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ABSTRACT

RNA is essential for the transfer of genetic information, as the central dogma of
biology dictates. The role of RNA, however, is not limited to serving as an information
shuttle between DNA and fully functional protein. Indeed, RNA has experienced a surge
of interest in the field of chemical biology for its other critical roles in biology including
those in control of transcription, translation, splicing, genetic replication, and catalysis.
RNA has proven to be a difficult and complex target for the design of small molecular
ligands because of its structural heterogeneity and conformational flexibility. Yet, the
highly folded tertiary structures of these oligomers present unique scaffolds which
designed ligands should be able to selectively target. To that end, two branched peptide
libraries ranging in size from 4,096–46,656 unique sequences were screened for their
ability to bind HIV-1 related RNA structures, the transactivation response element (TAR)
and the Rev response element (RRE).

In addition to discovering a mid-nanomolar

branched peptide ligand for TAR, the first branched boronic acid peptide library designed
to target RNA was screened for binding to RRE. Each of these efforts resulted in the
identification of selective binders to their respective RNA targets, and the unnatural
branching of these compounds was demonstrated to provide a multivalent binding
interaction with the RNA.

Furthermore, these compounds were shown to be cell

permeable and displayed little to no cytotoxicity in HeLa and A2780 cells.
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Chapter 1

RNA as a Target for Molecular
Binding

1.1

RNA as a Therapeutic Target
Ribonucleic acid (RNA) plays an essential role in the transfer of genetic

information from deoxyribonucleic acid (DNA) to the molecular machinery that
synthesizes proteins. The function of RNA, however, is not limited to serving as an
information shuttle in the form of messenger RNA (mRNA) for the sole purpose of gene
expression.

In fact, RNA molecules are utilized in nature for a large number of

biological processes including genetic replication, regulation of transcription, RNA
stabilization, RNA localization, RNA transport, pre-mRNA splicing, metal chelation, and
translation of mRNA into the encoded amino acid sequence in the form of transfer RNA
(tRNA) and ribosomal RNA (rRNA).1,2 Because RNA is involved in so many biological
processes, it is no wonder that the goal of being able to design synthetic molecules that
can selectively target a specific type of RNA is highly desired for antiviral, antibiotic, and
gene silencing capabilities.3
The history of targeting RNA begins with the ribosome, the biological
macromolecule responsible for the translation of mRNA into protein. The ribosome is a
2.5 MDa ribonucleoprotein, of which two-thirds is comprised of RNA.4 Aminoglycoside
antibiotics bind to the RNA component of the ribosome in prokaryotes.

The

aminoglycoside streptomycin was simultaneously the first antibiotic to be discovered in
the aminoglycoside family, and the first drug ever to be discovered through screening
1

methods.5 Although streptomycin was discovered in 1943, it was not until 2000 that the
first X-ray crystal structure of a bacterial 30S ribosomal subunit-antibiotic complex was
solved for three different antibiotics, including spectinomycin as well as the
aminoglycosides streptomycin and paromomycin.

Interestingly, all three of the

antibiotics targeted different regions of the 30S subunit, and functioned in different
ways.6
The prokaryotic ribosome contains three tRNA binding sites in the 30S subunit,
which also bind the mRNA that is being translated.

The A-site is named for its

aminoacyl-tRNA substrate. Peptidyl-tRNA binds to the P-site, and the E-site is the final
binding site before the tRNA exits the ribosome.

Spectinomycin inhibits the

translocation of peptidyl-tRNA from the A-site to the P-site by binding to the minor
groove of 16S rRNA helix 34 through H-bonding (Figure 1.1a). Streptomycin was
shown to stabilize the ribosomal ambiguity form of the helix 27 accuracy switch, which
increases affinity for non-cognate tRNAs and impedes proof-reading in the A-site. This
is accomplished through H-bonding and salt bridges with rRNA from several helices
(Figure 1.1b). These interactions ultimately cause bases A1492 and A1493 to flip out of
helix 44, and these bases are involved in codon-anticodon recognition.6,7 Paromomycin
also impacts the ability of the ribosome to carry out faithful translation by binding to
helix 44 of the A-site (Figure 1.1c), which aids in flipping out bases A1492 and A1493.6
Not only did these studies help to unlock mysteries of translation, but they also furthered
the knowledge of how small molecules can bind to RNA.

2

Figure 1.1. Hydrogen bonding interactions of spectinomycin, streptomycin, and
paromomycin with the 30S ribosomal subunit. A) Diagram of interactions between
spectinomycin and specific residues of the 30S. B) Diagram of interactions between
streptomycin and specific residues of the 30S. C) Diagram of interactions between
paromomycin and specific residues of the 30S. [Carter, A. P.; Clemons, W. M.;
Brodersen, D. E.; Morgan-Warren, R. J.; Wimberly, B. T.; Ramakrishnan, V. Functional
insights from the structure of the 30S ribosomal subunit and its interactions with
antibiotics. Nature 2000, 407, 340-348], Copyright 2000; [Used with permission from
Nature Publishing Group]
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1.2

Targeting RNA
Although there have been drugs that target rRNA since the 1940’s, the rational

design of molecules that will bind with specificity to RNA is still in its infancy.8
Targeting RNA with synthetic molecules is, in some ways, like targeting proteins more
than it is like targeting DNA. Both RNA and proteins can adopt unique secondary and
tertiary structures that can be utilized as targets (Figure 1.2).3,5,9 RNA, however, only has
4 molecular building blocks, whereas proteins have 20, many of which can also be
posttranslationally modified.10 In that respect, RNA is much more limited than proteins,
but the purine and pyrimidine bases of RNA are unique from the amino acids because
they are each capable of -stacking interactions, as well as Watson-Crick, Hoogsteen,
and non-canonical base pairing.1,3,8 The phosphate backbone of RNA molecules also
provides a point for electrostatic interactions to occur between the target and ligand. 3 If
the structure of a particular target RNA can be elucidated, then these types of threedimensional structures could be taken advantage of when designing molecules.

Figure 1.2. Structural motifs available to RNA molecules. [Zaman, G. J. R.; Michiels,
P. J. A.; van Boeckel, C. A. A. Targeting RNA: New opportunities to address drugless
targets. Drug Discov. Today 2003, 8, 297-306], Copyright 2003; [used with permission
from Elsevier]
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When designing molecules with selectivity in mind, there is much to be learned
from the molecular interactions between RNA and endogenous molecules. In vivo, there
are interactions between RNA and proteins, RNA and other RNA molecules, as well as
interactions between RNA and DNA molecules. The general trends of binding used in
nature can be utilized to develop binding strategies for a target RNA.

1.3

RNA–Protein Interactions
Thymidylate synthase is an enzyme that is essential for the biosynthesis of the

DNA precursor thymidylate. In 1991, it was discovered that this enzyme is inhibited by
its own mRNA, which could be a way of regulating its own translation.11 Later, the
precise binding sites on the thymidylate synthase mRNA (TS mRNA) were found via
binding assays with a series of the truncated TS mRNA.12 The first binding site was in
the first 188 nucleotides containing the AUG start codon as well as the 5’ untranslated
region (UTR). The AUG start codon and the preceding three nucleotides GCC were
found to be essential for binding. This GCCAUG sequence was found on the loop
domain of a 36-nucleotide stem-loop structure, and the loop domain was shown to be the
main contributor to binding, while the stem structure was less important. The second
binding site was suggested to also have a stem-loop structure and is located within the
coding region of the mRNA.12
Another example in nature of RNA structure that is essential to activity is found
in Human Immunodeficiency Virus type-1 (HIV-1) RNA. HIV-1 encodes many different
genes, some of which overlap each other. Therefore, some genes in HIV-1 require the
RNA transcript to be spliced before they are functional for translation.13 In this process,
5

intervening regions of RNA, called introns, that separate the beginning and end of a gene
are cut out so that the gene can be pieced together to become a functional mRNA, which
is then exported from the nucleus to the cytoplasm. The full-length RNA transcript has
several functions as an unspliced molecule. First, it functions as the viral genome in
retroviruses such as HIV-1. Second, the full-length transcript is used in the translation of
the proteins Gag and Gag-Pol. The unspliced RNA must be transported out of the
nucleus into the cytoplasm without being spliced to function in these capacities.
A 116 amino acid protein encoded by HIV-1, called Rev, is responsible for the
activation of RNA export from the nucleus to the cytoplasm.13 The full length HIV-1
RNA target contains a 351-nucleotide Rev-response element (RRE) located in the env
gene of HIV-1. The RRE possesses a single high affinity site in stem loop IIB to which
Rev can bind (Figure 1.3).13-16 NMR studies demonstrated that a 34-nucleotide high
affinity site forms a hairpin stem region with an A-form RNA helix.16 The major groove
of the stem structure is where the -helical arginine-rich binding domain of Rev can
interact with the substrate RNA. Because the RNA A-form helix has a deep and narrow
groove, the side chains of the -helical binding domain of Rev would be too sterically
hindered to penetrate into the groove and interact with the ribonucleotide bases. The
RRE, however, utilizes non-Watson-Crick base pairs; one between G48 and G71 and
another between G47 and A73. These base pairs cause a 5Å widening of the major grove
at an internal loop/bulge, which accommodates three to four turns of the bulky Rev helix. There are four essential residues for binding. Arg35 and Arg39 are found within
hydrogen bonding distance of three bases, U66, G67, and G70 on one side of the major
groove. The two other essential residues, Asn40 and Arg44, are in hydrogen bonding
6

distance with U45, G46, G47, and A73 on the other side of the groove. Additional
residues, including one Thr and six Arg residues, are within hydrogen bonding or
electrostatic distances of the phosphate backbone.

Figure 1.3. The structure of the HIV-1 Rev-response element (RRE). [Yuan, C.;
Xinyong, L.; De Clercq, E. Cessation of HIV-1 transcription by inhibiting regulatory
protein Rev-mediated RNA transport. Curr. HIV Res. 2009, 7, 101-108], Copyright 2009;
[used with permission from Bentham Science Publishers Ltd]

A peptide fragment (RSG-1.2), which is rich in Arg and has been selected for
binding to the HIV-1 RRE, causes a conformational change in the RRE that is unique
from the conformation imparted by the natural Rev binding domain.17

This is

accomplished by binding U72, which is not utilized by Rev. Trapping the target RNA
into unnatural conformations by utilizing flexible portions of target RNA, especially by
7

binding strongly to bases that are not bound by the natural ligand, could be effective as a
general RNA targeting strategy.
Most RNA binding proteins take advantage of the direct read-out of base
sequences, as well as the three dimensional structure of the target RNA.18

Often,

conformational changes in the RNA are also observed upon binding that further
accommodate the ligand and increase the binding affinity.

1.4

RNA–RNA Interactions
An example of RNA-RNA interaction that has revolutionized gene silencing is

RNA interference (RNAi). This is an effective method of mRNA degradation and
suppression of gene expression. In the case of mRNA degradation, double stranded RNA
(dsRNA) molecules called small interfering RNAs (siRNAs) initiate mRNA cleavage.
siRNAs are between 21 and 25 nucleotides in length and are generated by the cleavage of
longer dsRNAs. These long dsRNAs are transcribed from exogenous plasmid DNA after
transfection of the cell. Cleavage of the long dsRNA is achieved by an enzyme called
Dicer in the cytoplasm.19 The siRNA strand that is complementary to the target mRNA is
recruited into the RNA-induced silencing complex (RISC). The newly incorporated
siRNA then binds to its target mRNA sequence, whereupon the ribonucleoprotein
complex RISC cleaves the complementary mRNA sequence. This form of RNA-RNA
interaction is based purely on Watson-Crick base pairing, although few mismatches are
tolerated.19
Another type of RNAi is that of the microRNAs (miRNAs). These oligomers
begin as endogenous hairpin RNAs called pre-miRNA, and contain non-Watson-Crick
8

base pairing in their stem structures resulting in internal bulges.19 The mature miRNAs
function differently than siRNAs, and in animals, base complementarity is limited to ~6
nucleotides between the 5’ region of the miRNA and the 3’ region of its target mRNA.20
Like with siRNAs, RISC incorporates miRNA, but because the miRNA has incomplete
complementarity to the target mRNA, only translation is blocked and cleavage is not
induced.20
Another example of an RNA-RNA interaction is that of the RNA catalysts,
ribozymes. Just as proteinaceous enzymes adopt a tertiary structure in order to function,
ribozymes also fold into complex structures. Because of the phosphate backbone’s
electrostatic charge, neutralizing metal ions are incorporated into the structure, which
helps stabilize the RNA folds by eliminating the repulsive forces.21 The hammerhead
ribozyme catalyzes the site-specific reversible cleavage of its own phosphate backbone;
the 2’-hydroxyl attacks its adjoined 3’-phosphate to release 5’-hydroxyl and results in a
2’,3’-cyclic phosphate.22 This ribozyme is comprised of three helical stem structures
conjoined at a single helical intersection. The helical stem-I contains a bulge structure
that, when magnesium ion concentration is optimal, interacts with a loop structure at the
end of stem-II.21,23 The contacts between these two structures are comprised of noncanonical base pairing and base stacking, winding stems I and II onto one another with
bases interdigitating between the two structures (Figure 1.4a).

The folding of the

ribozyme induces a conformational change in the catalytic core at the three-stem
intersection.

It is suggested that this brings the necessary G12 and G8 bases into

proximity and correct alignment with the scissile phosphate for general acid-base
catalysis to be possible (Figure 1.4b).23

9

Figure 1.4. Crystal structure data of the hammer head ribozyme. A) Interactions of
stems I, II, and III. B) Positioning of nucleotides for general acid-base catalysis.
[Martick, M.; Scott, W. G. Tertiary contacts distant from the active site prime a ribozyme
for catalysis. Cell 2006, 126, 309-320], Copyright 2006; [used with permission from
Elsevier]
The molecular interactions of RNAi and the ribozyme, taken together, show that
RNA–RNA interactions can depend on the sequence readout of the target, as well as the
tertiary structure. Furthermore, the structure function-relationship in the catalytic RNAs,
such as the hammerhead ribozyme, rivals that of proteins. Like proteins, these RNA
molecules fold into unique tertiary structures and switch between active and inactive
conformations upon binding of effectors. The similarity in RNA-RNA interactions and
those of the protein-RNA interactions underlines how congruent strategies can be applied
toward RNA and protein targets. Like proteins, local charges, hydrogen bonds, and
structural

folds

can

be

exploited

in

10

binding

to

many

RNA

targets.

1.5

RNA–DNA Interactions
RNA–DNA interactions are essential to life because it is through such contacts

that the RNA polymerase transcribes the genetic information encoded in DNA into RNA.
Viruses also utilize RNA-DNA interaction through the action of reverse transcriptase,
which transcribes viral RNA into DNA. Other vital enzymes such as telomerase require
similar interactions.24 In these examples, RNA and DNA single strands form doublehelical structures held together by Watson-Crick base-pairing.25 Triple helical structures
have also been shown as possible formations, where an RNA single strand forms a righthanded triple helix with the DNA double strand.26 Watson-Crick base pairing stabilizes
the DNA strand, but the RNA strand binds in the major groove of the DNA double helix
and is stabilized by Hoogsteen-type hydrogen bonds. Thus, complementation of the three
strands is the major factor for formation of the triple helix hybrid structure.
Other structures of RNA-DNA complexes have also emerged. In one instance,
the end base pairs of two identical RNA-DNA hybrid helixes intercalate into one another
resulting in a dimer of RNA-DNA helixes stacked end-on-end. Although this has been
observed in the crystal structure, the biological implications need to be resolved.27
These examples of RNA-DNA hybridization show the relatively limited range of
intermolecular interactions available between these two types of molecules. Tertiary
structures of RNA that have been previously discussed do not seem to be involved with
DNA binding.

Base compatibility between the two oligomers is what ultimately

determines binding affinity, whether by Watson-Crick base-pairing, non-canonical basepairing, or by base intercalation.

11

1.6

RNA Binding Interactions
RNA–RNA and RNA–Protein interactions are able to take advantage of the direct

read-out of the RNA strand. They also exploit the unique tertiary structures of RNA,
where pockets, loops, and bulges become viable targets.

This opens avenues to

researchers for binding a single RNA target selectively and with binding specificity. The
aminoglycosides are one of the oldest known RNA binding molecules, and knowledge of
their intermolecular interactions has grown to the point that they can provide an adequate
model for researchers when designing new RNA binding molecules.

Electrostatic Interactions
Electrostatic interactions are one of the major binding interactions found between
the aminoglycosides and their target rRNA.

One study suggests that electrostatic

interactions comprise at least half of the total binding energy observed for paromomycin
and geneticin. This conclusion was drawn from the dependence of binding on Na+
concentration.28 Salt concentration in solution can mediate molecular binding to the
negatively charged phosphate backbone of target RNA. Other researchers’ observations
corroborate these results, where increasing the number of amine groups on many
aminoglycosides also increases affinity for target RNA.29

Although, electrostatic

interactions may be involved largely in tight binding of aminoglycosides, it can also be
detrimental.

All RNA molecules have negatively charged backbones, so too much

reliance on electrostatics can lead to promiscuous binding as in the case of neomycin,
which can bind to multiple regions of its target RNA.30
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Non-ionic Interactions
The negatively charged backbone is a ubiquitous feature of RNA. Targeting that
feature with positively charged molecules may seem like an obvious route to binding.
Exploitation of RNA’s non-ionic features, however, is a less apparent tactic, and it has
been demonstrated that aminoglycosides can take advantage of this. Crystal structures of
several aminoglycosides showed that they were able to bind inside of the helix and form
stacking interactions with a guanine base.31 Binding in the groove of helical RNA was
also described above in a similar interaction between the HIV-1 RRE RNA and the Rev
protein.

Pseudo-Base Pair Interactions
Much like nuclotide bases can hydrogen bond in Hoogsteen type interactions,
aminoglycosides can also use similar contacts for binding to ribonucleobases. The sugar
ring I of nine aminoglycosides were shown to form hydrogen bonds with Watson-Crick
sites of A1408 in the minimal A site helix of bacterial ribosome 16S rRNA. 31 These
types of interactions were also discussed above between the HIV-1 RRE RNA and the
binding domain side-chains of the Rev protein, which hydrogen bonded with bases in the
groove of the helix.16

Structural Complementarity and Conformational Adaptation
There is some amount of controversy surrounding the notion of designing a
molecule to fit a specific conformation of target RNA, or inducing a conformational
switch in both molecules upon a binding event. It has been proposed that any three-
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dimensional structure of RNA would be difficult to target with a great degree of
specificity because of the electrostatic interactions that dominate binding. Additionally,
most pockets and folds in RNA structures are likely to be anionic in nature. 3 One could
envision how small molecules such as aminoglycosides would be at a disadvantage for
utilizing secondary structure. These molecules’ size is a limiting factor by reducing their
sampling area of the target. Thus, individual pockets of charge, dispersed over a distance
on a conformationally rigid RNA, could not be exploited simultaneously. Additionally,
many of the secondary structures of RNA are relatively flexible, so conformational
changes can be induced in the target upon binding.32 This is especially seen when larger
proteins bind to target RNAs.1 This inherent flexibility may allow for different types of
RNA to adjust in order to bind tightly to the same effector molecule with a cost of
reduced selectivity.

1.7

Small Molecules
The use of small molecules (MW < ~1000) provides an alluring route to targeting

RNA. Synthetically, these molecules have less functional groups to deal with than larger
molecules, resulting in a relative ease of synthesis. These molecules can also be tailored
to allow for cell permeability, increasing potential to be pharmacologically effective. A
large number of RNA binding small molecules have been developed, and there are
several classes of binders.2,3,5 The aminoglycosides have been discussed above, and this
class of small molecules causes miscoding during translation by binding at the A-site of
the decoding region of rRNA. Interestingly, all of these molecules except streptomycin
are specific for A1408, which is the only base in the A-site of eubacteria that is different
14

in eukaryotes (a guanine).1,31

Furthermore, the A-site has a secondary structure

comprised of a helix, with two asymmetric internal loops, and A1408 is located on one of
the internal loops. Asymmetric loops often have no secondary structure in solution, but
their flexibility probably plays a role in binding of aminoglycosides.
Another class of small molecule binders is the intercalators. Classical DNA
binding intercalators will bind to the RNA helix, but these are preferential toward DNA.
Other molecules bind tightly in the RNA stem structure.3 Targeting the stem structure of
an RNA target is not limited to intercalation. Ionic association is also an important route
of RNA binding with molecules of this size. Such molecules are thought to bind to the
RNA helix preferentially over DNA due to the inability of the ligand to pack into the
minor groove of the DNA double helix.33,34
Riboswitches are an interesting class of genetic switches found in the 5’-UTR of
selective mRNAs that bind to small molecules for the purpose of regulating gene
expression.35 Most riboswitches function as feedback loops, where the same metabolite
that the translation product is responsible for generating is the ligand that binds to the
mRNA.

This binding event prevents gene expression and ultimately stops the

biosynthesis of the metabolite.36 These genetic switches can be modular, where the
riboswitch contains one or more metabolite binding aptamers, and a second module
called a platform that undergoes a structural change.

In some cases, the induced

structural change can prevent RNA polymerase from continuing transcription elongation,
while in other cases, the translation of the mRNA into protein is shut down at the
ribosome. Riboswitches are not limited to a modular form. The platform and aptamer
are not always distinct from one another.36 mRNAs are also not limited to a single
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riboswitch in the 5’-UTR. Having tandem riboswitches or a single riboswitch containing
multiple aptamers improves responsiveness to lower concentrations of metabolite.35 The
mRNA of the metE gene from Bacillus clausii contains tandem riboswitches that are
unique from most other examples–they bind independently to two different ligands, Sadenosylmethionine and coenzyme B12 to trigger transcription termination.37 After ligand
binding, single hairpin structures are formed, called terminator stems located immediately
downstream from each one of the aptamers.
Many aptamers of riboswitches are finely tuned to recognize their substrate. The
thi-box was one of the first riboswitches to be discovered, and it binds thiamine
pyrophosphate (TPP) with high affinity and specificity. Many thi-box aptamers can
distinguish between TPP and thiamine monophosphate (TMP) with up to 1000-fold
greater affinity, and they can also distinguish between TPP and positively charged
thiamine to the same extent.38 Crystal structures of the thi-box with TPP, TMP, or
thiamine have uncovered intermolecular interactions that allow for tight and selective
binding.39 Phylogenetically conserved residues of the aptamer bury most of the natural
substrate. The aminopyrimidine ring of TPP and TMP base stacks between A43 and
G42, and hydrogen bonds to G40 of the pyrimidine sensor helix. The pyrophosphate
portion of TPP is recognized by two divalent metal cations coordinated to water and
several bases of the pyrophosphate sensor helix.

Many of these coordinated water

molecules are lost in the TMP bound structure, although distances between ligand and
metal cations are mostly unchanged (Figure 1.5a–b). To accomplish this, however, the
RNA must become more compact to achieve binding with TMP. Additionally, TMP
becomes more elongated to bridge the gap between the two sensor helices. Finally,
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binding to the pyrophosphate sensor helix is completely lost in the case of pyrithiamine
(PT), which has no phosphates (Figure 1.5c). This observation would account for poor
binding of thiamine to the thi-box.

