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Abstract

A prominent hurdle in developing small molecule probes against RNA is the relative scarcity of
general screening methods. In this study, we demonstrate the application of a fluorescent peptide
displacement assay to screen small molecule probes against four different RNA targets. The
designed experimental protocol combined with statistical analysis provides a fast and convenient
method to simultaneously evaluate small molecule libraries against different RNA targets and
classify them based on affinity and selectivity patterns.

Introduction:

The discovery of non-protein-coding RNA and their participation in a variety of different
biological processes has renewed interest in development of small molecules both for
therapeutic targeting of RNA and to probe their cellular biology.1=3 Small molecule ligands
for RNA provide several advantages over traditionally studied oligonucleotide probes, such
as better cellular uptake and pharmacological availability.*® Although several advances are
now being made towards the development of small molecules against RNA, several
challenges remain.” The relative paucity of three-dimensional structural characterization of
RNA limits the application of structure-based methods on probe development.8-2 Moreover,
the flexible structure of RNA and relatively low chemical diversity compared to protein
targets complicates the development of highly selective small molecule ligands.19 Sustained
efforts are thus critical in realizing the true therapeutic potential of RNA.

Screening commercial small molecule libraries against RNA targets is by far the most
popular method to search for probes.* 11 While several methodologies have been
successfully utilized in screening small molecule libraries against RNA,12-16 flyorescence
based assays are commonly employed due to several advantages such as sensitivity, speed,
and the convenient availability of equipment. Conventional fluorescence assays, however,
frequently involve incorporation of fluorescent probes in the RNA sequence, which can alter
the native structure and often present synthetic challenges.17-19

One prominent screening method against nucleic acids is the fluorescent indicator
displacement assay (FID) where the indicator displays different fluorescence properties in
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the presence and absence of the oligonucleotide and thus can be utilized to measure the
binding properties of small molecules.2® Common fluorescent probes used in FID assays for
nucleic acids include intercalating dyes such as ethidium bromide, Thiazole Orange (TO),
and TO-PRO-1.21-25 These fluorescent probes show high nanomolar to micromolar binding
affinities to RNA, which often necessitates the use of high quantities of RNA (>1 uM) in
screening experiments.23: 26 Alternative probes with higher affinities can help reduce the
amounts of RNA utilized in assays. The human immunodeficiency virus-1 (HIV-1)
ribonucleoprotein Tat binds the Trans Activation Response element (TAR) RNA and
facilitates viral transcription.2” A truncated peptide containing positively charged amino acid
residues from the basic domain of Tat protein has been previously shown to bind small
HIV-1-TAR RNA constructs,?8 and displacement of the peptide has been utilized to screen
small molecule libraries for TAR binding ligands.2%-30 In addition to affinity, careful
evaluation of the selectivity of RNA ligands is often overlooked. Studies that do evaluate
selectivity often rely on using tRNA as a competitor as it is abundant in the cell and provides
the opportunity for non-specific backbone and intercalation interactions. At the same time,
few small molecule ligands have been reported that bind tRNA.31-35 Consequently, there
remains a need for efficient assays that simultaneously screen small molecules against RNA
targets and more stringently evaluate specificity.

We chose to explore the suitability of the Tat peptide FID assay for this purpose as the high
affinity allows for low RNA concentrations, and the peptide is known to bind other RNA
secondary structures in vitro.36-37 Since its first introduction by Hamasaki and co-workers,
38 the displacement assay involving a Tat peptide construct labeled with a Férster Resonance
Enhancement Transfer (FRET) pair (Figure 1) has been extensively utilized for screening
small molecules against HIV-1-TAR RNA.26: 3%-45 Thjs specific assay utilizes 5-
carboxyfluorescein (FAM) at the N-terminus and 5-carboxytetramethylrhodamine (TAMRA)
at the C-terminus of Tat, which can be commercially purchased. When the peptide is bound
to RNA, the fluorophores are distant in space and FRET is facilitated, allowing for excitation
of FAM and emission detection from TAMRA. When the small molecule probe displaces the
peptide from the RNA, the two fluorophores are close in proximity and the emission of
TAMRA is quenched. This quenching allows for quantification of the binding affinity of the
small molecule towards TAR RNA. The Tat peptide displacement assay has also been
utilized to evaluate the activity of tripeptide ligands against the analogous TAR RNA from
the HIV-2 virus.#6

