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ABSTRACT: Myotonic dystrophy type 2 (DM2) is an incurable neuromuscular disorder caused by a r(CCUG) expansion
(r(CCUG)exp) that folds into an extended hairpin with periodically repeating 2×2 nucleotide internal loops (5′CCUG/
3′GUCC). We designed multivalent compounds that improve DM2-associated defects using information about RNA−small
molecule interactions. We also report the ﬁrst crystal structure of r(CCUG) repeats reﬁned to 2.35 Å. Structural analysis of the
three 5′CCUG/3′GUCC repeat internal loops (L) reveals that the CU pairs in L1 are each stabilized by one hydrogen bond and
a water-mediated hydrogen bond, while CU pairs in L2 and L3 are stabilized by two hydrogen bonds. Molecular dynamics (MD)
simulations reveal that the CU pairs are dynamic and stabilized by Na+ and water molecules. MD simulations of the binding of
the small molecule to r(CCUG) repeats reveal that the lowest free energy binding mode occurs via the major groove, in which
one C residue is unstacked and the cross-strand nucleotides are displaced. Moreover, we modeled the binding of our dimeric
compound to two 5′CCUG/3′GUCC motifs, which shows that the scaﬀold on which the RNA-binding modules are displayed
provides an optimal distance to span two adjacent loops.

T

also be useful modalities to target RNA, as has been
demonstrated for antibacterials that target rRNA.10−12 These
compounds have found applications as lead therapeutics and as
chemical probes of function that elucidated the intricacies of
the translational machinery.13−16
Despite the great interest in developing small molecules that
modulate non-rRNA function in cells, these RNA targets
remain largely untapped.10,11 Often, a validated target is
subjected to screening to identify lead compounds.17−21
However, such approaches generally have lower hit rates for
RNA targets compared to protein counterparts and yield hits
that bind with modest aﬃnity. An alternative to this “top-down”

he cellular function of RNA is most commonly modulated
using oligonucleotides that recognize the RNA’s sequence
and induce RNase H cleavage (antisense) or the RNA
interference (RNAi) pathway. Oligonucleotide-based therapeutics are advantageous for many reasons, including ease of design
using simple base pairing rules and the availability of
modiﬁcations that impart greater binding aﬃnity and resistance
to nucleases. Indeed, oligonucleotide-based therapeutics that
treat hypercholesterolemia (mipomersen)1 and cytomegalovirus (CMV) retinitis (fomivirsin)2 have been approved by the
FDA, while others are in clinical trials. Oligonucleotides have
been successfully employed to study biology and to improve
disease-associated defects in cellular and animal models of
disease.3−6 Despite these beneﬁts and successes, oligonucleotides have suboptimal pharmacokinetic properties, the most
signiﬁcant of which is poor delivery.7−9 Small molecules can
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Figure 1. Design of small molecules that reduce r(CCUG)exp toxicity in cellular model systems of DM2. (A) A resin-based selection completed in
our laboratory determined that 2×2 nucleotide pyrimidine-rich internal loops bind to kanamycin A with the highest aﬃnity. These loops are similar
to those found in r(CCUG)exp. (B) DM2 is caused by an expanded r(CCUG) repeat (r(CCUG)exp) found in intron 1 on the ZNF9 pre-mRNA.
r(CCUG)exp binds and inactivates MBNL1, leading to dysregulation of alternative pre-mRNA splicing. The kanamycin A-like module (K) identiﬁed
from our resin-based selection binds the repeating motif in r(CCUG)exp, 5′CCUG/3′GUCC, with high aﬃnity and selectivity. We previously showed
that displaying the K module multiple times on a peptoid scaﬀold potently inhibits the r(CCUG)exp-MBNL1 complex in vitro. Herein, we
demonstrate that the optimal compound identiﬁed from in vitro studies, 3K-4, improves DM2-associated defects in cellular model systems. (C) The
enhanced bioactivity of 3K-4 is due to a hinge eﬀect, that is, multivalency aﬀects kon and koff when binding to the RNA target.

or 5′CU/3′UU) with high aﬃnity and selectivity. 22,24
Interestingly, the RNA that causes myotonic dystrophy type 2
(DM2) contains regularly repeating internal loops that are
similar to those identiﬁed from our selection (Figure 1A).
Thus, K-alkyne is a lead small molecule for the RNA that
causes DM2 (Figure 1B).
DM2 is caused via a toxic gain-of-function by an expanded
tetranucleotide repeat. The expanded repeat, or r(CCUG)exp,
resides in intron 1 of the zinc ﬁnger 9 (ZNF9) pre-mRNA;
disease occurs when >75 repeats are present (range: >75−
11,000).25 r(CCUG)exp folds into a hairpin with multiple copies
of a 5′CCUG/3′GUCC internal loop that binds and inactivates

approach is to use information about the binding of small
molecules to RNA secondary structural elements (or motifs) to
inform compound design (Figure 1A). We developed a
microarray-based selection method that screens chemical and
RNA motif space simultaneously and identiﬁes privileged RNA
space for each small molecule (those that bind with high aﬃnity
and selectivity).22,23 The motifs that comprise an RNA target
are then compared with our identiﬁed interactions to aﬀord
lead small molecules (Figure 1A).
In one of our original selections, we discovered that 6′-N-5hexynoate kanamycin A (K-alkyne; Figure 1A) binds
pyrimidine-rich, 2×2 nucleotide internal loops (5′UU/3′UC
B