Figure 1.5. Crystal structures of thi-box riboswitch bound with metabolite and analogs.
A) TPP. B) TMP. C) PT. [Edwards, T. E.; Ferre-D'Amare, A. R. Crystal structures of
the thi-box riboswitch bound to thiamine pyrophosphate analogs reveal adaptive RNAsmall molecule recognition. Structure 2006, 14, 1459-1468], Copyright 2006; [used with
permission from Elsevier]
Although there have been many small compounds reported that bind to RNA,
there have been relatively few studies on their intermolecular interactions. Some small
compounds have been identified that bind to RNA hairpin loop structures, which account
for the most RNA-protein interactions second only to duplex regions.3 Of the molecules
that do bind hairpin loops, the contribution of electrostatic interactions to binding is only
~25% or less, in contrast to > 50% for aminoglycosides.40 Riboswitches can achieve
mid-picomolar binding affinity (Kd) and excellent specificity for their ligands because
these systems have evolved naturally over immense lengths of time.35,41,42 Designing
small molecules that selectively bind to a target RNA that has no natural small ligand is
17

an arduous task. Thus, binding trends for individual RNA structures are still being
brought into focus, and much work lies ahead in this field.3

1.8

Large Molecules
Over the past decade there has been an increased interest in targeting RNA with

large molecules in the form of RNAi. As mentioned above, RNAi is a method of using
dsDNA for silencing genes.

The single target of this technique is mRNA in the

cytoplasm, where the mode of action is through endogenous gene silencing machinery.
This phenomenon was initially uncovered in 1998 by experiments with Caenorhabditis
elegans.43 These researchers found the unexpected result that using dsRNA was ten
times more effective for gene silencing than using just the sense or antisense strand alone.
The initiating step in the pathway is cutting of the dsRNA trigger into siRNAs of ~22
nucleotides in length by the evolutionarily conserved RNase III enzyme named Dicer.
These antisense strands can be incorporated into RISC to bind to the target mRNA
template and activate degradation by the ribonucleoprotein complex.

This mode of

action depends simply on base-pairing between the two interacting strands, and while it
may seem that siRNAs would be very specific, the situation is confounded by another
form of RNAi, the miRNAs.
The same molecular machinery is utilized in processing the pre-miRNA hairpin
into miRNAs, but the mode of action is slightly different from that of siRNA (Figure
1.6). As discussed above, miRNAs function with RISC by binding to the 3’ region of the
mRNA target with incomplete complementarity. Through this interaction, translation of
mRNA is blocked.

Thus, base complementarity between RNA target and the fully
18

processed RNAi molecule is ultimately the determining factor of whether mRNA is
cleaved, or if translation of mRNA is blocked. Therefore, siRNA and miRNA can be
functionally interchangeable, where an siRNA may have incomplete complementarity to
an off-target RNA and block translation just as an miRNA could have complete
complementarity to a region in some off-target RNA to induce cleavage by RISC (Figure
1.6).44,45

Figure 1.6. Biogenesis of miRNAs. Mature miRNA can bind to RISC and repress
translation of targets with incomplete complementarity, or it can induce cleavage of
sequences with complete complementarity. [Esquela-Kerscher, A.; Slack, F. J. Oncomirs
– microRNAs with a role in cancer. Nat. Rev. Cancer 2006, 6, 259-226], Copyright 2006;
[used with permission from Nature Publishing Group]
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Single stranded oligonucleotides are also used for gene silencing in antisense
technology. Typically these strands range from 13 to 25 nucleotides in length, and can
easily reach molecular weights over 2000 Da. These oligomers bind to their target
mRNA through base sequence complementarity in order to induce enzymatic degradation
of the RNA-DNA double helix. This degradation is accomplished through hydrolysis by
the ubiquitous enzyme, ribonuclease H (RNase H). Alternatively, antisense strands can
function via steric blockade, where splicing or translation associated proteins cannot
proceed.47

In this technique, the oligonucleotides can be comprised of natural or

modified bases, although unnatural bases have significant advantages over their natural
counterparts.

Natural oligonucleotides are extremely sensitive to endonucleases and

exonucleases that can degrade the oligomer, and the products of these reactions can have
cytotoxic properties.48 The unnatural antisense oligomers are generally comprised of
methylphosphonates,49-51 phosphorothioates,52,53 peptide nucleic acids (PNAs),54-56
phosphorodiamidate morpholino oligomers,57 N3’P5’ polynucleotides,58 and 2’-Omethyloligoribonucleotides.59-61
The methylphosphonates and other 2’-O-alkyl antisense oligomers are not widely
useful.47 The backbone of these compounds has increased cellular stability, but also
results in bending of the double helix; causing reduced affinity of the hybridized structure
toward RNase H.61,62 This class of antisense molecules utilizes an RNase H independent
mechanism of action.47

The phosphorothioates are the most well studied antisense

oligonucleotides since they have good resistance to nucleases as a single strand. There is
some difficulty associated with these molecules, because replacement of non-bridging
oxygen with sulphur introduces a chiral center. This can be problematic because only
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one diastereomer hybridizes well with target mRNA.

Additionally, their negatively

charged backbone assists in solubility, but nonspecific interactions with other cellular
components is a common problem that can lead to cytotoxic effects.47

PNAs,

phosphorodiamidate morpholino oligomers, N3’P5’ polynucelotides, and 2’-Omethyloligoribonucleotides are second-generation antisense oligonucleotides.

PNAs

work through steric blockade so that translation of a tightly bound mRNA target cannot
occur. These unique molecules lack a phosphate ribose backbone and tight binding is
attributed to resulting lack of charge.

Like PNAs, phosphorodiamidate morpholino

oligomers have an uncharged backbone, and a morpholine ring replaces the ribose
sugar.57 This molecule also works through steric blockade, but its shortcoming is that it
has poor cellular uptake. Finally, N3’P5’ polynucleotides have a ribose 3’ oxygen
replaced by an amine.47 All of these antisense oligonucleotides work by either backbone
RNase H compatibility or steric blockade of one or more macromolecular biomolecules
involved in protein expression. The major limitation with these oligos is that they have
poor cellular uptake as “naked” molecules, so delivery vectors are required in order for
cells to internalize them.47
Targeting mRNA with large molecules has a number of shortcomings. In the case
of RNAi, there is a risk of silencing off target sequences, as was described with the
miRNAs and siRNAs. Antisense technology also presents a similar risk, where a binding
event could occur with a RNA sequence of incomplete complementarity.

The

effectiveness of antisense gene silencing also depends heavily on RNase activity.
Finally, these classes of large molecules suffer from poor cellular uptake, and in some
cases have problems with cytotoxicity.
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1.9

RNA Targets
The selective binding of synthetic molecules to RNA targets is primarily sought

after for antibacterial, gene silencing, or antiviral capabilities. In many ways, targeting
RNA is a better alternative than binding DNA. The DNA is tightly wrapped around
histones and is sequestered to the nucleus in eukaryotes, but RNA is more accessible as it
is translated in the cytoplasm. Targeting RNA can also be complementary to protein
targeting or employed to manipulate biological functions where proteins are not utilized,
as is the case with ribozymes and riboswitches.
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Chapter 2

Targeting

Structured

RNAs

Using

“Medium-Sized” Molecules

2.1

Introduction
RNA has been catapulted to the forefront of chemical biology research in recent

years because of its key roles in transcription, translation, splicing, replication, and
catalysis.1-5 Indeed, RNA’s biological repertoire is far more expansive than what was
previously thought. Due to the ubiquitous nature of RNA in its control of vital biological
functions, researchers have aimed to harness what has been found to be an elusive target
at times. Although RNA is not as structurally complex as many proteins, it is capable
forming of an array of secondary structures such as stems, loops, bulges and turns, which
can be folded upon one another to generate unique tertiary structures.6 These structures
are possible in part because RNA, like protein, is synthesized in vivo as a single stranded
macromolecule. In principle, it should be possible to design ligands that can selectively
target the pockets and folded surfaces of unique RNA three-dimensional structures, much
in the same way rational design is employed for the preparation of small molecules
capable of docking with a protein. In reality, it has proven to be a herculean task to
generate RNA binding molecules that achieve high affinity, while simultaneously
maintaining high selectivity for the target, good cell-permeability, and low cytotoxicity
profiles.
A major challenge in designing ligands to bind RNA involves the ability of RNA
to fold into complex three-dimensional structures. These conformations are flexible, and
28

it is possible for the RNA to become locked into misfolded yet stable conformers.
Therefore, it is not currently possible to accurately predict the shape of an RNA from the
sequence information alone.6 Due to their conformational flexibility, many important
RNA structures that are currently viewed as high-value targets either do not have
published crystal structures, or only short fragments of the RNA have been successfully
crystallized.7-11 Thus, researchers must rely on the structures predicted from solution
NMR experiments or nuclease and chemical probing methods. Because of this deficit of
information, in silico design of small molecular ligands for RNA has often been a less
bountiful exercise than protein-structure based drug design; however, some valuable
functional insights have been gleaned from these endeavors, and significant progress has
recently been made in this area.12-15 Taking into account that a single RNA can have
more than one stable conformation, research has relied heavily on high-throughput
screening of chemical libraries in vitro or structure-activity based design from known,
strongly binding lead compounds such as aminoglycosides and other antibiotics.16-24
RNA binding ligands have traditionally been divided into two classes, namely
small or large molecules. The progress of small molecular ligand design and discovery
over the past few decades has been extensively reviewed previously in excellent detail. 2527

This class of RNA binding molecules has been broadly successful in achieving high

affinities for RNA, and these ligands have also displayed excellent cell permeability in
many cases.28,29 The major hurdle with these compounds has been their general poor
selectivity.

The flagship for small ligands that bind RNA have traditionally been

antibiotics such as the aminoglycosides, macrolides, oxazolidinones, and tetracyclines,
which are known for binding to the ribosomal RNA (rRNA), and these examples have
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helped to demonstrate that RNA is a druggable target.28 However, these successes must
be taken within the context of the target structure, where it has been suggested that the
conformation of rRNA is highly stabilized in part by the surrounding ribosomal proteins
that constrain it.30 This is a form of RNA that is highly structured and in high quantities
within the cell.31

In contrast, many high-value targets such as the human

immunodeficiency virus type-1 (HIV-1) transactivation response element (TAR), the
HIV-1 Rev response element (RRE), the hepatitis-C virus internal ribosomal entry site
(HCV-IRES), and others are not as conformationally restricted as the rRNA. As a
testament to their conformational adaptability, it has been well-demonstrated that many
different RNA hairpin shapes including HIV-1 RRE, HIV-1 TAR, and others will bind
non-specifically to aminoglycosides.14,32

Additional issues arise with these small

molecules due to their heavy reliance on electrostatic interactions with the RNA target,
and this highlights a second hurdle to overcome. Small molecules have been broadly
designed in the past with positively charged moieties to increase affinity because the
RNA phosphate backbone is polyanionic, and some RNA structures display pockets of
negative charge within the major grooves.12 However, a significant price is paid in the
selectivity of these molecules because all RNAs are polyanionic. This problem has led to
electrostatic interactions being described as the “double-edged sword” of RNA targeting,
where affinity is increased at the expense of selectivity.14
Large molecules are the other traditional class of RNA-binding ligands, and these
typically encompass the oligonucleic acid binders of RNA such as those used with
antisense DNA technology and RNA interference (RNAi) technology, which have both
been extensively reviewed.33-37

Binding of this molecular class relies on the direct
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sequence read-out of the target, where Watson-Crick base pairing is the dominant mode
of intermolecular interaction, and this allows selectivity for the target to be quite high
although incomplete complementarity to the target can result in off-target effects.38,39
However, cell permeability is the major hurdle in the case of large molecules because
they are typically polyanionic and have high molecular weights by definition. Currently,
much effort is being made to design transfection agents, typically composed of
polycationic polymers, to aid in cellular delivery of these large molecules, and other
delivery methods are being explored as well.34,40,41 Additional issues with this class of
compounds have been their poor serum stability, cytotoxicity, and non-specific binding
with cellular proteins in some cases.34,35 Furthermore, many RNAs are inaccessible to
these larger inhibitors because of the highly folded nature of the target.
Clearly, molecular design of RNA binding ligands is far from straightforward.
Both small and large molecules have beneficial properties, but their successes as RNA
binders are severely tempered by their undesirable qualities, which result in a catch-22.
Small molecules can simultaneously achieve high affinity and cell permeability, yet they
are notoriously non-specific RNA binders. These ligands are also hampered by their low
molecular weights because they rely on a relatively few number of intermolecular
interactions with the target structure, and using a small molecule to preclude the binding
of a protein at the interface of a RNA–protein complex is a truly daunting task. Large
molecules, on the other hand, are capable of multiple points of contact with RNA, yet
they do not recognize the three-dimensional architecture of the target because they
heavily rely on base pairing. Additionally, they are poorly taken-up by cells, and in some
cases they have poor cytotoxicity profiles. These drawbacks have plagued on-going
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research, and it has driven many in the field to explore a third class of molecules, so
called “medium-sized” molecules. In this review, we aim to define a separate class of
molecular ligands for RNA, which fall between the range of large and small molecules.
Examples from this class of compounds have the capability of making multiple points of
contact with the RNA target while also retaining cell permeability. Research where this
type of ligand has been employed will also be highlighted.

2.2

The Third Molecular Class of RNA Binders: Medium-Sized

Molecules
Medium-sized molecules can be defined as those that are between ~1200–2500
Da. This mass window provides a better chance for these molecules to remain cell
permeable while also presenting an ample scaffold with which to recognize and bind to
unique RNA surfaces and folds. In contrast, molecules classified as large in the field of
RNA targeting, such as antisense DNA and small interfering RNAs (siRNA), typically
have molecular weights above 4000 Da. As previously discussed, they broadly display
poor cell permeability and do not recognize the unique tertiary structure of RNA. Small
molecules are typically thought of as compounds near or below 500 Da by Lipinski’s rule
of five.42 However, within the context of RNA binding ligands we have classified small
molecules as those with molecular weights below ~1100 Da, and these include the
aminoglycoside antibiotics (Figure 2.1), as well as the oxazolidinone, macrolide, and
tetracycline antibiotics.
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Figure 2.1.
molecules.

The structure and molecular weight of several aminoglycoside small
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2.3

Medium-Sized

Neomycin

B–Arginine

Conjugates

and

Aminoglycoside Dimers
The aminoglycoside small molecule neomycin B (Neo) has been shown to bind
non-selectively to various hairpin RNA structures including HIV-1 TAR, which is a span
of 59-nucleotides located at the 5’-end of all nascent HIV-1 mRNA.9,43,44 This portion of
RNA, which folds into a highly conserved hairpin structure that features a hexanucleotide
loop and a trinucleotide bulge (Figure 2.2a), binds to the virally encoded Tat protein
through an arginine rich motif. This Tat–TAR interaction transactivates transcription of
the virus allowing for efficient production of mRNA.9,45 Thus, TAR RNA has become a
popular and potentially important target for the development of new anti-HIV drugs
because inhibition of the TAR–Tat interaction substantially lowers the rate of viral
transcription.43,44 Neo has a modest affinity for TAR in the low micromolar range, and
binding occurs at the trinucleotide bulge and flanking stem on the 5’-side.46 Lapidot and
coworkers prepared a neomycin B–hexaarginine conjugate (NeoR) with the intention of
creating a Tat peptide mimetic (Figure 2.2b). Appending Neo with six Arg residues
effectively increased the overall positive charge of the compound while also increasing
the molecular weight to fall within the medium-sized molecular class.23 The affinity for
TAR was greatly improved (Kd = 5.8 nM) by fluorescence anisotropy experiments, and
cellular uptake was also greatly improved. However, NeoR was also found to be a nonselective binder with another RNA structure, the HIV-1 RRE stem-loop IIB (Kd = 18.1
nM). Computational studies in the same report suggested that NeoR binding was more
akin to that of the Tat–TAR complex, where a single Arg residue was docked in the TAR
cavity that is formed by folding of the bulge region. This article also showed that NeoR
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was able to inhibit binding of HIV-1 virions to MT2 cells, possibly through blockade of
the CXCR4 co-receptor. In addition, NeoR was found to inhibit several extracellular
functions of the Tat protein including the upregulation of CXCR4 expression,
suppression of human peripheral blood mononuclear cell (PBMC) proliferation, and
induction of CD8 expression. This neomycin conjugate and similar compounds are now
being explored primarily for their role as viral entry inhibitors and less so for their RNA
binding capabilities.47,48

Figure 2.2. The structure of HIV-1 TAR (A) and the neomycin B–hexaarginine
conjugate (B).
Another popular target for the aminoglycoside antibiotics has been the HIV-1
RRE RNA. This RNA, which is a portion of the HIV-1 viral genome, is responsible for
the egress of full-length and incompletely spliced HIV-1 transcripts from the nucleus to
the cytoplasm when bound to the virally encoded Rev protein.49-51 In this process, Rev
binds to the high-affinity site of RRE at stem-loop IIB (RRE-IIB) (Figure 2.3a), which is
located within the env gene of HIV-1 and present in all incompletely spliced
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transcripts.52,53

Because the accumulation of these transcripts in the cytoplasm is

required for the translation of several viral structure proteins and genomic material for
new viruses, inhibitors of the Rev–RRE interaction could potentially become valuable
anti-HIV therapeutics.53-55

Figure 2.3. The structure of HIV-1 RRE-IIB (A) and neomycin dimer (B).

Neo has been demonstrated to non-specifically bind at multiple sites on RRE with
an apparent binding affinity of ~0.2 M.24,56-60 Tok and coworkers sought to take
advantage of the multiple Neo binding sites on RRE through the use of bivalent ligands.60
To that end, they prepared a dimer of Neo (11) (Figure 2.3b) that had previously been
shown by Wang et al. to inhibit the hammerhead ribozyme (HH16).61 As predicted, a
roughly 17-fold increase in binding affinity was observed by fluorescence anisotropy for
the dimeric construct 11 (Kd = 0.01 ± 0.001 M) compared to Neo (Kd = 0.18 ± 0.01
M). Unfortunately, however, these measurements were made using concentrations of
RNA that were far in excess of the binding constants that were obtained; therefore, their
results were called into question.24 Later, Tor and co-workers prepared and tested 11 as
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well as several similar aminoglycoside dimers (12–15) for their affinity and selectivity to
a larger RRE RNA structure (RRE66) (Figure 2.4).24 Using a solid phase assay, they
measured a 100-fold increase in binding to RRE66 using 11 compared to the undimerized
Neo. Although a strong binding affinity of 11 (Ki = 2.6 nM) was observed for RRE66
using fluorescence anisotropy, the compound also displayed strong affinity to a poly
r[A]–r[U] RNA duplex structure (Ki = 12 nM) as well as calf thymus (CT) DNA (Ki =
390 nM). Further interrogation of the compound’s selectivity using a solid-phase assay
displayed a dramatic loss of affinity (96-fold) when conducted in the presence of 100fold excess tRNA bases, although only a 2-fold loss of affinity was observed in the
presence of 100-fold excess of CT DNA bases. These results indicated that the dimer 11
preferentially binds RNA over DNA, but the selectivity for a particular RNA tertiary
structure is poor. This trend was broadly maintained across all of the dimers they tested.

37

Figure 2.4. The structure of RRE66 (A) and affinities toward aminoglycoside dimers (B).
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2.4

Medium-Sized Peptides and Peptidomimetics
Many of the high-value RNA targets such as HIV-1 TAR, HIV-1 RRE, and HCV-

IRES function through their interaction with key proteins or ribonucleoprotein binding
partners.9,11,43,44,62-71

Furthermore, it is has been well demonstrated that only short

fragments of these proteins are required for binding to the target RNA structure.72-78
Since nature has provided a blue print for RNA ligand design, it is unsurprising that
peptidic compounds and peptidomemetics are the most well explored medium-sized
molecular species designed for RNA binding. Peptidic ligands are also particularly
attractive due to their synthetic accessibility, functional modularity, and amenability to
the rapid preparation of combinatorial libraries. This review will cover the general
approaches to targeting RNA with medium-sized peptides and peptidomemetics as well
as some of the classic examples of each type where they have been utilized.
Yu and coworkers, over the course of four studies, have extensively explored
short, -helical peptides with amphiphilic properties for their ability to bind hairpin RNA
targets with good selectivity.79-81 In this series of papers, the helical peptides were all
based on the sequence, LKKLLKLLKKLLKLKG (16). This peptide was originally
targeted toward calmodulin and was predicted to have a structure that displayed the Lys
and Leu residues on the opposite sides of an -helix.82,83 In their first report, they
explored the notion that methylated Lys and Arg residues play an important role in the
selective and specific RNA binding of endogenous proteins.79,84,85 To that end, -helical
peptides featuring Nε,Nε-dimethyl Lys residues were synthesized and tested for their
ability to bind to HIV-1 RRE RNA by fluorescence anisotropy (Table 2.1).79 This study
revealed that methylation of lysine at positions 3 and 9 in peptide 22 resulted in a ~2.439

fold increase in affinity to RRE compared to 16, and that the specificity to RRE over two
other RNA structures was also roughly doubled. This was an improvement over the
selectivity displayed by a Rev related peptide that was also tested in the same study. It
was also shown that the methylated peptides displayed lower -helical content measured
by circular dichroism (CD) spectroscopy compared to 16. The authors did note that in a
separate experiment, the -helical content of 22 was increased from 7.5% to 11% and
18% when it was titrated with 0.1 and 0.3 equivalents of RRE, respectively. This result
was indicative of a conformational change of the peptide resulting in an induced-fit
binding to RRE. RNA footprinting studies also suggested that both 22 and the Rev
peptide share a similar binding site on RRE, which is located at the internal loop and
nearby stem regions.
Table 2.1. Sequences of peptides featuring N,N-dimethyl Lys and their binding affinity to
several RNAs.
Peptide

Sequence (position(s) of K*)a

-Helicity
(%)c
26/57
5/45

Kd vs RRE
[nM]
22
79

Kd vs TAR
[nM]d
62 (2.8)
–

Kd vs tRNAmix
[nM]d
55 (2.5)
–

LKKLLKLLKKLLKLKG
LKKLLKLLKKLLK*LKG
(13)
LKKLLKLLK*KLLKLKG (9) 9/48
74
–
–
18
LKK*LLKLLKKLLKLKG (3) 8/50
75
–
–
19
LKKLLKLLK*KLLK*LKG
7/49
30
–
–
20
(9, 13)
LKK*LLKLLKKLLK*LKG
6/43
69
–
–
21
(3, 13)
LKK*LLKLLK*KLLKLKG
8/52
9.1
53 (5.8)
42 (4.6)
22
(3, 9)
LKK*LLKLLK*KLLK*LKG
6/47
87
–
–
23
(3, 9, 13)
Revb
TRQARRNRRRRWRERQRA 33/73
8.5
21 (2.5)
20 (2.4)
AAAR
a
K* = Nε,Nε-dimethyl Lys. b The N-terminus of the peptide is succinylated. c In 10 mM H3PO4 / 50%
2,2,2-trifluoroethanol (TFE) in 10 mM H3PO4, pH 7.4. d Discrimination ratios (Kd against other RNA / Kd
against RRE) are given in parenthesis.
16
17
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Later, Yu and coworkers reasoned that using intercalating moieties rather than
methyl groups in their -helical peptides would aid in binding RNA through potential –
 interactions.80 In this study, variants of peptide 16 were initially prepared featuring Lys
residues acridinylated at the Nε atoms. These amphiphilic peptides were evaluated for
their selectivity toward the hairpin structures of RRE-IIB and TAR compared to tRNAmix
using fluorescence anisotropy. Of the monoacridinylated peptides sequences, 24, 27, and
28 had high binding affinity to RRE and TAR hairpin structures (Table 2.2), but their
selectivity between these two RNA structures was quite poor. It was also noted that the
position of the acridine moiety caused changes in the observed binding affinities; thus,
these groups may be positioned differently once in complex with the RNA. They tested
this hypothesis by generating bis-acridinylated (30, 31, and 32) and tris-acridinylated (33)
variants of 16 to determine if these changes resulted in a “multivalency effect”. Every
peptide featuring more than one acridine moiety achieved increased affinity for all RNA
types tested, where the bis-acridinylated compounds had better discrimination ratios for
the hairpin RNAs in general.

