inhibition of HIV-1 replication was monitored by
the decrease in p24 antigen production, which was quantified via ELISA. Initially, the BPs were
tested at 1, 50, and 100 µM (Figure 6.26A). As expected, AZT completely abolished p24
expression. Lead compound 2C5 did not perform as well as expected, with significant inhibition
of p24 observed only at the highest concentration tested (100 µM).

Both RA8 and RA9

inhibited the production of p24 by over 50 % at 1 µM, while the poly-pyrazine compound 2E11
inhibited p24 production by over two-thirds at 50 µM, with severe inhibition of p24 observed at
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100 µM. 8B1 and 6B3 were the only two BPs that completely abolished the expression of p24 at
100 µM; however, the extreme toxicity observed for 8B1 in the MTT assay is likely responsible
for the inhibition of p24 seen with this compound. While 6B3 was observed to be non-toxic at
100 µM, the sequence also had limited solubility in aqueous media, which may play a role in the
observed inhibition of p24.
The compounds were tested again for inhibition of p24 production at more concentrations
in order to both correlate the data with the MTT concentrations tested and look for dosedependent inhibition (Figure 6.18B). From these data, only the inhibition of p24 by 8B1 and
6B3 followed similar inhibition trends seen in Figure 6.26A.

The other BPs demonstrated a

greater inhibition of p24 at the lowest concentration tested (10 µM), with p24 production
increasing as the concentration of BP increased. This suggests that the results obtained are
unreliable; therefore, no conclusions can be made regarding the data presented in Figure 6.26B.
Currently, these BPs are being retested to confirm the inhibitory values seen in Figure 6.26A,
and the remaining hit BPs are being assayed.
6.3

Conclusion
In summary, a 3.3.4 BP library consisting of unnatural amino acids was developed in

order to target HIV-1 RRE IIB RNA. These compounds bound RRE IIB in the sub-micromolar
range, with lead compounds 2C5 and 4B3 demonstrating selectivity against various nucleic acid
structures. SAR studies revealed N-terminal, C-terminal, and overall sequence motifs that were
important for the potent binding affinities observed.

Footprinting assays revealed drastic

differences in protection for 2C5 and 4B3 with RRE IIB; SHAPE analysis with full-length RRE
RNA confirmed different interactions of the compounds with the full-length RNA, with
reactivity differences observed in the upper stem-loop junction and lower regions of Stem I.
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Other compounds also revealed unique interactions with the 351 nt RRE. Overall, the BPs were
capable of altering the tertiary folding of RRE RNA. Lastly, incorporation of these unnatural
amino acids into our BP scaffold did not induce toxicity in U87 cells, and several compounds
significantly suppressed production of HIV-1 p24 in vitro.
6.4

Materials and methods

6.4.1 Synthesis of 3.3.4 branched peptide boronic acid library
We used standard solid phase peptide synthesis techniques to generate the 3.3.4 library
via the split and pool method using the previously described procedure.44 N-α-Fmoc protected Land D-amino acids, PyOxim (Novabiochem) and N,N-Diisopropylethylamine (DIEA, Aldrich)
were used in coupling reactions. Fmoc-Tyr(tBu)-OH (Novabiochem), Fmoc-PNA-G(Bhoc)-OH
(GPNA) (Link Technologies, Ltd.), and Fmoc-3-(1-naphthyl)-L-alanine (NAL1) (Chem Impex Int’l.
Inc.) were purchased and used directly. The synthesis and full characterization of Fmoc-N--(4boronobenzoyl)-L-lysine (KBBA) and Fmoc-N--(pyrazine-2-carboxamide)-L-lysine (KPYR) will
be described elsewhere. (2S,4R)-N-α-Fmoc-4-N,Nˊ-di-Boc-guanidinoproline (LPRO) and FmocANP-OH were synthesized as previously reported, and (2R,4R)-N-α-Fmoc-4-N-Bocaminoproline (DPRO) was synthesized using protocols previously reported for the (2S,4R)
diastereomer.60-61,

86

Three copies of library were prepared simultaneously by using a 3-fold

excess of Tentagel Macrobead-NH2 resin (2.13 g, 0.51 mmol) (Peptides International). The resin
was swollen in DCM (20 mL, 2 × 15 min) followed by DMF (20 mL, 15 min).

The

photocleavable linker Fmoc-ANP-OH (662 mg, 1.53 mmol) was first coupled to the resin in
DMF for 3 hr in the presence of PyOxim (806 mg, 1.53 mmol) and DIEA (530 L, 3.06 mmol).
After coupling, the resin was washed with DMF (2 × 20 mL, 1 min each), DCM (2 × 20 mL, 1
min each) and DMF (20 mL, 1 min). The same washing procedure was applied after every step.
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Then, 20% piperidine in DMF (20 mL, 2 × 10 min) was used for Fmoc deprotection. A Kaiser
test was used after each coupling and deprotection step to confirm reaction completion. N-Fmoc
amino acids (3 equiv.), PyOxim (3 equiv.), and DIEA (6 equiv.) were added to each reaction
vessels in DMF and coupled for 30 min. Fmoc-Lys(Fmoc)-OH (Novabiochem) was used as a
branching unit, and molar equivalencies of reagents were doubled in coupling reactions after
installation of the branching unit. After Fmoc deprotection of the N-terminal amino acids, the
resin was bubbled in a phenylboronic acid solution (0.2 g/mL, 1.6M) in DMF overnight to
remove the pinacol groups of boron-containing side chains. Finally, the resin was treated with
95:2.5:2.5 TFA (Trifluoroacetic acid, Acros)/H2O/TIS (Triisopropylsilane, Acros) (v/v/v) for 3
hr. After deprotection, the resin was washed extensively with DMF, DCM, and MeOH before
drying and storing at -20 C
6.4.2 On-bead screening assay
DY547

labeled

HIV-1

RRE-IIB

RNA

(5′-DY547-

GGCUGGUAUGGGCGCAGCGUCAAUGACGCUGACGGUACAGGCCAGCC-3′)

was

purchased from Dharmacon and prepared according to the manufacturer’s protocol. To account
for the autofluorescence of Tentagel Macrobead-NH2 resins, control peptide (KKK)2*KKKY
was incubated in 100 nM DY547 labeled HIV-1 RRE-IIB RNA for 3 hr in 1× phosphate buffer
(10 mM potassium phosphate, 100 mM KCl, 1 mM MgCl2, 20 mM NaCl, pH 7.0). These beads
were washed extensively and placed into a sterile 96-well plate (Nunc) and imaged by both a
Zeiss Axiovert 200 fluorescent microscope under a rhodamine filter and a Zeiss LSM 510
microscope set to longpass 585. The fluorescence intensity of these RNA-incubated beads was
compared with the auto-fluorescence of the tentagel resins, and the detector sensitivity was
adjusted for removal of auto-fluorescence. Screening conditions were initially tested using
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approximately 50 mg of resin from the library in phosphate buffer. These unincubated resins
demonstrated significant auto-fluorescence; therefore, further optimization on a Zeiss LSM 880
microscope was performed where the emission bandwidth was narrowed to reduce background
fluorescence. The final optimized conditions for screening on the LSM 880 confocal are as
follows on the FITC/Rhod 2 Track Line w/ T-PMT (FITC Track not selected):
o Ch 2 Detector (Rhod) Range 564-590 nm
o Rhod: Gain 796, Dig Offset 0, Dig Gain 1.3


Laser intensity 20%

o T-PMT: Gain 277, Dig Offset 0, Dig Gain 1.2
o Tiling: 6x5 units from center of well to image entire well w/ 5X lens


Channels ChS1-T and T-PMT-T2 color: none



Bidirectional overlap 15%, strict correlation threshold

Once screening conditions were optimized, the resins were placed into a 1.5 mL nonstick microfuge tube (Fisher) and incubated with various RNAs in phosphate buffer at a 600 µL
final volume, with continual mixing by a Barnstead/Thermolyne Labquake rotisserie shaker.
The beads were first treated with 1 mg/mL bovine serum albumin (BSA) (New England
BioLabs), 2.5 mg/mL tRNA (Roche) (~1,000-fold molar excess to RRE-IIB RNA), 100 nM of
Loop

A/B/Bulge

A

Deleted

RRE

(5'-

GGCTGGCAGCGTCATTGACGCTGCCAGCCCTATAGTGAGTCGTATTACAT-3'), 100 nM
of

LoopB/Bulge

A

Deleted

RRE

(5'-GGCTGGCCTGCAGCGTCATTGACGC

TGCATACCAGCCCTATAGTGAGTCGTATTACAT-3'), and 100 nM of Stem B Deleted RRE
(5'-GGCTGGCCTGTACCGTCACATTGTGCGCCCATACCAGCCCTATAGTGAGTCGTAT
TACAT-3') for 5 hr at rt to block nonspecific binding interactions of the peptide sequences.
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Then, the beads were washed 5 times with phosphate buffer and incubated with 100 nM DY547
labeled RRE-IIB RNA in phosphate buffer for 3 hr at 4 C. After the final incubation, the beads
were extensively washed with buffer and then imaged under a confocal microscope in a 96-well
plate using the previously optimized settings. The initial screening afforded 3 hits (RA7, RA8,
and RA9) which were isolated, rinsed with MilliQ water (5 x 100 µL), swelled in DMF (20 min,
100 µL), rinsed with DMF (5 x 100 µL), rinsed with MeOH (5 x 100 µL), and photocleaved in
clear non-stick 0.5 mL microfuge tubes in 20 µL of 1:1 MeOH: H2O (v/v) by irradiation at 365
nm with a 4W handheld UV lamp for 1 hr. The supernatant was retained and subjected to
MALDI-TOF analysis. Once the screening protocol was validated via characterization of RA7RA9, the remaining beads of the 3.3.4 library were divided for subsequent screening, in which
each batch contained 100 mg of beads.

