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R NA is an important yet underutilized target for
small molecule intervention. Most RNA-targeting
ligands have been identified via high-

throughput screening of a ligand library for binding a
therapeutically important RNA (1). Despite these stud-
ies, most RNA targets represent untapped potential for
drug or probe design. This is in part due to the limited in-
formation on the RNA motif space that prefers to bind li-
gands and the chemical space of ligands that prefers
to bind RNA. To better understand RNA�ligand interac-
tions, we have been screening chemical and RNA
spaces simultaneously to construct a database of RNA
motif�small molecule partners (2−4). The goal of the
database is to enable the rational and modular design
of ligands targeting RNA (Figure 1).

Previously, several related RNA internal loops were
found to bind 6=-N-5-hexynoate kanamycin A (Figure 1,
panel a, 1) by selecting members of an RNA internal loop
library for binding 1 (2−4). In these studies, pyrimidine-
rich 2�2 nucleotide internal loops (5=UU/3=UC or 5=CU/
3=UU) bound 1 with the highest affinity (2, 4). We there-
fore searched the literature for disease-causing RNAs
that display multiple copies of these or related motifs
and found similarities with the rCCUG tetra-repeat that
causes DM2. DM2 is caused when expanded repeats
form a hairpin that displays multiple copies of a 2�2
5=CU/3=UC internal loop resulting in a toxic gain of func-
tion (Figure 2) (5). The repeating nature of the DM2 inter-
nal loops makes it an ideal system to test a modular as-
sembly approach to target RNA. Modular assembly has
been used previously as a strategy to increase the affin-
ity of ligands for binding to a variety of targets (6).

The rCCUG repeat expansion that causes DM2 re-
sides in intron 1 of the zinc finger 9 pre-mRNA; its pa-
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ABSTRACT Most ligands targeting RNA are identified through screening a thera-
peutic target for binding members of a ligand library. A potential alternative way
to construct RNA binders is through rational design using information about the
RNA motifs ligands prefer to bind. Herein, we describe such an approach to design
modularly assembled ligands targeting the RNA that causes myotonic dystrophy
type 2 (DM2), a currently untreatable disease. A previous study identified that 6=-
N-5-hexynoate kanamycin A (1) prefers to bind 2�2 nucleotide, pyrimidine-rich
RNA internal loops. Multiple copies of such loops are found in the RNA hairpin that
causes DM2. The 1 ligand was then modularly displayed on a peptoid scaffold
with varied number and spacing to target several internal loops simultaneously.
Modularly assembled ligands were tested for binding to a series of RNAs and for in-
hibiting the formation of the toxic DM2 RNA-muscleblind protein (MBNL-1) interac-
tion. The most potent ligand displays three 1 modules, each separated by four
spacing submonomers, and inhibits the formation of the RNA-protein complex with
an IC50 of 25 nM. This ligand has higher affinity and is more specific for binding
the DM2 RNA than MBNL-1. It binds the DM2 RNA at least 30 times more tightly
than related RNAs and 15-fold more tightly than MBNL-1. A related control pep-
toid displaying 6=-N-5-hexynoate neamine (2) is �100-fold less potent at inhibit-
ing the RNA-protein interaction and binds to DM2 RNA �125-fold more weakly. Up-
take studies into a mouse myoblast cell line also show that the most potent ligand
is cell permeable.

ARTICLE

www.acschemicalbiology.org VOL.4 NO.5 • ACS CHEMICAL BIOLOGY 345



thology is related to myotonic muscular dystrophy type
1 (DM1), which is caused by an expansion of rCUG in the
3= untranslated region of the dystrophia myotonica pro-
tein kinase mRNA (7). Both expanded repeats bind the
RNA splicing regulator muscleblind (MBNL-1), resulting
in the alternative splicing of the main muscle chloride
channel and the insulin receptor (8). Importantly, this
disease model points to a therapeutic approach for
treating DM: designing compounds that bind toxic RNA
hairpins and inhibit MBNL-1 binding (Figure 2). In this re-
port, we describe the first series of designed nanomo-
lar inhibitors.

