Check for
updates

yandte

International Edvition Chem’e

www.angewandte.org

q A Journal of the Gesellschaft Deutscher Chemiker

Accepted Article

Title: Discovery of the First Small Molecule Ligands for MALAT1 by
Tuning an RNA-Binding Scaffold

Authors: Anita Donlic, Brittany S Morgan, Jason L Xu, Angqi Liu, Carlos
Roble, Jr., and Amanda E Hargrove

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: Angew. Chem. Int. Ed. 10.1002/anie.201808823
Angew. Chem. 10.1002/ange.201808823

Link to VoR: http://dx.doi.org/10.1002/anie.201808823
http://dx.doi.org/10.1002/ange.201808823

WILEY-VCH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.201808823&domain=pdf&date_stamp=2018-08-22

Angewandte Chemie International Edition 10.1002/anie.201808823

WILEY-VCH

Discovery of the First Small Molecule Ligands for MALAT1 by
Tuning an RNA-Binding Scaffold

Anita Donlic,” Brittany S. Morgan,® Jason L. Xu,” Angi Liu,™ Carlos Roble, Jr., a nda E.
Hargrove*?

ry structure with small
tive therapeutic strategy
gability of IncRNA

Abstract: Structural studies of the 3’-end of the oncogenic long non-  prospect of targeting this
coding RNA Metastasis-associated Lung Adenocarcinoma molecules therefore represents
Transcript 1 (MALAT1) revealed a unique triple helix structure. This and a model system fi
structure enables accumulation of the transcript, and high levels of  structural domains.
MALAT1 are found in several cancers. Here, we synthesize a small While several i recently reported small
molecule library based on an RNA-binding scaffold, diphenylfuran molecule probes f RNA structures, newly
(DPF), screen it against a variety of nucleic acid constructs, and ; ;
demonstrate for the first time that the MALATA triple helix can be g':’gor‘é‘;zzﬁ T;:;Ztly . m:ﬂemiﬂiﬁ'en%réfgsg
selectively targeted with small molecules. Computational analysis Currently. thera are iaands reported to tar .et
revealed a trend between subunit positioning and composition on u Y, '9 P 9
DPF shape and intramolecular interactions, which in turn generally the MALAT1 osely related research. has
explored the e T-A-T and U-A-U triplex

correlated with selectivity and binding strengths. This work thus ) ) ; ) NS
provides design strategies toward chemical probe development for structures[ ]W'th bo miscuous ligands (i.e. aminoglycosides
the MALAT triple helix and suggests that comprehensive analyses ~ and dyes'™) and the le diphenylfuran (DPF)-based scaffold,

of RNA-focused libraries can generate insights into selective RNA  furami as been diversified for preferential
recognition. binding to jc acid structures, including various

RNA and DNA dupleX T-A-T DNA triple helices,'” and
disease-relevant stem- Ioops " Varied binding modes have

The recently renewed interest in small molecule:RNA Kpen report ' including _intercalation, groove binding and

targeting is in part due to the completion of the ENCODE project,
which resulted in the discovery that the majority of the human
transcriptome is non-protein-coding.!" Subsequent efforts to
functionally characterize these non-coding transcripts resulted in
the identification of novel RNA classes including long non-coding
RNAs (IncRNAs). These molecules were found to h
developmental- and tissue-specific expression and to reg
many levels of cellular processes, including expressién of
oncogenes.” As a result, several IncRNAs have been proposed
as therapeutic targets.” As structured RNA ele
continually identified in these transcripts, utiliz
molecules to probe the specific functions and in
these domains represents an exciting av
understanding ncRNA biology.

LncRNA Metastasis-Associated Lung

calation.® "1 An additional advantage of the
scaffold is its intrinsic fluorescence, which is quenched
binding to RNA and thus enables evaluation of binding
s without RNA or small molecule labeling.""™ The
of this scaffold, its intrinsic fluorescent properties, as
ture precedence for binding to a triple helix, position
ellent starting point for testing the susceptibility of
le helix toward targeting with a small molecule. In
this study, we design and synthesize a library of DPF-based
small molecules to identify a first-in-class selective ligand for the
MALAT1 triple helix as well as obtain fundamental insights into
e of small molecule structure and shape in triple helix
g strength and selectivity.