Hit resins from these batches were isolated,

photocleaved and sequenced using MALDI-TOF MS.
6.4.3 Preparation of MALDI matrices
2,5-DHB: The matrix was recrystallized in deionized (DI) water. Briefly, near boiling
distilled water was added to 2,5-DHB (Sigma) until the matrix was fully dissolved. A spatula tip
of activated charcoal was added to the solution and the mixture was heated for an additional
minute. The solution was gravity filtered and allowed to come to room temperature. The filtrate
was then placed in a -20 C freezer overnight to precipitate the matrix. The matrix crystals were
isolated by vaccuum filtration and washed with ice-cold DI water. The matrix was then allowed
to air dry protected from light in a desiccator overnight and was sealed in a glass amber vial for
future use. A saturated solution of recrystallized 2,5-DHB in LC-MS grade ACN was prepared
as the working solution. Sample preparation for MALDI analysis using this and the other matrix
solutions described below was followed using previously published procedures.63
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-CHCA: Cleaned, dry -CHCA was obtained from Dr. Keith Ray at the mass
spectrometry incubator (Biological Sciences, Virginia Tech). Clean -CHCA (4 mg) was added
to an EtOH-washed eppendorf tube, followed by the addition of 1 mL of 50:50 LCMS-grade
ACN:nuclease-free water (v/v) with 0.1% TFA and a matrix additive (10 mM ammonium
chloride or 5 mg ammonium citrate dibasic). Both the stock -CHCA and working solutions
were wrapped in foil and stored at 4 C until use.
DHB/-CHCA co-matrix: Equal amounts of 2,5 DHB (Sigma) and -CHCA (w/w) were
added to an EtOH-washed eppendorf tube, followed by the addition of 1 mL 78:22 LCMS-grade
ACN:nuclease-free water (v/v) with 1% TFA. The solution was wrapped in foil and stored at 4
C until use.
6.4.4 Peptide synthesis, purification, and characterization
Synthesis of the branched peptides was achieved by solid phase peptide synthesis using
N--Fmoc protected L- and D-amino acids (3 equiv.), PyOxim (Novabiochem) (3 equiv.) in DMF
as coupling reagent, and DIEA (Aldrich) (6 equiv.) on Rink amide MBHA resin (100-200 mesh)
(Novabiochem) with 0.6 mmol/g loading. The Fmoc group was deprotected with 20% piperidine
in DMF. Fmoc-Lys(Fmoc)-OH was used as a branching unit, and molar equivalencies of
reagents were doubled in coupling reactions after installation of the branching unit. The solid
phase synthesis was done on a vacuum manifold (Qiagen) outfitted with 3-way Luer lock
stopcocks (Sigma) in either Poly-Prep columns or Econo-Pac polypropylene columns (Bio-Rad).
The resin was mixed in solution by bubbling argon during all coupling and washing steps. After
Fmoc deprotection of the N-terminal amino acids, the resin was bubbled in a phenylboronic acid
solution (0.2 g/mL, 1.6M) in DMF overnight to remove the pinacol groups of boron-containing
side chains.

Finally, the resin was treated with 95:2.5:2.5 TFA (Trifluoroacetic acid,
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Acros)/H2O/TIS (Triisopropylsilane, Acros) (v/v/v) for 3.5 hr. The supernatant was dried under
reduced pressure, and the crude peptide was triturated from cold diethyl ether. The peptides
were purified using a Jupiter 4 µm Proteo 90 Å semiprep column (Phenomenex) using a solvent
gradient composed of 0.1% TFA in Milli-Q water and HPLC grade acetonitrile. Peptide purity
was determined using a Jupiter 4 µm Proteo 90 Å analytical column (Phenomenex), and peptide
identity was confirmed by MALDI-TOF analysis. Peptide concentrations were measured in
nuclease free water at 280 nm using their calculated extinction coefficient. The extinction
coefficient for lysine pyrazine was experimentally determined (3374 M-1cm-1) by monitoring the
absorbance of pyranoic acid in nuclease free water at 280 nm. Previously reported extinction
coefficents were used for guanine PNA (7765 M-1cm-1) and the napthalene derivative (3374
M-1cm-1) at 280 nm in aqueous medium.87-88
6.4.5 Transcription of HIV-1 RRE IIB RNA and RRE IIB variants
Wild-type RRE-IIB RNA and mutant RRE-IIB RNAs were transcribed in vitro by T7
polymerase with the Ribomax T7 Express System (Promega) using previously reported
techniques.45,
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The

antisense

ATGTAATACGACTCACTATAGG-3')

template,
and

sense

RRE-IIB

complementary
reverse

PCR

strand

(5'-

primer

(5'-

GGCTGGCCTGTAC-3') were purchased from Integrated DNA Technologies. The antisense
templates

that

were

used

are

as

follows:

RRE

IIB

RNA

5'-

GGCTGGCCTGTACCGTCAGCGTCATTGACGCTGCGCCCATACCAGCCCTATAGTGAG
TCGTATTACAT-3';

Stem

B

Deleted

5'-

GGCTGGCCTGTACCGTCACATTGTGCGCCCATACCAGCCCTATAGTGAGTCGTATTA
CAT-3';

Loop

B/Bulge

A

Deleted

5'-GGCTGGCCTGCAGCGTCATTGACGC

TGCATACCAGCCCTATAGTGAGTCGTATTACAT-3'; Loop A/B/Bulge A Deleted 5'-
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GGCTGGCAGCGTCATTGACGCTGCCAGCCCTATAGTGAGTCGTATTACAT-3'.

HIV-1

RRE-IIB Wild Type was PCR amplified using HotstarTaq DNA polymerase (Qiagen) followed
by a clean-up procedure using a spin column kit (Qiagen). For the preparation of all other
sequences, the antisense DNA template was annealed with the sense DNA complementary strand
in reaction buffer at 95 C for 2 min then cooled on ice for 4 min. T7 transcription proceeded at
42 C for 1.5 hr. After transcription, DNA templates were degraded with DNase at 37 C for 45
min and the RNA was purified by a 12% polyacrylamide gel containing 7.5 M urea. The band
corresponding to the RNA of interest was excised from the gel and eluted overnight in 1x TBE
buffer at 4 C. The sample was desalted using a Sep-Pak syringe cartridge (Waters Corporation)
and lyophilized.

Purified RNA was stored as a pellet at -80 C.