dx.doi.org/10.1021/cb4007387 | ACS Chem. Biol. XXXX, XXX, XXX−XXX

ACS Chemical Biology

Articles

Figure 2. A designed, modularly assembled compound improves dysregulation of alternative pre-mRNA splicing in a DM2 model cellular system.
(A) Schematic of the BIN1 mini-gene used to study dysregulation of pre-mRNA splicing due to r(CCUG)exp. The construction of the mini-gene has
been previously described.31 (B) K, 2K-4, and 3K-4 improve BIN1 alternative splicing defects to varying extents. 3K-4 is the most potent, restoring
BIN1 splicing patterns to wild type at 10 μM. Splicing patterns were determined by RT-PCR. (C) Importantly, K, 2K-4, and 3K-4 do not aﬀect the
splicing of BIN1 pre-mRNA in the absence of r(CCUG)exp. Moreover, 3N-4, a peptoid similar to 3K-4 but displaysing a neamine-like (N) module,
does not improve DM2-associated splicing defects. 3N-4 does not bind r(CCUG)exp and is a poor inhibitor of the r(CCUG)exp-MBNL1 complex in
vitro.28 (D) K, 2K-4, and 3K-4 do not aﬀect the alternative splicing of SMN2 mRNA, which is regulated by Sam68,32 indicating that the compounds
exhibit speciﬁcity in vivo. Error bars represent the standard deviation of at least three measurements. *p < 0.05, **p < 0.01 as determined by a twotailed Student’s t test in which the treated samples were compared to untreated samples derived from cells that express r(CCUG)exp.

and inhibit the r(CCUG)24-MBNL1 interaction in vitro with
nanomolar IC50’s.28
Another commonly employed tool to discover protein
inhibitors, and to a lesser extent RNA inhibitors, is structurebased design. Structure-based design requires the structure of
the biomolecule as determined by NMR spectroscopy or X-ray
crystallography. Small molecule ligands are then docked into
the structure and output in rank order in terms of binding
aﬃnity. Such an approach has been used to design compounds
that bind riboswitches and r(CUG) repeats, the causative agent
of myotonic dystrophy type 1 (DM1).29,30 Unfortunately, the
structure of r(CCUG) repeats has not been determined.
Therefore, we sought to determine their structure(s) by X-ray
crystallography.
In this report, we describe the results of two important
studies: (i) the reduction of r(CCUG)exp toxicity by our
designed compounds in cellular models of DM2 and (ii) the
ﬁrst structure of the repeats. In particular, designed modularly
assembled compounds improve DM2-associated dysregulation
of alternative pre-mRNA splicing. In a second series of studies,
a structure of a model of r(CCUG)exp, reﬁned to 2.35 Å,
provides the ﬁrst atomic-level picture of these toxic repeats.
The 5′CCUG/3′GUCC motifs form ordered 2×2 nucleotide
internal loops; each CU pair is stabilized by two hydrogen

the pre-mRNA splicing regulator muscleblind-like 1 protein
(MBNL1) (Figure 1B). Sequestration of MBNL1 by r(CCUG)exp causes pre-mRNA splicing defects.25 Another
defect associated with DM2 is the formation of nuclear foci
caused by r(CCUG)exp-protein aggregates.26,27 Importantly,
this disease model points to a therapeutic approach for DM2: a
small molecule drug binds r(CCUG)exp and inhibits the binding
of proteins, in particular MBNL1, to rescue their normal
cellular functions (Figure 1B).
Because r(CCUG)exp contains regularly repeating 5′CCUG/
3′GUCC internal loops, it is an ideal target for a modular
assembly approach (Figure 1B). That is, compounds that
display copies of a small molecule (K-alkyne) with the same
periodicity as 5′CCUG/3′GUCC can bind adjacent loops
simultaneously (Figure 1B), resulting in enhanced aﬃnity and
selectivity for r(CCUG)exp relative to a monomeric small
molecule.28 We previously reported the design of multivalent
small molecules that display K-alkyne and characterized them
in vitro (Figure 1).28 By using an in vitro assay that measures
r(CCUG)24-MBNL1 complex formation, we determined the
optimal distance between K RNA-binding modules (where K
indicates the conjugated form of K-alkyne). The optimal
compounds bind r(CCUG) repeats with nanomolar aﬃnities
C

dx.doi.org/10.1021/cb4007387 | ACS Chem. Biol. XXXX, XXX, XXX−XXX

ACS Chemical Biology

Articles

Table 1. Kinetic Analysis of Small Molecule−r(CCUG) Complexes via BLIa
koff (s−1)
K-alkyne
2K-4
3K-4
3N-4
MBNL1
a

6.2 (±2.3)
2.6 (±0.76)
3.6 (±0.55)
1.5 (±0.14)
1.3 (±0.36)

×
×
×
×
×

residence time (s)
−2

10
10−3
10−3
10−2
10−2

1.1
2.7
1.9
4.5
5.5

(±0.04)
(±0.29)
(±0.15)
(±0.09)
(±0.27)

×
×
×
×
×

1

10
102
102
101
101

kon (M−1 s−1)
1.4 (±0.23)
9.5 (±1.83)
7.1 (±1.3)
2.8 (±1.3)
1.3 (±0.75)

×
×
×
×
×

104
104
105
103
105

Kobs (M)
4.4 (±1.8)
2.7 (±0.96)
5.1 (±1.2)
5.4 (±2.5)
1.0 (±0.64)

×
×
×
×
×

10−6
10−8
10−9
10−6
10−7

Errors are the standard deviations in the measurements.