We reasoned that a small molecule with the ability to
ectively recognize and disrupt the triple helix could either
rectly displace the A-rich tail by binding to the stem-loop
structure or stabilize a non-triple helical conformation. We thus
began by evaluating the original DPF scaffold, furamidine, for
binding to the MALAT1 triple helix and the stem loop construct, a
structure without the triplex-forming A-rich tail (Figure 1a,b). The
change in intrinsic fluorescence of the scaffold was measured
upon increasing RNA concentrations, which enabled us to
calculate the ECs as an indicator of relative binding strengths as
conducted previously.®™ The comparison of this binding ECso
with the triple helix and stem loop RNA suggests that furamidine
binds to the triple helix with ~3-fold selectivity as compared to
the stem loop (Figure 1c). Encouraged by this result, we
envisioned a strategy of efficiently tuning the RNA-binding
properties of the DPF scaffold by altering the composition and
placement of subunits to achieve orthogonal recognition of each
structure.

as well as studies demonstrating that its knockdown redu
tumor growth and metastasis in preclinical models of various
cancers.”! A study in colorectal cancer cells showed th

MALAT1 was sufficient to increase
implying that this region enables it

helix where the U-rich stem
which is proposed to prevent
1a).’! Notably, the
accumulation of the arable decrease
in accumulation was observed utation of a
Hoogsteen-positioned urid proposed to disNfpt the triple helix
structure, indicating that subWg@aalterations in the stability of this
structure can lead to significa anges in transcript level. The

[a] A. Donlic, Dr. B. S. gan, J. L. Xu, A. Liu, C. Roble, Jr., Prof. Dr.
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Figure 1. a) MALAT1 triple helix (94 nucleotides, left) and non-triplex-forming stem loop (67 nucleotides, right) constructs. b) Structure of furamidine. c)
Normalized fluorescence change of furamidine (1 uM) upon titration of 0.015 to 5 pM ftriple helix (purple) and stem loop RNA (green). EC5, values were
determined from triplicate data using the change in fluorescence intensity. No saturable binding was observed for values over 1.5 uM, resulting in ambiguous
curve fits. Error bars represent the standard deviation determined from three independent measurements.

the only library member (DPFp8) that
clusively with the triple helix (Figure 2a,
his sublibrary contained ligands with

First, we identified and optimized a robust one-step  sublibrary contai
coupling procedure to access all three symmetric regioisomers  demonstrated bindi
(para-, meta-, and ortho-) of the dinitrile DPF scaffold 3 (Scheme  Table
1).'% To quickly diversify the scaffolds, we utilized eleven ECs, va molar range, which were similar to
commercially available primary amine subunits enriched in  the reported binding f the A-rich tail for the stem loop (Kq
heteroatoms and aromatic rings, chemotypes that are known to  ~ 20 nM).""® Thermal melting studies of these DPFs resulted in
be important for selective RNA recognition.”"® Subunit addition to  stabilizing (e?ts on the triple helix (Figure S1, Table S2),

the three dinitrile scaffolds 3 was achieved by optimizing e these experiments require RNA and ligand
previously reported copper'®- or aluminum!"®-assisted coupling that are well above the ECs values in order to
reactions for diamidine formation to afford three sublibraries (p, ure absorbance. All meta-substituted DPFs displayed ECs
m, and o) with eleven identical subunits on each scaffold (DPF- in the micromolar range and preferential binding for the
R). This final one-step coupling, which had not been applied to elix in the fluorescence assays, which is in agreement
the synthesis of DPF-based small molecules, was foun re for the binding of other meta-substituted DPFs to a
increase efficiency relative to a reported two-step procedur: ix.'” Nevertheless, we noted little variability in
involves an imidate ester intermediate."® To the best of our  binding s ths and selectivities for the triple helix versus the
knowledge, this route thus represents the shortest syn stem loop "across the different members of the meta-DPF
DPF-based libraries to date. Further, all of the sy sublibrary (Figure 2a, Table S1). This observation is also
library members are novel with the exception of supported by previous studies that reported lower selectivity
DPFm1. These latter ligands were strong binder; en DNA duplexes for meta- as compared to para-
therapeutically relevant RNAs,'” therefore re uted DPFs."” Similarly, the ECs, values obtained for the
adequate reference point for binding preferenc -DPF sublibrary indicated preferential binding for the triple
synthesized ligands herein.** "9 X over the stem loop, albeit with greater variability in
We next evaluated our DPF-based small mole lectivity between the two targets as compared to meta-DPF
for binding to the MALAT1 triple helix and stem loop R ublibrary (Figure 2a, Table S1).
the aforementioned fluorescence-based screen. The para-D