We sought to extend the Tat peptide displacement assay to simultaneously screen small
molecules ligands against multiple RNA targets of interest and thus assess both binding and
selectivity in the same assay. Herein we describe the application of this assay for rapidly
screening small molecule probes against four different RNA constructs. We begin by re-
examining the binding of Tat to HIV-1-TAR and HIV-2-TAR and then test it against two
other RNA structures, the bacterial ribosomal A-Site RNA and the 11B domain HIV-1-Rev
response element RNA (RRE-11B).47-50 We then describe our rapid small molecule
screening protocol using the displacement of the Tat peptide from these RNA, which is
subsequently validated by quantifying the binding of positive and negative hits against the 4
RNA targets. Observed activities across the four different RNA structures can be further
utilized to classify small molecules based on their binding patterns and selectivity. Strong
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binding affinities of Tat towards RNA targets allows the use of significantly lower amounts
of RNA than other assays, which provides a major economic advantage. Finally, this assay
provides an easy method to assess the selectivity of small molecules against different RNA
structures, which is critical to guide the future development of functional probes.

Results and Discussion:

Fluorescently labeled Tat peptide binds different RNA structures:

We began by exploring the direct binding of the Tat peptide (Figure 1) against the 4 RNA
structures (Figure 2A). RNA constructs were selected based on disease-relevance and known
small molecule binding partners and were designed to be of similar size (~30 n.t.). Selected
RNA structures included: 1) HIV-1-TAR; 2) HIV-2-TAR RNA, which features a truncated
bulge and a more dynamic upper stem containing a G-U base pair; 3) bacterial ribosomal A-
Site RNA containing a 1X2 internal loop structure and a smaller 4 nucleotide apical loop,
and 4) HIV-1-rev response element RNA fragment I1B (RRE-1IB), which features a larger
2X3 internal loop structure and a similar small apical loop.4° Figure 2B shows the binding
curves observed for these 4 RNA against the Tat peptide. As expected, the Tat peptide
showed strong binding interactions with HIV-1 and HIV-2-TAR RNA structures, which are
native cellular binding partners (Ky = 23.6 £ 3.6 nM and 19.5 + 3.0 nM, respectively). The
affinity towards the other RNA structures studied, A-Site and RRE-I1B, was slightly
diminished as compared to the two TAR structures (Ky =51.3 £ 3.4 nM and 35.1 + 5.2 nM,
respectively) suggesting a binding preference for bulges. The low nanomolar Ky values
observed for all four RNAs studied confirms that this basic and positively charged peptide is
capable of interacting strongly with different RNA structures and can be utilized as a probe
to screen small molecule libraries.

The choice of appropriate buffer for displacement experiments is crucial as it can
differentially influence RNA structure, small molecule binding affinities, and small molecule
solubility.>1 For example, ionic interactions between small molecules and RNA can be
hindered or facilitated by high and low salt content buffers, respectively.39 2 Previous
studies on small molecule interactions with RNA using the Tat displacement assay have used
low salt concentration buffers#1=43 to increase the solubility of small molecule ligands and
achieve stable photo-physical readouts in the bound state.>3-54 However these less stringent
conditions can lead to identification of non-specific interactions (false positives). On the
other hand, high salt content can hinder the interaction between Tat and RNA and lead to
false negatives. Finally, salt content is also known to impact the photophysical output of
fluorophores.®3 It is thus important to carefully optimize assay conditions such as buffer
identity and salt concentration (see Table S1 of the Supporting Information).

Lowering the salt (KCI) content in Tris buffer improved the binding affinities of Tat for all 4
studied RNA while gradually increasing the amount of the bivalent ion magnesium in the
buffer showed decreased binding affinities. These results are not surprising as the interaction
between Tat and RNA is known to be ionic in nature,® and magnesium is known to compact
the tertiary structures of RNA and restrict available sites for interaction with ligands.%6-57
Phosphate buffer, which is also commonly used in studying RNA binding to peptides and
small molecules,®* showed a similar effect where low salt content improved the binding and
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increased magnesium content weakened it. Finally, PBS buffer, containing high
concentrations of salts, showed significantly weakened binding of Tat to all 4 RNAs. An
intermediary salt concentration of 50 mM KCI without additional magnesium or sodium was
selected for our assays.