r(CCUG)exp-protein complexes and the dysregulation of
alternative pre-mRNA splicing due to sequestration of
MBNL1. Recently, it was shown that the alternative splicing
of bridging integrator-1 (BIN1) pre-mRNA is dysregulated in
skeletal muscle of DM1 and DM2 patients.31 BIN1 is required
for biogenesis of muscle tubules, specialized skeletal muscle
membrane structures required for excitation-contraction
coupling. In DM2-aﬀected cells, exon 11 is skipped too
frequently, resulting in the production of an inactive BIN1
protein.31 The intronic region surrounding exon 11 contains
several UCG steps that are known to bind MBNL1, which
regulates BIN1 alternative splicing.31
Thus, K-alkyne, 2K-4, and 3K-4 were studied for improving
the BIN1 pre-mRNA splicing defect in a DM2 model cellular
system (Figure 2). Brieﬂy, C2C12 cells were co-transfected
with plasmids that express r(CCUG)300 and a BIN1 mini-gene
that reports on alternative splicing (Figure 2A).31 In this model
system, exon 11 has an inclusion rate of ∼40% in healthy cells
(do not express r(CCUG)300) and only ∼20% in DM2-like cells
(express r(CCUG)300) (Figure 2). This diﬀerence provides a
read-out to assess the bioactivity of designer small molecules.
After transfection, cells were treated with K-alkyne, 2K-4, or
3K-4 in medium containing 2% horse serum (no transfection
vehicle). After 2 days, BIN1 alternative splicing patterns were
determined by RT-PCR. Each kanamycin-containing compound improves the dysregulation of BIN1 alternative splicing
(Figure 2B). The most modest improvement is observed for Kalkyne, which improves the defect by ∼50% when cells are
treated with 20 μM compound. Increasing the dosage does not
further improve dysregulation. Increased potency is observed
for 2K-4 and 3K-4: treatment with 20 μM of 2K-4 improves
BIN1 pre-mRNA splicing pattern by ∼80% (as compared to
cells that do not express r(CCUG)300), while treatment with 20
μM of 3K-4 restores the BIN1 alternative splicing pattern to
that observed in healthy cells (Figure 2B). Improvement in
splicing patterns is observed when cells are treated with as little
as 2.5 μM 3K-4 (Figure 2B). None of the compounds aﬀects
BIN1 alternative splicing in cells that do not express
r(CCUG)300 (Figure 2C) nor do they aﬀect the alternative
splicing of SMN2 pre-mRNA, which is controlled by Sam6832
(Figure 2D). Thus, bioactivity is due to disruption of the
r(CCUG)exp-MBNL1 complex, freeing MBNL1 and restoring
its function. A control compound was also studied, 3N-4, a
peptoid to which 6′-N-5-hexynoate neamine was coupled
(Figure 1C). Previous studies determined that 3N-4 binds
weakly to r(CCUG) repeats and is a poor inhibitor of the
r(CCUG)24-MBNL1 interaction.28 As expected, this compound
is inactive (Figure 2C). Thus, we have demonstrated that by
using a “bottom-up” design approach that the bioactive small
molecules can be developed for the RNA that cause DM2, the
ﬁrst ones reported.
Biophysical Analysis of the Binding of Small
Molecules and r(CCUG) Repeats. The binding of bioactive

bonds. Additionally, high negative electrostatic potential is
found in the minor groove of r(CCUG)exp, which is neutralized
by bridging water molecules. The presence of bridging water
molecules is supported by MD simulations and provides a
rationale for the high aﬃnity binding and selectivity of our
designed, modularly assembled aminoglycosides. Moreover,
free energy calculations of K-acetyl binding to r(CCUG)
repeats using MD simulations reveal that the lowest free energy
binding mode occurs via the major groove. In this binding
mode, one C residue is unstacked while the cross-strand
nucleotides are displaced to allow for favorable small
molecule−RNA interactions. Using this binding mode, we
modeled the binding of our optimal dimeric compound to two
5′CCUG/3′GUCC motifs. The compound, 2K-4, displays two
K RNA-binding modules displayed on a peptoid backbone. The
distance between K’s aﬀorded by the peptoid backbone closely
mimics the distance between the 5′CCUG/3′GUCC motifs,
with the peptoid lying along the major groove and each K
interacting with a CU/UC loop.

■

RESULTS AND DISCUSSION
Designed Small Molecules Improve DM2-Associated
Defects. Myotonic dystrophy type 2 (DM2) is caused by an
expanded r(CCUG) repeat (r(CCUG)exp) that binds and
sequesters the pre-mRNA splicing regulator muscleblind-like 1
protein (MBNL1). We previously designed multivalent
compounds that bind r(CCUG) repeats with nanomolar
aﬃnities and inhibit r(CCUG)24-MBNL1 complex formation
with nanomolar IC50’s.28 These compounds are composed of a
peptoid backbone that displays multiple copies of K-alkyne, a
5′CCUG/3′GUCC-binding module. Using an in vitro assay
that measures r(CCUG)24-MBNL1 complex formation, we
determined that the optimal distance between K-alkyne RNAbinding modules is aﬀorded by four propylamine spacing
modules.28 That is, four propylamines most closely mimic the
periodicity of 5′CCUG/3′GUCC in r(CCUG)exp. The
compounds are thus referred to as nK-4 where nK indicates
valency and 4 indicates four propylamine spacing modules. The
binding of the designer compounds to DM2 repeats is highly
selective. For example, 3K-4 binds to r(CCUG) repeats with
>250-fold selectivity over base paired RNAs and with >50-fold
selectivity over RNAs with modest, single nucleotide
modiﬁcations to the internal loop.28 Furthermore, 3K-4 binds
to r(CCUG)exp repeats with 15-fold higher aﬃnity than
MBNL1.28 The nK-4 compounds are cell-permeable in the
absence of a transfection agent.28 Collectively, these studies
suggest that designer small molecules have high potential to
ameliorate DM2 defects in cells; however, a model cellular
system for studying DM2 pre-mRNA splicing defects was not
available to study bioactivity when these compounds were
originally reported.
As mentioned above, various defects are associated with
DM2 including the formation of nuclear foci composed of
D

dx.doi.org/10.1021/cb4007387 | ACS Chem. Biol. XXXX, XXX, XXX−XXX

ACS Chemical Biology

Articles

Figure 3. Crystal structure of a r(CCUG) repeat-containing RNA. (A) Secondary structure of the RNA that was subjected to crystallization.
Tetraloop-tetraloop receptor elements are colored blue, and CCUG repeats are colored orange with each loop labeled as L1, L2, or L3. (B) Overall
crystal structure of the RNA showing only the r(CCUG) repeats and closing pairs (left) and a standard A-form RNA with the same length and base
pair composition except CU pairs are replaced with 5′CU/3′GA (right). The repeats are shown as orange sticks with transparent surfaces, while the
closing pairs are shown as gray sticks. (C) Electropotential surfaces of r(CCUG) repeats and closing pairs in the crystal structure (A). The insets
show the electropotential surfaces of L1 (left) and L3 (right). The electropotential was contoured at ±20 KT/e.