RRE IIB DNA (5′-

GGCTGGTATGGGCGCAGCGTCAATGACGCTGACGGTACAGGCCAGCC-3′)

was

purchased from Integrated DNA Technologies and stored at -20 ˚C.
6.4.6 Preparation of 32P-labeled RNA
HIV-1 RRE IIB RNA was dephosphorylated with calf intestinal phosphatase (CIP) in
NEBuffer 3 (New England Biolabs) according to the manufacturer’s protocol. The product was
recovered by a standard phenol extraction followed by ethanol precipitation. The RNA was
labeled at the 5’-end by treating 10 pmol of dephosphorylated RNA with 20 pmol of [γ-32P] ATP
(111 TBq mol-1) and 20 units of T4 polynucleotide kinase in 70 mM Tris•HCl, 10 mM MgCl2,
and 5 mM dithiothreitol, pH 7.6. The mixture was incubated at 37 C for 30 min, and then at rt
for 20 min. The kinase was heat-inactivated at 65 C for 10 min. The RNA was recovered by
ethanol precipitation, and the purity (> 90%) was examined using 12% denaturing PAGE
followed by autoradiography.
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6.4.7 Dot blot assays
Dot blot assays were performed at rt using a Whatman Minifold I 96 well Dot Blot
system and Whatman 0.45 µm pore size Protran nitrocellulose membranes. To determine the
binding affinities, 0.4 nM radiolabeled RRE IIB RNA was titrated with peptide (0.001–100 µM).
First, a solution of 0.8 nM

32

P-labeled RNA was refolded in 2× phosphate buffer (20 mM

potassium phosphate, 200 mM KCl, 1 mM MgCl2, 40 mM NaCl, pH 7.0) by heating at 95 C for
3 min and then snap-cooling on ice. Next, 25 µL of the [32P]-RNA solution was added to 25 µL
of peptide in nuclease free water and incubated at rt for 4 hr. The 50 µL mixtures were filtered
through the nitrocellulose membrane, which was immediately followed by two consecutive 50
µL washes with 1× phosphate buffer. Peptide binding was visualized by autoradiography using a
storage phosphor screen (GE Healthcare) and a Typhoon Trio phosphorimager (GE Healthcare).
Densitometry measurements were quantified using ImageQuant TL (Amersham Biosciences).
Binding curves were generated using a four parameter logistic equation with Kaleidagraph
(Synergy Software): y = m1+(m2-m1)/(1+10^(log(m3)-x); m1 = 100; m2 = 1; m3 = .000003,
where y = percentage of RNA binding, x = log[peptide], m1 = percentage of RNA binding
affinity at infinite concentration (nonspecific binding), m2 = percentage of RNA binding affinity
at zero concentration, m3 = peptide concentration at 50% binding (Kd). Experiments via dot blot
assay revealed little to no binding of RRE IIB with two of the three hits isolated from the
preliminary library screen (Figure 6.27). Therefore, no further analysis with dot blot assay data
was performed.
6.4.8 Electrophoretic mobility shift assays (EMSA)
EMSAs were used to determine dissociation constants of branched peptides towards
RRE-IIB RNA.

32

P-labeled RNA (4 nM) in 2x phosphate buffer (20 mM potassium phosphate,
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Figure 6.27. Dot blot assays of 32-P-labeled RRE IIB in the presence of increasing
concentrations of RA7, RA8, and RA9. The Kd value for RA9 was determined to be 25.7 ± 2.3
µM, assuming 100 % binding at the highest concentration tested (100 µM).
200 mM KCl, 1mM MgCl2, 40 mM NaCl, pH 7.0) was refolded by heating at 95 C for 3 min
and then snap-cooling on ice. A 10 µL solution of the refolded RNA was added to 10 µL of
peptide in nuclease free water and incubated at room temperature for 4 hr.

The final

concentration of peptide was varied from 0.001 to 100 µM. After incubation, 3 µL of 30%
glycerol was added for loading. Peptide:RNA complexes were resolved on 10% non-denaturing
PAGE, which had been pre-run for at least 1 hour at 400V at 4 C. Gels were electrophoresed at
400 V for 20 min at 4 C. Gels were dried to filter paper and visualized by audioradiography
using a storage phosphor screen (GE Healthcare) and a Typhoon Trio phosphorimager (GE
Healthcare). Densitometry measurements were quantified using ImageQuant TL (Amersham
Biosciences). Binding curves were generated using a four parameter logistic equation with
Kaleidagraph (Synergy Software): y = m1+(m2-m1)/(1+10^(log(m3)-x); m1 = 100; m2 = 1; m3
= .000003, where y = percentage of RNA binding, x = log[peptide], m1 = percentage of RNA
binding affinity at infinite concentration (nonspecific binding), m2 = percentage of RNA binding
affinity at zero concentration, m3 = peptide concentration at 50% binding (Kd).

Initial

experiments revealed poor migration of peptide:RNA complexes into the gel (Figure 6.28);
therefore, an alternative assay (RRE 2AP) was used to conduct binding experiments.

253

Figure 6.28. EMSA of 32-P-labeled RRE IIB in the presence of increasing concentrations of
RA7. The bottom band corresponds to unbound RNA and the top band corresponds to the RNA
complexed with the BP. Lane eight is empty (tracking dye). Lane at the far right corresponds
to RNA only (control).
6.4.9 Binding assays using fluorescence spectroscopy
All fluorescence spectra were measured on a Varian Cary Eclipse fluorescence
spectrophotometer using a xenon flash lamp with a thermoelectrically controlled cell holder. The
excitation slit width and the emission slit width were set to 10 nm. For all 2-AP RRE assays, the
excitation of the sample was done at 310 nm and fluorescence spectra were collected from 340
nm to 450 nm. For the TOPRO-1 FID assays, the excitation of the sample was done at 485 nm
and fluorescence spectra was collected from 510 nm to 600 nm. A quartz cell of 1 cm path
length transparent on three sides (Starna Cells, Inc.) was used. All experiments were done at 20
C.
The dissociation constants for the branched peptides were determined by following the
decrease in fluorescence at 372 nm of 2-aminopurine (2-AP) labeled RRE IIB RNA (5'CUGGUAUGGGCGCAGCGUCAAUGACGCUGACGG-2AP-ACAGGCCAGCC-3',
Integrated DNA Technologies) as a function of increase in branched peptide concentration.67-69
The 2-AP labeled RRE IIB was refolded by heating at 95 C for 3 min and snap-cooling on ice.
The concentration of RNA was fixed at 0.1 µM during the titration and the peptide concentration
was varied from 0-20 µM. Both peptides and RNA were prepared with 0.2 µm sterile-filtered 1×
phosphate buffer (10 mM potassium phosphate, 100 mM KCl, 1 mM MgCl2, 20 mM NaCl, pH
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1
𝑦 = 𝑏 + (𝑚 − 𝑏) ∗ (
)
𝐾 𝑛
1 + (𝑥 )

(Eq. 1)

7.0). Binding data were analyzed using a Hill equation (Eq. 1) with Kaleidagraph (Synergy
Software).90 In this equation, b and y are the fluorescence emission intensities of the RNA in the
absence and presence of peptide; m is the fluorescence emission intensity of the RNA in the
presence of an infinite drug concentration; 𝑥 is the total concentration of the peptide; 𝐾 is the Kd
value of the peptide binding to the RNA; n is the apparent cooperativity. Each experiment was
performed at least in duplicate and error bars represent the standard deviation calculated over the
replicates. Dissociation constants of the branched peptides using FID assays were determined by
following the decrease in fluorescence at 535 nm of the TOPRO-1:RNA complex as a function
of peptide concentration.

TOPRO-1 was purchased as a 1 mM solution in DMSO (Life

Technologies) and stored in the -20 C freezer. The stock solution was freshly diluted in 1×
PBS (working solution) each time a set of experiments were run per the manufacturer’s
recommendation. RRE IIB RNA and RRE No Bulge RNA were refolded in 1× PBS by heating
at 95 C for 3 min and snap-cooling on ice. The working solution of TOPRO-1 was then added
to the RNA solution to yield a final concentration of 100 nM for both TOPRO-1 and RNA, with
a negligible final concentration of DMSO (0.01%). This solution was then mixed well and
allowed to stand for 10 min. A portion of the TOPRO:RNA solution was then added to
lyophilized

peptide,

mixed,

and

allowed

to

stand

for

several

minutes.

This

peptide:TOPRO:RNA solution was then titrated into the TOPRO:RNA solution to maintain a
final concentration of 100 nM for both the RNA and TOPRO. The concentration of peptide
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varied from 0-50 µM. Binding data were analyzed with GraphPadPrism using the hyperbola
equation Y = Bmax*[X]/(Kd + [X]).
The stoichiometry of binding was determined by Job’s plot using fluorescence
microscopy. The total concentration of BPs and RNA was fixed at 0.4 µM, where the mole ratio
of peptide vs. RNA was varied from 0.25 to 4. For the 2-AP assays, the fluorescence intensity at
372 nm was plotted against the ratio of [peptide]/[RNA]. For the TOPRO-1 FID assays, the
fluorescence intensity at 535 nm was plotted against the ratio of [TOPRO-1]/[RNA]. The
intersection of the two linear portions of the Job’s plot yielded the mole ratio corresponding to
the approximate binding stoichiometry between peptide or intercalator and RNA.
6.4.10 Nuclease protection assays
RNA was first refolded by heating a solution of 5′-32P-labeled RRE-IIB (10 nM) and
excess unlabeled RRE-IIB (200 nM) at 95C for 3 min and then snap cooling on ice. The
refolded RNA was incubated on ice for 4 hr in a solution containing the BPBA and buffer
composed of 10 mM Tris, pH 7, 100 mM KCl, and 10 mM MgCl2. RNase (Ambion) was then
added to the solution, which was further incubated on ice for 10 min (0.002 Units RNase V1), or
1 hr (1 Unit RNase T1; 20 ng RNase A). Inactivation/precipitation buffer (Ambion) was added
to halt digestion, and the RNA was pelleted by centrifugation at 13,200 rpm for 15 min. Pelleted
RNA was redissolved into tracking dye and separated by 12 % PAGE containing 7.5 M urea.
The gel was dried at 80 C for 1 hr and imaged by autoradiography.
6.4.11 SHAPE analysis of BPs
RNA preparation for SHAPE: 351 nt long NL4-3 5′-RRE RNA was prepared by in vitro
transcription using the MegaShortScript kit (Ambion/Life Technologies) according to
manufacturers’ recommendations.