Although tris-acridinylated peptide 30 displayed the

highest affinity of all compounds tested, a heavy price was paid in destruction of any
selectivity across all three RNA types. Further analysis of these peptides using several
additional RNA sequences showed that these amphiphilic peptides highly preferred stembulges and internal loop structures to apical loops and purely double-helical stems. This
study demonstrated that although intercalating moieties can highly improve binding
affinity to RNA structures, care must be taken in their utilization to avoid large decreases
in selectivity.
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Table 2.2. Sequences of peptides featuring N-acridinyl Lys and their binding affinity to
several RNAs.
Peptide

Sequence (position(s) of K*)a

-Helicity
(%)b
26/57
14/52
18/57
18/55
36/62
25/63

Kd vs RRE
[nM]c
22 (2.5)
3.2 (4.4)
11
14
4.3 (3.0)
6.8 (2.1)

Kd vs TAR
[nM]c
62 (0.89)
2.5 (5.6)
17
8.3
1.3 (10)
1.5 (9.3)

Kd vs tRNAmix
[nM]
55
14
16
19
13
14

LKKLLKLLKKLLKLKG
LK*KLLKLLKKLLKLKG (2)
LKK*LLKLLKKLLKLKG (3)
LKKLLK*LLKKLLKLKG (6)
LKKLLKLLK*KLLKLKG (9)
LKKLLKLLKK*LLKLKG
(10)
LKKLLKLLKKLLK*LKG
15/65
13
16
9.3
29
(13)
LK*KLLKLLK*KLLKLKG
35/57
0.61 (8.0)
0.55 (8.9)
4.9
30
(2, 9)
LK*KLLKLLKK*LLKLKG
15/48
0.72 (8.5)
0.64 (9.5)
6.1
31
(2, 10)
LKKLLKLLK*K*LLKLKG
12/54
0.92 (7.5)
0.37 (18)
6.9
32
(9, 10)
LK*KLLKLLK*K*LLKLKG
15/49
0.25 (0.92) 0.20 (1.1)
0.23
33
(2, 9, 10)
a
K* = Nε-acridinyl-Lys. b In 10 mM H3PO4 / 50% TFE in 10 mM H3PO4, pH 7.4. c Discrimination ratios
(Kd against tRNAmix/ Kd against RRE or TAR) are given in parenthesis.
16
24
25
26
27
28

In their next iteration of amphiphilic -helical peptides, Yu and co-workers owed
their previous difficulties in selectively targeting the TAR and RRE hairpins to the
conformational flexibility and inherent promiscuity of these RNA structures.12,15,81 To
get around this problem, they used their compounds to identify hairpin RNA structures
that are capable of specific binding and thus, have a greater chance of being druggable
targets. First, the researchers performed an alanine scan of peptide 16, where each Lys
residue was systematically replaced with Ala (7 total). These peptides were tested for
their affinity to RRE-IIB, TAR, 16S rRNA A-site from E. coli (16S A-site), and HCV
IRES domain IV (IRES) (Figure 2.5). Based on the results from this experiment, IRES
was found to be the most specific binder of the four hairpin structures tested, as it had the
highest standard deviation in binding affinity across all seven Ala modified peptides and
16. In the second generation of peptides used in this report, further modifications were
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made at the three Lys residues of peptide 16 that most profoundly decreased binding to
IRES upon replacing them with Ala. These three locations were each replaced by the
progressively shorter amine containing side chains of ornithine (Orn), 2,4-diaminobutyric
acid (Dab), and 2,3-diaminopropionic acid (Dap) in order to preserve the critical amine
functionalities, while also making the peptides smaller to allow binding more deeply in
the RNA groove. In addition to these modifications, the final Lys residue of these
peptides was also modified to Ala (Lys15Ala) in all subsequent experiments because this
peptide, 16h (16h = 16 (Lys15Ala)), had the highest affinity for all RNAs tested in the
Ala scan. Gratifyingly, each modification to Orn, Dab, or Dap increased binding affinity
relative to 16h in all cases tested, where the most improved binder contained two
mutations in the sequence (Lys9Orn; Lys13Dap). This sequence had a Kd of 680 ± 60 pM
for IRES and displayed the best discrimination ratio (DR = 25), which was defined in this
case as the average Kd of non-specific RNAs (RRE, TAR, and 16S A-site) divided by the
Kd of IRES. Finally, they were able to further improve the affinity and discrimination
ratio to IRES in an additional experiment by performing a tryptophan scan of all Leu
residues. This experiment provided the optimal sequence, 16h (Leu7Trp; Lys9Orn;
Lys13Dap), which yielded a Kd for IRES of 550 ± 50 pM and provided a discrimination
ratio of 45.
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Figure 2.5. The structure of the 16S A-site of E. coli and HCV IRES domain IV (IRES)
with their binding affinity to peptide 16.

In their most recent report, Yu and coworkers investigated covalently cross-linked
helical peptides as RNA binders.86 The utility of cross-linked -helical peptides had
been previously established when Guy and coworkers targeted the HIV-1 RRE RNA
using macrolactam constrained peptides with induced -helicity.87 In addition, dimeric
-helical peptides had been shown to form and retain coiled-coil structures even in
aqueous media.88,89 Verdine and coworkers had also demonstrated that the stability of
cross-linked -helical peptides containing Lys was increased 41-fold in the presence of
trypsin compared to uncross-linked controls.90 Thus, Yu and coworkers reasoned that
cross-linked helical peptides based on the sequence of 16h would be amenable for
targeting hairpin RNA structures, and the metabolic stability of their compounds would
also be improved.86 Through cross-linking, they hypothesized that the -helical character
of their amphiphilic peptides would be increased by inducing conformational rigidity,
which could help reduce the entropic cost of binding to the RNA target. Therefore,
residues at positions 5 and 12 of 16h were changed to Cys and various maleimido linkers
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were installed through those side chains (Table 2.3).

Although the helicity of the

peptides in buffered aqueous solution was improved in each case, all of the cross-linked
peptides failed to achieve binding affinities to hairpin RNAs higher than that of the parent
sequence 34. In an attempt to overcome these poor affinites, they prepared five different
-helical dimers through disulfide linkages provided by Cys residues in the peptides.
These Cys residues were systematically positioned at unique i and i +7 locations in each
dimers (Table 2.4). We must note that these dimerized peptides fall outside the mass
range of medium-sized molecules defined above, with weights well in excess of 2500 g
mol-1. However, these constructs did not recognize the RNA through Watson-Crick
interaction or direct base readout, in contrast to other large-molecules used in antisense or
RNAi technologies. Thus, they are significant to the scope of this review. Dimerization
of the peptides greatly improved the -helical character in aqueous buffered solution as
well as under membrane-like conditions. Moreover, the position of the cross-linker in the
sequence allowed the hydrophilic side of each chain to be positioned differently in each
construct, where each dimer had C2 symmetry when viewed from the top or bottom
along the helical axes. This property was responsible for the difference in affinities
across the 5 dimers examined. Although dimers 1–5 achieved sub-nanomolar affinities
for the RNA targets, selectivity between RRE, TAR, or IRES was poor. This suggests
these molecules may in fact have too many non-specific intermolecular interactions with
the targets, presumably from the multiple positively charged amine functionalities
presented in each peptide chain.
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Table 2.3. The sequences, percent helicity, and Kd values of covalently cross-linked
peptides against hairpin RNA structures.
Peptide

Sequence

-Helicity
(%)a

Kd vs RRE
[nM]

Kd vs TAR
[nM]

Kd vs IRES
[nM]

16h

LKKLLKLLKKLLKLAG

9/43

25

63

49

34

LKKLCKLLKKLCKLAG

18/73

13

9.6

34

50/61

90

67

47

13/23

46

43

31

15/53

56

8.4

25

24/44

85

52

27

LKKLCKLLKKLCKLAG

34(BMB)b
Linker

34(BMOE)b

LKKLCKLLKKLCKLAG
Linker
LKKLCKLLKKLCKLAG

34(BMDB)b
Linker

34(BMH)b

LKKLCKLLKKLCKLAG
Linker

a

In 10 mM H3PO4 / 50% TFE in 10 mM H3PO4, pH 7.4. b 1,4-(Bismaleimido)butane (BMB),
bis(maleimido)ethane (BMOE), 1,4-bismaleimidyl-2,3-dihydroxybutane (BMDB), or
bis(maleimido)hexane (BMH).

Table 2.4. The sequences, percent helicity, and Kd values of covalently cross-linked
peptide dimers against hairpin RNA structures.
Peptide

Sequence

-Helicity
(%)a

Kd vs RRE
[nM]

Kd vs TAR
[nM]

Kd vs IRES
[nM]

77/80

0.21

0.17

0.14

79/88

0.18

0.16

0.068

74/79

0.18

0.061

0.060

80/83

0.040

0.021

0.024

73/82

0.24

0.12

0.093

CKKLLKLCKKLLKLAG

Dimer 1
CKKLLKLCKKLLKLAG

LKKCLKLLKKCLKLAG

Dimer 2
LKKCLKLLKKCLKLAG
LKKLCKLLKKLCKLAG

Dimer 3

LKKLCKLLKKLCKLAG
LKKLLKCLKKLLKCAG

Dimer 4
LKKLLKCLKKLLKCAG

LKKLLKLCKKLLKLCG

Dimer 5
LKKLLKLCKKLLKLCG
a

In 10 mM H3PO4 / 50% TFE in 10 mM H3PO4, pH 7.4.
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2.5

Targeting RNA Using Modified Peptide Backbones
A major limitation of using natural peptide backbones and amino acids is that

they are highly susceptible to enzymatic hydrolysis in vivo. An approach to solve this
issue is by modifying peptide backbones such that proteolytic enzymes no longer
recognize them. Simon and coworkers were the first to detail the general synthesis of Nsubstituted glycine oligomers, named peptoids, for drug discovery (Figure 2.6a).91 They
demonstrated that these compounds have increased stability to proteinases, and their
computational studies of these compounds suggested that peptoids would also have
greater conformational diversity compared to similar peptides. In addition, they showed
that a peptoid sequence corresponding to the RNA binding domain of Tat (AcYKKKRKKKA-NH2) had a binding affinity for TAR that was similar to the natural Tat
peptide sequence (less than or equal to 2 M). They were also able to demonstrate that
the peptoid was selective for the wild-type TAR RNA over a TAR mutant containing a
point mutation in the tri-nucleotide bulge region (U23>C).
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Figure 2.6. Structural comparison of peptide and peptoid backbones (A), the structure of
peptoid/D-peptide hybrid CGP6422 screened from a combinatorial library (B), and the
structures of peptoid amides and peptoid esters (C).

The utility of peptoids was further revealed the when Hamy and coworkers
developed the first demonstrated inhibitor of the Tat–TAR interaction, which was
discovered from screening a combinatorial library comprised of peptoid/D-peptide
hybrids.92 The library was designed with limited complexity, where the first five residues
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were randomized with 20 unique peptoid and

D-amino

acid building blocks.

The

remaining four residues on the C-terminus in each sequence were held constant and were
composed of all

D-amino

acids (D-Lys-D-Lys-D-Arg-D-Pro-amide).

The optimal

compound from the library was CGP64222 (Figure 2.6b). This peptoid/D-peptide hybrid
was able to inhibit the Tat–TAR interaction by 50% at 12 nM in vitro, and NMR studies
demonstrated it interacted with the tri-nucleotide bulge as well as the two flanking base
pairs on either side of the bulge. CGP64222 was also able to inhibit Tat mediated
transactivation in cell based assays with an IC50 of 3–5 M. Furthermore, reverse
transcriptase production and HIV-1 replication were both undetectable when infected
primary human lymphocytes were incubated with the compound at 30 M; meanwhile,
cell viability and proliferation were both unaffected. Rana and coworkers later increased
the complexity of peptoids when they appended the side chains of peptoids with methyl
esters or amides to create a new class of RNA-binding oligomers named peptoid esters
and peptoid amides, respectively (Figure 2.6c).93 In this study, the peptoid ester and
amide were each modeled from the arginine rich region of the Tat peptide (amino acids
47–57), and these compounds were evaluated for their ability to bind TAR RNA. The
peptoid amide achieved a binding affinity (Kd) of ~155 nM while the peptoid ester was an
even stronger binder with a Kd of ~ 68 nM.
Rana and coworkers first used oligocarbamates to determine their feasibility as
RNA ligands.94 It was expected that the hydrogen-bonding properties, lipophilicity, and
degree of conformational restriction of the oligocarbamate backbone would differ slightly
from the natural peptide backbone. Here, they used a Tat-derived oligocarbamate (35)
corresponding to the basic arginine-rich region of Tat (Figure 2.7a). This compound was
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bound to TAR RNA with a Kd of 1.13 M by electrophoretic mobility shift assay
(EMSA), and no affinity was observed for a TAR mutant lacking the tri-nucleotide bulge
region up to 4 M in competitive binding experiments. Unfortunately, the affinity of 35
for wild-type TAR was poorer than the natural Tat-derived peptide, Tat(47–57), which
displayed a Kd of 0.78 M. This provided a Krel of 0.69 (Krel = Kd of 35 / Kd of Tat(47–
57)), which was used to normalize the data because binding affinities can vary depending
on experimental conditions.74,94 The binding site of 35 on TAR was then probed using a
photo-cross-linking experiment, which demonstrated that the site of binding was similar
to Tat and located in the widened major grove at the bulge region of TAR. Further
investigation of the RNA–oligocarbamate complex through treatment with proteinase K
demonstrated that the unnatural backbone of 35 was highly resistant to enzymatic
degradation.
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Figure 2.7. The sequence of Tat(47–57) from which oligocarbamate 35 (A) oligourea 36
(B) and -peptides (C) were derived.

Later, Rana and coworkers prepared an oligourea compound (36) that was also
based on the sequence of Tat(47–57) (Figure 2.7b).95

Oligourea backbones, like

oligocarbamates and peptides, have hydrogen-bonding groups, chiral centers, and are
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conformationally restricted.

Unlike the previous attempt using oligocarbamates,

compound 36 displayed a higher affinity to TAR (Kd = 0.11  0.07 μM) than the natural
Tat(47-57) peptide (Kd = 0.78  0.05 M) by EMSA. In this case, a Krel of 7.09 was
obtained. Oligourea 36 also displayed selectivity for the wild-type TAR structure over
two mutant sequences in competition experiments at concentrations up to 200 nM of
competitor RNA. These TAR mutants were prepared such that one of the RNAs lacked
the tri-nucleotide bulge, and the second TAR mutant featured a mononucleotide bulge.
The HIV-1 Tat peptide is known to interact with the two base pairs above the trinucleotide bulge of TAR. To determine if 36 interacted with TAR in a similar way, an
additional experiment was conducted where the G26–C39 base pair immediately above
the bulge was inverted to C26–G39. This mutant RNA was not able to outcompete
binding of 36 to wild-type TAR RNA at concentrations up to 200 nM of the mutant TAR
competitor, suggesting that the native RNA sequence is required for binding at that
location. The oligourea 36–TAR complex was also found to be completely inert when
treated with proteinase K demonstrating its potential metabolic stability.
More recently, Rana and coworkers investigated -peptides (Figure 2.7c) as
binders to TAR RNA due to their ability to adopt protein-like structures that can have
biological activity as well as their known stability to proteases.96-99 -Peptide 37 was also
based on Tat(47–57). They noted that this region of Tat had been shown previously to
adopt an extended conformation and that peptide 37 was also known to be unstructured in
solution.96,100 Thus, it was reasoned that the conformational flexibility of 37 could allow
it to bind TAR. Unfortunately, the affinity of -peptide 37 for TAR was 15-fold less than
the wild-type peptide control (Krel = 0.071) by fluorescence anisotropy measurements
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(Table 2.5). Surprisingly, however, another -peptide (38) where all Arg residues were
converted to Lys had a higher affinity to TAR than its corresponding peptide control 39
as well as -peptide 37. Although the TAR binding affinity of compound 37 was poorer
than anticipated, its selectivity for the TAR bulge was far greater than any of the other
three peptides tested in this study. The authors also noted that the altered spacing of the
β-peptide side chains could not be the only explanation for the altered affinity to TAR;
their previous experiments with the oligocarbamate backbone provided similarly poor
affinities, but using the oligourea backbone had provided improved binding affinity
compared to Tat(47–57), as discussed above.
Table 2.5. Dissociation constant for Tat(47–57) and compounds 37–39 from wild-type
or bulgeless TAR.
Peptide
37
Tat(47–57)
38
39

Wild-Type TAR (Kd)
29 ± 4 nM
2.1 ± 0.8 nM
16 ± 2 nM
32 ± 4 nM

Bulgeless TAR (Kd)
281 ± 68 nM
1.1 ± 0.2 nM
33 ± 2 nM
72 ± 8 nM

Krel
10
0.5
2
2

The newest example of backbone modified peptides was provided recently by Cai
and coworkers.101 These compounds, named -AApeptides, were based on the -peptide
nucleic acid (PNA) backbones typically used in antisense technology,34 and like the other
backbone modified peptides discussed earlier, were also found to be resistant to
enzymatic degradation.101 In a recent report, Varani, Cai, and coworkers demonstrated
the utility of these compounds for targeting TAR RNA.102 They tested two Tat peptide
(Tat(48-57)) mimetics (Figure 2.8) for their ability to bind HIV-1 TAR RNA and a
closely related bovine immunodeficiency virus (BIV) TAR RNA structure (vide infra).
Tat(48–57) and the full length mimetic (-AA1) had nearly identical affinity to both
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HIV-1 and BIV TAR structures, while the truncated sequence (-AA2) displayed
dramatically reduced affinity. Furthermore, the -AA1-TAR complex was stable in the
presence of 25,000-fold excess of competing tRNA. It appears that these -AApeptides
are especially adept for functioning as -peptide mimetics partly due to the identical
amino acid side chain length in both structures. In fact, Cai and coworkers have already
demonstrated the ability of these compounds to disrupt protein-protein interactions; thus,
-AApeptides may prove to be an important new class of compounds for the disruption of
RNA–protein interactions in the future.103
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Figure 2.8. The structure and binding affinity to TAR RNA of Tat(48–57), -AA1, and
-AA2.
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2.6

Medium Sized Cyclic Peptides
Over the last decade, cyclic peptides of medium size have been studied

extensively for their capacity to bind various folded RNA structures.104-112 Their rise in
popularity has largely been due to the concomitant decrease in entropy achieved through
conformational restriction of the compounds, also known as preorganization.110

An

additional benefit to cyclized peptides is their resistance to enzymatic degradation.111
In their 2001 report, Tok and coworkers were able to enhance binding of a 17amino acid BIV Tat peptide to the BIV TAR RNA structure (Figure 2.9a) by using a
cyclic peptide variant of BIV Tat.112 At the time of the study, there was no structural
information available for the HIV-1 Tat/TAR complex; however, the structurally similar
BIV Tat/TAR complex had been solved in solution by NMR.113 Thus, it was reasoned
that information gained through targeting the BIV complex may be able to be exported to
the HIV-1 complex after initial development. In contrast to the TAR RNA construct
associated with HIV-1, the BIV TAR structure features two unpaired nucleotides that
constitute two mononucleotide bulges on a 28-nucleotide hairpin. In this study, Cys
residues were appended to the N- and C-terminus of the wild-type linear BIV Tat peptide,
and cyclization was achieved through disulfide bond formation between these terminal
side chains (Figure 2.9b). This simple modification resulted in a 5-fold decrease in the
measured dissociation constant (Kd) by fluorescence anisotropy.
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Figure 2.9. The structure and sequence of HIV-1 TAR RNA and BIV TAR RNA (A)
and structure of BIV Tat peptide variant with binding affinities for BIV TAR.
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In 2003, Puglisi and coworkers detailed their work providing the first example
where backbone cyclic peptides had been used for targeting an RNA structure.111 Here
again, a cyclic BIV Tat peptide was used, and strong binding of the cyclic peptide in a
1:1 complex with BIV TAR was demonstrated through NMR spectroscopy. In this study,
a 14-amino acid cyclic peptide (cyclo-DYGRGTRGKGRRIVN) derived from the
arginine-rich motif of BIV Tat was designed. The wild-type sequence (underlined) was
appended at the N-terminus with a D-Tyr and a Gly to promote the formation of a hairpin-like turn. Although the amino acid of choice for inducing the conformation of this
desired structure is

D-Pro, D-Tyr

provided a better spectroscopic handle for their

experiments. In addition, Val and Asn were appended to the C-terminus to promote
stability of the β-sheet. Unfortunately, neither the cyclized nor the linear wild-type
peptide adopted a preformed structure in solution. Instead, each was reminiscent of a
random-coil, as determined by circular dichroism spectroscopy as well as HN–HN
NOESY and ROESY experiments.

However, in both cases the chemical shifts of

unbound RNA and peptide were dramatically different from the corresponding peaks in
the bound complexes. In addition, the NOE spectra of the cyclic peptide–RNA complex
were strikingly similar to those of the Tat-derived linear control peptide–RNA complex
in all NMR experiments conducted. This suggested that the cyclic peptide was able to
retain recognition of BIV TAR with a similar binding affinity as than the natural peptide.
However, no evidence was provided to demonstrate the selectivity of the cyclic
compound.
At the same time that Puglisi and coworkers were disseminating their work,
Varani and coworkers were preparing the report of their first experiments using a small
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library of medium-sized cyclic peptides.110 In their study, the design of nine peptides was
based on the structure of BIV Tat mounted on a D-Pro-L-Pro template to induce a β-turn
structure (Table 2.6). Additional hydrophobic/aromatic or cationic residues were added
to peptides BIV1–8 such that they flanked each side of the D-Pro-L-Pro template in order
to stabilize the β-hairpin turn, and binding affinities to BIV TAR were determined by
EMSA. Impressively, compound BIV2 bound to BIV TAR selectively (Kd = 0.15 M) in
the presence of 10,000-fold excess of tRNA, which approached the affinity of the natural
peptide sequence BIV Tat(65–81). Additionally, BIV5 was able to bind BIV TAR as
well as HIV-1 TAR with similar affinities (Kd = 1–2 M). In contrast to the constructs
prepared by Puglisi and coworkers earlier, BIV2 was found to have a single stable
conformation by NMR studies when free in solution. This compound preferred a regular
2:2 -hairpin with a predominant type-II’ -turn (for a review of hairpin nomenclature
see Sibanda et al.114). BIV5 was found to have three structural populations in an 8:1:1
ratio.

Although exchange broadening of signals in 1H NMR studies of the bound

complex suggested that BIV5 weakly bound to the BIV TAR RNA, experiments with
BIV2 in complex with BIV TAR demonstrated strong interactions through slow
exchange between bound and unbound populations.
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Table 2.6. The sequence of BIV Tat(65–81) and the backbone cyclized mimetics with
their binding affinities to BIV TAR RNA.a
Peptide
Sequence
BIV Tat(65–81) Ac-SGPRPRGTRGKGRRIRR-NH2
cyclo-RGTRGKGRRIR-DP-P
BIV0
cyclo-IRGTRGKRRIRV-DP-P
BIV1
cyclo-RVRTRGKRRIRV-DP-P
BIV2
cyclo-IYRTRGKRRIRT-DP-P
BIV3
cyclo-YRGTRGKRRIYV-DP-P
BIV4
cyclo-RRGTRGKRRIGR-DP-P
BIV5
cyclo-VRGTRGKRRIKY-DP-P
BIV6
cyclo-VRRTRGKRRIKY-DP-P
BIV7
cyclo-KRGTRGKRRIGY-DP-P
BIV8
a
Amino acids in bold were held constant in all peptides.
inhibition assay. c nd = not determined.