molecules as compared to MBNL1 lends support to diﬀerences
in their molecular recognition of r(CCUG)exp. Previous studies
have suggested that MBNL1 binding induces a chain-reversal
trajectory and unzipping of the bound RNA.33,34 Small
molecules, such as 3K-4, most likely do not have to open up
the RNA’s structure for binding to occur. This translates into a
faster kon as structural rearrangements are not required.
Structural Studies on Models of r(CCUG)exp. In order to
gain insight into the structure of r(CCUG) repeats, a model
RNA containing three copies of 5′CCUG/3′GUCC embedded
adjacent to a tetraloop-tetraloop receptor was subjected to
crystallization (Figure 3A). The GAAA tetraloop and its
receptor have been utilized previously to promote crystallization of RNA constructs.35,36 The crystal diﬀracted to a
resolution of 2.35 Å, and the structure was determined by the
molecular replacement method (Figure 3B and Supplementary
Table S-1). All bases were well resolved with the exception of
U36, which is part of the tetraloop receptor. The most
signiﬁcant packing contacts are derived from the tetralooptetraloop receptor interaction and base stacking interactions
between end GC pairs of neighboring symmetry molecules.
Analysis of helical parameters, inclinations, and helical twist
revealed that the average values of these parameters throughout
the CCUG repeat are within those of A-form RNA. However,
signiﬁcant deviations from A-form RNA were observed around
the central 5′CU/3′UC loop L2 (Figure 3A; Supplementary
Tables S-2 and S-3). Base pair axis analysis reveals that the
r(CCUG) repeat helix is bent approximately 18.5°. In
conjunction with this bending, L1 shows widening of both

small molecules to r(CCUG) was characterized by using
biolayer interferometry (BLI) (a method similar to surface
plasmon resonance (SPR) spectroscopy) (Table 1). These
analyses determined that K-alkyne, 2K-4, and 3K-4 bind
r(CCUG)12 with Kd’s of 4400, 27, and 5 nM, respectively.
Thus, aﬃnity for the RNA target increases as valency increases,
as expected. Interestingly, the on and oﬀ rates (kon and koff) are
also aﬀected by valency. 2K-4 and 3K-4 reside on r(CCUG)12
∼20 times longer than K-alkyne. The kon rates are ∼7- and
∼50-fold faster for 2K-4 and 3K-4, respectively, than K-alkyne.
Importantly, designer modularly assembled compounds have
faster kon and slower koff rates for binding r(CCUG) repeats
than MBNL1 does. MBNL1 has a koff of 0.013 s−1 and a kon of
1.3 × 105 M−1 s−1, or ∼5-fold faster koff and ∼5-fold slower kon
than 3K-4. The residence time for 3K-4 on r(CCUG) repeats is
∼3-fold longer than the residence time for MBNL1.
These studies point to a binding model for multivalent
compounds in which the kon and koff are enhanced due to a
“hinge eﬀect” (Figure 1C). That is, binding of one RNAbinding module decreases the space that the second RNAbinding module can sample, increasing its eﬀective concentration and acting as a hinge for interactions with additional
5′CCUG/3′GUCC motifs. Collectively, they help to establish a
mechanistic framework for why modularly assembled compounds more eﬀectively modulate the biological activity of
r(CCUG)exp than monomeric K-alkyne and how they can
outcompete MBNL1. These conclusions are likely applicable to
the binding of other multivalent compounds to repeating
transcripts. Additionally, the faster kon for designer small
E
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Figure 4. Hydrogen bonding pattern and base stacking of CU pairs in the crystal structure. Interatomic bond distances (cyan dashes) and
nonbonded distances (yellow dashes) between subject atoms of L1 (A), L2 (B), and L3 (C) are shown. The C1′−C1′ distances (black dashed lines)
are indicated under each CU pair. 2Fo − Fc electron density map covering each CU pair is contoured at 1σ.

(Figure 4B). This type of base pairing is similar to previously
observed CU pairs in NMR structures.42,43 The hydrogen bond
between N3(C) and N3H(U) brings the two carbonyl oxygens
of cytosine and uracil in close proximity with an average
distance of 3.2 Å. Similar to CU pairs observed in L1, the CU
pairs in L2 and L3 also show prominent propeller twist to
alleviate the electrostatic repulsion stress caused by neighboring
carbonyls of cytosine and uracil. There is spurious electron
density between U14 and C42 of L3 (Figure 4C). Although it
could not be unambiguously assigned, it may be a water
molecule or another component of the crystallization matrix
that helps to alleviate electrostatic repulsion. Curves analysis of
L2 and L3 shows narrowing of both the major and minor
grooves by an average of −0.7 and −1.6 Å, respectively, with an
average C1′−C1′ distance of 8.6 Å (Figure 4B and
Supplementary Table S-4). The analysis also shows an ∼14°
opening toward the major groove at CU pairs. Contraction and
propeller twist with concomitant opening of the CU pairs in L2
and L3 cause signiﬁcant strain on the glycosidic bonds. Analysis
of backbone torsion angles reveals large deviations from the
values of average A-form RNA in L2 and L3 (Supplementary
Tables S-6 and S-7). Surprisingly, sugar puckering of G15 and
G44 were C2′ endo rather than C3′ endo, which is unusual for
paired regions of RNA as the C2′ hydroxyl disfavors this
conformation. Globally, the distortion makes the phosphate
backbone appear pinched at U47. Deformation of the
phosphate backbone in this region appears to be the prime
cause of bending of the helix through shifting of the helical axis
(Supplementary Figure S-2).