DNA template used in the transcription reaction was
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generated by PCR from a proviral pNL4-3 plasmid using high fidelity platinum Taq DNA
polymerase (Invitrogen). The forward primer was designed to introduce T7 promoter sequence
at the 5’ end of the 5’ UTR. The RNA was then treated with Turbo DNase I for 1 hr at 37 °C,
heated at 85 °C for 2 min and run on a denaturing gel (5% polyacrylamide (19:1)), 1x TBE, 7 M
urea) at constant temperature (45 °C, 30 W max). The RRE band was then excised, electroeluted at 200 V for 2 hr at 4 °C, ethanol precipitated and stored at -20 °C in TE buffer (10 mM
Tris, pH 7.6; 0.1 mM EDTA) prior to use.
In 5 different tubes, 40 pmol of RNA in a total volume of 10 µL was refolded by heating
it to 85 °C for 2 minutes, followed by slow cooling to 25 °C for 15 minutes (ramp rate 0.1
°C/sec). Meanwhile, two-fold serial dilutions of peptide (20 pmol/µL, 10 pmol/µL, 5 pmol/µL,
2.5 pmol/µL) were made in 1× PBS. The volume in each tube was brought to 284 µL by adding
274 µL of nuclease free water (Invitrogen). Each protein dilution (16 µL) or protein storage
buffer alone (16 µL) was incubated with the folded RNA at 37 °C for 10 mins. Each RNAprotein mixture (144 µL) was aliquoted into two tubes labeled as “NMIA+” and “NMIA-”. The
RNA in the “NMIA+” tubes was chemically modified by incubating it with 16 µL of 30 nM
NMIA in anhydrous DMSO at 37 °C for 20 min. To the “NMIA-” tubes, 16 µL of anhydrous
DMSO was added and these tubes were also incubated at 37°C for 20 min. The protein in both
the “NMIA+” and “NMIA-” tubes was removed by phenol-chloroform extraction. For this, 140
µL of water followed by 300 µL of phenol:chloroform:isoamyl alcohol mixture pH 6.8 (Ambion)
was added to each tube and spun at 14000 rpm at 4 °C for 5 min. A portion of the aqueous phase
(250 µL) was recovered and ethanol precipitated. The RNA pellet was supended in 12 µL
nuclease free water. Each RNA (3 pmol) was then used to generate cDNA library for each RNA.
Subsequent cDNA processing/fractionation and SHAPE data analysis were conducted as
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previously described.91
6.4.12 Viral replication assays (p24 inhibition)
Compounds to be tested were resuspended in distilled water to a concentration of 1 mM.
The control drug Lamivudine (3TC) were obtained from the AIDS Research and Reference
Reagent Program and initially diluted in dimethyl sulfoxide (DMSO) to a concentration of 1
mM. All control compounds and experimental compounds were further diluted in RPMI to the
appropriate working concentrations and tested against the reference HIV viral strain NL4-3,
which uses the CXCR4 co-receptor. Sensitivity to inhibitors/compounds of HIV-1 replication
was determined by infecting U87-CD4/CXCR4 cells with NL4-3 following a previously
published procedure.92 Briefly, cells were added to 96-well flat bottom plates at a density of 1 x
104 cells/well and allowed to adhere overnight. On the next day, cells were treated with the test
compounds at desired concentrations (10 M – 100 M) or control 3TC (1 pM -10 M) for 1 hr
prior to infection. Cells were then exposed to virus at an MOI of 0.01 infectious units/mL
(IU/mL) for 24 hr, after which they were washed with phosphate-buffered saline (PBS), and
fresh medium containing additional compound was added. The culture was then left to grow for
4 days and supernatant aliquots were taken at intervals from days 2 to 4. Virus production was
quantified by p24 assay.93 When necessary, the 50% inhibitory concentration (IC50) curves were
constructed for supernatant samples taken at peak virus production.
6.4.13 Cell viablity assays (MTT)
MTT assays were performed using the CellTiter 96® Non-Radioactive Cell Proliferation
Assay System (Promega). U87 CXCR4 cells were seeded in a 96-well flat bottom plate at 1 ×
104 cells per well (90 µL) and incubated at 37 °C in 5% CO2 overnight. The cells were then
treated with the appropriate concentration (100, 50 or 10 µM, final per well) of each compound.
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Wells containing cells and media only were used as controls. After a 24 hr incubation at 37 °C
in 5% CO2, 15 µL of the Dye Solution (containing tetrazolium salt) was added to each well and
incubated for 4 hr at 37 °C with 5% CO2. After the incubation, 100 µL of the Solubilization
Solution/Stop Mix was added to each well and incubated for 1 hr. The wells were mixed gently
with a multi-channel pipettor and the plates were read at an absorbance of 570 nm using a
microplate reader (Synergy 2, BioTec). The readings were then normalized and plotted using a
value of 1.0 for the control cells.
6.5
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Chapter 7 Conclusions and Future Directions
Contributions
This chapter contains on-going experimental work from two funded proposals (Graduate
Research Development Program, GRDP). The author of this dissertation was responsible for the
idea development and submittal of both proposals, synthesis and purification of the peptides,
MALDIs of the peptides, labeling and purification of RRE IIB RNA with

32

P-ATP, and dot blot

assays. Ashley Peralta aided in the synthesis and purification of peptides. Hao Li synthesized
the lysine benzoyl (KBZ) and lysine boronic acid (KBBA) monomers. Wenyu Zhang performed
the selectivity assays for BPBA2.
This chapter also contains on-going work utilizing the 3.3.4 branched peptide library
discussed in Chapter 6 to target Hepatitis B Virus (HBV) epsilon RNA. The author was
responsible for the synthesis of the library and development of methods attributed in the previous
chapter. She also prepared the DY547-labeled HBV RNA. All other work involving screening,
deconvolution of hits, and peptide synthesis, was performed by Ashley Peralta and Yumin Dai.
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7.1

Conclusions
Several generations of 3.3.4 branched peptide (BP) libraries containing unnatural amino

