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Abstract
Myotonic dystrophy type 1 (DM1) is an autosomal dominantly inherited degenerative disease with a slow progression. At the
present, there is no commercially available treatment, but sustained effort is currently undertaken for the development of a
promising lead compound. In the present paper we report the development of a fast, versatile, and cost-effective affinity capillary
electrophoresis (ACE) method for the screening and identification of potential drug candidates targeting pathological ARN
probes relevant for DM1. The affinity studies were conducted in physiologically relevant conditions using 50mMHEPES buffer
(pH 7.4) in a fused silica capillary dynamically coated with poly(ethylene oxide), by testing a library of potential ligands against
(CUG)50 RNA as target probe with a total run time of 4–5 h/ligand. For the most promising ligands, their affinity parameters were
assessed and some results formerly reported on the affinity of pentamidine (PTMD) and neomycin against CUG repeats were
confirmed. To the best of the authors’ knowledge, the estimated binding stoichiometry for some of the tested compounds (i.e., ~
121:1 for PTMD against the tested RNA probe) is reported for the first time. Additionally, the potential of a novel pentamidine
like compound, namely 1,2-ethane bis-1-amino-4-benzamidine (EBAB) with much lower in vivo toxicity than its parent com-
pound has also been confirmed studying its effect on a live cell model by fluorescence microscopy. Further tests, such as the
evaluation of the rescue in the mis-splicing of the involved genes, can be performed to corroborate the potential therapeutic value
of EBAB in DM1 treatment.
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Introduction

Trinucleotides repeat expansions are mutations associated
with several degenerative diseases including fragile X syn-
drome, spinocerebellar ataxia, Huntington’s disease, andmyo-
tonic dystrophy types 1 and 2 [1, 2].

Myotonic dystrophy type 1 (DM1), also named Steinert’s
disease (OMIM #160900), is an autosomal dominantly
inherited degenerative disease with a slow progression. It is
one of the most common forms of adult-onset muscular dys-
trophy with a prevalence of about 1 in 20,000 [3–5], but in
regions where there is a small variance in the gene pool, prev-
alence can rise up to 1 in 500 [6].

DM1 is a very complex condition that can alter many sys-
tems with a very wide interpatient variability. Muscles are
affected, either by progressive weakness and loss of mass
(dystrophy) or by difficulties to relax after contraction (myo-
tonia). Other common symptoms include cataract,
hypersomnia, fatigue, conductivity abnormalities, respiratory
problems, and endocrinal dysfunctions [7, 8].

At genetic level, the disease is characterized by the expansion
of cytosine-thymine-guanine (CTG) triplets in a non-coding re-
gion of the DMPK (dystrophia myotonica protein kinase) gene
on chromosome 19, position 19q13.32 [9, 10]. Up to 35 triplet
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repeats is regarded as normal, whereas from 36 to 49 repeats it is
considered a pre-mutation, the carriers being asymptomatic or
very mildly affected. Nevertheless, the latter category of patients
have an increased probability of transmitting more severe forms
of the disease to their children because of genetic anticipation,
i.e., increased triplet repeat expansion during transmission [11].
Above 50 CTGs repeats, the disease becomes clinically mani-
fested. Generally, the higher the number of CTG repeats, the
earlier and the more severe the disease will manifest [12–14].

The pathological mechanism is not completely elucidated
yet, but it implies the (CTG)n repeat expansion which is tran-
scribed into toxic RNAwith (CUG)n repeats [15]. This RNA
sequence will adopt a hairpin structure in the cell nucleus
forming RNA foci able to sequestrate small molecules and
proteins [2, 16]. Its toxicity can be attributed to the sequestra-
tion of splicing factors such as MBLN1 (Muscle Blind Like
Protein 1) and CUGBP1, resulting in RNA mis-splicing and
defective protein synthesis [15, 17].

For the moment, there is no available treatment for the
disease, but several approaches are being investigated. Some
of these include the following: suppressing the (CTG)n repeat
expansion in DNA [18], suppressing the toxic RNA and/or its
structural hairpin [19], targeting the protein-RNA interactions
by overexpressing the sequestered splicing factors [20, 21]
and more recently, suppressing CTG repeats by CRISPR/
Cas9 gene editing [22].