Kd, M
0.050
40b
30
0.15
ndc
>50
1–2
>50
ndc
>50
b
Value is the IC50 of BIV0 determined by

In a follow-up study, Varani and coworkers reported the structure of BIV2 in
complex with BIV TAR RNA, which was solved using heteronuclear NMR
techniques.109 Interestingly, the orientation of BIV2 bound to TAR was flipped upside
down compared to the natural peptide, but the induced conformational change in the
RNA was similar upon binding of either peptide. The cyclic BIV2 peptide was found to
bind the major grove of TAR with the

D-Pro-L-Pro

end pointed at the bottom of the

binding region, toward the 5’ and 3’ end of the RNA helix. Key interactions were made
with the RNA through the side chains of Arg1, Arg3, Arg5, Ile10, and Val12.
Meanwhile, residues 2, 4, 9, and 11 were solvent exposed. Thus, it was reasoned that
these residues and those in proximity could be tuned to increase binding affinity in the
subsequent generation of a cyclic peptide library.
In their next study, Varani and coworkers used the NMR structure of the TAR
RNA bound cyclic peptide to guide the rational design of new larger libraries.108 In the
first step, an Ala scan was conducted at all amino acids of BIV2 except those of the DPro-L-Pro template and Gly6 in an attempt to identify the side chains that were most
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significant for binding while also preserving the -turn structure. Each of the eleven
mutations made in this study resulted in reduced binding affinity to TAR, and each
mutation of a positively charged residue resulted in complete loss of binding affinity.
Following this experiment, a library of 86 compounds was constructed where all residues
of the RNA-contacting face of BIV2 were mutated to side chains that might optimize the
intermolecular interactions with the target.

In addition, the residues of the solvent

exposed face were mutated such that the total charge of the peptide would be reduced and
so that the affinity might also be increased through indirect effects on the peptide's
conformation. From this effort, several peptides were identified that achieved Kd values
as low as 50 nM. Consensus sequence analysis and binding affinities revealed that Arg1,
Arg3, and Arg5 were required for binding. Every attempt to mutate these residues to
another side chain, including replacement with another amine such as Lys, resulted in
total loss of affinity.

This highlights the requirement for the hydrogen bond

donor/positive charge provided through a guanidinium group.
Later, it was shown that several cyclic peptides from the 86 compound library, L22, L-50, and L-51, had binding affinity for HIV-1 TAR with low nanomolar Kd values
in the presence of a 10,000-fold excess of tRNA (Table 2.7).106 Equally impressive was
the selectivity displayed by L-22 and L-51 for BIV TAR and HIV-1 TAR, respectively.
Furthermore, when the U23 nucleotide of HIV-1 TAR was either mutated to cytidine or
removed completely, no binding was observed for L-22. The structure for the L-22–
HIV-1 TAR complex was solved by NMR and revealed that the peptide induced a
conformational change in the RNA, where the peptide was partially enclosed by the bulge
and apical loop residues. Thus, a deep binding pocket was created in the major groove
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(residues 26–29 and 36–39) of the RNA upon association of L-22 and buried nearly 51%
of the peptide surface. Importantly, the apical loop region of TAR is responsible for
binding to P-TEFb, an essential cellular cofactor for Tat mediated transcriptional
elongation. However, only bases G33–A35 of the TAR loop were drawn in toward the
peptide. Therefore, it was reasoned that further modifications in the peptide sequence
could be made to increase interaction with this region using rational design.
Table 2.7. The sequences of lead peptides L-22, L-50, and L-51 and their affinities
toward HIV-1 and BIV TAR RNA.a
Peptide Sequence
cyclo-RVRTRKGRRIRI -DP-P
L-22
cyclo-RVRTRGKRRIRR-DP-P
L-50
cyclo-RTRTRGKRRIRV-DP-P
L-51
a
Dissociation constants determined by EMSA.

Kd (HIV), nM
30
1
5

Kd (BIV), nM
5
1
50

Varani and coworkers recently made 25 additional cyclic peptides featuring 1, 2,
or 4 additional amino acid residues.105 Information gained from these compounds led to
the preparation of another 12 peptide library. Unfortunately, the compound that provided
the highest quality NOE data (KP-Z-41) in complex with HIV-1 TAR RNA was found to
bind further down the major groove than L-22 (Figure 2.10). Thus, additional interaction
with the TAR RNA apical loop was not achieved. However, this study revealed critical
interactions between the peptides and the interhelical junction of the RNA. Indeed,
residues Arg7 and Lys8 of KP-Z-41 have a nearly identical role in binding to HIV-1
TAR as Arg5 and Lys6 in L-22. In the case of KP-Z-41, Arg7 is essential for stabilizing
a base triple between U23 and the A27–U38 base pair, which is observed upon binding of
L-22 as well. The positively charged Nε of Lys8 is directed into a pocket of negative
charge presented by the phosphate backbone between C24–G28, and the methyl groups
of Ile12 are buried against U23. This lipophilic interaction is similar to that of L-22
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where Ile10 interacts with TAR. With this new information, it may be possible to design
ligands that can bind closer to the loop region while also preserving these three critical
interactions with TAR.

Figure 2.10. The structure, sequence, and affinity of KP-Z-41 to HIV-1 TAR compared
to L-22. Arrows point to residues that make key interactions with the RNA target
determined by NMR.

Compounds from the original library (L-22, L-50, and L-51) have also been
tested for activity in cell-based assays.104 Arts and coworkers reported that compound L50 was the most potent inhibitor (IC50 = 4.1 M) of replication in HIV-1NL4-3 infected
U87 cells expressing the CD4 receptor and CXCR4 coreceptor. The potency of L-50
against HIV-1NL4-3 was further increased in human PBMCs (IC50 = 0.25 M), within the
concentration range of the FDA-approved drugs 3TC and nevirapine. Interestingly, the
potency of each compound mirrored their relative affinity for HIV-1 TAR, where L-22,
L-50, and L-51 had affinities (Kd) of 30, 1, and 5, respectively.106 Furthermore, the
cytotoxicity profile of L-51 showed good cell viability for incubation of up to ten days at
500 M. In order for an antiviral candidate to have utility in practice, it must be able to
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inhibit many subtypes of HIV-1 such as clades of the virus. Gratifyingly, the researchers
demonstrated that L-50 was capable of antiviral activity against both CCR5-tropic and
CXCR4-tropic primary HIV-1 isolates that were representative of each of subtypes A, B,
C, D, and CRF01_AE of the virus. This highlights the broad activity of this compound
across many clades of HIV-1. Furthermore, because the L-50 was active in viruses that
utilize CCR5 or CXCR4 co-receptors, it is likely that the compound does not inhibit viral
entry, in contrast to the NeoR Tat mimetic developed by Lapidot and coworkers (vide
supra).23,47,48 Indeed, a cell-to-cell fusion assay confirmed that L-50 did not inhibit entry
of the virus. However, it was determined through cell-free transcription assays and
several independent in vivo assays that L-50 reduced HIV-1 transcription by only twofold, which could not account for the 10–100-fold reduction in HIV-1 replication
observed in their earlier viral replication assays. This discrepancy in HIV-1 inhibition
was accounted for when further experiments revealed L-50 to also be a potent inhibitor of
HIV-1 reverse transcription, making this cyclic peptide a dual inhibitor of HIV-1. The
mechanism of reverse transcription inhibition is currently under further investigation.

2.7

Conclusions
The development of ligands to control the function of RNA is a daunting task.

Although they are structurally complex biomolecules, they are significantly more flexible
than proteins. This is apparent through the association of cognate protein ligands, which
favor binding to the RNA through mutually induced fit mechanisms. 110,115

Small

molecules are at a disadvantage, because of their limited sampling area when bound to
the RNA target. In order to affect RNA function, these molecules must be able to out
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compete much larger proteins that often bind through the interaction of large surface
areas with the target. Large molecules that bind to the RNA primarily through WatsonCrick base pairing rules can achieve high selectivity, and they also have a greater
potential to outcompete the endogenous protein ligands. However, the major flaw with
this class of molecules broadly is that they are not cell permeable. In contrast, compounds
of medium size have demonstrated good to excellent cell permeability in many cases.
Furthermore, several medium-sized compounds have been developed with low
nanomolar binding affinity to their RNA target and have been shown to inhibit RNA
controlled processes in cell-based assays. Despite the advantages that medium-sized
molecules have over their counterparts, no one has developed an RNA binding inhibitor
that has made it to clinic. This further demonstrates the inherent difficulty of designing
RNA binding ligands. Although the task is a daunting one, the successes and failures of
prior attempts to provide solutions will guide the future of RNA inhibitor design.
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Abstract
A series of HIV-1 TAR RNA-selective ligands were discovered using an on-bead
screening of a library of 4,096 branched peptides.

3.1

Introduction
The recognition that RNA is more than just an intermediate in the information

transfer from genetic code to fully functional protein has placed it in the forefront of chemical
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research. RNA is important because of its vital role in regulating transcription, translation,
splicing, replication and catalysis.1 Consequently, molecules that can bind to RNA and
control its function have potential as powerful tools in biology and medicine.
In principle, the tertiary structure of RNA can provide a scaffold in which
molecules can dock and form the necessary intermolecular interactions to become
highly selective.

The formation of unique three dimensional architecture, often

generated through formation of local structures such as bulges, stem-loops,
pseudoknots and turns, differentiates RNA from DNA and allows it to become a
therapeutic target.2

In fact, antibacterial drugs (aminoglycoside, macrolide,

oxazolidinone and tetracycline) have cemented the drug-feasibility of RNA.3 These
molecules exert their antibacterial activity by binding to specific regions of rRNA.
However, it is clear that targeting generic RNA with small molecules is difficult and
requires further studies. 4 Still, the difficult task is designing ligands independent of
the canonical Watson-Crick base-pairing on RNA primary structure.

Thus, we

became interested in the widely recognized problem of developing RNA-selective
molecules.
Many important functions of RNA result from specific proteins binding to
complex tertiary structures of RNA. One such example is evident in the HIV-1
transactivation response element region (TAR) RNA, a conserved 59-nucleotide stem
loop located at the 5’ end of all nascent transcribed HIV-1 mRNA.5,6 The TAR
structure is comprised of a highly conserved hexanucleotide loop and a threenucleotide bulge flanked by two double stranded stems (Figure 3.1). Binding of the
transcriptional activator protein Tat and the cyclin T1/cdk1 kinase complex promotes
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efficient transcriptional elongation. Tat is an 86 amino acid protein that contains an
arginine rich motif (ARM), which specifically interacts with the TAR tri-nucleotide
bulge (U23, C24, and U25).

Disruption of Tat-TAR interaction results in the

blockade of viral replication and thus represents a viable strategy in developing new
anti-HIV therapeutics. Several ligands (aminoglycosides, 7 argininamide, 8_Epeptides,9
peptidomimetics,10 small molecules,11,12 and others13) are continuously being
developed to inhibit Tat-TAR interaction (Figure 1).

B.

A.

C.

D.
47YGRKKRRQRRR57

Figure 3.1. Sequence and secondary structure of HIV-1 TAR RNA (A), small molecule
ligands (neomycin B (B) and argininamide (C)) and 11-mer Tat-derived peptide (D) that
inhibit Tat-TAR interaction.

3.2

Results and Discussion
Owing to the complexity, the lack of designable ligands and a growing interest in

developing new molecules that can selectively interact with RNA, we aimed to develop a
strategy that allows for the rapid screening of a short branched peptide library and
determine their capacity as possible ligands for HIV-1 TAR RNA (Figure 3.2). Branched
peptides have found extensive use in biological systems including synthetic peptide
vaccine (multiple antigen peptides), drug delivery vehicles and therapeutics for a variety
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of disease states.14-16 To date, the potential of using branched peptides for the selective
targeting of structured RNA targets has not been realized. Because multivalency is often
described to increase the affinity of a ligand to a particular receptor,17 we wanted to
determine whether branched molecules are capable of forming multivalent interactions
with RNA and whether presentation of structurally diverse functional groups can enhance
selectivity with the target RNA. Branched peptides are a good starting point because
naturally occurring amino acids contain a wide array of substituents that can display
unique molecular architectures, and their synthetic accessibility is straightforward. An
attractive feature of this strategy is the synthesis of the library on solid support, allowing
for rapid generation of a large number of peptides using the split and pool technique, and
subsequent on-bead screening against TAR.9,18-21

We designed our initial branched

peptide library with biased parameters that enhance binding and selectivity to RNA
(Figure 3.2).

These interactions include electrostatics (positively charged residues

interacting with the negatively charged phosphate), - interactions and hydrogen
bonding.

In principle, the diversity of possible peptide structures can be immense

because of the commercial availability of unnatural amino acid monomers.
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A1

A2

A3
A4

A1

A2

A5

A6

photocleavable linker

A3

A1

A2

A3

A4

A5

A6

Asp
Arg
Tyr
His

Arg
Asn
His
Val

Tyr
Leu
Trp
Ala

His
Val
Asn
Trp

Tyr
Arg
Ala
Gln

Phe
Leu
Asp
Ser

Figure 3.2. Combinatorial library of 4,096 branched peptides synthesized by split and
pool technique. Peptides are attached to TentaGel resin via a photocleavable linker, and
the branching unit used was lysine.
The branched peptide library was prepared such that each variable position
contained one of four possible amino acid monomers (Figure 3.2). Branches A1—A3
had an identical sequence in order to simplify the de novo sequencing by
MALDI/mass spectrometry (MS) and were branched through the - and -amino
groups on lysine.

Using orthogonal protecting groups, 4,096 compounds were

generated by the split and pool technique in a few peptide coupling steps. It was
important that the peptides were not released from the beads after deprotection of the
side chain residues because the on-bead screening required resin-tethered probes.
Thus, peptides were attached to TentaGel NH 2 beads via a photocleavable linker (3amino-3-(2-nitrophenyl)propionic acid, ANP), 22 which allowed the efficient release of
hit molecules by UV-irradiation, post screening (Scheme 3.1).
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labeled RNA

UV cleavage
(365 nm)

isolate hits
4,096 branched
peptides

screening

sequencing
by MALDI/MS

Scheme 3.1. On-bead screening of the branched peptide library against 5’-DY547labeled TAR RNA and hit identification using MALDI/MS.

Previous high-throughput screening methods suggested that the on-bead
screening method can be adapted with our branched peptide library. 9,18 Following
this protocol, we transferred three copies of the library in an Eppendorf tube and
washed them with water (5×) and buffer (3×) containing 50 mM Tris·HCl, 20 mM
KCl, and 0.1% Triton X-100 at pH 7.4.23 In order to address the issue of selectivity at
the outset, we decided to preclude the beads containing promiscuous RNA binders. A
simple process that can increase assay selectivity involves the addition of competitor
RNA. In this case, unlabeled -synuclein mRNA, a 340-nucleotide long RNA, was
added in the incubation mixture. We hypothesized that longer RNA sequences are
likely to bind nonspecifically to our library, and abolishing promiscuous binders can
decrease the potential for off-target binding. Thus, we performed a preliminary
incubation of a small subset of beads (~2000) in BSA (1 mg/mL) and 500 nM
unlabeled -synuclein mRNA at 4 °C for 3 h and washed (3×) the beads to remove
unbound BSA and RNA in solution. Finally, TAR RNA screening was effected by
incubating the 29-nucleotide TAR RNA-labeled with DY547 fluorescent tag on the
5’-end at 3.4 nM concentration for 3 h at 4 °C. The solution was then filtered,
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washed successively with buffer, placed in a 96-well plate and analyzed using
confocal microscopy. It was evident from the initial experiment that the stringency of
the assay was inadequate because out of ~2000 beads, six beads were sufficiently
fluorescent to isolate them.
The results of the preliminary incubation studies suggested that a more stringent
protocol is necessary to decrease the number of hit compounds that will have to be
analyzed. To achieve this goal, the incubation with DY547 labeled TAR RNA was
reduced to 1 h. Following this protocol for the remaining library members, 10 additional
beads were selected. Figure 3.3 shows three representative fluorescent beads visualized
under laser irradiation (3A) and transmitted light with laser irradiation (3B). These
beads were washed with buffer and organic solvents to remove the bound RNA until
fluorescence was no longer visible under the confocal microscope.

As expected,

rescreening of the same beads with DY547-TAR RNA under a more stringent condition
confirmed RNA binding (vide infra). Finally, labeled RNA was removed with copious
buffer and organic solvent washes, which was followed by photolytic release of branched
peptides from the resin by exposure to UV irradiation (365 nm, handheld UV lamp, 4 W)
for 1 h.

A

B

C

Figure 3.3. Visualization of hit beads under confocal microscope. Transmitted light (A)
and laser irradiation (B); arrows point to additional beads. Sequence alignment of 16 hits
compounds generated a LOGO shown in (C).
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The identity of the peptide hits were determined by de novo sequencing of the
resulting solution by MALDI/MS (Table 3.1). Sequence homology analysis of the hit
peptides revealed a LOGO shown in Figure 3C.24

Of the 16 branched peptides,

twelve contained Arg-Arg on the N-terminus—an unsurprising outcome given that
RNA binding can be mediated by electrostatic interactions. This result suggests that a
positive charge is favored both in the A1 and A2 positions. While no overwhelming
preference for a specific amino acid was observed at any other positions,
interestingly, arginine was not the preferred amino acid in position A 5. Because the
propensity for RNA binding is expected to increase in the presence of an electrostatic
interaction, albeit nonselectively, the preference for tyrosine in position A 5 is
noteworthy. It appears that a favorable electrostatic force can be adequately replaced
with potential hydrogen bonding and hydrophobic interactions. Consistent with this
observation, hydrophobic residues, Phe and Leu, dominate position A 6 when possible
amino acids such as Ser and Asp that can hydrogen bond are present. It was also
gratifying to find that one of the beads collected from the library screening, BP16,
contained the sequence with the highest amino acid frequency as indicated in the
LOGO illustration in Figure 3.3C.
Table 3.1. Sequence of branched peptides BP1–BP16 derived from MALDI/MSMS.
Sequence

Sequence

BP1
BP2
BP3
BP4
BP5

(RRL)2*WYL
(YRA)2*HRF
(HRW)2*WAS
(RRW)2*HAL
(RRL)2*NRF

BP9
BP10
BP11
BP12
BP13

(RRA)2*NYF
(DNL)2*HYF
(RRA)2*VYF
(RRW)2*HAS
(RRY)2*NQD

BP6
BP7
BP8

(RRY)2*VRL
(RRW)2*HYD
(YRL)2*WRL

BP14
BP15
BP16

(RRY)2*VQL
(RRA)2*VRD
(RRL)2*HYL
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To evaluate whether the branched peptide hits bound TAR RNA, biophysical
characterization was undertaken. We selected BP15, BP16 and BP17 ([RRL]2*HRF) for
analysis. Validation of the activities of these compounds was paramount because false
positives were possible, as in any high throughput screening assay. BP15 was randomly
selected from the hit peptides, and although BP17 was not a sequence derived from the
library screening, we hypothesized that this sequence should have good binding affinity
for HIV-1 TAR based on the consensus sequence analysis.

For this purpose, the

dissociation constants for these compounds were determined using fluorescence
polarization (FP). This technique required the resynthesis of select peptides with FITC
on one of the N-terminal branches, which was accomplished using orthogonally protected
lysine (Fmoc-Lys(ivDde)-OH) as the branching unit (Figure 3.4). The resulting branched
peptides contained a N-terminal acetyl group on one branch. After HPLC purification
and characterization by MALDI/MS, FP experiments were performed in triplicate for
each peptide (Figure 3.5).

In each case, 0.5 nM FITC-peptide was incubated with

increasing concentration of TAR RNA (up to 100 µM). The results reveal that BP15 has
a Kd of 27 µM while BP16–17 have affinity for TAR RNA in the µM range (Figure 3.5).
Because the FP technique required the use of high concentration of RNA to reach full
saturation, in this case >100 µM, we were not able to determine the accurate dissociation
constants for BP16–17. Gratifyingly, when a mutant version of TAR (U24>C) was
titrated against BP15–17, it is clear that their binding affinity is severely decreased,
suggesting that these peptides are selective towards the TAR RNA used in the screening.
As a control, we also synthesized a linear peptide version of BP15, T15, to investigate
whether branching has an effect on the binding affinity towards TAR RNA. T15 has a
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sequence of RRAGVRD, where the branching unit Lys was replaced with Gly. The data
indicates a marked loss of binding affinity (> 10 fold) suggesting that the additional
functional groups present on the branch aid in anchoring to TAR RNA.
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Figure 3.4. Synthesis of FITC-labeled peptides. SPPS, solid-phase peptide synthesis;
Ac, acetyl; FITC, fluorescein isothiocyanate.

Figure 3.5. Fluorescence polarization binding curves of branched peptides with HIV-1
TAR RNA and mutant (U24>C) TAR RNA. T15 is a linear peptide (RRAGVRD)
version of BP15. Each experiment was done in triplicate.
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In conclusion, we discovered selective binders for HIV-1 TAR RNA using an
on-bead screening of a focused library of branched peptides. The use of branched
structures with diverse functional groups and capacity to form multivalent interactions
is important in defining new molecular entities that can be selective for the tertiary
structure of target RNA.

In addition to synthesizing a more complex branched

peptide library, future work in our laboratory will focus on extensive characterization
including mapping of TAR-branched peptide interactions, cell permeability and invitro inhibition of Tat-TAR RNA interactions.

3.3

Materials and Methods

Synthesis of branched peptides on resin
Synthesis of the branched peptides was achieved by solid phase peptide synthesis
using N--Fmoc protected L-amino acids (Novabiochem), HCTU (Peptides International)
in DMF as coupling reagent, and DIEA (Aldrich).

Tentagel Macrobead-NH2 resin

(Peptides International) with 0.3 mmol/g loading was coupled with photocleavable linker
Fmoc-ANP25 before synthesizing the control branched peptide (KYR)2FDS and the
3.3.3 library. 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.

85

Coupling ANP and N--Fmoc protected L-amino acids in control branched peptide
Tentagel Macrobead-NH2 resin (28 mg) with 0.3 mmol/g loading (Peptides
International) was swollen in DCM (2 mL, 2 × 15 min) followed by DMF (2 mL, 15
min). Tentagel Macrobead-NH2 resin was first coupled for 3 h in DMF with 3 equiv. of
Fmoc-ANP in presence of HCTU (3 equiv) and DIEA (5 equiv). N-Fmoc amino acids
(3 equiv) were then coupled to resin bearing ANP linker in DMF in the presence of
HCTU (3 equiv) and DIEA (5 equiv). Fmoc-Lys(Fmoc)-OH was used as the branching
unit.

Molar equivalences of all reagents were doubled in coupling reactions after

incorporation of the branching unit. Beads were washed extensively with DMF between
reactions, and were tested for completeness via Kaiser test.

Coupling ANP and N--Fmoc protected L-amino acids in 3.3.3 library
Tentagel Macrobead-NH2 resin (200 mg) with 0.3 mmol/g loading was swollen
and coupled with ANP as was done in the preparation of the control branched peptide.
N-Fmoc amino acids (3 equiv) were then coupled to resin bearing ANP linker in NMP in
the presence of HCTU (3 equiv) and DIEA (5 equiv). Molar equivalences of reagents
were doubled after incorporation of the Lys branching unit. The standard split and pool
method was utilized between reactions in the preparation of the 3.3.3 library. Beads were
washed extensively with NMP between reactions, and were tested for completeness via
Kaiser test.
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Coupling N--Fmoc protected L-amino acids in FITC-peptides
Rink amide MBHA resin (40 mg) with 0.7 mmol/g loading (Novabiochem) was
swollen in DCM (2 mL, 2 × 15 min) followed by DMF (2 mL, 15 min). N-Fmoc amino
acids (3 equiv) were then coupled directly to resin in DMF in the presence of HCTU (3
equiv) and DIEA (5 equiv). Fmoc-Lys(ivDde)-OH (Novabiochem) was used as the
branching unit. The orthogonally protected Lys was selectively deprotected with 20%
piperidine, and the first branch was synthesized with an acetyl cap at the N-terminus.
Capping was accomplished by treating the Fmoc deprotected terminal amino acid with
1:1 acetic anhydride:DMF for 30 min. The ivDde protecting group was then removed
with 2% hydrazine in DMF (2 mL, 2 × 5 min). The second branch was then synthesized,
and the final amino acid was left Fmoc protected. The resin was washed with DMF,
DCM, and MeOH before being dried and stored in a desiccator. Beads were washed
extensively with DMF between reactions, and were tested for completeness via Kaiser
test.