Simultaneous screening of small molecule libraries against 4 RNA targets:

The relatively tight binding affinities of the Tat peptide to all studied RNA supported the
utility of this system for rapid screening of small molecule libraries. Using these observed
Ky values, we first calculated the fraction of Tat bound to each RNA (Table S2) to choose
RNA concentrations where approximately half of the Tat was complexed.?> The Z’ Scores of
the 4 systems were then determined to evaluate the quality of the screening assay (See Table
S$3).58 Acceptable Z’-score values were found for HIV-1-TAR (Z’ = 0.54), HIV-2-TAR (Z’ =
0.65) and RRE-IIB (Z’ = 0. 48). For A-Site RNA, the Z’ score was distinctly lower (Z’ =
0.35), which can be attributed to the lower fluorescence intensity of the bound A-Site: Tat
complex. The result implies that screening against A-Site RNA under these conditions may
lead to higher false positives / negatives. While a lower salt content buffer improved the Z’
Score for A-Site RNA assay to 0.44, presumably due to tighter Tat binding, we chose to
maintain constant salt conditions across the screen. Three libraries with 10 molecules each
were chosen for initial screening experiments: 1) aminoglycosides,>® which are frequently
found as hits in screening experiments against RNA,; 2) other known RNA binding
molecules from the literature;89-61 and 3) the in-house developed amiloride derivative
library shown to be active against HIV-1-TAR** (See Figure S1 for structures of small
molecule ligands studied). All small molecules were tested against the 4 RNA structures at
concentrations of 10 uM and 50 uM to identify both strong and weak RNA binders as
measured by the % displacement of Tat from RNA. Percent Fluorescence Indicator
Displacement (%FID) was calculated using Equation 2 (see supporting information). Small
molecules showing >25% FID were designated as hits in keeping with the literature.22 24

Figure 3 shows the results of screening experiments at 10 uM concentrations. This stringent
screening condition is first chosen to clearly identify the stronger RNA binders and assess
selectivity. First, a distinction can be made between the observed hits for the two bulge-
stem-loop structures in HIV-1 and HIV-2-TAR RNA, and the two internal-loop containing
A-Site and RRE-IIB RNA structures. Aminoglycoside analogs showed more preference for
targeting the latter RNA structures as compared to the former with only one aminoglycoside
(neomycin) being identified as hit against all 4 RNA structures. No other aminoglycoside led
to >25% FID from HIV-1-TAR RNA while gentamycin and tobramycin were identified as
hits for HIV-2-TAR RNA. This difference may be attributed to the more flexible RNA
secondary structure of HIV-2-TAR resulting from the non-canonical G-U base pair in the
upper stem region of this RNA. Overall these results were in line with previous reports of
strong binding of aminoglycosides to internal loop structures, particularly A-Site RNA.62
The known RNA binding small molecules mitoxantrone, Hoechst 33258, and Hoechst 33342
appeared to bind to all 4 RNA with similar % FID values; however, control experiments in
the absence of RNA suggested that the fluorescence of these three small molecules is likely
to interfere with the Tat peptide fluorescence at the concentrations used here, and these dyes
were thus excluded from further analysis (See page S18 of the supporting information).
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None of the other studied molecules in this class show appreciable displacement under these
stringent screening conditions. From the in-house synthesized amiloride derivative library,
DMA-169 was identified as a hit for both HIV-1 and HIV-2-TAR RNAs while showing no
appreciable displacement of Tat from A-Site and RRE-I1B RNAs. This result further
confirms the observation that this molecule is a selective binder to the pyrimidine rich bulge
residues of TAR.#4 As can be expected, more compounds are identified as hits under the
non-stringent 50 uM screening condition (See Figure S2). Finally, the negative %FID values
seen in select cases can be attributed to the enhancement in fluorescence emission of the
fluorophore TAMRA as a result of interactions of small molecules with the peptide or
enhanced affinity of Tat to RNA in the presence of the small molecule.2®

Tat displacement assay for quantitative measurement of activity of small molecules:

The activity of a set of 10 small molecules featuring both hits and non-hits from the
screening assay was then studied by performing small molecule titrations with Tat peptide
displacement assay. Table 1 shows the observed competitive displacement at 50%
fluorescence (CDsg) for these 10 molecules against the 4 RNAS studied.