acids were successfully developed to target the high-affinity binding site (stem IIB) of HIV-1
Rev Response Element (RRE) RNA. Hit peptides from these libraries were in general non-toxic
and cell-permeable, and they bound RRE IIB in the nanomolar to low micromolar regime.
Several compounds also inhibited HIV-1 replication in vitro. Incorporation of unnatural amino
acids into each library proved valuable in boosting the binding affinity, and in certain cases the
selectivity, of the peptides towards the RNA. Major findings from each library are presented
below.
Our first-generation 3.3.4 branched peptide boronic acid (BPBA) library (46,656
sequences) incorporated the use of boronic acids to improve the binding affinity and selectivity
of BPs towards RRE via the formation of reversible covalent bonds between the empty p-orbital
of boronic acid and the 2′-OH of the RNA.1-2 Several hit peptides bound RRE IIB in the low
micromolar range, with lead compound BPBA1 having a Kd value of 1.4 µM. Mutational
analysis of BPBA1 revealed that both branching and sequence are important to achieve the low
micromolar binding affinity observed for the peptide towards RRE IIB. Incorporation of boronic
acids into the BPs boosted the affinity and selectivity of the peptides for RRE IIB, and it was
revealed that the Lewis acidity of the boronic acid could be tuned to improve binding affinity.
The BPBAs bound the upper stem and internal loop regions of RRE IIB, and were cellpermeable and non-toxic in HeLa and A2780 cells. One compound, BPBA3, selectively bound
RRE IIB and was found to inhibit HIV-1 replication in vitro.3 RNase footprinting assays
revealed increased enzymatic cleavage of RRE IIB with RNase T1 and RNase A upon incubation
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with BPBA3. This conformational change of RRE IIB solely observed with BPBA3 in this
BPBA series could explain the selective in vitro activity observed for the compound.
A second-generation 3.3.4 BPBA library (4,096 sequences) introduced acridinyl lysine as
an intercalator to improve the binding affinities of the peptides towards RRE IIB.4 The binding
affinities of the hit peptides significantly increased compared to the previous generation BPBAs,
with several hits binding RRE IIB in the low nanomolar regime. However, selectivity of the
compounds for RRE IIB was greatly diminished, which is most likely due to the decrease in
library diversity. The majority of the BPBAs significantly inhibited HIV-1 replication in U87
CXCR4 cells at 100 µM with minimal toxicity. Compounds A5, A6, and A7 revealed a dosedependent inhibition of HIV-1 p24 antigen in vitro, with approximately 90% inhibition of p24
production and 80% cell viability at 40 µM. These BPBAs bound similar regions of RRE IIB
compared to the first generation BPBAs, with contact points along the upper stem and internal
loop regions of RRE IIB.
Hit peptides from this library were also tested for their ability to inhibit the microbial
growth of several pathogens. Several compounds revealed low MICs of 1-2 µg/mL against S.
aureus (A5, A6), E. coli (A7), and C. albicans (A3, A4, A7), and were found to be nonhemolytic with safety factors greater than 100. Compound A6 inhibited the microbial growth of
methicillin-resistant S. aureus (MRSA), with an MIC of 2 µg/mL. SAR studies revealed acridine
as the pharmacophore responsible for the low MICs observed against bacteria. Compounds A4
and A7 inhibited the biofilm formation and growth of C. albicans with MICs comparable to
those in suspension, revealing these BPs to be of further interest in targeting nosocomial fungal
infections.
The most recent 3.3.4 BPBA library (46,656 sequences) consisting of all unnatural amino
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acids at each variable position was designed to improve both the potency and selectivity of BPs
towards RRE IIB. N- and C-terminal motifs of the BPs presented during the screening and
deconvolution process, revealing possible sequence and structural requirements for efficient
binding of the BPs to RRE IIB. The majority of hits bound RRE IIB in the nanomolar to low
micromolar range. Lead compounds 2C5 and 4B3 demonstrated selectivity for RRE IIB over
RRE IIB DNA and RRE variants, and bound the RNA in a 1:1 stoichiometry. RNase protection
assays revealed drastic differences in protection of RRE IIB for 2C5 and 4B3, which was
confirmed by SHAPE analyses using full-length 351 nt RRE. Overall, incorporation of the
unnatural amino acids did not have a negative impact on cell viability up to 100 µM for
sequences tested, and several compounds demonstrated inhibition of HIV-1 replication. Further
in vitro testing in parallel with cell viability assays is underway to validate the HIV-1 inhibition
capabilities of these hit peptides. The increased binding affinity and selectivity of 2C5 and 4B3
relative to the first and second generation 3.3.4 BPBA libraries, respectively, supports the use of
diverse unnatural amino acids in branched peptides as a strategy for targeting HIV-1 RRE IIB
RNA.
7.2

Further development of lead BPs toward targeting HIV-1 RRE IIB RNA

7.2.1 GRDP Proposal: Effects of Tunable Boronic Acids on the Binding Strength of
Branched Peptides Towards HIV-1 RRE RNA
One compound from our first generation 3.3.4 BPBA library, BPBA2, bound RRE IIB
with a Kd value of 3.3 µM and demonstrated good selectivity against RRE variants (Figure 7.1).
BPBA2 was also found to be non-toxic up to 30 µM in A2780 cells over 24 hr (Figure 2.18 and
2.19).

Previously, it was demonstrated that increasing the Lewis acidity of KBBA through

installation of fluorine ortho to the boronic acid increased the binding affinity of BPBA1 (KFBA,

271

Figure 7.1. Selectivity assays for BPBA2 against RRE IIB and RRE RNA variants. Each Kd
value is an average of at least three experiments. For secondary structures of variants, refer to
Figure 2.4.
Figure 2.9).1 Since BPBA2 contains five boronic acids, it should be possible to significantly
boost the binding affinity of the peptide by installing electron-withdrawing groups on all five
moieties, while hopefully conserving the selectivity of the parent compound. Removal of all
boronic acids in the parent structure to generate CBPBA2 [(KBZYF)2*KBZKKY] revealed a
significant loss in binding affinity (Kd > 300 µM) by dot blot assay, indicating that the boronic
acids in BPBA2 are responsible for the low micromolar Kd value against RRE IIB (Figure 7.2).
SAR studies of CBPBA2 are proposed to understand which boronic acid residues are
most critical for binding affinity (Table 7.1). The role of both the location (N- or C-terminus)
and type of boronic acid (KBBA vs FBPA) on the binding affinity of BPBA2 towards RRE IIB will
be probed using several BPBA2 variants (BPBA2A-E). Once key boronic acid residues are
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Figure 7.2. Titration curve of CBPBA2 with RRE IIB RNA. The Kd value (> 300 µM) is an
average of three experiments.
Table 7.1. Sequences of BPBA2 variants
Name
Sequence

# Boronic Acids

BPBA2 (Parent)

(KBBAYFBPA)2*KBBAKKY

5

CBPBA2

(KBZYF)2*KBZKKY

0

BPBA2A

(KBBAYF)2*KBBAKKY

3

BPBA2B

(KBBAYFBPA)2*KBZKKY

4

BPBA2C

(KBBAYF)2*KBZKKY

2

BPBA2D

(KBZYFBPA)2*KBBAKKY

3

BPBA2E

(KBZYFBPA)2*KBZKKY

2

identified, substitution of KBBA and/or FBPA with more Lewis acidic boronic acids is proposed to
increase the binding affinity of BPBA2 (Figure 7.3). Carboxyboronic acids with CF3 groups
were also considered (Figure 7.3B, R = 2- or 3-CF3), but due to their expense they are not
included in the initial proposal. Carboxylic acid handles meta and para to the boronic acid will
be used to examine the effect of spatial positioning of the boronic acid on the binding affinity of
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Figure 7.3. Proposed boronic acid structures containing electron-withdrawing substituents with
an A) meta and B) para carboxylic acid handle relative to the boronic acid.
the BPs toward the folded RNA structure. Pinacol protection of these boronic acids followed by
coupling of the carboxylic acid handle to the -amine on Lys or shorter alkyl-chain analogs (i.e.
Orn, Dab) would generate the orthogonally protected boronic acid monomers for SPPS (Scheme
7.1).
7.2.2 GRDP Proposal: Effects of Acridine on the Binding Affinity of BPBA1
Lead compound BPBA1 [(WKK)2*KBBAYWY] from our first-generation 3.3.4 BPBA
library bound RRE IIB with a dissociation constant (Kd) of 1.4 µM.1 This branched peptide also
demonstrated selectivity towards RRE IIB RNA over competitor tRNAs as well as RRE IIB
DNA.2 The native ligand Rev binds RRE with a Kd in the low nanomolar regime;5-7 and so the
branched peptide must exhibit a similar Kd in order to be considered a competitive inhibitor.
Therefore, we generated a new 3.3.4 BPBA library containing acridinyl lysine (KACR).4 This
new BPBA library afforded branched peptides that bound RRE IIB in the low nanomolar range,
but the sequences were non-selective towards the RNA. This may be a result of the reduced
diversification of the library design (4,096 sequences versus 46,656 sequences), as well as the
large number of Lys present in the hit sequences that may cause non-specific electrostatic
interactions with RNA. It is worth noting that the binding affinity was dramatically improved in
sequences containing KACR, with an increase of ~100-fold affinity towards RRE. These binding
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Scheme 7.1. Proposed synthesis of Fmoc-protected Lys boronic ester derivatives for SPPSa

a

Reagents and conditions: (a) Cs2CO3, BnBr, DMF; (b) 4N HCl in dioxane; (c) Boronic ester,
HCTU, DIEA, DMF; (d) H2, Pd/C, EtOH. R represents the electron-withdrawing substituent
on the benzene ring.
studies validate the introduction of acridine in branched peptides as a potent binder, most likely
via intercalation, towards RNA structures. Taken together, the results from both libraries suggest
that a branched peptide could demonstrate both selectivity and affinity towards RNA if both
acridine and a diverse amino acid sequence is present.
Upon examining the sequence of BPBA1, Trp is present at both the N-terminus and Cterminus, and its aromatic properties make it somewhat homologous to the acridine moiety.
Therefore, it is hypothesized that by incorporating acridine into BPBA1, the binding affinity of
the boronic acid branched peptide to RNA can be boosted in order to develop a more potent
inhibitor of RRE:Rev binding, while maintaining selectivity for RRE IIB derived from the
overall sequence of the peptide.
Several BPBA1 variants are proposed in which Trp will be systematically substituted
with KACR in order to probe the effect of acridine on the binding affinity and selectivity of the
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Table 7.2. Sequences of BPBA1 variants.
Compound