Coupling with fluorescein-5-isothiocyanate in FITC-peptides
Once peptide synthesis was complete on the Rink amide MBHA resin, the
uncapped N-terminus of the branched peptides was Fmoc deprotected and washed
extensively with DMF. The peptides were then fluorescently labeled by mixing the resin
with 6 equiv of fluorescein-5-isothiocyanate (Sigma) and DIEA (14 equiv) in minimal
DMF for 12 h in the dark. The resin was then washed with DMF, DCM, and MeOH.
The beads were dried and immediately treated with 94:1:2.5:2.5 TFA/TIS/H2O/EDT
(v/v).
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Cleavage of Fmoc protecting groups
N--Fmoc protected amino acids were deprotected by mixing the resin in a 20%
solution of piperidine in DMF (2 mL, 2 × 10 min). Resin was washed extensively with
DMF after filtering off cleaving solution.

Side-chain deprotection and peptide cleavage with 94% TFA, 1% TIS, 2.5% H2O, 2.5%
EDT
The amino acid side-chains were deprotected by a 3-h treatment with 94:1:2.5:2.5
TFA/TIS/H2O/EDT (v/v). After deprotection, resin was washed extensively with DMF,
DCM, and MeOH before drying and storing it at –20 °C protected from the light.
Treatment of Rink amide MBHA resin with the 94% TFA cocktail also afforded cleavage
of the peptide when preparing the FITC-peptides. After peptide cleavage, TFA was
removed under reduced pressure. The resulting yellow peptide was washed several times
with cold diethyl ether and was finally dried to a yellow powder overnight under nitrogen
flow. Dried peptide was stored at -20 °C in the dark until it was purified.

DY557 fluorescence intensity over auto-fluorescence of Tentagel Macrobead-NH2 resin
Due to the auto-fluorescence displayed by the Tentagel Macrobead-NH2 resin, the
ability to visualize the fluorescence of DY547 labeled HIV-1 TAR RNA (5’- DY547GCC-CGA-UUU-GAG-CCU-GGG-AGC-UCU-CGG-GC-3’, Dharmacon) needed to be
ensured. The control branched peptide (KYR)2FDS was incubated in 1 M DY547
labeled HIV-1 TAR RNA for 1 h in phosphate buffer (0.2 M sodium phosphate, pH 7.45
+ 10 mM NaCl). These beads were then washed extensively with the same buffer before
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examining them in a sterile 96 well plate (Nunc), with a Zeiss LSM 510 microscope set
to longpass 585. The fluorescence intensity of these RNA treated beads was compared
with the auto-fluorescence of untreated control branched peptide resin, and the detector
sensitivity was adjusted to remove auto-fluorescence of the resin as shown in Figure 3.6.
This study showed that resin bound with DY547 labeled HIV-1 TAR RNA could be
distinguished from the auto-fluorescence of the resin.

Figure 3.6.
DY547 fluorescence intensity over auto-fluorescence of Tentagel
Macrobead-NH2 resin. A: Control branched peptide (KYR)2FDS without treatment
with 1 M DY547 labeled HIV-1 TAR RNA. B: Control branched peptide (KYR)2FDS
with treatment of 1 M DY547 labeled HIV-1 TAR RNA for 1 h in phosphate buffer.

Organic washing conditions to remove bound RNA
Control branched peptide with bound DY547 HIV-1 TAR RNA (shown in Figure
6B) was washed with DMF (5×) and MeOH (5×) to rinse away the fluorescent RNA.
The washed resin was then examined by confocal microscopy in a 96 well plate.
Reduced fluorescence was observed after this procedure as is seen in Figure 3.7. This
procedure was also used to remove RNA from screened hits in the 3.3.3 library prior to
the second round of screening, and prior to photocleavage of branched peptides from the
resin.
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Figure 3.7. Organic washed control branched peptide (KYR)2FDS. A: Washed resin
shown as transmitted light + fluorescence image. B: Washed resin shown as fluorescence
image only.
Optimizing screening conditions with control branched peptide (KYR)2FDS
Screening conditions were optimized using the control branched peptide
(KYR)2FDS.

About 2000 beads were divided evenly among 6 non-stick 1.5 mL

microfuge tubes. All incubations were performed in 300 L of TK buffer (50 mM
Tris•HCl, pH 7.4/ 20 mM KCl/ 0.1% Triton X-100) at 4 °C. A Barnstead/Thermolyne
Labquake rotisserie shaker was used to agitate the incubation mixtures. The first set of 3
controls was done in two incubation steps.

The first incubation was 3 h and the

components are shown in Table 3.2. The beads were then washed 3 times with TK buffer
before being incubated in 3.4 nM DY547 labeled HIV-1 TAR RNA for 3 h. The second
set of 3 controls was incubated for 6 h at 4 °C with the components shown in Table 3.3.
Alpha-synuclein mRNA was prepared by standard cloning and transcription procedures.
Bovine serum albumin (BSA) was obtained from New England BioLabs Inc.
Table 3.2. Conditions of first incubations for controls A–C.
First Incubation Components

Control-A

Control-B

X

1 mg/mL BSA

X
X

0.5 mM alpha-synuclein mRNA
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Control-C

X

Table 3.3. Conditions for incubations of controls D–E.
Incubation Components

Control-D

Control-E

X

1 mg/mL BSA
0.5 mM alpha-synuclein mRNA

X

3.4 nM HIV-1 TAR RNA

Control-F
X

X

X

X

X

After the final incubation, a Zeiss LSM 510 microscope set to longpass 585 was
used to image the beads. The most stringent conditions were found to be when the resin
was incubated simultaneously with DY547 HIV-1 TAR RNA, BSA, and alpha-synuclein
mRNA (Figure 3.8).

Figure 3.8. Optimizing screening conditions with control branched peptide. A1–F1:
Images of beads from different incubation conditions. A2–F2: Same as A1–F1 with
detector sensitivity adjusted for better visualization.

91

Screening of the 3.3.3 library for binding to HIV-1 TAR
Initially, ~2000 beads by volume of the 3.3.3 library were taken into a 1.5 L
non-stick microfuge tube. The beads were allowed to mix for 3 h with 1 mg/mL BSA
and 0.5 M alpha-synuclein mRNA in 500 L of TK buffer at 4 °C. After the first
incubation, the beads were washed (5×) with TK buffer and were then incubated for 3 h
at 4 °C in 500 L of 3.4 nM DY547 HIV-1 TAR mRNA in TK buffer. The beads were
then washed (5×) with TK buffer before being evenly distributed among the wells of a
96 well plate and analyzing them by confocal microscopy.

This initial screening

procedure yielded 6 beads with elevated fluorescence over background (Figure 3.9A–E).
These first 6 hits were rinsed with the organic wash and stored at 4 °C until they were
photocleaved and sequenced by MALDI-TOF.
When screening the remaining beads of the 3.3.3 library, more stringent
conditions were used in an attempt to reduce the total number of hit beads. The first
incubation proceeded as done previously, but the second incubation time was limited to 1
h. This procedure yielded an additional 10 beads with elevated fluorescence (Figure
3.9F–N). These beads were rinsed with the organic wash and were then re-screened
under even more stringent conditions.
The re-screening procedure was comprised of two incubations. The 10 hits were
first mixed for 3 h in 1 mg/mL BSA and 0.5 M alpha-synuclein mRNA in 300 L of TK
buffer at 4 °C.

The beads were then extensively washed with TK buffer before

incubating them a second time for 30 min in 300 L of TK buffer with 3.4 nM DY547
HIV-1 TAR mRNA at 4 °C. The beads were extensively rinsed with TK buffer prior to
imaging them in a 96 well plate with the confocal microscope (Figure 3.10). The re92

screened beads were finally treated by the organic wash to remove any bound RNA prior
to photocleavage and MALDI-TOF sequencing.

Figure 3.9. The 16 hits screened from the 3.3.3 library. A–E: Initial 6 hits. F–N:
Additional 10 hits found with more stringent screening conditions.

Figure 3.10. The 10 hits from the 3.3.3 library, which were re-screened under stringent
screening conditions.

Photocleavage of peptides from the ANP resin and MALDI-TOF sequencing
The 3.3.3 library peptides and control peptides were released from the resin by
photocleavage of the ANP photolinker. Beads selected for photocleavage were taken up
individually into clear non-stick 0.5 mL microfuge tubes with 20 L of 1:1 MeOH:H2O.
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The microfuge tubes containing resin were placed into a foil-lined container and were
irradiated for 1 h with light at 365 nm in using a 4 W handheld UV lamp. The resin was
immediately removed from the supernatant after photocleavage. The peptide sequences
were obtained from MALDI-TOF MSMS.

Synthesis, HPLC purification and MALDI-TOF identification of FITC-peptides (BP15–
BP17, T15)
Branched peptides 15–17 were resynthesized as described above with a single
FITC label to be used in fluorescence polarization experiments. A linear peptide, T15
RRAGVRD, was also synthesized using Rink Amide MBHA resin utilizing standard
Fmoc chemistry. T15 was also coupled to FITC as described above. Each synthesized
FITC-peptide was purified by HPLC. Fractions containing the peptide of interest were
identified by MALDI-TOF MS.

MALDI/MS
FITC-BP15: FITC-(RRA)2*VRD; Calculated: 1712.83, Found: 1713.86
FITC-BP16: FITC-(RRL)2*HYL; Calculated: 1840.93, Found: 1841.07
FITC-BP17: FITC-(RRL)2*HRF; Calculated: 1867.95, Found: 1868.99
T15: FITC-RRAGVRD; Calculated: 1216.52, Found: 1217.70

Fluorescence polarization experiments
Fluorescence polarization experiments were conducted to obtain Kd values using
the FITC-peptides that had been HPLC purified and identified by MALDI-TOF MS.
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Experiments were conducted in black, flat-bottom 384 well plates (Corning) and an
Analyst AD (LJL BioSystems). The FITC-peptides (0.5 nM) were individually titrated
with HIV-1 TAR RNA (up to 100 µM) used during the on-bead assay or mutTAR
(U24>C, synthesized in-house using a Mermade IV oligonucleotide synthesizer) at 25 °C
in a buffer containing 20 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), 1 mM MgCl2, 5 mM KCl, and 140 mM NaCl at pH 7.4. Samples were excited
at 485 nm and emission was monitored at 530 nm. Each data point was an average of 5
scans, and all fluorescence polarization experiments were conducted in triplicate.
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Chapter 4
Toward Targeting RNA Structure:
Branched Peptides as Cell-Permeable Ligands to TAR
RNA
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Abstract
Rational design of RNA ligands continues to be a formidable challenge, but the
potentially powerful applications in biology and medicine catapults it to the forefront of
chemical research.

Indeed, small molecule and macromolecular intervention are

attractive approaches, but selectivity and cell permeability can be a hurdle.

An

alternative strategy is to use molecules of intermediate molecular weight that possess
large enough surface area to maximize interaction with the RNA structure but are small
enough to be cell permeable. Herein, we report the discovery of non-toxic and cell
permeable branched peptide (BP) ligands that bind to TAR RNA in the low micromolar
range from on-bead high throughput screening of 4,096 compounds. TAR is a short
RNA motif in the 5’-UTR of HIV-1 that is responsible for efficient generation of full
RNA transcripts. We demonstrate that BPs are selective for the native TAR RNA
structure and that ‘branching’ in peptides provides multivalent interaction, which
increases binding affinity to RNA.

4.1

Introduction
RNA–protein interactions, along with protein–protein interactions, control many

functions in a living cell such as transcription, splicing, replication, transport and
catalysis. Due to the ubiquity of RNA-mediated biological processes, molecules that can
selectively bind and regulate the function of RNA have enormous potential application in
biotechnology and therapeutics. Despite the considerable effort in utilizing RNA as a
drug target, the discovery of molecules with desirable drug-like properties remains
challenging and continues to be a subject of intense investigation.1 One of the main
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issues for RNA targeting is the involvement of large surface area for recognition and tight
binding—outcompeting the endogenous protein partner using a small molecule is a
herculean task. With RNA, the problem is exacerbated by the conformational dynamics
often resulting in structural heterogeneity making it difficult for the de novo design of
RNA ligands.2
RNA is often characterized by a variety of secondary structures, including
hairpins, bulges, stems, loops, pseudoknots, and turns.

The folding of these local

structures can give rise to tertiary structures that are unique to specific RNA constructs
and potentially allow the RNA to be targeted selectively.3 The unique three dimensional
architectures present in RNA make it possible to target at a level that is not presented by
DNA and in a manner that is not solely dependent on Watson-Crick base pairing. For
example, the ability of small molecules to target the tertiary structures of ribosomal RNA
(rRNA) has been well demonstrated by aminoglycoside, macrolide, oxazolidinone, and
tetracycline antibiotics.4-9 However, the development of RNA-binding small molecules is
far from a straightforward process, where poor selectivity is a common hurdle to
overcome, and a general RNA-targeting paradigm remains an elusive goal.1 The most
desired approach of rational, structure-based RNA-targeted drug discovery is still in its
infancy, making the design of RNA ligands difficult.10 RNA-targeted gene repression
can be attained using antisense or RNA interference technologies.11 However, despite
significant efforts from academia and the pharmaceutical industry, drug characteristics
such as cellular delivery, stability and off-target effects remain a challenge, although
several siRNAs are in clinical trials.11,12
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The human immunodeficiency virus-1 (HIV-1) transactivation response element
(TAR) is one of the most studied RNA targets because of its key role in viral
replication.13 HIV-1 TAR is characterized by a 59-nucleotide stem-bulge-loop secondary
structure, which is found at the 5’- end of all nascent HIV-1 transcripts and is a highly
conserved region of the virus.14,15 The region from +19 to +42 bases of HIV-1 TAR is
characterized by a hexanucleotide loop at the end of a helical stem containing a single,
trinucleotide pyrimidine bulge. HIV-1 TAR RNA is the target of the 101-amino acid Tat
protein, which is the virally encoded trans-activator of HIV-1 transcription.14 When the
Tat protein is not associated with HIV-1 TAR, basal viral transcription is very low, and
short RNA transcripts are generated.16 When the Tat–TAR RNA complex is formed,
cofactors such as cyclin T1 and its cognate kinase CDK9 stimulate efficient transcription
from the long terminal repeat (LTR).15 Blocking this Tat–TAR interaction is therefore a
potent strategy for controlling the proliferation of the virus and provides a potential antiHIV therapy.
Given the global problem of HIV-1 infection, drugs that exhibit novel modes of
action are of the utmost importance since resistance to current HIV therapies has been
observed.17

Indeed, the inhibition of Tat–TAR interaction can fill this gap.

Notwithstanding the significant efforts committed to discovering compounds capable of
disrupting the function of TAR, no drug has made it to the clinic. Several strategies have
been reported to inhibit the Tat–TAR interaction. Although attractive, small molecules
such as aminoglycosides, argininamide, purine analogs, bis-guanidine compounds,
tripeptides and others appear to suffer from selectivity issues.1,18-23

Large

macromolecules such as TAR RNA decoys24,25 are currently being investigated, but
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compounds of intermediate size (oligomeric amines26 and -hairpin peptidomimetics27,28)
are subject to increased attention in part because of better overlap with the large surface
area of RNA. In particular, cyclic peptide L50 has recently been shown to have anti-viral
activity by inhibiting the Tat dependent transcription process and the reverse transcription
step.29
While interesting leads are emerging from prior studies, molecular scaffolds that
can recognize RNA structures still need to be developed. In an effort to provide a general
platform to targeting RNA structures, we focused on inhibiting RNA–protein interactions
involving Tat and TAR RNA (vide supra). Recently, we disclosed an approach that uses
branched peptides (BPs) because of the potential for multivalent interaction on various
regions of TAR—a desirable property that can increase selectivity and affinity.30
Because the TAR structure is expected to be a dynamic ensemble of many conformations
in solution, high throughput screening of a library of BPs allows the highly populated
TAR conformations to selectively bind compounds with diverse chemical architecture
projected on beads. We reason that BPs are excellent candidates because natural and
unnatural amino acids contain a wide array of functional groups that can display unique
molecular architectures and their synthetic accessibility is straightforward. Indeed, rapid
generation of a large number of peptides on beads using the split and pool technique can
provide access to libraries of varying molecular weight that can be fine-tuned to increase
pharmacological properties such as cell permeability. Herein, we report the discovery of
BPs of intermediate molecular weight binding to TAR RNA in the low micromolar
regime.

In addition, we show that ‘branching’ in peptides can lead to multivalent

interactions that increase affinity to TAR. Further, we demonstrate that BPs are cell
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permeable and non-toxic making them excellent chemical biology tools for targeting
well-defined RNA structures and useful in anti-HIV drug discovery.

4.2

Results and Discussion

Design of branched peptides and on-bead high throughput screening
We recently reported the synthesis of a 4,096-membered BP library30 on Tentagel
beads by split and pool synthesis.20,31-34 The amino acid composition of the library was
biased to increase intermolecular interaction with RNA. For example in position 1,
amino acids with functional groups that can induce attractive forces such as electrostatics
(the positively charged Arg interacting with the negatively charged phosphate backbone),
- interactions (Tyr) and hydrogen bonding (Asp, His) were introduced (Figure 4.1).
Presentation of diverse epitopes on the bead surface would allow DY547-labeled TAR
RNA to sample all possible binding modes. Binding of the RNA to the bead resulted in
increased fluorescence, which was monitored by confocal microscopy. The BPs in the
screened library featured two identical N-termini branched by a Lys residue and a single
C-terminus, which was linked to the bead via a photocleavable linker (3-amino-3-(2nitrophenyl)propionic acid, ANP).35 During the incubation, nonspecific binding was
minimized with the addition of excess unlabeled alpha-synuclein mRNA (340-nt) and
bovine serum albumin (BSA) in the incubation buffer. Seventeen beads were selected as
putative hits, photocleaved and identified by matrix assisted laser desorption ionization
time-of-flight (MALDI-TOF) de novo sequencing.36
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Figure 4.1. High-throughput screening of a branched peptide library with TAR RNA
reveals peptide hits that are sequenced by MALDI-TOF.

Synthesis of Fluorescein-labeled Branched Peptides and Truncated Variants
The BPs were synthesized following standard solid-phase peptide synthesis
techniques using Rink Amide MBHA resin. Each BP was prepared such that a single Nterminus was labeled with fluorescein using fluorescein isothiocyanate (FITC, Scheme
4.1). The branching unit was attached to the -nitrogen of Lys that was orthogonally
protected with ivDde; therefore, although the two branches were the same sequence, the
spacing was different. Over the course of this study, we found that directly coupling the
N-terminal amino acid to FITC resulted in poor isolated yields after HPLC purification.
Upon further analysis of the crude peptides, we observed a strong signal in the MALDITOF mass spectrum corresponding to truncated peptide, where fluorescein and the
adjacent amino acid were cleaved. This result suggested that acid mediated formation of
fluorescein thiohydantoins was occurring upon cleavage from solid-support resin with
trifluoroacetic acid (TFA).37 Installation of aminohexanoic acid (Ahx) as spacer between
the N-terminal amino acid and fluorescein resolved the problematic autocleavage and
resulted in increased isolated yields. Further, one particular peptide, FL15, epimerized
resulting in two diastereomers of equal intensity that were separated by HPLC and
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confirmed by LC-ESI/MS (Figure 4.2A).
diastereomer

by

using

FL15 was finally prepared as the single

[ethyl

cyano(hydroxyimino)acetato-O2]tri-1-

pyrrolidinylphosphonium hexafluorophosphate (PyOxim) as coupling reagent (Figure
4.2B).

Scheme 4.1. Synthesis of fluorescein-labeled branched peptides by solid-phase peptide
synthesis (SPPS).
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A.

B.

Figure 4.2. LC/ESI-MS of FL15. A) FL15 synthesized using HCTU as peptide coupling
agent. B) FL15 synthesized using PyOxim as peptide coupling agent.
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Binding Affinities of Hit Branched Peptides to HIV-1 TAR
Consensus sequence analysis of BP hits from the HTS revealed seventeen peptide
sequences that appear to have a preference for Arg moieties. This result is not surprising
due to the strong electrostatic attraction between the positively charged side chain of the
peptides and the negatively charged phosphate backbone of the RNA target. To validate
binding of BP hits to TAR RNA and eliminate false positives, dissociation constants (Kd
values) were measured using dot blot assay (Table 4.1 & Figure 4.3). Our results indicate
binding affinities in the low micromolar range, with one peptide hit (FL10) determined as
a false positive. In particular, FL4, FL6 and FL7 contained four positively charged Arg
residues in the N-termini and had Kd values of 600 nM, 1.2 M and 1.2 M, respectively.
Gratifyingly, FL4 bound with similar affinity to its native protein counterpart, Tat (Kd =
780 nM). The sequence of FL4 ([RRW]2HAL) was different from FL7 in that the last 2
amino acid residues were changed to YD—the slight decrease (2 fold) in binding affinity
might be due to an anionic Asp residue that imparts repulsive interaction with the
phosphate backbone of TAR. Surprisingly, the additional Arg moiety in FL6 did not
result in increased binding affinity, but suggested that a putative electrostatic interaction
with a positive charge could be compensated with other modes of interaction. FL12 was
nearly identical in sequence with FL4 except for the LeuSer change; the switch from
hydrophobic to hydrophilic group resulted in a 3-fold decrease in binding affinity. In
general, however, a hydrophobic moiety was desired in amino acid position 6 since
hydrophobic groups in this position tended to have higher binding affinity for TAR
(Table 4.1).
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Table 4.1. Binding constants and molecular weights of hit BPs.
Entry

Peptide

Sequence

Kd (M)

MW (g mol-1)

1

FL4

(RRW)2HAL

0.6 ± 0.1

1463.74

2

FL6

(RRY)2VRL

1.2 ± 0.2

1464.77

3

FL7

(RRW)2HYD

1.2 ± 0.2

1557.77

4

FL12

(RRW)2HAS

1.9 ± 0.3

1437.66

5

FL5

(RRL)2NRF

2.0 ± 0.3

1413.72

6

FL1

(RRL)2WYL

2.5  0.3a

1458.80

7

FL17

(RRL)2HRF

3.1 ± 0.3

1436.76

8

FL9

(RRA)2NYF

3.7 ± 1.9

1336.55

9

FL2

(YRA) 2HRF

7.5 ± 0.9

1366.58

10

FL16

(RRL)2HYL

7.7 ± 1.1

1409.73

11

FL8

(YRL)2WRL

7.8 ± 1.9a

1465.79

12

FL11

(RRA)2VYF

8.1 ± 1.3

1321.58

13

FL3

(HRW)2WAS

8.7 ± 3.1a

1448.64

14

FL14

(RRY)2VQL

20.2 ± 2.9

1436.71

15

FL10

(DNL)2HYF

NBa

1277.38

16

FL13

(RRY)2NQD

> 75

1453.61

17

FL15

(RRA)2VRD

> 75

1282.51

18

T4-1

RRWGHAL

> 75

1938

Tat47-57

GRKKRRQRRR

0.78

Performed with a final concentration of 5% DMSO. No binding observed (NB).  = Lysine branching unit.
Each value is an average of at least three experiments.
a
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Figure 4.3. Dot blot assays of labeled peptides and HIV-1 TAR RNA. Assays were run
in triplicate with 400 pM 32P-labeled HIV-1 TAR RNA and increasing peptide
concentration. From left to right: RNA only, 0.001 M, 0.01 M, 0.03 M, 0.1 M, 0.3
M, 1 M, 3 M, 10 M, 30 M, 100 M. BP15 is a non-FITC labeled peptide.
From the pool of seventeen BPs, three peptides (FL2, FL3 & FL8) did not
contain the consensus Arg-Arg in the N-termini. These peptides had similar dissociation
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constants at around 8 M. Compounding the elevation in Kd relative to FL4 was the
corresponding decrease in solubility in aqueous condition—DMSO was added to the
buffer used in the dot blot assay—that may contribute to decrease in affinity. Finally, it
is noteworthy that the electrostatic interaction mediated by the two Arg moieties in the Ntermini did not contribute to the majority of the binding affinity with TAR since FL13
and FL15 had Kd values > 75 M.