RESULTS AND DISCUSSION
Design of Compounds and RNA Constructs. From pre-

vious studies, it was determined that 1 prefers 2�2

nucleotide, pyrimidine-rich internal loops (2, 4). Similar
loops were identified in the RNA that causes myotonic
muscular dystrophy type 2 (DM2) (5). In order to study li-
gands designed to bind the DM2 RNA and inhibit the
disease-causing RNA�MBNL-1 complex, a model sys-
tem was constructed. We inserted 1 or 12 copies of the
internal loops present in long rCCUG repeats (5=CCUG/
3=GUCC) into a hairpin cassette (4, 9) to afford RNA2 and
RNA7 (Figure 3). RNA7 contains enough tetra-repeats
so that binding affinity to MBNL-1 is the same as bind-
ing to rCCUG47 (Supporting Information and ref 10).
RNAs displaying other internal loops (Figure 3) were
also designed and synthesized in order to assess the
specificity of the best ligand for inhibiting the RNA7�

MBNL-1 complex. For example, RNA5 and RNA12 con-
tain 1�1 nucleotide UU internal loops (the DM1 motif),

Figure 1. Peptoid modules are assembled using the same chemistry used to anchor them onto arrays to identify the RNA
motifs they bind. a) 6=-N-5-hexynoate kanamycin A (1) and 6=-N-5-hexynoate neamine (2). b) A Huisgen dipolar cycloaddi-
tion reaction (HDCR) to immobilize 1 onto a microarray surface to select the RNA motifs that bind 1. c) A HDCR to display 1
or 2 (denoted Kan or Nea, respectively) on azide-functionalized peptoids. The general format for peptoid nomenclature is
as follows: nL-m where n is the ligand valency (c � 2), L is the ligand module displayed on the peptoid, and m is the num-
ber of propylamine submonomers between ligand modules (a and b). The ligand modules that were conjugated to the
peptoid are indicated by K, which indicates the kanamycin derivative, 1; N, which indicates the neamine derivative, 2; or
P, which refers to propargylamine. Thus, 2K-4 describes a peptoid that displays two 1 modules separated by four spacing
modules (a dimer), whereas 3K-4 describes a peptoid that displays three 1 modules each separated by four spacing
modules (a trimer). Both of these structures are explicitly drawn in Figure 4. FAM is 4(5)-carboxyfluorescein.
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whereas RNA6 and RNA13 contain 1�1 nucleotide AA
internal loops (the polyQ motif). RNA3 and RNA10 con-
tain 2�2 5=CC/3=CC internal loops; RNA4 and RNA11
contain 2�2 5=UU/3=UU internal loops. RNA8 and RNA9
are fully base-paired RNA controls.

Modularly assembled ligands displaying 1 were syn-
thesized by anchoring 1 onto azide-functionalized pep-
toids using a Huisgen dipolar cycloaddition reaction, a
variant of “click chemistry” (HDCR, Figure 1, panels b
and c) (11). This approach is attractive because a HDCR
was used to anchor ligands onto microarray surfaces to
identify and study the RNA motif-small molecule part-
ners in our database (2−4). By using the same chemis-
try to anchor ligand modules onto a surface and to
modularly assemble them, deleterious effects that con-
jugation could have on molecular recognition may be
minimized. It should be noted that a HDCR was previ-
ously used to synthesize a library of 2-deoxystreptamine
dimers as size-specific ligands for RNA hairpin loops
(12).

Peptoid synthesis allows for precise control of ligand
valency and spacing (11). Valency is controlled by the
number of 3-azidopropylamine submonomers used to
conjugate 1, while spacing is controlled by inserting pro-

pylamine submonomers between azides (Figure 1,
panel c). Each of the peptoids is named using the no-
menclature described in Figure 1. The general format for
peptoid nomenclature is as follows: nL-m where n is
the ligand valency (c � 2, Figure 1), L is the ligand mod-
ule displayed on the peptoid, and m is the number of
propylamine submonomers between ligand modules (a
and b, Figure 1). The ligand modules that were conju-
gated to the peptoid are indicated by K, which indicates
the kanamycin derivative 1; N, which indicates the
neamine derivative 2; or P, which refers to propar-
gylamine. Thus, 2K-4 describes a peptoid that displays
two 1 modules separated by four spacing modules (a
dimer), and 3K-4 describes a peptoid that displays three
1 modules each separated by four spacing modules (a
trimer). The full structures of dimer 2K-4 and trimer 3K-4
are shown in Figure 4. We synthesized a library of dimers
and trimers with varied spacing in order to identify the
optimal distance between ligand modules such that two
or three adjacent loops can be targeted simultaneously.