Sequence

BPBA1 (Parent)

(WKK)2*KBBAYWY

BPBA1 M1

(KACRKK)2*KBBAYWY

BPBA1 M1 AHX

(KACR-Ahx-WKK)2*KBBAYWY

BPBA1 M1 IVDde

(Ac-WKK)(KACR-Ahx-WKK)*KBBAYWY

BPBA1 M1 X

(KACRWKK)2*KBBAYWY

BPBA1 M2

(WKK)2*KBBAYKACRY

parent compound (Table 7.2). The BPBA1 M1 variant will explore substitution of Trp for KACR
at the N-terminus of the peptide, while the BPBA1 M2 variant will examine the effect of
substitution at the C-terminus. Other variants will explore the addition of KACR to the parent
sequence via the N-terminus of the peptide, both with and without a hexanoic acid (Ahx) linker
(BPBA1 M1 AHX and BPBA1 M1 X). Also, a single substitution of KACR for one of the Trp
residues on the N-terminus (BPBA1 M1 IVDde) will be explored using an orthogonally
protected lysine branching unit (Fmoc-Lys(IVDde)-OH) during peptide synthesis.

These

experiments should determine the ability to incorporate acridine into a peptide selective for a
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particular RNA in order to generate a selective and potent RNA binder.
7.3

Additional strategies to target RRE RNA
Several design elements are suggested to improve binding affinities and selectivities of

BPs towards targeting RRE RNA. Introduction of an intercalator into a diverse BP library could
provide the affinity and selectivity needed to outcompete Rev upon binding to RRE IIB. Since
the library containing KACR yielded multiple compounds capable of inhibiting HIV-1 in vitro,
this may be a good tactic to develop a new generation of BPs. Also, incorporation of a more
rigid analogue of boronic acid (benzoxaborole) into the BPs may improve binding affinities and
selectivity due to the increased rigidity of the pharmacophore. Benzoxaboroles are known,
potent antifungal agents and can exhibit greater antimicrobial activity relative to their boronic
acid analogues.8-9 These BPs could possibly serve dual functions, much like the compounds
from the acridinyl lysine BPBA library. Probing 3.3.4 BP contacts with RRE IIB using 2D
NMR would provide insight to the specific residues binding in the upper stem and internal loop
regions of the RNA, which could direct the incorporation of different N- or C-terminal branch
lengths to maximize the surface area of binding.
Using a secondary structure of RRE IIB that incorporates the junction site on IIB is also
advisable (Figure 1.21),10 as this may lead to the discovery of compounds that are significantly
more selective for RRE IIB. The junction site is thought to serve as an additional binding site for
Rev dimerization, and so screening peptides against this RRE IIB RNA structure may also yield
compounds capable of strong inhibition of HIV-1 in vitro. Other tactics include the development
of modular BPs tethered by a linker in order to simultaneously target both stem IIB and stem I of
the full-length RRE, or targeting stem I using a hybrid PNA-BP sequence to prevent the tertiary
folding of mature Rev:RRE complexes.
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7.4

Targeting Hepatitis B Virus RNA with the 3.3.4 ‘Rev’olutionary BP Library
The 3.3.4 BP library containing all unnatural amino acids has recently been screened

against another folded RNA, Hepatitis B Virus (HBV) epsilon RNA. Hits obtained from this
screening revealed several different sequence motifs relative to those obtained when the library
was screened against RRE IIB. Determination of the binding affinities of the BPs for HBV is
underway, with hopes that the BPs from this library can be used to selectively target different
folded RNA structures.
7.5
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Appendix A

Characterization of 3.3.4 BPBA Library

HPLC Conditions, Purity, and Identification by MALDI/MS
HPLC Solvent A: 0.1% TFA in Milli-Q water, Solvent B: HPLC grade acetonitrile. Peptide
purity was determined using a Jupiter 4 µm Proteo 90 Å analytical column (Phenomenex), and
peptide identity was confirmed by MALDI-TOF analysis (AB Sciex 4800) using DHB as the
matrix .
BPBA1: (WKK)2*KBBAYWY
Molecular Formula: C94H128BN21O6
HPLC chromatogram: Purity (96%)
was determined by analytical HPLC
employing a linear gradient of 12%30% B in A in 30 min at a flow rate
of 0.2 mL/min following a wash
procedure.
MALDI-TOF spectrum: Calcd for
[C101H131BN21O18]+, Predicted Mass
[M-DHB + H]+: 1937.0, Mass
Detected: 1938.0.
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BPBA2: (KBBAKFBPA)2*KBBAKKY
Molecular Formula: C96H143B5N20O25

HPLC chromatogram: Purity (97%) was determined by analytical HPLC employing a linear
gradient of 7%-20% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C131H154B5N20O35]+, Predicted Mass [M-DHB + H]+: 2622.1,
Mass Detected: 2623.2.
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BPBA3: (FBPAYFBPA)2*NKSY
Molecular Formula: C82H105B4N15O24

HPLC chromatogram: Purity (95%) was determined by analytical HPLC employing a linear
gradient of 10%-30% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C110H114B4N15O32]+, Predicted Mass [M-DHB + H]+: 2200.8,
Mass Detected: 2201.8.
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BPBA4: (KKKBBA)2*FBPATSY
Molecular Formula: C81H128B3N19O22

HPLC chromatogram: Purity (97%) was determined by analytical HPLC employing a linear
gradient of 5%-20% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C102H135B3N19O28]+, Predicted Mass [M-DHB + H]+: 2107.0,
Mass Detected: 2108.1.
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BPBA5: (KKBBAF)2*KKWY
Molecular Formula: C94H134B2N20O18

HPLC chromatogram: Purity (90%) was determined by analytical HPLC employing a linear
gradient of 8%-28% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C108H139B2N20O22]+, Predicted Mass [M-DHB + H]+: 2090.1,
Mass Detected: 2090.1.

284

BPBA6: (WYK)2*PTWY
Molecular Formula: C87H109N17O16

HPLC chromatogram: Purity (94%) was determined by analytical HPLC employing a linear
gradient of 14%-34% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C87H110N17O16]+, Predicted Mass [M + H]+: 1648.8, Mass
Detected: 1648.7.
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BPBA7: (KKBBAK)2*KLKY
Molecular Formula: C83H141B2N21O18

HPLC chromatogram: Purity (92%) was determined by analytical HPLC employing a linear
gradient of 7%-27% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C97H146B2N21O22]+, Predicted Mass [M-DHB + H]+: 1979.1,
Mass Detected: 1979.2.
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BPBA8: (KBBAYK)2*HKKY
Molecular Formula: C89H131B2N21O20

HPLC chromatogram: Purity (95%) was determined by analytical HPLC employing a linear
gradient of 5%-20% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C103H136B2N21O24 ]+, Predicted Mass [M-DHB + H]+: 2073.0,
Mass Detected: 2074.1.
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FBPBA1: (Ac-WKK) (FITC-Ahx-WKK)*KBBAYWY
Molecular Formula: C123H152BN23O23S

HPLC chromatogram: Purity (88%) was determined by analytical HPLC employing a linear
gradient of 23%-35% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C130H154BN23O25S]+, Predicted Mass [M-DHB + H]+: 2481.6,
Mass Detected: 2483.8.
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Appendix B

Characterization of 3.3.4 BP Boronic Acid/Acridine Library

HPLC Conditions, Purity, and Identification by MALDI/MS
HPLC Solvent A: 0.1% TFA in Milli-Q water, Solvent B: HPLC grade acetonitrile. Peptide
purity was determined using a Jupiter 4 µm Proteo 90 Å analytical column (Phenomenex), and
peptide identity was confirmed by MALDI-TOF analysis (AB Sciex 4800) using DHB as the
matrix.
A1: (KKK)2*LKBBAKBBAY
Molecular Formula: C83H141B2N21O18
HPLC chromatogram: Purity (>99%)
was determined by analytical HPLC
employing a linear gradient of 12%25% B in A in 30 min at a flow rate
of 0.2 mL/min following a wash
procedure.
MALDI-TOF spectrum: Calcd for
[C97H146B2N21O22]+, Predicted Mass
[M-DHB + H]+: 1980.0, Mass
Detected: 1980.0.
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A2: (KKK)2*LKBBALY
Molecular Formula: C76H135BN20O15