The Branched N-terminus Imparts Multivalency
To determine whether the additional “branch” in our peptides results in
complementary increase of binding affinity as a consequence of multivalency, we
synthesized T4-1 as a truncated variant of the strongest binder, FL4. T4-1 (RRWGHAL)
featured a single N-terminus and a C-terminus that were identical to FL4. We substituted
the branching Lys unit with Gly in T4-1 to preserve the spacing between the N- and Ctermini, and to avoid incorporating any additional functionality compared to FL4.
To our delight, we observed a > 125-fold decrease in binding affinity for T4-1 (Kd
> 75 M) compared to FL4 when measured by dot blot assay (Table 4.1). While it is
tempting to draw a conclusion that T4-1 displayed such a dramatic loss of affinity
because two positively charged side-chains were omitted, the presence of Arg-Arg in the
N-termini did not necessarily result in effective RNA binding (vide supra). We also note
that the decrease in binding affinity was not a result of the decrease in the number of
positive charges in the molecule because BPs with five positive charges (FL5, FL6,
FL15, and FL17) had lower Kd values.

These results suggest that electrostatic

interactions were not solely responsible for high affinity binders, but that all branches of
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the 3.3.3 peptide were responsible for tight binding with the RNA. This conclusion is
intriguing because a central problem with designing RNA binding molecules is that
inclusion of multiple positive charges generally increases affinity, but a significant price
is paid in the reduced selectivity of such compounds.26 Thus, it stands to reason that the
incorporation of diverse binding interactions in RNA targeting molecules will prove to be
an important feature when designing effective binders that attain high selectivity.

Selectivity Determination and Identification of Requisite TAR Binding Elements
In order to interrogate the selectivity of FL4, dot blots were performed in the
presence of excess tRNA and a series of modified TAR RNA structures. First, we
confirmed that the dissociation constants determined from the dot blot assay were reliable
by performing electrophoretic mobility shift assay (EMSA) with FL4. As shown in
Figure 4, the dissociation constants determined through EMSA were in excellent
agreement with the dot blot data (0.5 ± 0.1 µM and 0.6 ± 0.1 µM, respectively).
Consistent with previous reports using EMSA, we also noticed non-selective binding to
TAR RNA in the presence and absence of competitor tRNA (Figure 4.5).26,39 Addition of
10- and 1000-fold excess of tRNA caused a shift in the binding affinity to
TAR RNA suggesting that FL4 was partially selective.
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32

P-labeled

Figure 4.4. Titration curves comparing EMSA and dot blot assay with or without
competing tRNA.

Figure 4.5. Competition of FL4 with 10× and 1000× tRNA using EMSA used to
generate binding curves observed in Figure 4.4. Peptide concentrations increase from left
to right: 0.001 M, 0.01 M, 0.03 M, 0.1 M, 0.3 M, 1 M, 3 M, 10 M, 30 M,
100 M.
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In order to determine the selectivity of FL4 with the native TAR RNA structure,
we synthesized TAR sequences containing a point mutation (24U>C), bulgeless TAR,
tetraloop TAR, and bulgeless tetraloop TAR (Figure 4.6A). The measured Kd using TAR
(24U>C) on the 3-nt bulge, a site where Tat is known to bind, was 0.8 ± 0.2 µM (Figure
4.6B & Figure 4.7).

Figure 4.6. Sequence and secondary structure of TAR RNA and variants (A) and
titration curves of FL4 with these RNAs (B).
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Figure 4.7. Dot blot assays of FL4 with TAR variants used to obtain binding curves in
Figure 4.6. A) TAR(24U>C), B) Bulgeless TAR, C) Tetraloop TAR, and D) Bulgeless
Tetraloop TAR.

This value is within experimental error of the native TAR Kd in this assay and suggests
that FL4 may not directly interact with the nucleobase in U or C. Indeed, TAR (24U>C)
is a mutation that is present in several clades of HIV-1 and is expected to retain the native
structure of TAR.2640 In contrast, a more dramatic increase in Kd was observed when the
TAR RNA tertiary structure was modified as a consequence of removing the 3-nt bulge
region (bulgeless TAR) or decreasing the size of the apical loop region by 2-nt (tetraloop
TAR). The resulting Kd for these TAR variants were 6.6 ± 1.3 M and 5.5 ± 2.0 M,
respectively (Figure 4.7B). The approximately ten-fold decrease in binding affinity is
exciting because it suggests that FL4 is selective for the three dimensional structure of
native TAR RNA and that FL4 may interact with both of these structural elements when
bound to the native TAR RNA.
We anticipated that modifying both structural elements simultaneously (bulgeless
tetraloop TAR) would further decrease the binding affinity if FL4 indeed spans the bulge
and apical loop of TAR RNA. However, implementing both modifications resulted in a
Kd value of 3.5 ± 1.0 M, which was within error of tetraloop TAR. It is possible that
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the additional decrease in affinity is not observed with bulgeless tetraloop TAR because
the tertiary structure of these RNAs is sufficiently altered to preclude FL4 from binding
specifically. The Hill analyses of our dot blot data for native TAR RNA and TAR
(24U>C) yield Hill coefficients (n) of 1.4 and 1.2 respectively (Figure 4.8) suggesting
non-cooperative binding of FL4, where n is near 1. This supports our hypothesis of a
single binding site that spans the bulge and apical loop, as the binding affinity is clearly
decreased when these structural elements are removed individually.

Furthermore,

cooperative binding (n ≥ 1.5) is observed for bulgeless TAR, tetraloop TAR and
bulgeless tetraloop TAR, which presented Hill coefficients of 1.5, 2.1, and 1.6
respectively. Taken together, these results suggest that modifications on TAR result in
multiple, low-affinity binding sites for FL4.
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Figure 4.8. Hill plots of FL4 dot blot data with native TAR RNA and TAR RNA
variants. A) TAR B) TAR(24U>C), C) Bulgeless TAR, D) Tetraloop TAR, and E)
Bulgeless Tetraloop TAR.
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Branched Peptides are cell permeable and exhibit no cytotoxicity
An attractive feature of developing BPs as RNA ligands is the ability to control
the molecular weight, a property that can have significant influence on cellular uptake.
Although arginine-rich BPs (Arg > 8) have been shown to be cell permeable,41 the
spacing and number of Arg residues present in our BP hits are significantly different than
previously reported examples. We biased our investigation to 3.3.3-BP in part because of
their medium molecular weight (i.e., larger than 500 Da but less than typical
oligonucleotides/peptide nucleic acids), which is around 1400 Da. Based on the hit
sequences revealed through HTS, we predicted that our BPs would be cell permeable due
to the high content of basic residues and because they were less than 20-amino acids in
size.42-45
Cellular uptake in HeLa cells was determined upon incubation with FITC-labeled
BPs (1 M) in the culture medium for 4 h at 37 °C. After washing, cells were fixed with
4% paraformaldehyde and imaged using a confocal microscope. Cells incubated with
FL3 contained fluorescence that was diffuse throughout the nucleus and cytoplasm
(Figure 4.9A). Punctate structures were also observed in cells incubated with other BPs,
wherein BPs were suspected to be internalized via endocytosis and sequestered in
vesicles (Figure 4.10). Flow cytometry studies with HeLa cells also provided supporting
evidence that BPs were cell permeable (Figure 4.9B). Gratifyingly, the majority of the
peptides were internalized by >95% of the counted cells; although FL9, FL15 and FL16
showed a lesser degree of internalization (~20–55% increased fluorescence compared to
background).

To our delight, the majority of cells were viable in a (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay suggesting that BPs
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that penetrate cells were nontoxic (Figure 4.9C). Overall, medium-sized BPs were cell
permeable and demonstrated low cytotoxicity.

Figure 4.9. Cell permeability and cytotoxicity of FITC-labeled hit peptides. A) Cellular
uptake of branched peptides into HeLa cells, top left: fluorescence image of cells; top
right: DAPI staining of the nucleus; bottom left: phase contrast image; bottom right:
overlay of all images. White scale bar is 25 m. B) Cell permeability of FITC-labeled
branched peptides by flow cytometry in HeLa cells. C). MTT cell toxicity assay.
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Figure 4.10. Confocal microscopy of fluorescent BPs in HeLa cells. Column one:
fluorescence image of cells; second column: DAPI staining of the nucleus; third column:
phase contrast image; fourth column: overlay of all images in the row. T15
(RRAGVRD) is a linear FITC-labeled BP. White ruler bars in the lower corners of
overlay images measure 25 m.

In summary, a general platform for generating selective RNA-binding ligands
based on multivalent, branched peptides has been developed. In targeting the Tat–TAR
RNA interaction, non-toxic and cell permeable compounds binding to the RNA
component in the low micromolar regime were discovered.

Selective binding of

branched peptide FL4 to the tertiary structure of TAR RNA against other variants was
demonstrated, where a single binding site that spans the bulge and apical loop is likely
involved. Targeted localization of BP in specialized regions of the cell can be important
in realizing their therapeutic potential in various disease states such as HIV-1. Current
efforts are aimed at introducing localization signal modules that can deliver BPs into the
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nucleus. The selective targeting of RNA structures remains a formidable task; the current
effort steps towards the realization of a possible solution.

4.3

Materials and Methods

Peptide Synthesis, Purification, and Characterization
All reagents were purchased from Novabiochem unless stated otherwise. N-αFmoc protected L-amino acids (3 equiv.) were used at all steps except when FmocLys(ivDde)-OH was used as the branching unit in the BPs. All coupling steps were 15
min at room temperature and performed in dimethylformamide (DMF) bubbling with
argon. Deprotection of Fmoc was performed with two consecutive 5 min washes with
20% piperidine in DMF. Peptides were synthesized on Rink amide MBHA resin (100200 mesh) by hand using the previously described apparatus.30

2-(6-chloro-1-H-

benzotriazole-1-yl)-1,1,3,3-tetramethylaminiumhexafluorophosphate (HCTU) (Peptides
International) was used as coupling reagent (3 equiv.) and N,N-diisopropylethylamine as
base (5 equiv.) in all coupling steps except for the preparation of FL15, where PyOxim (3
equiv.) was required as the coupling reagent to avoid epimerization in the sequence.
Acetic anhydride (3 equiv.) was used to cap the first N-terminus in all BPs using DIEA (5
equiv.) as base. The ivDde protecting group was then removed using 2% hydrazine in
DMF, and the second N-terminus was synthesized off of the Lys side-chain in the BPs.
Fmoc-6-Ahx-OH (AnaSpec) was installed at the uncapped N-terminus in the samples
used in dot blot and EMSA experiments. Fluorescein 5-isothiocyanate (FITC) (Sigma) (5
equiv) was coupled last to the uncapped N-terminus of all peptides using DIEA (14
equiv) as base (3 h). Peptides were protected from the light at all subsequent steps.
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Side chains were deprotected and peptides cleaved from resin simultaneously by stirring
for

3h

in

a

95:2.5:2.5

(v/v/v)

mixture

of

trifluoroacetic

acid

(TFA):water:triisopropylsilane. The supernatant was dried under reduced pressure, and
the crude peptide was washed with cold diethyl ether. Peptides were purified to ≥ 95%
purity by HPLC (Agilent 1200 series) using a Jupiter 4  Proteo 90 Å semi-prep column
(Phenomenex), and a binary solvent gradient composed of 0.1% TFA in MilliQ water and
HPLC grade acetonitrile. Purity was determined under the same conditions using a
Jupiter 4  Proteo 90 Å analytical column (Phenomenex). All peptides were finally
characterized by MALDI-TOF MS analysis.

Peptide stock concentrations were

prepared by spectrophotometry, by monitoring absorbance of FITC at 495 nm,
 = 77,000 mol-1cm-1 in 100 mM glycine, pH 9.0.

Cell Culture
All cell culture products, unless otherwise noted, were purchased from
Gibco/Invitrogen. HeLa cells (human adenocervical carcinoma) were purchased from
American Type Culture Collection (ATCC), and were subcultured once per week. Cells
were grown in 75 cm2 flasks (Corning) in Advanced DMEM, supplemented with 2%
heat-inactivated fetal bovine serum (FBS), 1%

L-glutamine,

100 units/mg penicillin,

100 g mL-1 streptomycin, and 0.25 g mL-1 amphotericin. Cells were plated for
internalization in Dulbecco’s Modified Eagle’s Medium (DMEM) containing
GlutaMAX™, supplemented with 10% FBS, 100 units mg-1 penicillin, 100 g mL-1
streptomycin, and 0.25 g mL-1 amphotericin.

Cells were determined free of

mycoplasma contamination using MycoAlert™ Mycoplasma Detection Kit (Lonza).
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Cellular Internalization of Peptides
HeLa cells were plated at 1 × 105 cells/well in DMEM containing 10% FBS in 12well tissue culture plates (Corning) and allowed to attach at 37 °C in a humid 5% CO2
atmosphere for 24 h. After removing media and washing cells with PBS, 600 L of
FITC-labeled peptide in Opti-MEM (1 M) was added to each well. Cells were incubated
with peptides for 4 h, then 1.5 mL DMEM was added and incubated for 30 min. Cells
were detached with 500 L of trypsin-EDTA, quenched with internalization media
(1 mL), and the contents of each well were collected into Falcon Tubes (BD
Biosciences). Cells were centrifuged at 4 °C and 1250 rpm for 10 min. The supernatant
was removed, the cell pellets rinsed with PBS, and centrifuged again at identical
conditions. Supernatant was removed and cell pellet was again suspended in 2% FBS in
PBS. Propidium iodide (PI; 5 g mL-1, Molecular Probes) was added to each tube 2–
5 min prior to analysis. Cellular uptake of FITC–labeled peptides was measured on a
FACS Canto II flow cytometer (BD Biosciences). FITC was excited using a 488 nm
solid state laser, and detected at 530 ± 30 nm bandpass filter, and PI was excited using a
488 nm solid state laser and detected with a 670 nm longpass filter. Appropriate gating
was done against the untreated cells control to ensure that autofluorescence was not
measured as cellular uptake, and only live (PI-negative) cells were included in
subsequent analysis. 10,000-20,000 gated events were collected for each sample, and
experiments were done in duplicate unless noted otherwise.
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Cellular uptake of peptides into HeLa cells using confocal microscopy
HeLa cells were plated at 1.5 × 104 cells/well in 10% FBS-containing DMEM in
12-well tissue culture plates containing a sterile no. 1 PLL-coated glass coverslip. Cells
were incubated at 37 °C in a humid 5% CO2 atmosphere for 48 h to facilitate adherence
to the coverslip. Medium was removed and cells rinsed with PBS before adding 600 L
FITC-labeled peptide (5 M final concentration) in Opti-MEM. Peptides were allowed
to internalize for 4 h at 37 °C. Cells were fixed in 4% PFA for 10 min at room
temperature, stained with DAPI (600 nM; 150 l) for 2 min and mounted onto glass
slides with Prolong antifade mounting media (11 l, Invitrogen). Cells were imaged with
a 40 oil immersion objective (N.A. = 1.3) on an LSM510 confocal system fitted onto
Axiovert 100 inverted microscope (Zeiss). Minimal modifications to image brightness,
contrast, and noise reduction were performed using Image J software (NIH). Each
sample was measured against a control of untreated cells using identical acquisition
parameters to ensure no reported fluorescence was derived from detector noise visible in
the green channel.

MTT Toxicity Assay
HeLa cells were plated at 10,000 cells/well in 10% FBS-containing DMEM in 48well tissue culture plates and incubated for 24 h at 37 °C in a humid 5% CO2 atmosphere.
Culture medium was removed and cells rinsed with PBS. Peptides (175 L in OptiMEM, 1 M) were added to each well and incubated for 4 h. Peptides were removed and
cells were rinsed with PBS. DMEM (300 L), containing 10% FBS and 0.5 mg mL-1
MTT (Invitrogen) was added to each well. Cells were incubated for one additional h
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before removing MTT-containing media, rinsing with PBS, and dissolving cells and
formazan product in 300 L DMSO. Absorbance was measured at 570 nm for each
sample, and toxicity was normalized against DMSO only and untreated cells.

Preparation of 32P-Labeled RNA
RNA was prepared by in vitro transcription with the Ribomax T7 Express System
(Promega) using previously reported techniques.46 All steps were done using RNase free
conditions.

The

antisense

template

and

sense

complementary

5’-

strand,

ATGTAATACGACTCACTATAGG (Integrated DNA Technologies), were annealed
prior to transcription by heating an equimolar mixture of the ssDNA strands in water at
65 oC for 2 min followed by a 2 min incubation in an ice bath. Antisense template
sequences used were as follows with locations of mutation in bold and deletions
underlined:

HIV-1

5’-

TAR,

GCCCGAGAGCTCCCAGGCTCAAATCGGGCCTATAGTGAGTCGTATTACAT;
5’-

TAR(24U>C),
GCCCGAGAGCTCCCAGGCTCATATCGGGCCTATAGTGAGTCGTATTACAT;
bulgeless

5’-

TAR,

GCCCGAGAGCTCCCAGGCTCTCGGGCCTATAGTGAGTCGTATTACAT;
tetraloop

TAR

5’-

GCCCGAGAGCCGAAGCTCAAATCGGGCCTATAGTGAGTCGTATTACAT;
bulgeless

tetraloop

TAR,

GCCCGAGAGCCGAAGCTCTCGGGCCTATAGTGAGTCGTATTACAT.

5’After

transcription, the DNA was degraded by DNase. The newly transcribed HIV-1 TAR
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RNA was purified by 20% denaturing PAGE. The topmost band was excised and eluted
from the gel overnight in 300 mM sodium acetate, 10 mM TrisHCl, pH 7.4, and 10 mM
EDTA.

The sample was desalted using a NAP-25 column (GE Healthcare) and

lyophilized to dryness before treating with calf intestinal phosphatase in NEBuffer 3
(New England BioLabs).

The dephosphorylated RNA was recovered by phenol

extraction followed by ethanol precipitation. Preparation of the full-length transcript was
confirmed by MALDI-TOF. Dephosphorylated RNA was stored as a pellet at –80 oC.
HIV-1 TAR RNA was labeled at the 5’-end by treating 100 pmoles of
dephosphorylated RNA with 20 nmoles of [-32P]ATP (111 TBq mol-1) and 20 units of
T4 polynucleotide kinase in 70 mM TrisHCl, pH 7.6, 10 mM MgCl2, and 5 mM
dithiothreitol.

The mixture was incubated at 37 oC for 1 h followed by a 10 min

incubation at 65 oC. The labeled RNA was recovered by ethanol precipitation. A 20%
denaturing PAGE run at 25W for 2.25 h followed by autoradiography was used to ensure
that the RNA sample was  95% pure prior to use in EMSA and dot blot assays. The 32Plabeled RNA was stored at a concentration of 500 nM in water at –20 oC for up to two
months without measurable degradation.

Dot Blot Assay
Dot blot assays were performed in triplicate using a Whatman Minifold I 96 well
Dot Blot system and Whatman 0.45 m pore size Protran nitrocellulose membranes.
Assays were carried out by first refolding 800 pM

32

P-labeled HIV-1 TAR RNA in 2

TK buffer (100 mM TrisHCl, pH 7.4, and 200 mM KCl) by heating the sample at 95 oC
for three min and then allowing it to cool slowly at room temperature for 20 min.
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Peptides were diluted with water or 10% DMSO from 200 M stocks to prepare each
series at 2× concentrations ranging from 0.002 M to 200 M at half-log intervals. 25
L aliquots of refolded 32P-labeled HIV-1 TAR RNA in 2× TK buffer were added to 25
L aliquots of the peptides at 2× concentration to give the desired final concentration of
each component. The mixtures were incubated at room temperature for 20 min prior to
filtering each 50 L sample through the nitrocellulose membrane, which had been preequilibrated in 1× TK buffer.

Two consecutive 50 L washes with 1× TK buffer

followed each filtration. Peptide binding was measured by autoradiography using a
storage phosphor screen (GE Healthcare), which was imaged on a Typhoon Trio (GE
Health Care). Densitometry measurements were taken in ImageQuant TL (Amersham
Biosciences). Binding curves were generated using Kaleidagraph (Synergy Software).
Error bars represent the standard deviation calculated for three replicates.

Electrophoretic Mobility Shift Assay
EMSA were performed in duplicate by first refolding 4 nM

32

P-labeled HIV-1

TAR RNA in 2× TK buffer (100 mM TrisHCl, pH 7.4, and 200 mM KCl) using the
previously described method (vide supra). Peptides were diluted with water from 200
M stocks to prepare each series at 2× concentration. Aliquots (10 L) of refolded 32Plabeled HIV-1 TAR RNA in 2× TK buffer were added to 10 L aliquots of the peptides
at 2× concentration to give the desired final concentration of each component. The
mixtures were incubated at room temperature for 20 min followed by the addition of 2 L
of 30% glycerol for loading. Each sample (15 L) was loaded on to a 10% native PAGE,
which had pre-run for 1 h at 300 V. The samples electrophoresed for 1 h at 300 V. Gels
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were dried to filter paper prior to autoradiography. Data was measured as the percentage
of bound RNA in each lane and error bars represent the standard deviation calculated for
two replicates. Selectivity studies were performed in the presence of 10-fold or 1000fold excess by mass of tRNA from E. Coli MRE 600 (Roche). The tRNA was refolded
separately from HIV-1 TAR RNA prior to use.
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Chapter 5

Compounds Discovered from a Branched
Peptide Library Featuring Unnatural
Boronic Acid Side Chains Selectively
Bind to HIV-1 RRE RNA
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Abstract
The Rev Response Element (RRE) within the env gene of the HIV-1 RNA
genome is a highly conserved region that is recognized by the HIV-1 Rev protein, and
activates nuclear export of unspliced and singly spliced HIV-1 mRNA to the cytoplasm.
The RRE/Rev export pathway is attractive for drug design due to its critical role of
allowing the translocation of HIV-1 late transcripts, translation of viral structure proteins,
and proliferation of the virus. Early studies have identified the stem-loop structure,
known as RRE stem IIB (RRE-IIB), as the initial binding site of the Rev protein. Herein,
we report the discovery of the first cell-permeable and nontoxic branched boronic acid
peptides (BB peptides), which bind selectively to RRE-IIB RNA in the low micromolar
regime. These BB peptides were obtained from on-bead high-throughput screening of a
3.3.4-library comprised of 46,656 unique sequences. We demonstrate that our highest
affinity BB peptide is a selective binder for RRE-IIB in the presence of 1000-fold molar
excess of tRNAs as well as six RRE-IIB variant structures. We also show that the
boronic acid moieties are tunable and have critical effects on binding affinity. In addition,
we successfully demonstrate that the “branch” in these peptides provides strong,
multivalent interactions with the target RNA.
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5.1

Introduction
The human immunodeficiency virus type 1 (HIV-1) continues to be a global issue

despite significant gains made in research, treatment, and prevention efforts.