Modularly Assembled Ligands Inhibit the DM2
RNA�MBNL-1 Interaction in Vitro. The library of ligands
synthesized using this approach was initially studied
for inhibiting formation of the RNA7�MBNL-1 complex

Figure 2. Schematic of the interaction of MBNL-1 with the DM2 rCCUG repeat hairpin and the use of modularly assembled ligands to inhibit this
complex.
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(Figure 2 and Table 1). The IC50’s ranged from 100 �M
for FITC-1 to 1.6 nM for trivalent 3K-4. (FITC-1 was syn-
thesized previously (2) by conjugating 3-azidopropyl-
amine to Boc-protected 1 via a HDCR. After reaction with
fluorescein isothiocyanate, the compound was depro-
tected to afford FITC-1 (structure available in the Sup-
porting Information). Thus, FITC-1 contains the triazole
moiety that is also present in the multivalent ligands.)
The range of IC50’s for the dimers was 0.089�10 �M,
and the range for the trimers was 0.0016�0.03 �M. The
most potent dimer and trimer had four propylamine
spacers separating the modules, or 2K-4 and 3K-4, and
had IC50’s of 80 and 1.6 nM, respectively (Figure 4).
These results indicate that four propylamine spacing
units provide the appropriate spacing to target adja-
cent loops in the DM2 hairpin. Two control trimeric pep-
toids with the same spacing as 3K-4 were synthesized
and tested to confirm that functionalization with 1 is re-
quired for potency. The peptoid that displays propar-
gylamine modules (3P-4) was used to determine if func-
tionalization with a triazole moiety is sufficient for
potency. The second peptoid, 3N-4, displays 6=-N-5-
hexynoate neamine (2, Figure 1) and determines
whether any aminoglycoside with the same number of
amino groups can be used to inhibit the RNA�protein
interaction. Neither compound inhibited the formation
of the RNA7�MBNL-1 complex whatsoever at concen-
trations of �1 �M, indicating that display of 1 modules
is required for inhibition (13).

To assess the enhancement in potency that modular
assembly provides, the magnitude of the multivalent ef-
fects were calculated by normalizing the IC50’s for the
number of RNA binding modules displayed on the pep-
toid. These values were then compared to the IC50 for
FITC-1. When the ligands were allowed to pre-equilibrate
with the RNA and then MBNL-1 added, multivalent ef-

fects ranged from 8.5 to 20,000 with the trivalent li-
gands giving the largest enhancements. When 2K-4 or
3K-4 and MBNL-1 were added to DM2 RNA simulta-
neously, multivalent effects were �420 and �6700, re-
spectively; these values are lower estimates because
the IC50 for inhibition of the RNA7�MBNL-1 complex by
FITC-1 was �500 �M under these conditions (Table 1).

Modularly Assembled Ligands Bind Tightly and
Specifically to DM2 RNA. Affinities and stoichiometries
of RNA�ligand complexes were measured for a series of
RNAs (RNA1�RNA13 and bulk yeast tRNA, Figure 3
and Table 2) to FITC-1 (2), 2K-4, 3K-4, and 3N-4 using a
fluorescence emission assay. These RNAs were se-
lected to probe the effect of the number of repeating mo-
tifs in the RNAs and the identity of the repeating unit.
Bulk yeast tRNA was used because it is a mimic of a
common bystander RNA present in cells. It should be
noted that RNAs with regularly repeating base-paired
motifs are commonly found in genomic RNAs; RNAs with
repeats of either DM1- or DM2-like 1�1 or 2�2 nucle-
otide internal loops, however, are not (14) (see http://
www.rna.ccbb.utexas.edu/ for the Comparative RNA
Web Site Project).