the major and minor grooves, while L2 and L3 show narrowing
of both grooves (Supplementary Table S-4). Electrostatic
potential surface analysis reveals the impact of the four carbonyl
oxygens of the 5′CU/3′UC pairs, which appear as patches of
prominent electronegative surfaces in the minor groove (Figure
3C).
Central CU Pairs and Closing GC Pairs. Among the three
CCUG repeats, the 5′ CCUG repeat (L1; Figure 3A) has a
diﬀerent loop conformation than L2 and L3, which have similar
conformations. The CU pairs of L1 are each stabilized by one
hydrogen bond between N4H(C) and O4(U) and a bridging
water molecule wedged between N3(C) and N3H(U) (Figure
4A). This type of CU pairing with a bridging water molecule
was ﬁrst observed in a crystal structure of RNA duplex
containing a central 5′UUCG/3′GCUU internal loop.37,38
NMR spectroscopy and molecular dynamics (MD) simulations
also predicted a water-mediated interaction between CU pairs
in an RNA duplex.39,40 While the bridging water molecules are
not necessary for CU pairs to be incorporated into a paired
region,41 weak hydrogen bonds can be further stabilized by
bridging water molecules. The pairing interaction stabilized by
a bridging water molecule causes signiﬁcant opening of the
minor groove with C1′−C1′ distance increased by ∼1 Å
(Figure 4A and Supplementary Table S-4). Moreover, this
induces strain on the closing GC base pairs and neighboring
base pairs (observed as a propeller twist and buckling)
(Supplementary Table S-5).
While the CU pairs of L1 form one hydrogen bond, the CU
pairs of L2 and L3 each form two hydrogen bonds: between
N4H(C) and O4(U) and between N3(C) and N3H(U)
F
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Figure 5. Model systems (A) 2×CCUG and (B) 2×CCUGinf used in MD simulations, and two most frequently seen conformations, (C) CU_a and
(d) CU_b, in the MD trajectories. 2×CCUG and 2×CCUGinf are solvated in truncated octahedral and cubic boxes, respectively. In panels A and B,
RNA molecules are shown in new ribbon representations with the CU/UC loops shown in red. Oxygen atoms of water molecules in panels A and B
are shown as red spheres, while Na+ and Cl− ions are shown as blue and cyan spheres, respectively. In panel B, the RNA sequence and system were
designed in order to study an inﬁnitely long RNA molecule with CU/UC loops when periodicity was turned on in the MD simulations. In panel B,
the unit cell is shown in opaque colors, while the nearest neighboring cells are shown in transparent colors to illustrate how the RNA appears in the
MD simulation. In panels C and D, diﬀerent colors were used to emphasize structural transformations observed in RMSD plots (Supplementary
Figure S-5). In panels C and D, CU base pair conformations interacting with Na+ and/or water molecules are shown next to the structure. All
conformations of the CU pairs observed in the MD trajectories are shown in Supplementary Figure S-5 (Supplementary Table S-8). Note that in
panels C and D the top and bottom parts of each CU conformation represent the minor and major grooves, respectively.

pairs using MD simulations. Two model systems were designed
using the X-ray crystal structure described: 2×CCUG,
r(GCCUGCCUGC)2; and 2×CCUGinf, r(5′CCCCUGCCUGC/3′GGGUCCGUCCG) (Figure 5).
The 2×CCUG model was designed and prepared to mimic
an independent RNA molecule solvated in a truncated
octahedral box while 2×CCUGinf was speciﬁcally designed
and prepared to investigate an inﬁnitely long RNA structure

While U10, G11 and U47 of L2 and U14 and G15 of L3 are
involved in crystal packing, C41−G44 of L3 are completely
open to the solvent channel and do not form interactions with
neighboring bases. None of the base pairs in L1 is involved in
crystal packing. Thus, the base pairings observed here do not
appear to be the result of a packing artifact.
CU Base Pairs Are Dynamic As Determined by MD
Simulations. Next, we investigated the dynamics of the CU
G
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Figure 6. Binding modes of K-acetyl (K-alkyne mimic) and 2K-4. (A) Lowest free energy binding mode of K-acetyl-r(5′CCCCUGGG/
3′GGGUCCCC). Only the 2×2 CU/UC loop region is displayed. The RNA molecule is shown in new ribbon and CPK representations to
distinguish it from K-acetyl. Dashed lines represent attractive electrostatic interactions between K-acetyl and loop residues. (B) The binding mode
of 2K-4 to 2×CCUG modeled from the lowest free energy binding mode of K-acetyl-5′CCUG/3′GUCC displayed in panel A. RNA loop residues
and Watson−Crick GC base pairs are highlighted in orange and silver, respectively. The two K RNA-binding modules in 2K-4 are displayed in
molecular surface representations. Note that the peptoid backbone is linear in geometry.

with CU/UC loops (Figures 5). Both systems were neutralized
with Na+ ions44 and solvated with TIP3P water molecules.45
Simulations were carried out with the PMEMD module in
AMBER1146 where revised χ47 and α/γ48 torsional parameters
were used to deﬁne parameters for RNA residues. Eight
conformations of the CU pairs were observed in MD
trajectories (Figure 5, Supplementary Figures S-4−S-6, and
Table S-8). Each CU pair was distinguished using a diﬀerent
color in molecular surface representations in order to
emphasize transformations seen in the root-mean-square
deviation (RMSD) analysis (Figure 5 and Supplementary
Figure S-4).
The major conformation (58%) of the CU pair observed in
the MD trajectories was CU_a (shown in black, Figure 5A,
Supplementary Figures S-5 and S-6, and Table S-8), which is
stabilized by two hydrogen bonds between the bases. The two
free carbonyl groups in the minor groove side interact with
either water molecules or Na+ ions (Figure 5A and
Supplementary Figure S-4). Na+ ions spend as long as 25 ns
in the bound state, while water molecules are bound for much
shorter amounts of time (Supplementary Figures S-7−S-14).
The preference of Na+ ion over a water molecule for the free
carbonyl groups was also predicted by SwS.49 This hydrogen
bonding pattern, supported by water bridges and Na+ ions,
makes CU_a the major conformation (Supplementary Movie
S-1). Thus, cations enhance the stability of CU base pairs,
providing a rationale for the binding of K, 2K-4, and 3K-4.