The aminoglycosides neomycin, paromomycin, tobramycin, gentamicin, and sisomicin
(Entries 1-5) showed nanomolar to low-micromolar CDsgq values for all 4 RNAs studied.
While the observed activity of neomycin was comparable against all 4 RNA structures
(Entry 1), the CDsg values of the latter four aminoglycosides were slightly lower for A-Site
and RRE-1IB than the two TAR RNAs. On the other hand, the aminoglycoside streptomycin
was a significantly weaker RNA binder (Entry 6) with high micromolar CDsg values
observed for all four RNA. The selectivity towards the two internal-loop containing RNA
was more pronounced in case of amikacin (Entry 7), where the CDsq values for the two TAR
RNA were over ~10 times weaker than those for A-Site and RRE-IIB. The relative RNA
binding affinity observed for aminoglycosides generally correlated with previous literature.
61,63-65 Similarly, the slight preference for internal loop structures has been previously
reported.2% 59 The known TAR binding amino-acid derivative argininamide did not show
appreciable displacement of Tat peptide from any of the four RNAs. This could be indicative
of weaker binding (K >1 mM),56-67 or of a binding event that does not lead to displacement
of the indicator Tat peptide.22 25 Interestingly, the amiloride derivative DMA-135 showed
similar CDg values for all 4 RNAs in contrast to the selectivity previous observed using 100
fold excess of tRNA.#4 Finally, pronounced selectivity towards the bulge containing TAR
RNA was observed for DMA-169, which was consistent with the observed bulge selectivity
of this compound in previous studies.** These results indicate that only the small molecules
with CDsg < 1 uM are identified as hits at the stringent screening condition of 10 pM small
molecule concentration, while molecules with CDsg values >1uM are identified as hits at the
50 uM screening conditions (See Figure S2 of the supporting information). Screening at two
different small molecule concentrations thus identifies hits and their approximate affinities
for each RNA. Finally, the comparison of CDsg values can be used to quantify their RNA
motif selectivity.
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Statistical analysis of FID data:

Finally, to assess activity and selectivity patterns within the screening data we performed
statistical analysis on the %FID values obtained for the library of 27 small molecules against
each RNA at 10 uM concentration. Two separate analyses were performed on the data:
agglomerative hierarchical clustering analysis (AHC), which clusters data based on
similarities within the observations, and principal component analysis (PCA), which is a
multivariate statistical analysis method for reducing the dimensionality of large datasets.

As seen in Figure 4A, AHC identifies 3 distinct clusters within the data. Cluster 1 includes
DMA-135, neamine, and DMA-165, which show moderate %FID numbers and DMA-169,
which shows selectivity towards the two TAR-RNA structures studied. Cluster 2 includes
five aminoglycosides that show higher %FID values towards all studied RNA and are more
selective towards the internal loop containing A-Site and RRE-11B RNAs. Cluster 3 includes
all other small molecules that show minimal %FID scores, and two aminoglycosides
amikacin and apramycin that show moderate %FID values and selectivity towards A-Site
and RRE-1IB. AHC can thus classify these molecules based on both their displacement
activity and RNA selectivity. Figure 4B shows the loading plots for the PCA data along the
PC1 and PC2 axes, which clearly separates the data into two clusters between the internal
loop containing A-Site and RRE-11B RNA and the bulge-stem-loop containing HIV-1 and
HIV-2-TAR RNAs, with strongest contributions in the positive PC1 direction. Figure 4C
shows the scatter plots of the PCA data along the PC1 and PC2 axes where the data can be
seen to separate along the PC1 axis based on the affinity towards RNA targets, and along the
PC2 axis based on selectivity. Combined PCA with the screening data at both 10 pM and 50
KM small molecule concentration shows similar classification based on affinity and
selectivity along the PC1 and PC2 axes respectively (See page S22 of the supporting
information). These simple statistical analyses demonstrate the potential of this method to
not only screen small molecule ligands for different RNA targets but also to provide
information-rich data sets that can lend insights into selectivity trends of the tested small
molecules.

Conclusions and future directions:

In this study, we demonstrated the displacement of a basic, positively charged fluorescently
labeled Tat peptide as a general method for screening small molecules against RNA targets.
Four similarly sized RNA targets possessing varied secondary structure motifs were chosen
and were shown to bind to the Tat peptide with low nanomolar affinities, which allowed the
utilization of low amounts of RNA as compared to related FID assays. The effect of varying
buffer salt concentrations on the binding of Tat to these 4 RNA was then examined. Based
on the observed variability in affinity with respect to salt content, a buffer with intermediate
salt concentration and no magnesium was chosen to minimize the false positive and negative
results. Fluorescence change upon displacement was utilized in establishing a screening
protocol for small molecules against the aforementioned RNA structures. A library of 30
small molecules was tested that included aminoglycosides, known RNA binding small
molecules, and in-house developed amiloride derivatives. The screening assay was
successful in identifying hits against all four RNA structures as well as indiscriminate and

Org Biomol Chem. Author manuscript; available in PMC 2020 February 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patwardhan et al.