Currently most of the research is focused on targeting the
RNA CUG repeats [18, 23–28]. For this purpose, small mol-
ecules and antisense nucleotides have been evaluated mainly
by in vitro techniques. These molecules act either by
disrupting the MBNL-1/CUG complex or by binding to ab-
normal CTG repeats in DNA, thus preventing its transcription
into toxic RNA CUG triplets [18].

Warf et al. were the first to test small molecules with amino
or guanidino moieties and for some of them reported a good
affinity towards the (CUG)n repeat expansion [29]. The main
investigation tools employed were electrophoretic mobility
shift assay (EMSA) and fluorescence microscopy, along with
in vivo techniques to test a small library of RNA binding
compounds. Two high affinity candidates were highlighted:
pentamidine (PTMD), an antiprotozoal and antifungal drug,
and neomycin B, an aminoglycoside antibiotic. Both were
able to disrupt the MBNL1–(CUG)4 complex, but only
PTMD rescued the mis-splicing of the tested pre-mRNAs.
However, the elevated concentrations of PTMD required for
a noticeable in vivo effect are associated with cellular toxicity
[29] thus hindering its clinical applicability. Nevertheless,
their work paved the way for further study on other small
molecules able to fight DM1 and over the last decade several
other promising ligands were reported [23, 28, 30–33].

In vitro methods for affinity studies are mainly EMSA and
fluorescencemicroscopy, but the difficulty of their automation
hinders the screening of large libraries of compounds.

Capillary electrophoresis (CE) has been successfully used
for the study of the binding process in various types of inter-
actions [34–46]. Several CE techniques are routinely used in
the investigation of bio-interactions, but very rarely for the
study of nucleic acid-ligand interaction [47].

Affinity capillary electrophoresis (ACE) is an electropho-
retic technique developed in the 1990s, initially being used for
the study of protein-ligand interactions [48–50]. In certain
aspects, ACE is similar to affinity chromatography. One of
the tested molecules, arbitrarily named ligand, is added to
the running buffer and the other, the analyte, is to be injected
as a sample. The ligand in the buffer will constitute a pseudo-
stationary phase, and upon its dynamic interaction with the
analyte, it will decrease the electrophoretic mobility of the
latter. The binding constant can be estimated based on the
changes recorded in the analyte’s migration time (and electro-
phoretic mobility) as a function of ligand concentration. ACE
is a fairly simple and straightforward analytical technique suit-
able for the investigation of both weak and strong interactions,
but several prerequisites must be met for its use. First, the
analyte and its complex with the ligand must present distinct
migration times and second, the time range required for the
interaction to reach a dynamic equilibrium must be lower than
the separation time. As a consequence, the ligand concentra-
tion should ideally be at least 1 order of magnitude higher than
that of the analyte [51]. Nevertheless, working in equilibrium
conditions imply good estimates of the binding constants.

ACE presents several advantages over the conventional
methods of determining binding constant (i.e., liquid chroma-
tography, competition dialysis) as well as over other CE tech-
niques [51]. Compared to HPLC, exclusion chromatography,
or competition dialysis, ACE requires much smaller volumes
of both ligand and analyte, significantly reducing costs when
one of the molecules is expensive or is of limited accessibility.
Furthermore, its high separation efficiency enables the assess-
ment of binding constants also for analytes with lower purity.
The possibility of ACE automation is another valuable asset
for the screening of large libraries of compounds [47, 51, 52].

Some of the ACE drawbacks are linked to the intrinsic CE
characteristics. Biomolecules may interact with the inner wall
of the silica capillary, leading to poor performance and biased
estimations of the binding parameters. Fortunately, capillary
coating (permanent or dynamic) can suppress both wall inter-
actions and potentially undesirable electroosmotic flow
(EOF). As in case of all CE techniques using UV-VIS detec-
tion, ACE presents higher detection limits compared to high-
performance liquid chromatographic techniques [53] due to
the very short optical pathway.

Despite its compelling advantages, to this date CE has not
been exploited for the screening of ligands with potential use
in DM1 treatment. In the present study, the performance of
ACE for the screening of plausible ligands for RNA (CUG)
repeats is demonstrated. Particularities of method
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development and further improvements of the screening pro-
tocol and data analysis are also proposed. The proposed
screening method highlighted a novel ligand for CUG repeats,
namely 1,2-ethane bis-1-amino-4-benzamidine (EBAB), and
a first biological evaluation in a cell model using fluorescence
microscopy was used to confirm the results.