A | S

Scheme 1. Synthesis of the diphenylfuran-based small molecule Iibrary
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“Lower final yield was due to difficulty in purifying highly polar compounds by normal phase column chromatography.
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Figure 2. a) ECs5, values of the para- (left), meta- (center) and ortho-(right) sublibraries towards the MALAT1 triple helix (purple, PDB I.D.: 4PLX) and stem loop
(green) constructs. b) Selectivity screen of select para-sublibrary members against yeast tRNA (76-90 n.t., PDB I.D.:4TNA) (black), DNA duplex (28 n.t.) (gray)
and RRE Stem Loop IIB (34 n.t.) (blue). EC5, values were determined from triplicate data using the change in fluorescence intensity. First dashed line indicates
measurements above 1,500 nM for which no saturable binding events were observed, resulting in ambiguous curve fits. No binding indicates no change in
fluorescence intensity of the DPF (1 uM) upon RNA/DNA titration (up to 5 uM). Error bars represent the standard deviation determined from three independent

measurements.

We distinguished one subunit-based trend that held for all
three  scaffolds. Namely, ligands with the
methylpiperidine subunit 8 were among the mos
molecules for the triple helix over the stem loop (Ta
remaining subunit-based trends were observed
para-DPF sublibrary. For example, we note
subunits with protonated nitrogens (DPFp1,
generally increase binding strength but do not C
selectivity between the two targets. Presence of a
moiety on the ortho- position of the benzene subunit (DPFp

thiophene on DPFp11, allowed se
stem loop.

nstitutes ~20%
nown target for

-loop construct that was also
scaffold-based libraries.!""
members with aliphatic,
Fp1, -p9 and -p10) bind
similar ECs values, indicating non-
interactions with the RNA backbone
8 and S9). On the contrary, library
its (DPFp4, -p6 and -p11) appear
to confer selectivi AT1 stem loop as reflected in
statistically significant differences in their binding strength for
this target over all other nucleic acids tested in this screen
(Figure 2b, Tables S5, S6, and S10). Lastly, the only exclusive
triple helix binder from our initial evaluations (DPFp8) displayed

positively charged
to all RNA controls
specific, 4i

significantheaker binding strengths for other constructs
(Figure 2b, Table S7). It is worth noting that these experiments
specifically capture binding events that modulate the
fluogescence of the DPF scaffold and thus binding events that do
nge fluorescence cannot be ruled out.

We next performed computational analyses to further
erstand the impact of subunit positioning on DPF scaffold
ability for differential recognition of MALAT1. We first
ssessed the 3D shape coverage of the three sublibraries (ortho,
meta, para), as shape is known to be important for RNA
recognition."** 2! Specifically, we calculated Principal Moments
of Inertia (PMI), a spatial measurement that describes ligands as
rod, disk, sphere or hybrid.?" First, a low energy ensemble of
each ligand was generated via molecular dynamics simulations
(MD) utilizing a generalized Born solvation model. PMIs were
calculated for each structure in the ensemble, and the resulting
coordinates were averaged for each ligand using the Boltzmann
equation. Several clear trends were revealed in this analysis: i)
the para-DPF sublibrary is exclusively in the rod sub-triangle, ii)
the majority of the meta-DPF sublibrary is within the disk and
hybrid sub-triangles, with the exception of four ligands in the rod
sub-triangle and iii) the ortho-DPF sublibrary is distributed in the
sphere, disk, and hybrid sub-triangles and is thus the least rod-
like (Figure 3a, Figure S2, Table S11).

Previous PMI calculations performed by our laboratory
revealed that bioactive RNA-targeted ligands, which are
assumed to be selective, have more rod-like character as
compared to FDA-approved drugs or in vitro binding RNA
ligands with no reported bioactivity.'*® It was therefore of
particular interest that the para-DPF sublibrary, which contained
the strongest binders and the only triple helix-selective ligand,
contained exclusively rod-shaped ligands. A closer look at this
sublibrary revealed that most members had a similar shape
except for DPFp7 and DPFp8. Specifically, DPFp7 had more
disc-like character than the bulk of the library, and it is the only
ligand in the para-DPF sublibrary that did not bind the triple helix
or the stem loop. DPFp8 had the most rod-like character in the

This article is protected by copyright. All rights reserved.
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Figure 3. a) Principal Moments of Inertia (PMI) calculations of the DPF library. AVG — average. b) Minimal free energy (MFE) structures of example ligands:
DPFp3 (left), DPFm3 (center) and DPFo3 (right) with furan-phenyl dihedral angles indicated. Circles (blue) indicate the dihedral angles between the furan oxygen
and the contiguous phenyl ring carbon atoms. Subunits and amidine nitrogens were omitted for clarity. c) MFE of DPFo3 with intramolecular interactions:

hydrogen bonds (green line), edge-to-face -1 (purple line), and face-to-face -1 (purple dot).