The second major conformation observed in MD trajectories
is CU_b (16%; shown in red in Figure 5B, Supplementary
Figures S-5 and S-6 and Table S-8). The conformation is the
same as L1 in our crystal structure (Figure 4). The bridging
water molecule that stabilizes the conformation of the CU base
pair remains in the binding pocket for as long as 3−4 ns during
the simulation (Supplementary Figures S-7−S-14 and Movie S2).
The other CU conformations were observed less than 10% of
the time in the MD trajectories (Supplementary Figure S-4 and
Table S-8). The CU pairs in these conformations had either
one (CU_g in Supplementary Figure S-4) or no hydrogen
bonds with Na+ ions and water molecules bridging the bases of
C and U (CU_c in Supplementary Figure S-4; see Movie S-3).
Due to the ﬂexible nature of the CU pairs, they can open up
and lose all the hydrogen bonds (CU_f and CU_h in
Supplementary Figure S-4), which can give rise to a ﬂow of
water molecules and ions between the bases (CU_e in
Supplementary Figure S-4) and, in some cases, create stable
conformations (CU_d in Supplementary Figure S-4). While
transition state conformations are diﬃcult to capture in crystal
structures, the dominance of CU_a (58% in MD, and twice in
our crystal structure) over CU_b (16% in MD and once in our
crystal structure) corroborate each other and suggest that
CU_a is the preferred conformation for the DM2 motif.
Docking of a K-alkyne Derivative (K-acetyl) into
r(CCUG) Repeats. In order to gain insight into the molecular
recognition of r(CCUG) repeats by K-alkyne, we completed
H
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between the two CU/UC loops, providing a rationale for its
better in vitro potency compared to other 2K-n compounds.28
Relevance of Short r(CCUG) Repeat Structure to
Disease. DM2 is caused by the presence of at least 75
r(CCUG) repeats; thus, how relevant are the structures for
three repeats described herein? It is likely that the internal
loops in r(CCUG)exp are dynamic in vivo, interconverting
between the conformations observed in the crystal structure
and MD simulations, with CU_a as the preferred conformation.
This dynamic nature may provide insight into MBNL1 binding.
MBNL1 interacts speciﬁcally with RNA via four zinc ﬁnger
(ZnF) domains. A crystal structure of the ZnF3/4 domain
complexed with two copies of single-stranded r(CGCUGU)
was recently reported.34 Both zinc ﬁngers interact with one
molecule of RNA with ZnF3 forming contacts to the 5′GC step
and ZnF4 forming contacts to 5′GCU. The RNA molecules are
oriented antiparallel to each other. It is likely that MBNL1
opens the r(CCUG) hairpin stem to aﬀord two single-stranded
regions, which is supported by the fact that MBNL1 binds
weakly to fully base-paired RNAs54 and by breaking of cTNT
pre-mRNA structure upon MBNL1 binding.33 The dynamic
nature of the 5′CU/3′UC loops may facilitate MBNL1 binding
and remodeling of the RNA’s structure. It should be noted that
the crystal structure of short r(CUG) repeats55 was used
successfully to design small molecule binders.29 It is likely that
the structures of our short r(CCUG) repeats can also facilitate
structure-based design. Information about the structures and the
dynamic trajectories of these internal loops are of paramount
importance to design small molecules that target them specif ically
over base pairs. The MD studies described herein suggest that
knowledge of structural properties including dynamics can aid in
understanding of RNA−small molecule interactions.
Comparison of the Binding of K and r(CCUG) to
Kanamycin and the A-site. We completed in silico binding
experiments in order to understand how K-alkyne selectively
recognizes r(CCUG) repeats. The results show that K-acetyl
interacts with the CU/UC loop via the major groove through
extensive mixed hydrogen bond and electrostatic interactions
with backbone phosphate groups and loop bases (Figure 6A).
Noticeably, there is no interaction between the RNA and the
acetyl group of K-acetyl (Figure 6A), in agreement with our
experimental results in which derivatization of the 6-NH2
(Figure 6A) has no eﬀect on binding aﬃnity.56 It is also
intriguing to note that the conformation of one of the CU loops
in the lowest free energy binding mode of K-acetyl-5′CU/
3′UC is similar to the conformation of L1 conformation
observed in our crystal structure (Figures 4 and 6A). Our
crystal structure along with MD results reveals that the 2×2
CU/UC loop conformations are dynamic, which could be
exploited by a small molecule such as K-acetyl. Our results
suggest that the binding of K-alkyne and modularly assembled
compounds thereof is facilitated by the inherent instability and
dynamic character of the 2×2 CU/UC loops.
A crystal structure of kanamycin A complexed with an A-site
mimic by Francois et al. showed that kanamycin displaces two
adenosine residues in the internal loop.57 That is, kanamycin’s
ring I interacts with the 5′ adenosine of the 1×2 A/AA RNA
internal loop while the remainder of the aminoglycoside is
inserted into the major groove (displacing the 3′ loop
nucleotides) and stabilized by electrostatic interactions.57
Although this structure does not represent the dynamic nature
of small molecule binding in solution, it provides clues about
conformational changes that occur. Similarly, K-acetyl unstacks