Materials and methods

Reagents

All used chemicals were of analytical grade or higher and
were purchased from different suppliers: HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), polyethylene
oxide (PEO) 200K, PTMD isethionate, and imidazole were
acquired from Sigma-Aldrich (St. Louis, MO, USA).
Bacitracin, chloramphenicol, neomycin, clindamycin, tetracy-
cline, doxycycline, oxytetracycline, erythromycin,
xylometazoline, naphazoline, and metformin were purchased
from ACA Pharma (Nazareth, Belgium). EBAB (a PTMD
analogue) was synthesized as described in the literature [54,
55]. The RNA probe with 50 CUG repeats was synthesized by
Bio-Synthesis Inc. (Lewisville, TX, USA).

Ultrapure deionized water (18.2 MΩ) was used for the
preparation of all the working solutions and buffers (Milli-
Q® Reference Water Purification System, Merck, USA).

A 50 mM HEPES (pH = 7.4) buffer solution (kept at −
4 °C) was used for the dissolution of the ligands. A ligand
stock solution (~ 1 mM) kept at − 20 °C served for the prep-
aration of daily fresh aliquots in HEPES buffer. All working
solutions were passed through 0.2 μm pore size Spartan sy-
ringe filters (Whatman, Little Chalfont, UK) and degassed by
sonication for at least 5 min before use.

For the dynamic coating of the bare fused silica capillary, a
PEO coating solution was employed according to the protocol
described by Tran et al. [30]. A stock solution, being stable for
at least a week [56], was prepared by dissolving in ultrapure
water 22.2 mg of PEO under stirring at 40–50 °C. The PEO
coating solution was prepared each day by mixing 1 M HCl
with PEO stock solution in 1:9 ratio, passing the resulting
solution (0.2 g PEO/mL 0.1 M HCl) through a 0.8-μm pore
size, 25 mmWhatman® SPARTAN syringe filter (Whatman,
Little Chalfont, UK).

Marvin Suite v. 16 (ChemAxon, Budapest, Hungary) was
used to assess the main ionic form of the ligands at pH 7.4.

Capillary electrophoresis

The experiments were performed using an Agilent G1600
capillary electrophoresis system (Agilent Technologies,
Germany) and the samples were injected hydrodynamically
(50 mbar × 5 s).

The bare fused silica capillary was acquired from
Polymicro Technologies, USA. Polyvinyl alcohol-coated
(PVA) and fluorocarbon-coated (FC) capillaries were pur-
chased from Agilent Technologies, USA, whereas the linear
polyacrylamide (LPA)-coated capillary was obtained from
Beckman Coulter, USA. All capillaries had an internal diam-
eter of 50 μm, an external diameter of 365 μm, and total
length of 40 cm. Detection was performed with the built-in
diode-array detector, recording the signals at three different
wavelengths: 230, 260, and 280 nm.

The PEO-coated capillary was prepared according to a
modified version of Tran et al. protocol and involved several
steps [56]. Briefly, the bare fused silica capillary was first
conditioned by washing sequentially for 5 min each with ul-
trapure water, 1 M NaOH, 0.1 M NaOH, and again with ul-
trapure water. The first coating was done by rinsing the capil-
lary for 5 min each with ultrapure water and 1 M NaOH,
followed by 10 min each with 1 M HCl and ultrapure water
and finally for 5 min each with PEO coating solution (0.20 g/
100 mL in 0.1 M HCl) and water. At the beginning of each
day, the capillary coating was regenerated by washing for
2 min with ultrapure water, 5 min each with 1 M HCl and
PEO coating solution, and 2 min with the background elec-
trolyte. Between each analysis, the capillary was conditioned
by rinsing for 3 min each with ultrapure water and 1 M HCl
solution, followed by another 5 min with PEO coating solu-
tion, and finally a 2-min wash with the working buffer.