Results show that FITC-1, 2K-4, and 3K-4 bind more
weakly to bulk yeast tRNA and control RNAs that do not
display the DM2 motif than RNA2 or RNA7. Each of the
three ligands form 1:1 complexes with RNA2, with Kd’s
ranging from 100�450 nM (Table 2). Increasing ligand
valency increases affinity to RNA7 more; FITC-1, 2K-4,
and 3K-4 bind with Kd’s of 400, 50, and 8 nM, respec-
tively (Figure 4 and Table 2). The 6.25- to 8-fold increase
in affinity that each RNA binding module provides is
similar to enhancements observed when dimerized
neamines were studied for binding a bacterial rRNA
A-site mimic (15). Stoichiometries suggest that each li-
gand module displayed interacts with a single DM2 mo-

Figure 3. RNAs used to study RNA�ligand interactions. Boxed nucleotides shown to the right were inserted into RNA1.
RNA2�RNA6 contain single copies of an internal loop motif. RNA7�RNA13 contain 12 copies of a motif; RNA2 and RNA7
contain the DM2 motif; RNA5 and RNA12 contain the DM1 motif; RNA6 and RNA13 contain the polyQ motif; RNA3 and
RNA10 contain 2�2 CC internal loops while RNA4 and RNA11 contain 2�2 UU internal loops; RNA8 and RNA9 are fully
paired RNA controls.
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tif in the target RNA. For example, FITC-1 forms a 12:1
complex with RNA7, whereas 2K-4 and 3K-4 form ap-
proximately 6:1 and 4:1 complexes, respectively.

To assess binding specificity, 3K-4 was tested for
binding to RNA8�RNA13, which each displays 12 cop-
ies of a repeating motif (Table 2). Results show that this
ligand binds with �20-fold specificity for RNA7. Speci-

ficity is the lowest for other closely related loops: RNA10
that has 2�2 5=CC/3=CC loops (30-fold) and RNA12
that displays the 1�1 UU DM1 motif (20-fold). Specifici-
ties for the other RNAs range from 110-fold to �200-
fold. Additionally, 3N-4 was tested for binding to RNA7
and RNA8 (fully GC paired stem). It was found to bind
with Kd’s of �1000 and 190 nM, respectively. The speci-

Figure 4. The primary data for and structures of the most potent dimer and trimer that target DM2 RNAs. Left) Structures of
the most potent dimer 2K-4 and trimer 3K-4 that were found to inhibit the DM2�MBNL-1 interaction. Right, top) Titration
of RNA7 into a solution of FITC-1, 2K-4, and 3K-4. Lines connecting points are drawn for clarity. Further analysis of the
binding data using eq 4 (see Methods) is given in Supporting Information. Right, bottom) Plots of data for FITC-1, 2K-4,
and 3K-4 inhibition of DM2�MBNL-1 interactions; these data are from experiments when MBNL-1 and ligand are added si-
multaneously to a well containing DM2 RNA. Curves were fit to eq 1 as described in Methods.
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ficity of 3N-4 to RNAs containing a continuous stretch
of GC pairs is not unexpected because 2 was previously
identified to bind RNA hairpins and duplexes with con-
tinuous stretches of 5=GC and 5=CG steps. The results
described herein suggest that 2 could be a useful mod-
ule to target stretches of GC pairs in RNA (16). Thus, 3K-4
is highly specific for binding RNA7.

Modularly Assembled Ligands Are Higher Affinity
and More Specific DM2 RNA Binders than MBNL-1. To
compare the affinity and specificity of 3K-4 to the in vivo
ligand, MBNL-1, Kd’s for the binding of MBNL-1 to a sub-
set of the RNAs shown in Figure 3 were determined
(Table 2). Results are in good agreement with previ-
ously published values (10). MBNL-1 binds most tightly
to the RNA containing the DM2 motif, RNA7, with a Kd of
120 nM; the second highest affinity binder is RNA12,
which contains 12 copies of the DM1 motif (250 nM).

RNA13 contains 12 copies of the polyQ motif (5=CAG/
3=GAC) and has been recently implicated in binding
MBNL-1 and causing spinocerebellar ataxia type 3 (17).
MBNL-1 binds RNA13 with a Kd of 630 nM. Weaker inter-
actions are observed with RNAs that do not contain re-
peats implicated in binding MBNL-1 in vivo, including
RNA8 and RNA9, which are fully paired, and RNA10 and
RNA11, which contain 2�2 nucleotide 5=CC/3=CC and
5=UU/3=UU internal loops, respectively. These RNAs
have Kd’s that range from 920 to �2500 nM (Table 2).