entire library and is the only library member that displayed
exclusive selectivity for the triple helix.
In addition, the benzyl-piperidine subunit of DPFp8 is among the
subunits that provides the most rod-like shapes for the ortho-
and meta- sublibraries (Table S11) and is present in the liga
that conferred the highest selectivity for the triple helix over
loop constructs in all three sublibraries (Table S1).
inspecting all conformations in the ensembles of these ligands,
we noted extended shapes that appeared to be lock
ring identity and connectivity of this subunit (Figure S
this subunit has been used in the literature
conformationally restricted structures.”? Interesti
methyl-piperidine motif is found in three approve
as two of the most notable examples of RNA-t
ligands, Ribocil B and C (Table S13). This observa
that incorporating conformationally restricted, multi-ring
on para-DPFs may be a promising future direction for
development of bioactive probes specific for the MALAT1 triple
helix and potentially other RNA:ligand syst

We were also interested in identifki
that led to the shape diversity observ
and thus inspected the MFE c

for all para-sub:
is non-planar for ¥/11 meta-
enyl dihedral angle of

(Figure 3b, Table S12). The s
substituted DPFs, with
12° (range 0° - 26°) (
substituted DPFs ha
these ligands had a large
6° - 88°) (Figure 3b, Tabl
differences in scaffold dih
sublibraries we
type of intramole
intramolecular int
sublibrary as well a
subunitsg which were

scaffold, and
e of 48° (range

angles across the three
ifferences in the number and
able S12). Specifically, no
rved in the para-DPF
e four meta-DPFs that featured alkyl
re rod-like and had planar or nearly
contrary, distinct intramolecular
for the meta-DPF ligands with
aromatic subunits; ied disc and hybrid sub-triangles
(Table S12). These included -1 or hydrogen bonds between
the amidines and subunits as well as - or lone pair-
interactions between the subunits. Lastly, the ortho-DPF
sublibrary members formed more intramolecular interactions,

with the in

n€ctions between subunits and the Tr-systems on
(Figure 3c). For example, we observed CH-1r bonds
en an aliphatic subunit and the furan, as well as
ting edge-to-face and face-to-face -1 interactions
the phenyl groups on the scaffold and aromatic
S12).

sis suggests that these interactions, concomitant
ase in scaffold tilt, ultimately enable the more disc-
and/or sphere-like shape of the MFE structures in the ortho- and
meta-DPF sublibraries. While more detailed experimental work
is Reeded to establish the relevance of these interactions in
s solution, it is possible that these characteristics, which
served with almost all subunits, lead to less variability in
-binding preferences among the sublibrary members.
rther, the energetic cost of breaking intramolecular
teractions may be in part responsible for the decreased
binding strengths in these two sublibraries. Ultimately, we
propose that these sublibraries are less likely to achieve
extended, rod-like shapes that are important for selective RNA
recognition.!'*?!

In summary, we synthesized a DPF scaffold-based small
molecule library diversified in subunit composition and
positioning to explore the recognition of a newly discovered
IncRNA triple helix. Library screening against MALAT1-related
constructs and controls led to the discovery of the first selective
ligand for the MALAT1 triple helix. This work demonstrates that
a known RNA-binding scaffold can indeed be tuned to
selectively recognize a unique RNA structural element by relying
on subunit identity and placement-based differentiation. PMI
calculations revealed striking sublibrary-based differences in
small molecule shapes, a diversity deemed important for
screening libraries but often difficult to achieve with scaffold-
based libraries of similar size.”® Consistent with our previous
observations,*® the most promising ligands had rod-like shapes
in this analysis. The more disc and sphere-like DPF ligands
were predicted to have increased intramolecular interactions and
scaffold dihedral angles, which generally correlated with a
decrease in binding strengths for the triple helix. These
characteristics were particularly prevalent in the meta- and
ortho-sublibraries and may be responsible for the decrease in
differential binding among these ligands. These findings will be
utilized to design more extended and rod-like DPFs and
expedite the discovery of chemical probes for the MALAT1 triple
helix.
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Furthermore, as the intramolecular interactions identified in this
study formed through chemotypes that are commonly found in
RNA-binding small molecules, such as aromatic and
heteroatom-containing moieties, we suggest that future efforts to
design RNA-targeted libraries should investigate the possibility
of intramolecular interactions within ligands containing these
chemotypes."® Lastly, we note that these interactions should
be taken into consideration when performing docking studies to
rank RNA:ligand affinities, as the analysis of energetically
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