Affinity capillary electrophoresis and the assessment
of binding constant

A fused silica capillary coated with PEO as described in sec-
tion BCapillary electrophoresis^ was used for the ACE exper-
iments (Lt = 40 cm, Leff = 31.5 cm). The (CUG)50 RNA
(5 μM) sample was hydrodynamically injected (50 mbar ×
5 s) at the long end of the capillary. The (CUG)50 RNA sample
was first ran in plain buffer (50 mM HEPES, pH 7.4) and
subsequently in 50 mM HEPES buffer with increasing con-
centrations (from 0 up to 100 μM) of the tested ligand. The
analyses were performed in triplicate (n = 3) at a separation
voltage of − 15 kV and the detection was done at the charac-
teristic UV absorption maxima of the RNA probe (260 nm).
Each ACE assay lasted for 14 min with a total run time of
31 min (including the preconditioning step).

At each level of ligand concentration, the analyte’s electro-
phoretic mobility was calculated based on its recorded migra-
tion time using the following formula (1):

μ ¼ Lt � Leff = tm � Vð Þ ð1Þ

where Lt is the total capillary length, Leff is the effective cap-
illary length (the length up to the detector), tm is the analyte’s
migration time, and V is the separation voltage.
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The binding constant for each ligand was assessed using
two different methods, based on a linear and a nonlinear re-
gression. The Scatchard method for ACE is a linear approach
based on the original method used to determine the binding
constants between proteins and ligands [57], using the follow-
ing adapted equation:

Δμ=L ¼ Kb �Δμmax−Δμ� Kb ð2Þ
where Δμ is the difference in the electrophoretic mobility for
the analyte with either no ligand or a given ligand concentra-
tion in the buffer, L is the ligand’s concentration in the buffer,
Kb is the binding constant, andΔμmax is the maximum differ-
ence in electrophoretic mobility (in the absence and presence
of the ligand in the buffer).

By the nonlinear regression approach, data fitting is based
on a slightly more complex equation [58] (3):

Δμ ¼ Kb � μmax−μ0ð Þ � L= 1þ Kb � Lð Þ½ � ð3Þ

In this case, known terms carry the same meaning as in Eq.
(2), whereas μ0 is the electrophoretic mobility of the analyte
with no ligand in the buffer and μmax is the mobility of the
analyte at the maximum concentration of ligand, above which
there is no more change in the mobility.

For basic data analysis and linear regression using the
Scatchard method, the Excel software was used (Microsoft
Office 2016 Package), whereas for nonlinear regression
Origin 2016 (OriginLab, trial version) was employed.

Capillary zone electrophoresis for stoichiometry
determination

Method parameters were almost identical with the ones
used for ACE using PEO-coated fused silica capillary
(Lt = 40 cm, Leff = 31.5 cm), 50 mM HEPES buffer
(pH 7.4) as running buffer, and a separation voltage of
+ 15 kV. For these experiments, a high concentration of
ligand (700–900 μM) previously shown by ACE to inter-
act with the RNA sample (analyte) was used. The high
ligand excess was meant both to fully saturate the analyte
and to assure a sufficient amount of free ligand for accu-
rate detection and quantification.

A plug of RNA (CUG)50 5 μMwas first injected (50 mbar
× 5 s) followed by an identical plug of the ligand (700–
900 μM). Upon applying a positive separation voltage (no
incubation time), the positively charged ligand (pH 7.4) mi-
grated in an opposite direction with the negatively charged
RNA sample. The two plugs passing through each other
may interact forming a complex while the excess free ligand
was detected at the cathode.

Fluorescence microscopy

Biological material

pMBNL1-GFP and pDT960 minigene plasmids were kindly
provided by Denis Furling (Institute of Myology, Paris,
France) and Thomas Cooper (Baylor College of Medicine,
Houston, USA). DT960 vector contained 960 interrupted
CTG repeats. GFP-tagged MBNL1 protein is expressed from
pMBNL1-GFP vector. PTMD and EBAB (see section
BReagents^.) were prepared in RNAse free water (1 mg/
mL). DMSO was added to enhance the analogue’s solubility
(highest concentration in DMSO, 8%).