The binding data for MBNL-1�RNA and multivalent
ligand�RNA complexes were compared to quantify if
2K-4 and 3K-4 (Figure 3) are higher affinity and more
specific for binding to RNA7 than MBNL-1. Both 2K-4
(2.3 kDa) and 3K-4 (3.4 kDa) are higher affinity for RNA7
than MBNL-1 (40 kDa), by 2-fold and 15-fold, respec-
tively (Table 2). The trimer, 3K-4, is also more specific

TABLE 1. Inhibition of formation of the DM2 (RNA7)�MBNL-1 complex by multivalent li-
gands with different valencies of and distances between RNA binding modulesa

Monomers IC50

1b 220
FITC-1b 100
FITC-1c �500

Dimers

(nL-m)d IC50 NIC50
e MVf

2K-0b 2.1 4.2 24
2K-1b 5.9 11.8 8.5
2K-2b 1.6 3.2 31
2K-3b 0.43 0.86 120
2K-4b 0.089 0.18 560
2K-6b 1.6 3.2 31
2K-8b 4.1 8.2 12
2K-10b 5.9 12 8.5
2K-12b 10 20 5
2K-19b 4.4 8.8 11
2K-4c 0.59 1.2 �420

Trimers

3K-0b 0.03 0.08 1200
3K-1b 0.01 0.03 3300
3K-2b 0.017 0.051 2000
3K-3b 0.0020 0.006 17000
3K-4b,g 0.0016 0.0048 20000
3K-4c 0.025 0.075 �6700

aAll IC50 values are in �M. The average error in the IC50’s is � �40%. bThese inhibition assays were completed by adding
the ligand to a well containing immobilized RNA7 and then adding MBNL-1. cThese inhibition assays were completed
by adding the ligand and MBNL-1 simultaneously to a well containing RNA7. Data were for experiments completed
with a 2 h incubation of the ligand and MBNL-1 with the immobilized RNA; longer incubations (4 or 8 h) resulted in
the same IC50’s, indicating that this is an equilibrium measurement. dNomenclature describing the multivalent ligands
is shown in Figure 1, and the structures of 2K-4 and 3K-4 are shown in Figure 4. eNIC50 is the IC50 normalized for
the number of ligands (eq 2). fMV is the multivalent effect, which is calculated by dividing the IC50 for FITC-1
by NIC50 (eq 3). gThe 3P-4 and 3N-4 peptoids did not inhibit the formation of the DM2�MBNL-1 complex
whatsoever at concentrations �1 �M.
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for binding to RNA7 than MBNL-1. For example, 3K-4 is
30-fold and �100-fold specific for binding RNA7 over
RNA12 and RNA13, respectively, whereas MBNL-1 is
only 2.1- and 5.3-fold specific (Table 2). Thus, despite
3K-4 having an �12-fold lower molecular weight com-
pared with that of MBNL-1, it is �10-fold more specific
and has 15-fold higher affinity for binding RNA7.

Increases in Affinity of Modularly Assembled
Ligands Do Not Totally Account for Increases in
Potency for Inhibition of the DM2 RNA�MBNL-1
Complex. The enhancement in binding affinity afforded
by modularly assembled ligands (2K-4 and 3K-4) over
the monomer (FITC-1) were then compared to multiva-
lent effects observed for inhibition of the DM2
RNA7�MBNL-1 interaction. This comparison is only
made under equilibrium conditions when the ligand
and MBNL-1 were added to RNA7 simultaneously
(Table 1). Different incubation times (1, 2, 4, and 8 h)
were used in order to determine when the system
reached equilibrium so that multivalent effects could

be correlated with binding affinities. The IC50’s are the
same when 2, 4, and 8 h incubation times are used, sug-
gesting that a 2 h incubation is sufficient for the sys-
tem to reach equilibrium. Results show that multiva-
lency increases the inhibitory potency of 2K-4 and 3K-4
by �420- and �6700-fold, respectively. Affinity com-
parisons show that 2K-4 binds 8 times more tightly to
RNA7 than FITC-1 and 3K-4 binds 50 times more tightly
(Tables 1 and 2). Thus, increases in affinity do not ac-
count for the enhanced potency of the ligands. These re-
sults suggest that surface area effects may play a signifi-
cant role in enhancing potency. Sequestration of surface
area on the target RNA by modularly assembled ligands
is enhanced because the peptoid linker used to conju-
gate modules together can also act as a steric block for
MBNL-1 to bind to the target RNA.