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC employing a linear
gradient of 18%-25% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C83H138BN20O17]+, Predicted Mass [M-DHB + H]+: 1698.9,
Mass Detected: 1698.9
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A3: (KKK)2*KACRLKY
Molecular Formula: C82H138N22O12

HPLC chromatogram: Purity (98%) was determined by analytical HPLC employing a linear
gradient of 8%-28% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.
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MALDI-TOF spectrum: Calcd for [C82H139N22O12]+, Predicted Mass [M + H]+: 1625.2, Mass
Detected: 1625.1
4700 Reflector Spec #1[BP = 1625.1, 4161]
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A4: (KKK)2*KLKACRY
Molecular Formula: C82H138N22O12

HPLC chromatogram: Purity (96%) was determined by analytical HPLC employing a linear
gradient of 10%-30% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.
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MALDI-TOF spectrum: Calcd for [C82H139N22O12]+, Predicted Mass [M + H]+: 1625.2, Mass
Detected: 1625.2
4700 Reflector Spec #1[BP = 1625.3, 7816]
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A5: (KKK)2*KACRKACRKY
Molecular Formula: C95H146N24O12

HPLC chromatogram: Purity (95%) was determined by analytical HPLC employing a linear
gradient of 12%-28% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.
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MALDI-TOF spectrum: Calcd for [C95H147N24O12]+, Predicted Mass [M + H]+: 1817.4, Mass
Detected: 1817.1
4700 Reflector Spec #1[BP = 1817.1, 3587]
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A6: (KACRKK)2*KLKBBAY
Molecular Formula: C102H150BN23O15

HPLC chromatogram: Purity (91%) was determined by analytical HPLC employing a linear
gradient of 18%-25% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C109H153BN23O17]+, Predicted Mass [M-DHB + H]+: 2068.4,
Mass Detected: 2068.5
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A7: (KKACRK)2*KLKBBAY
Molecular Formula: C102H150BN23O15

HPLC chromatogram: Purity (89%) was determined by analytical HPLC employing a linear
gradient of 14%-22% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C109H152BN23O17]+, Predicted Mass [M-DHB + H]+: 2068.4,
Mass Detected: 2068.3
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A8: (KKBBAK)2*LLKY
Molecular Formula: C83H140B2N20O18

HPLC chromatogram: Purity (92%) was determined by analytical HPLC employing a linear
gradient of 8%-22% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.
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MALDI-TOF spectrum: Calcd for [C97H145B2N20O22]+, Predicted Mass [M-DHB + H]+: 1965.0,
Mass Detected: 1965.3
4700 Reflector Spec #1[BP = 1964.2, 2311]

100
90

19
67
.1
46
4

70
60

MNa

50
30
20
10
0
1200

1460

1720

1980
Mass (m/z)

296

22
22
.3
01
5

+

40

19
85
.7
82
6

% Intensity

80

2240

A9: (KKKBBA)2*KLKBBAY
Molecular Formula: C90H146B3N21O21

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC employing a linear
gradient of 8%-28% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C111H153B3N21O27]+, Predicted Mass [M-DHB + H]+: 2246.0,
Mass Detected: 2245.9
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A10: (KLK)2*LKKBBAY
Molecular Formula: C76H134BN19O15

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC employing a linear
gradient of 18%-25% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C83H137BN19O17]+, Predicted Mass [M-DHB + H]+: 1683.9,
Mass Detected: 1683.3
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A11: (KLK)2*KKKBBAY
Molecular Formula: C76H135BN20O15

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC employing a linear
gradient of 10%-18% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.
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MALDI-TOF spectrum: Calcd for [C83H138BN20O17]+, Predicted Mass [M-DHB + H]+: 1698.9,
Mass Detected: 1699.2
4700 Reflector Spec #1[BP = 1698.2, 1496]

100
90
70

MNa+

60

20
10
0
900

1220

1540

1860
Mass (m/z)

299

19
56
.2
13
5

30

15
79
.9
80
1

40

17
20
.3
47
9

50

13
70
.9
37
4

% Intensity

80

2180

A12: (KKL)2*LKKBBAY
Molecular Formula: C76H134BN19O15

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC employing a linear
gradient of 18%-25% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.
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MALDI-TOF spectrum: Calcd for [C83H137BN19O17]+, Predicted Mass [M-DHB + H]+: 1683.9,
4700 Reflector Spec #1[BP = 1683.3, 11939]
Mass Detected: 1683.3
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A13: (LLK)2*KKBBAKY
Molecular Formula: C76H133BN18O15

HPLC chromatogram: Purity (93%) was determined by analytical HPLC employing a linear
gradient of 8%-28% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C83H136BN18O17]+, Predicted Mass [M-DHB + H]+: 1668.9,
Mass Detected: 1669.0
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A14: (KKL)2*KKBBAKBBAY
Molecular Formula: C83H140B2N20O18

HPLC chromatogram: Purity (98%) was determined by analytical HPLC employing a linear
gradient of 8%-28% B in A in 30 min at a flow rate of 0.2 mL/min following a wash procedure.

19
64
.9
57
2

MALDI-TOF spectrum: Calcd for [C97H145B2N20O22]+, Predicted Mass [M-DHB + H]+: 1965.0,
4700 Reflector Spec #1[BP = 1964.9, 4519]
Mass Detected:1965.0
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EMSA Results and Binding Curves of BPs with RRE IIB RNA
A representative EMSA image is shown for each compound, where the top band is the BP: RRE
IIB RNA complex and the bottom band is free RNA. From left to right, increasing
concentrations of BP (0.001 to 10 µM) were incubated with the RNA; far right lane is RNA only.
Binding curves generated for three or more replicate experiments are shown below the gel
images.
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Appendix C

Characterization of 3.3.4 ‘Rev’olutionary BP Library

HPLC Conditions, Purity, and Identification by MALDI/MS
HPLC Solvent A: 0.1% TFA in Milli-Q water, Solvent B: HPLC grade acetonitrile. Peptide
purity was determined using a Jupiter 4 µm Proteo 90 Å analytical column (Phenomenex), and
peptide identity was confirmed by MALDI-TOF analysis (AB Sciex 4800) using DHB or  CHCA as the matrix.
2C5: (LDD)2*PPDY
Molecular Formula: C74H112N30O14
HPLC chromatogram: Purity (96%) was
determined by analytical HPLC employing a
linear gradient of 9%-15% B in A in 30 min at
a flow rate of 0.3 mL/min following a wash
procedure.
MALDI-TOF spectrum: Calcd for
[C74H113N30O14]+, Predicted Mass [M + H]+:
1645.9, Mass Detected: 1645.5
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4B3: (DLL)2*LGBY
Molecular Formula: C79H120BN37O17

HPLC chromatogram: Purity (92%) was determined by analytical HPLC employing a linear
gradient of 7%-20% B in A in 30 min at a flow rate of 0.3 mL/min following a wash procedure.

1988.3553

MALDI-TOF spectrum: Calcd for [C86H123BN37O19]+, Predicted Mass [M-DHB + H]+: 1989.0,
4700 Reflector Spec #1[BP = 1989.4, 615]
Mass Detected: 1988.4
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13B8: (LDL)2*LGBY
Molecular Formula: C79H120 B N37O17

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC employing a linear
gradient of 5%-15% B in A in 35 min at a flow rate of 0.3 mL/min following a wash procedure.
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MALDI-TOF spectrum: Calcd for [C86H123 B N37O19]+, Predicted Mass [M-DHB + H]+: 1989.0,
Mass Detected: 1989.3
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T1: (LDN)2*GGNY
Molecular Formula: C98H119N33O16

HPLC chromatogram: Purity (98%) was determined by analytical HPLC employing a linear
gradient of 5%-25% B in A in 30 min at a flow rate of 0.3 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C98H120N33O16]+, Predicted Mass [M + H]+: 2014.9, Mass
Detected: 2015.5
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11F6: (DLD)2*DLDY
Molecular Formula: C63H102N28O12

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC employing a linear
gradient of 5%-15% B in A in 30 min at a flow rate of 0.3 mL/min following a wash procedure.
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MALDI-TOF spectrum Calcd for [C63H103N28O12]+, Predicted Mass [M + H]+: 1443.8, Mass
Detected: 1443.7
1443.7148

4700 R eflector S pec #1 MC [B P = 1443.8, 98]
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4A5: (GGD)2*PGLY
Molecular Formula: C97H129N51O23