Page 7

differential binding of individual small molecules and confirmed the importance of using
multiple RNA targets to evaluate specificity. As with any fluorescent displacement assay,
limitations include the potential formation of ternary complexes that do not displace the
indicator and fluorescence background interference. Importantly, binding results correlated
with known literature results where available. Finally, AHC and PCA statistical analysis
were used to assess patterns within the data and clarify the relationship between small
molecule structures and RNA binding affinity and selectivity. We believe that the low
concentrations of small molecule and RNA needed, the ease of set up, and the rapid
assessment of small molecule:RNA binding patterns render this assay a powerful screen for
evaluating small molecule:RNA interactions, whether to identify leads or to analyze trends
guiding selectivity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:
Sequence of FRET pair labeled Tat peptide used in displacement assays against HIV-1-TAR

RNA. Structures of fluorophores 5-FAM, and TAMRA used at the N and C-termini shown.38
Amino acid abbreviations: A = Ala, R = Arg, K = Lys, Q = Gly.
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A) Sequences and secondary structures of 4 RNAs used in assays.*® B) Binding curves for
the 4 RNA targets against Tat peptide. Error bars shown are the standard errors of mean from
three replicates. Conditions: 50 nM Tat, 0-500 nM RNA, Incubation 30 min, Ex = 485 nm,

Em = 590 nm; Buffer: 50 mM Tris, 50 mM KCI, 0.01% Triton-X-100, pH = 7.4.44
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Figure 3:
Results of screening of 30 small molecules against HIV-1-TAR (Panel 1: Red), HIV-2-TAR

(Panel 2: Green), A-Site (Panel 3: Blue), RRE-1IB (Panel 4: Orange) at 10 uM small
molecule concentration. Conditions: 50 nM Tat-peptide; 40 nM HIV-1-TAR, 40 nM HIV-2-
TAR, 120 nM A-Site, 75 nM RRE-11B; 0, 10, 50 pM Small molecule; Agxy: 485 nm, Agmy:
590 nm; Buffer: 50 mM Tris, 50 mM KCI, 5% DMSO, 0.01% Triton-X-100, pH = 7.4.
%FID calculated using Equation 2 shown in the SI. See tables S4 and S5 and Figure S2 for
other results of the Tat peptide displacement based screening experiments.
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A) Heat map and agglomerative hierarchical clustering (AHC) data with the displacement
screening (%FID) data obtained at 10 uM small molecule concentration. B) Loading plots
from the principal component analysis (PCA) data along PC1 and PC2 C) Scatter plot of the
data along the PC1 and PC2 axes.
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Table 1:
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Tat peptide displacement assays of a representative set of small molecules with HIV-1-TAR, HIV-2-TAR, A-

Site, RRE-IIB.
Entry  Small Molecule CDso (uM)ab

HIV-1-TAR  HIV-2-TAR A-Site RRE-11B
1 Neomycin 0.48 +0.03 0.20+0.02 0.49+0.05 0.10+0.02
2 Paromomycin 56+0.6 33%03 0.71+0.08 0.58+0.14
3 Tobramycin 28+04 14+0.2 0.64+0.12 0.25+0.08
4 Gentamycin 42+0.3 1.8+0.14 0.42+0.06 0.75+0.24
5 Sisomycin 3519 20+0.3 049+0.11 0.82+0.11
6 Streptomycin 148 + 122 206 + 90 153+39 66.4 + 30
7 Amikacin 30.3+4.4 50.0 +6.2 45+1.04 6.2+1.7
8 Argininamide >300 >300 >300 >300
9 DMA-135 153+17 129+17 60.2+13.8 42.8+87
10 DMA-169 3907 9313 18.7+58 290+7.1

Conditions: 50 nM Tat, 40 nM HIV-1-TAR, 40 nM HIV-2-TAR, 0-300 pM small molecule. Buffer: 50 mM Tris, 50 mM KClI, 0.01% Triton-

X-100, 5% DMSO, pH = 7.4.

aCDso: competitive dosage required for displacement of 50% of Tat peptide from preformed TAR:Tat complex, as measured by fluorescence of
FAM- and TAMRA-labeled Tat peptide at 590 nm, the emission Amax of TAMRA.

b . .
Errors are standard errors of mean for three independent replicates.
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