Comparison to Other Studies That Use Modular
Assembly and Multivalency To Target Biomolecules.
Modular assembly or multivalency has been used as a
strategy to design inhibitors for a variety of targets (6,

TABLE 2. Summary of binding affinity, stoichiometry, and specificity of MBNL-1 and the ligands used in these
studiesa

aDissociation constants are reported in �M. Stoichiometries are reported after the binding affinity following the semicolon. Specificity was calculated by
dividing the dissociation constant for indicated RNA by the dissociation constant for RNA7. Average errors in the Kd’s are � �20%; Kd’s reported with a �
indicate that there was either no change in emission for RNA affinity measurements or no retardation through the gel for MBNL-1 affinity measurements
at the given concentration. Each aminoglycoside ligand bound total yeast tRNA with a Kd � 10 �M. bThe stoichiometries of the RNA�MBNL-1 complexes
can be estimated as 6 for DM1 RNA12 and �6 for DM2 RNA7 based on a previous report (10) that determined MBNL-1 binds to every �6 base pairs
in RNA.
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18−20). For example, STARFISH ligands displaying mul-
tiple copies of a weakly binding trisaccharide (millimolar
Kd) have been developed to inhibit the Shiga-like tox-
ins (21). Multivalent enhancements can be as high as
1,000,000-fold when 10 copies of the sugar are dis-
played on the scaffold. Such values of multivalent en-
hancements are some of the highest reported. Structural
analysis of the ligand�Shiga-like toxin complex re-
vealed that the STARFISH scaffold preorganized the mul-
tivalent ligands for binding to the target protein. More
typical multivalent enhancements for display of ligands
on random polymers are �1,000-fold (6). Thus, the mul-
tivalent enhancement of �6700 for 3K-4 trimer ob-
served herein are higher than those observed with ran-
domly displayed polymers and most likely not as high
as the designed and preorganized STARFISH ligands.

Fragment-based assembly typically uses monomers
that are higher affinity binders (micromolar Kd’s) to their
target than the sugar monomers described above for
STARFISH ligands. These assembly methods have been
used in the SAR (structure�activity relationship) by NMR
approach (20), in screening of small chemical libraries
(22, 23), and in the modular design of polyamides tar-
geting the DNA minor groove (24). In these cases,
smaller numbers of ligands, dimers, for example, are
most commonly used. For all of these studies, it has
been shown that preorganization of the ligand modules
for binding to the target has also been a critical consid-
eration in the design of potent ligands. The peptoid scaf-
fold used to display the RNA binding modules in this
study is known to have little, if any, defined structure.
Peptoids can be designed to have helical structures if
chiral and/or bulky side chains are present in the mol-
ecule, but these functionalities are not part of our spac-
ing modules (25). Future studies will therefore be com-
pleted to optimize the display of ligand modules in order

to preorganize them to bind the DM2 RNA. Such ratio-
nal design of spacing modules awaits the result of high
resolution structures of these ligands bound to RNA.

Modularly Assembled Ligands Are Permeable to a
Mouse Myoblast Cell Line. Both 2K-4 and 3K-4 were
tested for uptake into a mouse myoblast cell line
(C2C12) when simply added to the culture medium
(Figure 5). After washing, cells were imaged using fluo-
rescence microscopy, and images show that 2K-4 and
3K-4 enter mouse myoblasts without the aid of a trans-
fection agent or vehicle. Compound 2K-4 is nucleolar
and cytoplasmic, whereas 3K-4 is perinuclear with some
cytoplasmic and nuclear staining. Propidium iodide
staining was excluded from cells that are fluorescent
due to uptake of either ligand, indicating that they are
nontoxic. Previous studies have shown that guanidiny-
lated aminoglycosides enter mammalian cells and are
nontoxic (26).