An

estimated 2.7 million new cases of infection occurred in 2010 bringing the total number
of people living with HIV-1 to 34-million according to the World Health Organization.1
HIV-1 remains a problem today due in part to the emergence of drug-resistant viral
strains driven by selective pressure. Indeed, the high rate of mutation common among
retroviruses provides for rapid evolution of the drug target, which allows it to escape
purview of the medication being administered.2-5 Presently, combination therapies are
required for effective treatment of HIV-1, yet discovery of new drug combinations that
reduce the development of drug resistance remains a formidable challenge. The majority
of drugs approved for the treatment of HIV-1 target either the reverse transcriptase or
protease. However, fusion inhibitors, entry inhibitors, and integrase inhibitors have also
been approved.6 Thus, the variety of HIV-1 targets being exploited presently is relatively
limited. Furthermore, each of the FDA approved drugs is vulnerable to mutations of
HIV-1, as they function through inhibition of a specific enzyme, receptor, or co-receptor.6
In order to keep pace with the rapidly evolving HIV-1, there is a great need for
development of drugs that target novel viral mechanisms, which are genetically well
conserved and less prone to mutation under selective pressure.
Lentiviruses, including HIV-1, use a unique pathway to evade the well-controlled
and tightly coupled processes of mRNA splicing and nuclear export in eukaryotes. This
alternative pathway involves interaction between the virally encoded Rev protein and a
well-defined sequence of viral RNA called the Rev response element (RRE), which is a
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span of ~240-nucleotides located in the env gene of all singly spliced and unspliced
HIV-1 transcripts.7-9 The Rev-RRE interaction is essential for these RNA transcripts to
escape the nucleus without first being fully spliced; therefore, this interaction is necessary
for the synthesis of viral proteins that are vital to the HIV-1 life cycle such as Gag, Pol,
and Env as well as the accumulation of HIV-1 genomic RNA in the cytoplasm.8,10,11 In
absence of this process, the structural proteins necessary for viral particle construction are
not produced because the intron containing mRNA transcripts are sequestered to the
nucleus. Thus, the life cycle of HIV-1 cannot continue.12
The Rev/RRE export pathway is mediated by constant shuttling of Rev in and out
of the nucleus, and although many key steps have been extensively reviewed, the process
has not yet been fully elucidated.13,14 Initially, HIV-1 encoded Rev protein consisting of
116-amino acid residues is imported into the nucleus by binding to multiple importin
proteins using the nuclear localization signal located at the N-terminus of Rev.15-17 Once
inside the nucleus, Rev binds cooperatively to RRE with high affinity in monomeric
increments to form a multimeric complex that ultimately involves up to six Rev
monomers.8,11,18-24 The stem-loop IIB of RRE (RRE-IIB) has been recognized as the high
affinity site, where Rev initially binds.9,22,24-29 This Rev-RRE ribonucleoprotein complex
binds the host Crm1 through the Rev C-terminal nuclear export signal and is then shuttled
out of the nucleus through the nuclear pore after the larger complex binds to Ran-GTP.3034

The Rev/RRE export pathway has become a high profile drug target precisely for
its critical role in proliferation of HIV-1.12

Indeed, the Rev-RRE interaction is

completely viral in nature, which provides a high value therapeutic target that is
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completely independent from the natural cellular processes of the host. This is a huge
advantage that could allow the interaction to be targeted selectively with minimal risk of
side effects.

Additionally, targeting RRE may provide an important opportunity to

develop drugs that do not induce drug resistance in the virus because this is a highly
conserved region of the env gene.35 Due 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.14,36-42 Other inhibitors of the Rev-RRE interaction 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.14,21,40,43-57
We have previously demonstrated that branching in peptide ligands provides
strong multivalent interactions with another HIV-1 related RNA tertiary structure, the
transactivation response element (TAR). These branched peptides (BPs) displayed no
cytotoxicity, provided excellent cell permeability, and bound to TAR in the
submicromolar regime.58,59

While designing our second generation of BPs, we

envisioned a strategy to improve the selectivity and binding affinity to the RNA target
through the incorporation of unnatural amino acid side chains featuring boron. We
reasoned that the empty p-orbital of boron would aid in ligand binding by acting as an
acceptor for the 2’-hydroxyl or other Lewis bases of the RNA.

Indeed, peptides

displaying boronic acid moieties have been demonstrated elsewhere to form reversible
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covalent bonds with the alizarin diol and glucose, in addition to being utilized as potent
serine protease inhibitors.60-67

Importantly, boron-containing compounds are well

tolerated in vivo as is evident from the FDA approval of the first boron-containing drug,
Bortezomib (Velcade), which is used in the treatment of multiple myeloma and mantel
cell lymphoma.68,69 Another promising example is that of Tavaborole (AN2690), which
is a benzoxaborole small molecule in phase III clinical trials for treatment of
onychomycosis.70
Herein, we report the discovery and biophysical characterization of the first ever
branched boronic acid peptides (BB peptides) as ligands of RRE-IIB and their boron-free
analogues, which were obtained through partial screening of a one-bead one-compound
library comprised of 46,656 unique sequences. We demonstrate that these multivalent
BB peptides can be selective, high-affinity ligands that are both cell-permeable and
nontoxic, while removal of the boron moieties has deleterious effects on binding affinity.

5.2

Results and Discussion

Design of the Branched Boronic Acid Peptide Library and On-Bead High-Throughput
Screening
The BB peptide library was synthesized in triplicate on Tentagel beads by split
and pool synthesis. The library was prepared such that there were three variable amino
acid positions at both the N- and C-termini (A1–A3 and A4–A6, respectively), and each
variable position was composed of six possible side chains (Figure 5.1).

138

Figure 5.1. Combinatorial (3.3.4) branched-peptide library featuring boronic acid side
chains.
Each of the six possible side chains at variable positions A1–A6 was chosen for its
potential to interact with the RRE-IIB target RNA through a unique mode of binding
relative to the other side chains we made available at the same location. In position A1
for example, we selected amino acids with functional groups that can interact with the
RNA through electrostatic attraction (Lys), hydrogen bonding (Ser), stacking (Trp),
and reversible covalent bonding between boron and a Lewis base presented by the RNA
target (KBBA/FBPA). The rational for including unnatural boronic acid side chains was
three-fold. First, we hypothesized that their inclusion would increase the selectivity of
our compounds for RNA over DNA due to the presence of a 2’-hydroxyl that is absent in
DNA, which may function as a potential electron donor to the empty p-orbital of boron.
Secondly, this introduced an additional mode of binding to the library, which increases
the complexity of these compounds. This could improve the chances of discovering
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ligands that are selective for a single RNA target. Third, we envisioned that the presence
of boron would increase overall affinity to the RNA target due to the potential formation
of reversible covalent bonds between the RNA and BP ligand.

Furthermore, the

incorporation of unnatural side chains would likely impart resistance to enzymatic
cleavage. We chose to incorporate two different boron-containing side chains at each
variable position in the library to examine if RRE-IIB had a preference in the side chain
length or electrophility of boron presented by FBPA and KBBA (Figure 5.1). Finally, in
order to ensure that each unique sequence in the library would contain at least one
chromophore, Tyr was included at the C-terminus (position A7) to allow facile
determination of peptide concentrations for future biophysical assays. Therefore, we
generated three copies of a 3.3.4 branched boronic acid peptide library composed of
46,656 possible amino acid sequences, which were linked to the bead by a
photocleavable linker (3-amino-3-(2-nitrophenyl)propionic acid, ANP) at the C-terminus
(Scheme 5.1).
Scheme 5.1. Synthesis of the 3.3.4 Branched Boronic Acid Peptide Library by SolidPhase Peptide Synthesis (SPPS).

Half of the entire 3.3.4 library (~70,000 beads) was submitted to high-throughput
screening by pre-incubating the library with bovine serum albumin (BSA) (1 mg/mL) and
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tRNA (1.25 mg/mL, ~50 M) in phosphate buffer (10 mM potassium phosphate, 100
mM KCl, 1 mM MgCl2, 20 mM NaCl, pH=7.0) to block any nonspecific peptide binders.
Then, the library was washed and incubated with the 10 nM DY547-labeled HIV-1 RREIIB RNA target (Figure 5.2). Specific binding of the target RNA to peptide resulted in
increased fluorescence on bead, which was monitored by fluorescent microscopy. Eleven
beads demonstrated elevated fluorescence compared to background and were selected as
possible hits.

These peptides were photocleaved from solid-support resin via UV

irradiation and sequenced by matrix assisted laser desorption ionization time-of-flight
(MALDI-TOF) MS-MS analysis.71

Hit compounds were resynthesized in order to

perform biophysical characterization assays.

Figure 5.2. Sequence and structure of RRE-IIB.

Binding Affinity Determination of Branched Boronic Acid Peptides Towards HIV-1 RREIIB
The dissociation constants (Kd values) of putative hits and false positives from
HTS were identified by dot blot assay. Of the eleven peptides deconvoluted by MALDITOF, BB1-7, BB1-10 and BB1-11 displayed no binding affinity to RRE-IIB, and were
deemed false-positive hits. Three other sequences (BB1-1, BB1-6, and BB1-8) stood out
for their low micromolar binding affinities (Table 5.1). Gratifyingly, all three of these
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sequences contained boronic acid residues. BB1-1 contained a single KBBA residue at
position A4 while BB1-8 displayed FBPA at positions A1 and A3. In peptide BB1-6, KBPA
(positions A1 and A4) as well as FPBA (position A3) were represented. Interestingly, no
boron containing residues were found at positions A5 or A6 in any hit sequences.
Consensus sequence analysis also demonstrated that the longer, more Lewis acidic
residue of KBBA was more preferred at positions A1, A2, and A4 over the shorter and less
electrophilic FBPA residue. However, the opposite trend was observed at position A3.
This demonstrates that both boron containing side chains can provide a positive binding
interaction with the RNA target.
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Table 5.1. Dissociation Constants (Kd) and Molecular Weights of Hit BB Compounds.
entry

peptide

sequencea

Kd(M)

MW(g mol-1)

1

BB1-1

(WKK)2*KBBAYWY

1.4 ± 0.4

1817.99

2

CBB1-1

(WKK)2*KBzYWY

8.2 ± 2.3

1773.99

3

CFBB1-1

(WKK)2* KFBAYWY

0.8 ± 0.2

1835.98

4

BB1-6

(KBBAKFBPA)2*KBBAKKY

3.3 ± 1.2

2031.10

5

BB1-8

(FBPAYFBPA)2*NKSY

8.7 ± 2.3

1727.78

6

CBB1-8

(FYF)2*NKSY

NB

1551.76

7

BB1-5

(KKKBBA)2*FBPATSY

26.8 ± 4.4

1751.98

8

BB1-3

(KKBBAF)2*KKWY

27.2 ± 6.9

1853.04

9

BB1-9

(WYK)2*PTWY

28.5 ± 4.4

1646.34

10

BB1-2

(KKBBAK)2*KLKY

58.4 ± 4.0

1742.09

11

BB1-4

(KBBAYK)2*HKKY

86.5 ± 10.3

1836.04

12

BB1-7

(VPA)2*FBPALAY

NB

1513.81

13

BB1-10

(KNT)2*NKKBBAY

NB

1512.82

14

BB1-11

(VPA)2*NFBPAAY

NB

1219.64

a

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

Further sequence analysis showed that Lys was highly preferred at most positions,
and the number of Lys in each confirmed hit ranged from one to six residues. 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.22-24,28 The positively charged Lys side chains of our hits
likely function similarly to the Arg residues of the Rev NLS and may provide strong
electrostatic attraction with the negatively charged phosphate backbone of RRE-IIB.
Significantly, the number of Lys residues in the hit sequences did not provide additive
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effects on binding. For example, both BB1-1 and BB1-6 displayed four Lys residues,
and the dissociation constants were lower than 5 M. BB1-2, however, contained more
Lys residues (6 total) with a weaker Kd value near 60 M.

Additionally, BB1-8

contained only a single Lys, yet the Kd remained near 8.7 M. Indeed, we have observed
this phenomenon in our previous generation of BPs designed to bind HIV-1 TAR RNA,
where higher numbers of Arg side chains did not generally result in increased binding
affinity, and other modes of binding could compensate for the loss of an electrostatic
interaction.58,59 Thus, the low dissociation constants of the hit peptides for RRE-IIB are
not entirely due to electrostatic attraction. Aliphatic residues were the least preferred side
chains in our pool of hit compounds. This suggests that hydrophobic interactions are not
generally beneficial for strong binding between these BB peptides and RRE-IIB.

The Role of Boronic Acid in Hit Branched Peptides
In order to determine what roles the boronic acids had in binding to the RRE-IIB
target RNA, we designed control peptide variants of BB1-1 and BB1-8, without the
boronic acid moiety (Figure 5.3). The removal of boronic acid from BB1-1 (CBB1-1)
was accompanied by a 4-fold increase in the observed Kd value. Furthermore, no binding
was observed when the boronic acids were removed from BB1-8 (CBB1-8).

The

complete loss of binding from CBB1-8 is likely due to the high number of boron
containing side chains represented in BB1-8 because their corresponding mode of
binding may be responsible for a larger percentage of the interactions with RRE-IIB
compared to BB1-1, which only contains a single boronic acid residue. In the case of
BB1-1, electrostatic attraction is presumably the major interaction with the RNA
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provided by the high density of Lys residues in this compound–the single boronic acid
likely has a smaller role in binding. Thus, affinity for the target RNA is less affected
after removal of the single boronic acid moiety in BB1-1. These results clearly indicate
that boronic acid side chains can be utilized in peptides to provide strong interactions
with a highly structured RNA target.
We hypothesized that additional modifications of KBBA to increase the Lewis
acidity of the boronic acid moiety would yield increased binding affinity to the RRE-IIB
RNA. Therefore, we designed a fluorinated BB1-1 (CFBB1-1) with fluorine ortho to the
boronic acid at position A4. The Kd of 0.8 ± 0.2 M was similar or slightly better than
the Kd of 1.4 ± 0.4 M for BB1-1. This result suggests that the binding affinity of BB
peptides might be tunable by manipulating the Lewis acidity of the boronic acid.
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Figure 5.3. Representative structures (from top to bottom) of BB1-1, CBB1-1, CFBB11, BB1-8, and CBB1-8 (A) and dot blot assay curves with RRE-IIB (B).

Branched Peptides Bind RRE-IIB via Multivalent Interactions
In order to determine if the additional N-terminus in our peptides improved the
binding affinities toward RRE-IIB as a result of multivalent interactions, we designed
three linear peptide variants of BB1-1 (Figure 5.4).

LBB1-1A (WKKGKBBAYWY)

featured single N- and C-terminus, and the branching Lys residue in BB1-1 was
substituted with Gly to preserve the distance between positions A3 and A4, while also
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avoiding the introduction of additional functional groups relative to BB1-1. We observed
a Kd > 30 M with LBB1-1-A, which was > 21-fold reduction in binding affinity for the
RNA target compared to BB1-1. To ensure that the decrease in binding affinity was not
simply due to a lower total number of amino acid residues compared to BB1-1 or from a
concomitant loss of strong electrostatic interactions (i.e. – the loss of two Lys residues in
the variant), we also designed LBB1-1-B (WKKWKKGBYWY). This linear sequence
maintained the number and identity of the side chains represented in its branched
counterpart. The Kd of LBB1-1-B was 6.8 ± 2.1 M, which represented a 3-fold decrease
in binding affinity compared to the branched parent, BB1-1. Finally, to determine the
importance of the C-terminus, we truncated the C-terminal branch of BB1-1 to generate
LBB1-1-C ((WKK)2*), where a branching Lys unit (*) connected the N-terminal
branches. Intriguingly, no binding was observed for this BB1-1 variant despite the high
density of positively charged Lys residues. Taken together, these results suggested that
all three branches in BB1-1 were responsible for high binding affinity with the RRE-IIB
RNA, and that binding occurs through multivalent interactions with the target. These
results agree well with and expand upon our previous work demonstrating branched
peptides as multivalent binders of RNA tertiary structures.58,59
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Figure 5.4. Sequence of BB1-1 and linear variants (A) and titration curves of RRE-IIB
with these peptides (B).

Selectivity of BB1-1 Toward RRE-IIB vs Mutant RRE-IIB and tRNAs
Several mutant RRE-IIB RNAs were synthesized to determine if BB1-1 could
discriminate between native RRE-IIB RNA and RNAs with similar structural elements
using a dot blot assay. Initially we synthesized RRE-IIB Augmented Loop RNA where
the size of the tri-nucleotide apical loop (AAU) was increased to a hexa-nucleotide loop
(AUGGCC) (Figure 5.5). The measured Kd for this mutant was 4.4 ± 0.8 M, which is
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Figure 5.5. Sequence and structure of RRE-IIB and variants (A) and titration curves of
BB1-1 with these RNAs (B).
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slightly increased (~3-fold) compared to the native RRE-IIB RNA structure. We next
examined the RRE-IIB Stem B Deleted RNA structure where we removed 4 base pairs in
Stem B region, and we obtained a Kd of 3.7 ± 0.8 M, which also represented a roughly
3-fold decrease in binding affinity. The minor changes in Kd with these two mutant RRE
RNA structures suggest that BB1-1 has only a minor interaction with the loop and stem B
region. Hill analysis of dot blot data for RRE-IIB Augmented Loop and Stem B Deleted
RNA provided Hill coefficients (n) of 1.7 and 1.6, respectively (Figure 5.6)

This

suggests that the modification of the loop and Stem B region results in cooperative
binding (n ≥ 1.5) by BB1-1. A third modification, RRE-IIB Stem A/Bulge A Deleted
RNA, was made by removing Bulge A and four base pairs of Stem A, with resulted in an
increase of Kd by 11-fold (15.6 ± 0.8 M) compared to RRE-IIB and suggests a major
interaction between BB1-1 and the Bulge A or Stem A region. RRE-IIB Bulge B/C
Deleted RNA was designed such that only the bulge A remained. RRE-IIB Bulge A (AG)/B/C Deleted RNA featured only one bulge structural element formed by the unpaired
U/G mismatch from bulge A where the A/G mismatch was removed. Finally, RRE-IIB
Bulge A/B/C Deleted RNA was prepared as a bulgeless hairpin structure. We found that
when only Bulge A remained, the Kd increased nearly 6-fold (8.7 ± 2.7 M) compared to
RRE-IIB RNA. The Kd increased dramatically as the size of Bulge A was made smaller,
where a Kd of 15.9 ± 0.9 M was observed for RRE-IIB Bulge A (A-G)/B/C Deleted
RNA. Furthermore, removing all bulges resulted in a 70-fold increase in the measured Kd
(91.7 ± 14.5 M). The Hill analysis of our dot blot data from RRE-IIB RNA, Stem
A/Bulge A Deleted RNA, Bulge B/C Deleted RNA, Bulge A (A-G)/B/C Deleted RNA,
and Bulge A/B/C Deleted RNA yielded a Hill coefficient (n) of 1.0, 1.3, 0.9, 1.3 and 1.3,
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respectively.

This suggested that BB1-1 binds with each of these structures

noncooperatively, where n is near 1.

Taken together, BB1-1 binds with RRE-IIB

selectively because all modifications of the native sequences resulted in reduced binding
affinity.

151

Figure 5.6. Hill plot analysis of BB1-1 dot blot data. (A) RRE-IIB RNA, (B) RRE-IIB
Augmented Loop RNA, (C) RRE-IIB Stem B Deleted RNA, (D) RRE-IIB Stem A/Bulge
A Deleted RNA, (E) RRE-IIB Bulge B/C Deleted RNA, (F) RRE-IIB Bulge A(A-G)/B/C
Deleted RNA, and (G) RRE-IIB Bulge A/B/C Deleted RNA.

To further demonstrate the selectivity of our highest affinity BB peptides, binding
affinities between BB1-1 and RRE-IIB were measured by dot blot in the presence of
excess tRNAs. Initially, a 10-fold molar excess of competing tRNAs was included
during incubation with the peptide and RRE-IIB. This resulted in an observed Kd (2.1 ±
1.0 M) that was within the margin of error in the absence of tRNA (Figure 5.7).
Encouraged by this result, we increased the amount of competing tRNA to a 1000-fold
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molar excess, and the observed Kd was 5.3 ± 3.1 M, representing a minor shift in RREIIB binding. These results suggest that peptide BB1-1 is selective for RRE-IIB in the
presence of excess competing tRNA. These results are quite improved from our previous
generation of branched peptides that did not feature boronic acids and demonstrated a
dramatic shift (10-fold) in binding affinity in the presence of only a 10-fold molar excess
of tRNAs.58

Figure 5.7. Titration curves of BB1-1 with RRE-IIB and in the presence of competing
tRNA.

Determination of RRE-IIB Binding Site of BB1-1 by RNase Protection
Although the results of our binding selectivity experiments with RRE-IIB mutants
allowed us to evaluate the structural elements required for binding of BB1-1, we
proceeded

forward

with

ribonuclease

protection

assays

to

determine

which

ribonucleotides were directly involved in binding. BB1-1 was incubated with varying
concentrations of RRE-IIB, and binding sites were confirmed based on the ability of the
peptide to protect the RNA from enzymatic cleavage by RNase T1, RNase A, or RNase
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V1 (Figure 5.8). The strongest cleavage bands over all the experiments conducted were
observed at G17 and C18 using RNase V1, which preferentially cleaves double stranded
regions of RNA, and this agrees well with previous reports obtained by enzymatic
hydrolysis of RRE.20,72 This region was also strongly protected from cleavage by BB1-1
as the concentration of peptide was increased from 0.2 M to 20 M. BB1-1 also visibly
protected G10 from RNase V1 as well as U7, C21, and U36 from cleavage by RNase A,
which hydrolyzes at the 3’ side of unpaired pyrimidine bases. The pattern for BB1-1
suggests that it binds in the bulged regions of RRE-IIB as U7, G10, and U36 are each
located within these structural elements.

This agrees well with our selectivity

experiments (vide supra), where deletions in the bulge and lower stem regions of RREIIB caused dramatically reduced binding affinities with BB1-1. Because BB1-1 protected
the upper stem region between at G17 and C18 from RNase V1 as well as C21 from
RNase A, it is likely that BB1-1 is also interacting with the ribonucleotides in this region
and is either disrupting the secondary structure of the stem or preventing enzymatic
cleavage by steric blockade. This result also agrees with the RRE-IIB mutation studies,
where changes in this region resulted in slightly poorer binding affinity. These results in
conjunction with the RRE-IIB mutation studies and the noncooperative mode of binding
may suggest that BB1-1 is bound in a folded groove saddled between the bulge regions
and upper stem bases of RRE-IIB, as this compound is clearly interacting with both of
these structural elements simultaneously.
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Figure 5.8. RNase protection assays of RRE-IIB using BB1-1. The gel depicts the
autoradiogram of RNase protection experiments. Alkaline hydrolysis (AH) and all
enzymatic digests were performed on RRE-IIB (C). Protection assays were conducted
using BB1-1 (0 - 20 M) with RNases T1, A, and V1. Colored triangles point to bases
protected from cleavage by RNase A (blue) and RNase V1 (red). Brackets highlight the
regions of RRE-IIB that interact with BB1-1.

The strong inhibition of RNase V1 mediated cleavage of RRE-IIB by BB1-1 at
positions at G10, G17 and C18 provided the opportunity to measure the EC50 values for
BB1-1 protection of RRE-IIB (Figure 5.9). The EC50 values were obtained by measuring
the percentage of RNase V1 protection at each of these three ribonucleotides as BB1-1
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was titrated at concentrations of 0.01–100 M. At G10, an EC50 of 5.5 ± 2.1 M was
obtained and is slightly higher (~ 4-fold) than the dissociation constant measured in the
absence RNase V1. Measuring nuclease protection at G17 provided the highest EC50
value (12.4 ± 3.7 M) of the three measured, which was nearly a 9-fold increase
compared to the Kd obtained without RNase V1. Finally, the EC50 obtained by measuring
cleavage at C18 (2.8 ± 1.0 M) suggested that this position is most strongly affected by
BB1-1 of the three positions that were measured, and this value was within experimental
error of the Kd obtained in the absence of RNase V1.