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC a linear gradient of
5%-15% B in A in 30 min at a flow rate of 0.3 mL/min following a wash procedure.
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VWD1 A, Waveleng th= 220 nm (SAN TOZ1\4A5-H 2O.D )
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MALDI-TOF spectrum Calcd for [C97H130N51O23]+, Predicted Mass [M + H]+: 2377.1, Mass
Detected: 2376.7
4700 Reflector S pec #1 MC[BP = 2377.7, 772]
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16D9: (PDL)2*GLDY
Molecular Formula: C81H119N37O16

HPLC chromatogram: Purity (92%) was determined by analytical HPLC employing a linear
gradient of 5%-15% B in A in 35 min at a flow rate of 0.3 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C81H120N37O16]+, Predicted Mass [M + H]+: 1866.9, Mass
Detected: 1867.6
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10B10: (LDD)2*PGDY
Molecular Formula: C74H111N33O15

HPLC chromatogram: Purity (97%) was determined by analytical HPLC employing a linear
gradient of 7%-14% B in A in 30 min at a flow rate of 0.3 mL/min following a wash procedure.
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MK+

MALDI-TOF spectrum: Calcd for [C74H112N33O15]+, Predicted Mass [M + H]+: 1702.9, Mass
Detected: 1702.4
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RA7: (LDL)2*PPGY
Molecular Formula: C82H121N39O16

HPLC chromatogram: Purity (93%) was determined by analytical HPLC employing a linear
gradient of 5%-15% B in A in 35 min, then 15%-25% B in A to 40 min at a flow rate of 0.3
mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C82H122N39O16]+, Predicted Mass [M + H]+: 1909.0, Mass
Detected: 1908.4
1908.4108

4700 Reflector Spec #1[BP = 1909.3, 5176]
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19B3: (LDG)2*GBPY
Molecular Formula: C94H130B N43O22

HPLC chromatogram: Purity (98%) was determined by analytical HPLC employing a linear
gradient of 5%-15% B in A in 35 min at a flow rate of 0.3 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C101H133 B N43O24]+, Predicted Mass [M + H]+: 2343.0, Mass
Detected: 2342.9
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RA8: (LDP)2*LLPY
Molecular Formula: C82H122N36O15

HPLC chromatogram: Purity (90%) was determined by analytical HPLC employing a linear
gradient of 5%-25% B in A in 50 min at a flow rate of 0.3 mL/min following a wash procedure.

1852.3805

MALDI-TOF spectrum: Calcd for [C82H123N36O15]+, Predicted Mass [M + H]+: 1852.0, Mass
4700 Reflector Spec #1[BP = 1853.3, 1862]
Detected: 1852.4
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7F8: (LDD)2*LPDY
Molecular Formula: C69H108N30O13

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC employing a linear
gradient of 5%-15% B in A in 35 min at a flow rate of 0.3 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C69H109N30O13]+, Predicted Mass [M + H]+: 1565.9, Mass
Detected: 1566.2
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RA9: (LDB)2*NPLY
Molecular Formula: C93H129B2N29O19

HPLC chromatogram: Purity (95%) was determined by analytical HPLC employing a linear
gradient of 14%-26% B in A in 30 min at a flow rate of 0.3 mL/min following a wash procedure.

2214.3062

MALDI-TOF spectrum: Calcd for [C107H134B2N29O23]+, Predicted Mass [M-DHB + H]+: 2215.0,
4700 Reflector Spec #1[BP = 2215.3, 1084]
Mass Detected: 2214.3
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18D10: (GDP)2*LLPY
Molecular Formula: C92H128N42O19

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC employing a linear
gradient of 5%-15% B in A in 35 min, then 15%-25% B in A to 40 min at a flow rate of 0.3
mL/min following a wash procedure.

MALDI-TOF spectrum Calcd for [C92H129N42O19]+, Predicted Mass [M + H]+: 2126.0, Mass
Detected: 2125.7
4700 Reflector S pec #1 MC[BP = 2126.7, 804]
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TT1: (LDD)2*GGDY
Molecular Formula: C74H110N36O16

HPLC chromatogram: Purity (98%) was determined by analytical HPLC employing a linear
gradient of 5%-15% B in A in 35 min at a flow rate of 0.3 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C74H111N36O16]+, Predicted Mass [M + H]+: 1759.9, Mass
Detected: 1760.1
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5B9: (LDL)2*DDBY
Molecular Formula: C72H113 B N30O15

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC employing a linear
gradient of 5%-15% B in A in 30 min at a flow rate of 0.3 mL/min following a wash procedure.
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VWD1 A, Waveleng th=220 nm (SAN TOZ1\5B9-H 2O.D )
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MALDI-TOF spectrum: Calcd for [C79H116 B N30O17]+, Predicted Mass [M-DHB + H]+: 1767.9,
Mass Detected: 1768.2
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7F5: (LDD)2*PNDY
Molecular Formula: C76H109N27O13

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC employing a linear
gradient of 5%-25% B in A in 40 min at a flow rate of 0.3 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C76H110N27O13]+, Predicted Mass [M + H]+: 1068.9, Mass
Detected: 1069.1
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8B1: (DBN)2*PGDY
Molecular Formula: C104H131B2N27O21

HPLC chromatogram: Purity (97%) was determined by analytical HPLC employing a linear
gradient of 20%-36% B in A in 30 min at a flow rate of 0.3 mL/min following a wash procedure.

2352.1865

MALDI-TOF spectrum: Calcd for [C118H136B2N27O25]+, Predicted Mass [M-DHB + H]+: 2353.0,
4700 Reflector Spec #1[BP = 2353.1, 471]
Mass Detected: 2352.2
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5E12: (LDD)2*BBLY
Molecular Formula: C79H120B2N28O18

HPLC chromatogram: Purity (99%) was determined by analytical HPLC employing a linear
gradient of 5%-12% B in A in 30 min, then 12%-22% B in A to 40 min at a flow rate of 0.3
mL/min following a wash procedure.

MALDI-TOF spectrum Calcd for [C93H125B2N28O22]+, Predicted Mass [M-DHB + H]+: 2008.0,
Mass Detected: 2007.5
2007.4976

4700 Reflector S pec #1 MC[BP = 2008.5, 262]
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7C7: (LBN)2*PNLY
Molecular Formula: C109H135 B2N27O19

HPLC chromatogram: Purity (96%) was determined by analytical HPLC employing a linear
gradient of 5%-25% B in A in 40 min at a flow rate of 0.3 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C123H140 B2N27O23]+, Predicted Mass [M-DHB + H]+: 2385.1,
Mass Detected: 2385.5
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6B3: (GNG)2*BBLY
Molecular Formula: C117H142B2N42O26

HPLC chromatogram: Purity (>99%) was determined by analytical HPLC employing a linear
gradient of 14%-34% B in A in 30 min at a flow rate of 0.3 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C131H147B2N42O30]+, Predicted Mass [M-DHB + H]+: 2810.1,
Mass Detected: 2809.1
2809.1379

4700 Reflector Spec #1[BP = 2810.1, 1041]
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2E11: (PPP)2*PPPY
Molecular Formula: C114H150N40O21

HPLC chromatogram: Purity (96%) was determined by analytical HPLC employing a linear
gradient of 5%-15% B in A in 20 min, then 15%-25% B in A to 40 min at a flow rate of 0.3
mL/min following a wash procedure.

MALDI-TOF spectrum Calcd for [C114H151N40O21]+, Predicted Mass [M + H]+: 2416.2, Mass
Detected: 2416.5
2416.5146

4700 Reflector S pec #1 MC[BP = 2417.4, 444]
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18D1: (LBB)2*BPNY
Molecular Formula: C116H154 B5N27O28

HPLC chromatogram: Purity (99%) was determined by analytical HPLC employing a linear
gradient of 5%-15% B in A in 35 min at a flow rate of 0.3 mL/min following a wash procedure.

MALDI-TOF spectrum: Calcd for [C151H165 B5N27O38]+, Predicted Mass [M-DHB + H]+: 3019.2,
Mass Detected: 3019.3
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Confocal Images of Bead Hits
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Binding Curves of BPs with 2-AP RRE IIB RNA
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6B3, 2E11, and 18D1:0No quenching at or near 20 µM, Kd estimated > 10 µM.
343
-20
-2

0

2

4

6
[TT1], M

8

10

12

14

Selectivity Assays for 11F6 and 10B10
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SHAPE Data for 2C5, 4B3, 11F6, 8B1, and 2E11
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1: 1 351 5SL NL4-3 RRE RNA:2C5 peptide
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1: 4 351 5SL NL4-3 RNA:2C5 peptide
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1:1 351 5SL RRE_11F6 peptide
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1:1 351 5SL RRE_8B1 peptide
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