One issue with using a modular assembly approach
is that molecular weight increases as ligand valency in-
creases. High molecular weight ligands, including oligo-
nucleotides and oligonucleotide derivatives such as
PNAs, are often not cell permeable (27, 28). The posi-
tive uptake results observed with these ligands may
suggest that they or other related ligands could have ac-
tivity in cell culture or mouse models of DM (5, 7, 29).
Furthermore, cellular uptake and localization properties
could be tuned by changing the submonomer used to
space ligand modules, as appropriately functionalized
peptoids (30) and aminoglycosides (26) have been
used to transport cargo into cells.

Comparison to Other Ligands Targeting DM RNAs.
During the course of this work, DM1�MBNL-1 inhibi-
tors were disclosed (31). Inhibitors had Ki’s of �4 �M,
although no ligand inhibited more than 50% of the
r(CUG)109�MBNL-1 complex at the highest concentra-

Figure 5. Uptake of 2K-4 (top) and 3K-4 (bottom) into the mouse myoblast C2C12 cell line: left) phase contrast image;
middle) fluorescence image of the cells shown in the left panel; right) overlay of the two images where fluorescence from
the ligand is shown in purple.
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tion tested (�20 �M). In related work herein, 3K-4 binds
DM1-containing RNA12 with a Kd of 210 nM (Table 2)
and inhibits the r(CUG)109�MBNL-1 interaction with an
IC50 of 280 nM. The 3K-4 ligand binds with a similar af-
finity to RNA10 (displays 2�2 5=CC/3=CC loops; Kd of
270 nM). However, it binds more weakly to fully base-
paired RNA8 and RNA9, RNA11, which displays 2�2
5=UU/3=UU loops, and RNA13, which displays 1�1 AA
loops (Figure 3 and Table 2). These results are encourag-
ing because they demonstrate that modular assembly
provides nanomolar inhibitors for both DM1 and DM2
systems. 3K-4 may not be an optimal DM1 binder. Four
propylamine spacers between ligand modules may not
be ideal for targeting DM1 repeats since the distance be-
tween loops is likely to be shorter. Further investigation
of DM1 and other systems will allow the development of
rules for spacing ligand modules to bind motifs sepa-
rated by different distances. Results herein have already
provided insight into how to space ligand modules to
target simultaneously two 2�2 nucleotide internal
loops separated by two base pairs. These results are
likely applicable to other RNAs.

Future Cell-Based Studies with Ligands Targeting
DM RNAs. It remains to be seen if a ligand that binds
DM repeats and displaces MBNL-1 would be effective
at curing myotonic dystrophies. For example, it should
be noted that DM1 RNAs are retained in the nucleus and
are not translated as effectively in vivo (32). Another re-
port has shown, however, that many of the pre-mRNA
splicing defects associated with DM1 are corrected
when MBNL-1 is overexpressed in DM1-affected mouse
models of the disease (33). Thus, increasing the free

amount of MBNL-1 can allow for correction of splicing
defects. The latter report suggests that displacement of
MBNL-1 from DM repeats by a ligand might lead to cor-
rection of splicing defects associated with DM. The
former study suggests that a ligand that targets DM
RNAs in the nucleus may inhibit the RNA from being ex-
ported to the cytoplasm and translated. Only cellular
studies of ligands will address these issues. Taken to-
gether, cellular uptake and localization properties of DM
targeting ligands are likely critical in designing effective
therapies. Modular assembly may allow for ligand up-
take and localization to be tuned by using different
spacing modules (30, 34, 35). It may be possible to
identify spacing modules that localize ligands to the
nucleus and other spacing modules that allow ligands
to move freely between the nucleus and cytoplasm. If
these ligands can be identified, then the effects of li-
gand localization on correction of splicing and transla-
tional defects could be more thoroughly understood.

Summary. In summary, specific and potent nanomo-
lar inhibitors targeting the toxic RNA hairpin that causes
DM2 have been rationally designed. Initial results also
show that this strategy can be applied to DM1. Presently
the rational design of ligands targeting RNA is difficult,
and most RNA targeting approaches rely on screening
RNA targets for binding to chemical libraries. A more ef-
ficient approach to design ligands targeting RNA might
be the one described here, which is related to modular
polyamide targeting of DNA (24). Such an approach
would not require subjecting each new RNA target to
high-throughput screening assays to identify lead li-
gands and could be done computationally.

METHODS

Please see Supporting Information for all details related to
the synthesis of the compounds used in these studies.