In each case, the observed

protection by BB1-1 may be due to direct binding with the RNA at the nucleotide where
protection is observed. However, given that RNase V1 selectively cleaves base-paired
ribonucleotides, it is also possible that the binding of BB1-1 at another location is
disrupting the base pair where protection is observed.

Further experimentation is

required to determine the mode of RNase V1 inhibition at G10, G17 and C18.
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Figure 5.9. RNase V1 protection assay of RRE-IIB at G10, G17, and C18. (A) The gel
depicting RNase V1 protection at each RNA base measured and (B) The inhibition
curves obtained by densitometry of each band.

Branched Boronic Acid Peptides are Cell Permeable and Non-Cytotoxic
Our previous generation of branched peptides that featured Arg rich N-termini
exhibited excellent cell permeability and non-cytotoxic properties. In this new peptide
library, Lys residues were included instead of Arg, and two new unnatural amino acids
featuring boronic acid moieties were added. Despite these changes, we suspected that
our BB peptides would be cell permeable in part because they maintained a medium
molecular weight (~1000–2000 Da), and contained multiple basic residues.73 Cellular
uptake was performed in both HeLa and A2780 cells by incubation with the FITClabeled version of BB1-1 (FBB1-1), which was prepared using an established procedure
developed for branched peptides.58 Initially, intense fluorescent background prevented
the acquisition of a confocal image due to poor cell contrast. Comparison of a previously
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imaged branched peptide (FL3) to FBB1-1 under identical conditions and acquisition
parameters showed a large imaging difference between the two peptides (Figure 5.10).58

Figure 5.10. Cell microscopy from initial incubation of peptides in the presence of
mounting media. Confocal image of peptide FL3 (A) and FBB1-1 (B) showed large
difference in fluorescent background with FITC channel (top left). Top left: fluorescence
image of cells; Top right: DAPI staining of the nucleus; Bottom left: overlay of the two
images; Bottom right: Empty
Because FBB1-1 contained a boronic acid residue and FL3 did not, it was hypothesized
that the boronic acid moiety may have allowed residual peptide, adhered on the coverslip,
to leach into the Prolong Gold antifade mounting media, thereby increasing background
noise to unmanageable levels.
procedure.

Therefore, mounting media was removed from the

Cells were grown in 35 mm poly-lysine treated glass-bottom dishes

containing a no. 1.5 coverglass (MatTek) to allow for submersion of fixed cells in PBS
for imaging. Bovine serum albumin (BSA) was employed as a blocking agent to help
reduce the FITC background on the coverslip.

Both HeLa and A2780 cells were

incubated with FBB1-1 (1 M) in the culture medium for 4 h at room temperature. After
washing, cells were fixed with 4% (w/v) paraformaldehyde in PBS followed by
incubation with BSA and then DAPI.

Cells were then imaged using a confocal
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microscope.

Both HeLa and A2780 cell lines incubated with FBB1-1 showed

fluorescence evenly distributed throughout the cytoplasm and nucleus (Figure 5.11).

Figure 5.11. Cellular uptake of FBB1-1 into (A) Hela cells 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.

Both HeLa and A2780 cells were viable upon incubation with various BB
peptides when monitored via MTT assay. BB1-1 and BB1-8 were shown to be non-toxic
in concentrations up to 100 μM when incubated with A2780 cells for 4 h (Figure 5.12a).
In time studies, BB1-6 remained non-toxic to the A2780 cells even after a 24 h
incubation, with a slight drop-off in viability at 100 μM for all incubation times (Figure
5.13). The concentration of BB1-6 was then reduced to 30 μM for the time study, and
delightfully the cells treated with peptide showed excellent viability relative to control
cells at this concentration for all incubation times (Figure 5.14). Further toxicity analysis
revealed that BB1-1 remained non-toxic to both HeLa and A2780 cells up to 10 μM for
24 h (Figure 5.12b). In summary, our highest affinity BB peptides (BB1-1 and BB1-8)
were found to be cell permeable and non-toxic up to 100 μM for 4 h or up to 10 M for
24 h.
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Figure 5.12. MTT assays with BB1-1 and BB1-8. (A) MTT cell toxicity assay of BB1-1
and BB1-8 at various concentrations in A2780 cells for 4 h and (B) MTT cell toxicity
assay of BB1-1 up to 10 M in both HeLa and A2780 cells for 24 h.

Figure 5.13. A2780 cell MTT assay 24 h time study as a function of the concentration of
BB1-6.
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Figure 5.14. A2780 cell MTT assay 24 h time study of BB1-6 at 30 μM.

In this study, we have generated the first example of a BB peptide library, which
was designed to bind an RNA target. We successfully discovered several cell permeable
and nontoxic BB peptides with low micromolar binding affinities to HIV-1 RRE-IIB.
Also, we have demonstrated for the first time that boronic acid moieties can be utilized in
peptides to provide strong interactions with a highly structured RNA target, and that in
conjunction with an unnatural branch they can provide multivalent interactions with the
target structure. Peptide BB1-1 displayed the highest affinity to RRE-IIB and contained a
single boronic acid moiety (KBBA) that was shown to be essential to binding the RNA
target.

The binding affinity of BB1-1 was also shown to be tunable based on the

electrophilicity of boron, which was adjusted through the installation of fluorine at the
ortho position with respect to the boronic acid. BB1-1 was also shown to selectively bind
with RRE-IIB in the presence of 1000-fold excess tRNA and displayed reduced binding
affinities (up to 70-fold) to each RRE-IIB variant that was tested. We have also provided
data indicating that the binding site of BB1-1 involves the bulge and upper stem bases of
RRE-IIB. The results from this study highlight the therapeutic potential of these novel
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RNA binding compounds as well as the utility of this method for RNA ligand discovery.
Current efforts are aimed to further improve the binding affinity and selectivity of
branched boronic acid peptides and demonstrate their therapeutic potential in cell-based
assays. Taken together, the results from this study will inform our ongoing efforts to
target highly structured RNAs with high affinity and selectivity.

5.3

Materials and Methods

Synthesis of Branched Boronic Acid Peptide Library on Resin
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.59 N-Fmoc protected

L-amino

acids (Novabiochem), PyOxim (Nobabiochem) and N,N-

Diisopropylethylamine (DIEA, Aldrich) were used in all coupling reactions.

The

synthesis and full characterization of Fmoc protected N--(4-boronobenzoyl)-L-lysine
(KBBA), N--benzoyl-L-lysine (KBz) and N--(4-borono-3-fluorobenzoyl)-L-lysine (KFBA)
are detailed in a forthcoming publication (manuscript in preparation).

Fmoc-L-4-

boronophenylalanine (FBPA) and Fmoc-ANP-OH were synthesized using previous
methods.60,74,75 The resin was mixed in solution by bubbling argon during all coupling
and washing steps. Three copies of 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 h in the presence of PyOxim (901.53 mg, 1.71
mmol) and DIEA (493 L, 2.85 mmol). After coupling, the resin was washed by DMF
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(20 mL, 1 min), DCM (20 mL, 1 min) followed by another DMF (20 mL, 1 min) wash.
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 that each reaction went to completion. NFmoc amino acids (3 equiv), PyOxim (3 equiv), and DIEA (5 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 equivalences of all 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) 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 h to deprotect side-chains and any remaining pinacol groups.

After

deprotection, the resin was washed extensively with DMF, DCM, and MeOH before
drying and storing it at -20 C.

Library Incubation and Screening for Binding to HIV-1 RRE-IIB
A DY547 labeled HIV-1 RRE-IIB RNA (5′-DY547-GGC-UGG-UAU-GGGCGC-AGC-GUC-AAU-GAC-GCU-GAC-GGU-ACA-GGC-CAG-CC-3′) was purchased
from Dharmacon and prepared according to the manufacturer’s protocol. In order to
account for the auto-fluorescence displayed by the Tentagel Macrobead-NH2 resin,
control peptide (KYR)2*FDS was incubated in 100 nM DY547 labeled HIV-1 RRE-IIB
RNA for 1 h 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
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sterile 96-well plate (Nunc) to be imaged by a Zeiss Axiovert 200 fluorescent microscope
under a rhodamine filter.

The fluorescence intensity was adjusted to remove the

background auto-fluorescence of untreated beads, while RNA treated beads remained
visible.
Screening conditions were initially tested using about 2,400 beads from the
library. The beads were put into a 1.5 mL non-stick microfuge tube (Fisher) with a 500
L 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 BioLab) and 0.8 mg/mL tRNA (Roche) (~3,144-fold molar excess
to RRE-IIB RNA) for 3 h at room temperature to block any nonspecific binding peptide
sequences. Then, the beads were washed 5 times with phosphate buffer and incubated in
500 L of 10 nM DY547 labeled RRE-IIB RNA in phosphate buffer for 5 h at room
temperature. After the final incubation, the resin was extensively washed with buffer,
and the beads were imaged under the Zeiss fluorescent microscope in a 96-well plate
using the previously optimized settings. The initial screening yielded 7 beads with
elevated levels of fluorescence. These 7 beads were isolated, rinsed with DMF (5 × 500
L) and MeOH (5 × 500 L), and photocleaved in clear non-stick 0.5 mL microfuge
tubes in 15 L of 1:1 MeOH: H2O (v/v) by irradiating at 365 nm with a 4W handheld UV
lamp.

The supernatant was retained and subjected to MALDI-TOF analysis. After

analysis of MALDI-MS/MS fragmentation data, we were able to obtain 6 sequences,
where the remaining sample yielded no signal upon analysis and was deemed a false hit.
This method provided a hit rate of 0.25%.
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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 room temperature for 3 h 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 h at room temperature. Resin was washed extensively after final incubation
prior to screening. Another 5 beads were found with elevated fluorescence using these
more stringent conditions. All 5 of these beads were photocleaved individually and
successfully sequenced de novo using MALDI-TOF.

Peptide Synthesis, Purification and Characterization
Unlabeled and fluorescein 5-isothiocyanate (FITC) (Sigma) labeled peptides were
synthesized on Rink amide MBHA resin (100-200 mesh) (Novabiochem).

In the

preparation of the FITC-labeled peptides, Fmoc-Lys(ivDde)-OH (Novabiochem) was
used as the branching unit. 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 h, and the second N-terminus was synthesized through the Nε
atom 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.58,76 All subsequent steps were protected from light. FITC (Sigma) (5
equiv) was reacted with the deprotected N-terminus of the peptides for 6 h using DIEA
(14 equiv). The pinacol exchange with phenylboronic acid and deprotection of side
chains followed the same procedure as the peptide library synthesis. The supernatant was
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dried under reduced pressure, and the crude peptide was triturated from cold diethyl
ether. All the peptides were purified using a Jupiter 4 m Proteo 90 Å semiprep column
(Phenomenex), using a solvent gradient composed of 0.1% TFA in Milli-Q water and
HPLC grade acetonitrile. Purity was determined under the same conditions using a
Jupiter 4 m Proteo 90 Å analytical column (Phenomenex), and all the peptides were
purified to ≥ 90%. After purification, peptides were characterized by MALDI-TOF
analysis. Peptide stock concentrations were prepared by spectrophotometry. 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.

Preparation of 32P-labeled RNA
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.77
The

antisense

templates,

sense

complementary

strand

(5'-

ATGTAATACGACTCACTATAGG-3') and RRE-IIB reverse PCR primer (5'GGCTGGCCTGTAC-3') were purchased from integrated DNA Technologies. Antisense
templates were used as follows, where mutations are in bold and insertions and deletions
are

underlined:

HIV-1

RRE-IIB

RNA

5'-

GGCTGGCCTGTACCGTCAGCGTCATTGACGCTGCGCCCATACCAGCCCTATA
GTGAGTCGTATTACAT-3';

RRE-IIB

Augmented

Loop

RNA

5'-

GGCTGGCCTGTACCGTCAGCGTCGGCATTGACGCTGCGCCCATACCAGCCCT
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ATAGTGAGTCGTATTACAT-3'; RRE-IIB Stem A/Bulge A Deleted RNA 5'GGCGTACCGTCAGCGTCATTGACGCTGCGCCCGCCCTATAGTGAGTCGTATTA
CAT-3';

RRE-IIB

Stem

B

Deleted

RNA

5'-GGCTGG

CCTGTACCGTCACATTGTGCGCCCATACCAGCCCTATAGTGAGTCGTATTACA
T-3';

RRE-IIB

Bulge

A(A-G)/B/C

Deleted

RNA

5'-

GGCTGGCCAGCGTCATTGACGCTGACCAGCCCTATAGTGAGTCGTATTACAT3';

RRE-IIB

Bulge

B/C

Deleted

RNA

5'-

GGCTGGCCTGCAGCGTCATTGACGCTGCATACCAGCCCTATAGTGAGTCGTAT
TACAT-3';

RRE-IIB

Bulge

A/B/C

Deleted

RNA

5'-

GGCTGGCAGCGTCATTGACGCTGCCAGCCCTATAGTGAGTCGTATTACAT-3'.
RRE-IIB Augmented Loop and HIV-1 RRE-IIB were both PCR amplified using
HotstarTaq DNA polymerase (Qiagen) followed by a clean-up procedure using a spin
column kit (Qiagen).

PCR products did not require an annealing step prior to T7

transcription. 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 of all sequences proceeded at 42 C for 1.5
h. After transcription, DNA templates were degraded by incubation with DNase at 37 C
for 45 min and the transcribed RNA was purified by a 12% polyacrylamide gel
containing 7.5 M urea (denaturing PAGE). The band corresponding to the RNA of
interest was excised from the gel and eluted overnight in 1 × TBE buffer at 4 C. The
sample was desalted using a Sep-Pak syringe cartridge (Waters Corporation), lyophilized
dry, and dephosphorylated with calf intestinal phosphatase (CIP) in NEBuffer 3 (New
England Biolabs) according to manufacturer’s protocol. The product was recovered by a
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standard phenol extraction followed by ethanol precipitation. Purified RNA was stored
as a pellet at -80 C.
HIV-1 RRE-IIB RNA as well as the mutant RNA sequences were labeled at the
5’-end by treating 10 pmol of dephosphorylated RNA with 20 pmol of [-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 room temperature for 20 min. The kinase was finally 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.

Dot Blot Assay
Dot blot assays were performed at room temperature using a Whatman Minifold I
96 well Dot Blot system and Whatman 0.45 m pore size Protran nitrocellulose
membranes. To determine the binding affinities, 0.4 nM radiolabeled RNA was titrated
with peptide (0.001–100 M).

First, a solution of 0.08 nM

32

P-labeled RNA was

refolded in 2× phosphate buffer (20 mM potassium phosphate, 200mM KCl, 1mM
MgCl2, 40mM NaCl, pH 7.0) by heating at 95 C for 3 min and then slowly cooling at
room temperature for 20 min. Next, 25 L of the [32P]-RNA solution was added to 25
L of peptide in nuclease free water and incubated at room temperature for 4 h. The 50
L mixtures were filtered through the nitrocellulose membrane, which was immediately
followed by two consecutive 50 L 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
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taken with ImageQuant TL (Amersham Biosciences). Binding curves were generated
using Kaleidagraph (Synergy Software). Each experiment was performed in triplicate
and error bars represent the standard deviation calculated over three replicates.

Nuclease Protection Procedures
RNA was first refolded by heating a solution of 5’-32P-labeled RRE-IIB (10 nM)
and excess unlabeled RRE-IIB (200 nM) at 95 C for 3 min and then snap cooling it on
ice. The refolded RNA was incubated on ice for 4 h in a solution containing the branched
boronic acid peptide 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 h (1 Unit RNase T1; 20 ng
RNase A). Inactivation/Precipitation Buffer (Ambion) was added to halt digestion, and
then RNA was pelleted by centrifugation at 13,200 rpm for 15 min. Pelleted RNA was
redissolved into tracking dye and run through a 12 % denaturing polyacrylamide gel
containing 7.5 M Urea and imaged by autoradiography.

Cellular Internalization of Peptides and MTT Toxicity Assay
HeLa cells were grown and plated for peptide internalization using previously
established methods.58 A2780 (ovarian) 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
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were prepared in dishes using the manufacturer’s protocol.

The dishes were pre-

equilibrated with media for 15 min at 37 ˚C in 5% CO2 atmosphere. Media was then
aspirated from the dishes and the cells were plated at 1.5 × 104 cells/dish in a 500 μL
media suspension and incubated for 1 h to allow for initial cell adherence. Additional
media (2 mL) was then added and the cells were incubated for a total of 48 h. After the
removal of medium and washing of cells with PBS, 600 μL of FITC-labeled BB1-1
(FBB1-1) in Opti-MEM (1 μM) (Invitrogen/Gibco) was added to the dish; cells were
incubated with the peptide for 4 h. Control cell samples were incubated in 600 μL of
Opti-MEM for 4 h. After incubation and following each subsequent step, a 15 min PBS
wash was applied to all cell samples at room temperature. Cells were fixed with 4%
(w/v) paraformaldehyde (Acros) in PBS for 15 min, and then incubated with 3% (v/v)
BSA (New England Biolabs) in PBS for 30 min. Nucleus staining was then 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 4˚C in the
dark until imaged. Cells were imaged using a 40× 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 first incubated with 100 μL of poly-lysine (Sigma) for
24 h 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 then plated in the poly-lysine
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treated wells and analyzed via an MTT toxicity assay using previously published
procedure.58
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Chapter 6

Conclusions

The research described in Chapters 3–5 has successfully demonstrated the utility
of medium-sized branched peptides for selectively binding to unique RNA tertiary
structures. Our first attempt to generate a biased 3.3.3 branched peptide library and
perform high throughput screening with natural L-amino acids resulted in the discovery
of several low micromolar binders to the HIV-1 TAR RNA. A single false positive hit
sequence (FL10) was identified from the pool of 16 hit sequences. One compound (FL4)
achieved mid-nanomolar affinity for the target.

Furthermore, FL4 demonstrated an

approximately 10-fold stronger binding to the native TAR RNA sequence compared to
three TAR RNA related structural variants (Bulgeless TAR, Tetraloop TAR, and
Bulgeless Tetraloop TAR). A single point mutation in the bulge region of TAR (24U>C)
that was not predicted to alter the tertiary structure of the RNA did not result in a loss of
binding affinity to FL4. Taken together, these experiments suggest that FL4 is able to
recognize the tertiary structure of TAR RNA, although the presence of excess tRNA in
the binding buffer resulted in an equivalent loss of binding to TAR. Hill analysis of the
FL4 dot blot data suggested a single binding site on TAR that spans the apical loop and
tri-nucleotide bulge region.

The compounds from the 3.3.3 library were also cell

permeable and well tolerated by HeLa cells at 1 M for 4 h.
Additional insights gained from this study included the use of PyOxim as the
peptide-coupling reagent in order to avoid epimerization of the branched peptides during
synthesis. It was also demonstrated that inclusion of a six-carbon linker (Ahx) adjacent
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to fluorescein prevents the problematic acid mediated formation of fluorescein
thiohydantoins during TFA deprotection of the branched peptides.

Finally we

demonstrated the importance of the branching unit. Truncation of FL4 by removing the
N-terminus linked through the Nε of the branching Lys residue resulted in over a 160-fold
loss of binding affinity to TAR RNA.
The next library generation consisted of a 3.3.4 scaffold, and the size of the
library was increased more than 10-fold (46,656 possible unique sequences). In addition,
the inclusion of two boronic acid containing L-amino acid side chains further increased
the diversity of the library. It was hypothesized that the empty p-orbital of boron would
be able to interact with the RNA as a Lewis acid, and could potentially provide an
additional intermolecular interaction with the RNA (reversible covalent bonding) that is
not possible through natural amino acid side chains. Screening the library for binding to
HIV-1 RRE-IIB RNA resulted in the discovery of 11 hit sequences; of which three were
determined to be false positives by dot blot analysis.
Three 3.3.4 branched boronic acid peptides achieved binding affinities (Kd) to
RRE-IIB that were below 10 M. The strongest binder discovered in the library, BB1-1,
achieved a Kd of 1.4  0.4 M. Although, none of the compounds from the 3.3.4 library
matched the mid-nanomolar affinity acheived by FL4 from the 3.3.3 library toward HIV1 TAR, BB1-1 of the 3.3.4 library was shown to maintain its binding affinity for HIV-1
RRE-IIB in the presence of up to 1000-fold excess tRNA. Furthermore, BB1-1 was
found to bind to HIV-1 RRE-IIB with up to 70-fold stronger affinity compared to six
RRE-IIB related structural variant RNAs.

Hill plot analysis demonstrated that the

interaction between RRE-IIB and BB1-1 was non-cooperative.
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Evidence for a

multivalent interaction between BB1-1 and RRE-IIB was provided by three structural
variants of the branched boronic acid (LBB1-1-A, LBB1-1-B, and LBB1-1C). Each of
these peptides exhibited reduced binding affinity to the RRE-IIB, however deletion of the
C-terminus (LBB1-1-C) completely abolished binding to the RNA target. The role of the
boronic acid moiety was also examined in two different hit sequences (BB1-1 and BB18). Similar structures that lacked the boronic acid moiety (CBB1-1 and CBB1-8) each
displayed poorer binding affinity to the target RNA compared to the parent compound,
however, binding was completely lost in CBB1-8. These results suggest that boron plays
an integral role to the overall affinity for the RRE-IIB. Intriguingly, placement of a
fluorine atom in the ortho position to boron in BB1-1 resulted in compound CFBB1-1,
which was found to have a measurably improved (~2-fold) affinity toward the RNA
target. This result may suggest that the interaction between boron and the RNA can be
tuned through electronic effects; however, more experiments are required to verify the
scope and generality of this observation.
Through the use of RNase protection assays (RNA footprinting) it was shown that
BB1-1 likely binds through the bulge region of RRE-IIB as well as the stem region near
the tri-nucleotide apical loop.

Ribonucleotide bases U7, C21, and U36 were each

protected by BB1-1 from cleavage with RNase A, while bases G10, G17, and G18 were
protected from RNase V1. In addition, BB1-1, BB1-6, and BB1-8 were cell permeable in
HeLa and A2780 cells and were non-toxic up to 100 M for 4 h or up to 10 M for 24 h.
This study provided the first example of peptides featuring boronic acid moieties
designed for RNA binding.

Current efforts are toward establishing the therapeutic

potential of these compounds in cell-based assays.
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Future peptide libraries will be designed to achieve stronger binding affinity to the
RNA target in the low nM range. We have demonstrated that additional positive charge
does not always provide increased binding affinity with branched peptide libraries, as
discussed in Chapters 3–5. One variable that we have yet to explore is conformational
restriction in our compounds.

The work with -hairpin cyclic peptides detailed in

Chapter 2 demonstrates that increased structure generally results in increased binding
affinity due to preorganization.1 It may be possible to introduce branching side chains off
of a -hairpin peptide to provide a rigid core (or palm) with multivalent “fingers”
incorporating boronic acid residues. The main hurdle with this approach would be
deconvolution of the hits via MALDI-MS/MS analysis. An alternative approach for
introducing rigidity into the branched peptides would be to alter the peptide backbone of
these compounds. Chiral oligomers of pentenoic amides (COPAs) have demonstrated
conformational restriction due to 1,3-allylic strain, and libraries as large as 160,000
sequences have been screened for binding to proteins.2

These compounds are also

amenable to sequence deconvolution by mass spectrometry and have not been explored
as RNA ligands. This approach could be the next logical step to take; resynthesizing the
boronobranched 3.3.4 library using the COPA backbone would show the consequence of
introducing conformational restriction in branched boronic acid RNA ligands.
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