docking studies (Supplementary Figure S-15). For these
studies, a model RNA system was employed that contains
2×2 nucleotide CU/UC internal loops, or r(5′CCCCUGGG/
3′GGGUCCCC). The hexynoate in K-alkyne was replaced
with an acetyl group, aﬀording K-acetyl (Figure 6A), to aid
computational analysis. The GAFF force ﬁeld50 was used to
deﬁne the parameters for K-acetyl, and binding modes were
simulated essentially as previously described (see the
Supporting Information for details).51 Brieﬂy, MD simulations
of a total of 3 μs were run in implicit solvent to sample the
simulation space. Cluster analysis was completed on the MD
trajectories, which showed over 100 binding modes for the Kacetyl-internal loop complex (Supplementary Tables S-9 and S10).
The binding aﬃnity of each binding mode was calculated by
using free energy analysis (MM-PBSA approach46,52) (Supplementary Tables S-9 and S-10). In the lowest free energy
binding mode, which is 2.9 kcal/mol more stable than the
second lowest free energy binding mode (Supplementary Table
S-9), the loop residue Ci′ is pushed out by K-acetyl’s ring II and
becomes unstacked from neighboring bases (Figure 6A). The
adjacent CU pair (Ci-Ui′+1) is opened toward the minor groove
side, forming a hydrogen bond with K-acetyl. The
conformation of this CU pair is similar to the conformation
of L1 in our crystal structure (Figure 6A). No contacts are
made between the acetyl group and the RNA.
There are extensive attractive electrostatic interactions
between K-acetyl and the 5′CU/3′UC loop in the lowest
free energy structure (Figure 6A). Two charged amino groups
(N4 and N1 in ring I and ring II, respectively)53 interact with
backbone phosphate groups (Figure 6A). In addition, amino
group N1 makes a hydrogen bond with the carbonyl group of
the unstacked cytosine, Ci′ (Figure 6A). In this binding mode,
all three hydroxyl groups in ring III of K-acetyl interact with
the phosphate groups on the opposite RNA strand (Figure 6A).
The lone hydroxyl group in ring II is hydrogen bonded to Ci+1’s
amino group, which is crosswise to the unstacked cytosine, Ci′.
N2 of ring II makes a hydrogen bond with the uracil, Ui+1,
which is opposite to the unstacked cytosine, Ci′. There are no
interactions between the other uracil residue, Ui′+1, and Kacetyl (Figure 6A). It is noteworthy to emphasize that the
global RNA structure of the lowest free energy binding mode
has one of the lowest RMSDs from A-form conformation
(Supplementary Table S-9). Thus, the global RNA conformation does not change signiﬁcantly from A-form upon binding of
K-acetyl.
Modeling of 2K-4 Binding to r(CCUG) Repeats. Next,
we modeled the binding of 2K-4 to two 5′CCUG/3′GUCC
repeats (Figure 6B). Brieﬂy, two K-acetyl-5′CU/3′UC
structures (lowest free energy structure shown in Figure 6A)
were placed adjacent to each other separated by two GC base
pairs (5′CCUGCCUG/3′GUCCGUCC). The peptoid scaﬀold
was then added to link the two K RNA-binding modules
together. The trajectory of the peptoid scaﬀold was calculated
through MD simulation while positional constraints were
imposed on the K RNA-binding modules and the RNA. MD
simulations showed that the peptoid scaﬀold is mostly linear,
located at the center along the major groove between the two
CU/UC loops. Two of the propyl side chains make weak van
der Waals interactions with the GC closing pair proximal to the
unstacked Ci′. Importantly, the distance aﬀorded by the four
propylamine spacing modules closely mimics the distance
I
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improvement in DM1-associated defects was observed in
transgenic mice up to 1 year post-treatment.6 These eﬀects
are traced to the catalytic nature of the oligonucleotides as they
bind the r(CUG)exp-containing RNA and induce cleavage of the
target by RNase H; the oligo is then free to bind another
mRNA.6 Although the oligonucleotide binds a sequence in the
hACTA1 mRNA, not a sequence in hDMPK (the natural
context of r(CUG)exp in human DM1), these studies suggest
that inducing cleavage of mRNAs downstream of expanded
repeats could be a therapeutic option.
Conclusion. Herein, we report the ﬁrst crystal structure of
r(CCUG) repeats, the causative agent of DM2, and an analysis
of the dynamics of this structure by MD simulations. Also, we
described the ﬁrst known compounds that modulate toxicity of
r(CCUG)exp in cellular models. It is notable that these
compounds were designed via a bottom-up versus traditional
routes. Moreover, we investigated potential binding modes of
the RNA-binding module computationally. Modeling of the
binding of 2K-4 to r(CCUG) repeats indicated that the
distance between K binding modules closely mimics the
distance between 5′CU/3′UC internal loops. These studies
could aid DM2 therapeutic development. In general, these
studies suggest that the bottom-up design strategy may prove
useful to exploit the myriad of other RNA targets in the
transcriptome.