Preparation of RNAs. RNA1�RNA13 were transcribed from
double stranded DNA templates that were generated from PCR
amplification using a primer with a T7 promoter. DNA templates
and PCR primers were purchased from Integrated DNA Technolo-
gies. The r(CUG)109 (36) and r(CCUG)47, RNAs were transcribed
from plasmids encoding the repeats; the r(CCUG)47 plasmid was
cloned into pUC57 by GenScript Corporation while the plasmid
encoding r(CUG)109 was a generous gift from Dr. Charles Thorn-
ton (Department of Neurology, University of Rochester). The plas-
mids were linearized with BamHI to afford RNAs suitable for af-
finity measurements or XbaI to afford RNAs suitable for MBNL-1
displacement assays. RNAs shown in Figure 3 that were used in
MBNL-1 displacement assays contained an additional single
stranded region (3= tail) that is complementary to a biotinylated

DNA capture probe. RNAs used to determine binding affinities
did not contain the 3= tail. All oligonucleotide sequences and
PCR cycling conditions used are available in Supporting Informa-
tion.

MBNL-1 Displacement Assays. Recombinant MBNL-1 protein
that is fused to an amino acid sequence encoding the LacZ	
peptide was expressed and purified as previously described
(31). The MBNL-1 displacements assays were completed using
a modified procedure based on ref 22. The average amount of
RNA immobilized in the well was determined using SYBR Green
II (Invitrogen) and known concentrations of RNA. On average,
when 2.5 pmol of RNA was delivered to a well, 0.5 pmol was im-
mobilized. Please see Supporting Information for detailed proce-
dures for the MBNL-1 displacement assays and the determina-
tion of the number of moles of RNA immobilized.

The resulting data were fit to a four parameter logistic curve
to determine the IC50’s when the percentage of MBNL-1 bound
ranged from 0�100% using the following equation:
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y � D �
A � D

1 � � x
IC50

�Hill slope
(1)

where y is the percentage of MBNL-1 bound, x is the concentra-
tion of ligand, D is the minimum response plateau, and A is the
maximum response plateau. A and D are typically 0% and
100%, respectively. Each IC50 was the average of at least two
measurements, and the error is the standard deviation in those
measurements. The values for the multivalent effects were com-
puted using eqs 2 and 3:

normalized IC50( NIC50) �

IC50 � number of displayed modules(2)

multivalent effect �
IC50FITC-1

NIC50
(3)

Affinity Measurements. The affinity of MBNL-1 for a subset of
the RNA constructs shown in Figure 3 was completed by gel shift
(10). Please see Supporting Information for experimental de-
tails and representative autoradiograms.

For affinity measurements of ligands and RNAs, fluores-
cence intensity was monitored as a function of RNA concentra-
tion. Plots of [RNA]/[ligand] versus change in fluorescence were
used to determine stoichiometries. Scatchard analysis was used
to determine dissociation constants (37). For RNA�ligand inter-
actions with 12 repeats, statistical effects had to be taken into
account; therefore, the interaction was treated as a large ligand
binding to a lattice-like chain as described (37, 38). As such,
the resulting curves were fit to eq 4:

v
[L]

�
N(1 � lv/N)

k ( 1 � lv/N
1 � (l � 1)v/N)l�1

(4)

where v is the moles of ligand per moles of RNA lattice, [L] is
the concentration of ligand, N is the number of repeating units
on the RNA, l is the number of consecutive lattice units occupied
by the ligand, and k is the microscopic dissociation constant.

Cell Culture and Uptake Experiments. The C2C12 (mouse myo-
blast) cell line was maintained as a monolayer in 1X DMEM
supplemented with 10% (v/v) FBS and 0.5% penicillin/strepto-
mycin. Cells were trypsinized and added to a well of a six-well
plate containing a sterile glass coverslip onto which the cells ad-
hered. After 24 h, the medium was replaced with fresh medium
containing 5 �M of either 2K-4 or 3K-4 and incubated for 14 h.
After washing with 1X DPBS, the coverslip was removed and
placed face down in 5 �L of 1X DPBS � 50% (v/v) glycerol. The
coverslip was sealed, and cells imaged using a Zeiss photomi-
croscope equipped with a Princeton Micromax CCD and Scana-
lytics IPLab software. Procedures for propidium iodide staining
are available in Supporting Information.
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