loop residues, forming a complex series of electrostatic
interactions with loop residues and the RNA backbone (Figure
6A).
Binding of K-acetyl via the minor groove was also observed
in our computational experiments, albeit with much weaker
binding free energies as compared to binding through the major
groove. (The lowest free energy structure that interacts through
the minor groove side (set_3; Supplementary Table S-9) is
29.58 kcal/mol less stable than the lowest free energy structure
that interacts via the major groove side (set_22; Supplementary
Table S-9 and Figure 6A).) If minor groove binding does occur,
it is likely that K-alkyne, 2K-4, and 3K-4 bind preferentially to
the regularly repeating, negatively charged electrostatic patches
in the minor groove. Baranger, Zimmerman, and co-workers
recently reported a triaminopyrimidine that selectively binds
r(CCUG) repeats.58 The compound’s three amino groups
could interact with the four carbonyls of the CU pairs in the
minor groove.
We previously modiﬁed the spacing module in the 2K-4
peptoid scaﬀold and studied the eﬀect on in vitro potency,
cellular permeability, and toxicity.59 The propylamine spacing
module was replaced with methylamine, ethanolamine,
isobutylamine, lysine, glycine, arginine, tyramine, 2-phenylethanamine, 2-(pyridine-2-yl)ethanamine, 2-(4-ﬂuorophenyl)ethanamine, and 3,3-diphenylpropan-1-amine. Most substitutions decreased potency (by ∼2.8- to >250-fold), suggesting
that propylamine is optimal.59 Interestingly, substitution with
arginine or lysine increased potency by approximately 2-fold. In
our model of 2K-4 binding to r(CCUG) repeats, the propyl
groups point toward the major groove; substitution with
arginine or lysine could allow formation of electrostatic
interactions. Unfortunately, arginine spacing modules decreased
cellular permeability; both arginine and lysine substitutions
alter subcellular localization to mainly the cytoplasm and
perinuclear region, which is unfavorable for targeting r(CCUG)exp as it is largely nuclear.59 Our model could also
explain why bulky substituents negatively aﬀect potency as they
could cause a steric clash with the RNA.
Therapeutic Potential of 2K-4 and 3K-4. Our modularly
assembled compounds, 2K-4 and 3K-4, signiﬁcantly improve
BIN1 splicing patterns when cells are treated with as little as 5
and 2.5 μM compound, respectively. Thus, they have
therapeutic potential. We recently reported that related
compounds that target r(CUG)exp, the causative agent of
DM1, improve splicing defects in a mouse model.60 It should
be noted that the compound was delivered by intraperitoneal
(IP) injection; thus our compound was delivered systemically.
Because of the similarity of the DM1 compound to the
compounds described herein for DM2 (both display aminoglycoside binding modules on a peptoid scaﬀold), it is likely
that 2K-4 and 3K-4 could improve DM2-associated alternative
splicing defects in animals
Oligonucleotides have been used to target various repeating
RNAs, in particular r(CUG)exp and r(CAG)exp. Typically,
gapmers complementary to the repeat are transfected into cells
and induce RNase H cleavage.3,61−63 Oligonucleotides that
target r(CUG)exp improve DM1-associated defects in a mouse
model; however, electrostimulation was required,3,5 and one
caused muscle damage. 3 More recently, an antisense
oligonucleotide was developed that binds downstream of
r(CUG)exp in the context of the human skeletal actin
(hACTA1) transgene.6 The oligo is eﬀective when delivered
by subcutaneous injection (no electrostimulation), and
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METHODS

Cell Culture and Assaying Alternative Pre-mRNA Splicing.
The C2C12 cell line was maintained as monolayers at 37 °C/5% CO2
in 1X DMEM supplemented with 10% (v/v) FBS and 1X Glutamax
(Invitrogen). Cells were plated in 96-well plates and transfected with
Lipofectamine 2000 (Invitrogen). Each transfection contained 1 μL of
lipofectamine and 200 ng of plasmid (100 ng of a plasmid encoding
r(CCUG)300 (or empty vector) and 100 ng of a plasmid encoding a
mini-gene that reports on alternative splicing). Approximately 5 h
post-transfection, the compound of interest was added in 1X DMEM
supplemented with 2% (v/v) horse serum and 1X Glutamax. Total
RNA was harvested 48 h later using a GenElute Mammalian Total
RNA Mini-prep Kit (Sigma) including an on-column DNase digestion.
Splicing patterns were assayed by RT-PCR as previously described.
Splicing isoforms were separated on a 3% (w/v) agarose gel stained
with SYBR Gold (Invitrogen) and imaged with a Molecular Dynamics
Typhoons phosphorimager. Bands were quantiﬁed using BioRad’s
QuantityOne software.
RT-PCR primers used were as follows. Bin1: forward -5′CATTCACCACATTGGTGTGC-3′; reverse -5′-AAGTGATCCTAGACTAGCCGCC-3′; SMN2 (regulated by Sam68): forward -5′GGTGTCCACTCCCAGTTCAA-3′; reverse - 5′-GCCTCACCACCGTGCTGG-3′.
Statistical signiﬁcance was calculated using a two-tailed Student’s t
test. Treated samples were compared to untreated samples derived
from cells that express r(CCUG)exp as indicated in Figure 2 with “∗”
(p < 0.05) or “∗∗” (p < 0.01).
Bio-Layer Interferometry (BLI). The binding of small molecules
and MBNL1 to r(CCUG) repeats was characterized by BLI using a
ForteBio Octet RED system. Brieﬂy, 5′-biotinylated (CCUG)12 was
folded in 1X Kinetics Buﬀer (Pall Life Sciences) by heating to 95 °C
for 3 min followed by slowly cooling to room temperature.
Streptavidin SA biosensors (Pall Life Sciences) were used to monitor
the binding of compounds or protein to the RNA. Seven
concentrations of compound or protein were studied, and their
binding curves were ﬁt to a 1:1 model (Octet Data Analysis software)
to aﬀord kon, koff, and Kd.
Crystallization, Data Collection and Reﬁnement. The RNA
containing three 5′CCUG/3′GUCC was screened for crystallization
against the Nucleix suite (Qiagen) in 96-well hanging drop plates using
a Gryphon crystallization robot (Art Robinsons) at room temperature.
J
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Crystals with approximate sizes of 0.1 mm × 0.05 mm × 0.05 mm
appeared from multiple conditions. However, consistently reproducible crystals were obtained only from precipitants containing 50 mM
MES, pH 6.0, 100 mM ammonium acetate, 5 mM Mg sulfate, and 600
mM NaCl. Although the sizes of the crystals were reasonable, the
crystals did not diﬀract well. Improvement of diﬀraction was achieved
by dehydration of the crystals using a free mounting system
(Proteros).
A diﬀraction data set with Bragg spacing of 2.3 Å was obtained on a
PILATUS detector at beamline 11-1 of SLAC, SSRL. The data set was
processed with MOSFLM. The structure of the RNA was determined
by molecular replacement using Phaser.64 The core tetraloop and
tetraloop receptor domain of the PDB ID 4FNJ35 was used as the
search model. Reﬁnement was performed in the Phenix suite.65 Data
processing and reﬁnement statistics are provided in Supplementary
Table S-1. Figures were prepared with PyMol,66 and RNA helical
parameters were calculated with Curves+.67 Electrostatic charge
distribution was calculated with APBS68 and visualized in PyMol.66
The structure of the r(CCUG) repeats was deposited in the Protein
Databank, PDB ID 4K27.
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