Cell culture and transfection

The protocol was slightly adapted from [29]. HeLa, a cervix
adenocarcinoma cell line, were obtained from ATCC®
(Number CCL-2). Cells were cultured in DMEM-F12 growth
medium (Lonza, Belgium) supplemented with 10% FBS
(Fetal Bovine Serum Gold, PAA Laboratories, Toronto,
Canada). Cells (3 × 105) were seeded in six-well plates onto
coverslips and were transfected 24 h later with 1 μg pGFP-
MBNL1 and 750 ng pDT960 plasmids per plate using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s protocol. After transfection, PTMD
(50, 75, and 100 μM), EBAB (50, 75, and 100 μM), or water
(control) were added to the cell culture medium and the cells
were fixed 20 h later. Each experiment was performed in trip-
licate. Cells were fixed for 10 min at 4 °C and 5 min at room
temperature (RT) with 4% paraformaldehyde and thenwashed
three times with 1× phosphate borate saline (PBS) and once
with ultrapure water.

FISH

For the fluorescence in situ hybridization (FISH) procedure,
cells were permeabilized with 0.5% Triton X-100, in 1× PBS
at RT for 5 min. Cells were prewashed with 30% formamide,
2× SSC at RT for 10 min before hybridization for 2 h at 37 °C
with 1 ng/mL of Atto 594 2-O-methyl(CAG)20 fluorescent
probe (Eurogentec, Liège, Belgium) in 30% formamide, 2×
SSC (sodium chloride 3M/sodium citrate buffer 0.3M), 2 μg/
mLBSA, 66μg/mLyeast tRNA, and 2mMvanadyl complex.
Cells were then washed for 30 min at 42 °C with 30% form-
amide, 2× SSC and 30min at RT in 1× SSC and then mounted
onto glass slides using the hard-set mounting media that con-
tains 4,6-diamidino-2-phenylindole (DAPI; SlowFade® Gold
Antifade, Life Technologies). Cells were imaged on a Nikon
Eclipse 80i microscope with DS-U3 camera and NIS
Elements-BR software.
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Statistical analysis

The effectiveness of compound binding was evaluated after
scoring the number of nuclei presenting foci and, if present,
the number of foci per nucleus (≤ 2, ≤ 5, or > 5). Ten fields
were analyzed per assay. Statistical analyses were performed
with GraphPad Prism 5 software (GraphPad Software, La
Jolla, USA). One-way ANOVAwith post hoc Student’s t tests
(Dunnet correction) was used to evaluate whether the decrease
of the percentage of foci per nucleus was significant compared
to the control. Two-way ANOVA with post hoc Student’s t
tests (Bonferroni correction) was used to compare the popu-
lations of nuclei classified according to the number of foci
they contain (≤ 2, ≤ 5, or > 5) in cells treated or not with the
drug. p values < 0.05 were considered significant.

Results and discussions

PTMD as a model ligand to set up ACE conditions

The buffer’s pH, which can influence the nucleic acid and
ligand’s charge and therefore their mutual interaction, is an
important factor in affinity studies. Since the simulation of
nucleic acid-ligand interactions are of interest in physiologi-
cally relevant conditions, 50 mMHEPES buffer at pH 7.4 was
used throughout all CE experiments. HEPES, besides its good
buffering capacity at physiological pH, was chosen over other
buffering systems (i.e., phosphate) by providing better solu-
bility for PTMD and EBAB.

To reduce the adsorption of PTMD and other biomolecules
onto the inner capillary wall (which can lead to reproducibility

and recovery problems), as well as to decrease the EOF, sev-
eral permanently or dynamically coated capillaries were eval-
uated for our experiments. The actual values of the electroos-
motic mobility were assessed for commercially available cap-
illaries with covalent coating and for a bare fused silica capil-
lary dynamically coated with PEO. The PEO-coated capillary
was selected for further experiments, demonstrating the
highest efficiency in EOF suppression while also being the
most cost-effective option. As a direct consequence of the
EOF suppression, the lowest variability in RNA (CUG)50 mi-
gration times (0.25 RSD% intra-day and 0.53 RSD% inter-
day, respectively) was also recorded using this PEO-coated
capillary.

As mentioned earlier, ACE is quite simple and requires a
reduced number of operational steps. First, the electrophoretic
mobility of the analyte ((CUG)50 RNA) is measured running
the assay in an appropriate buffer system as background elec-
trolyte. In the next steps, sequential assays are conducted to
follow the changes in the analyte’s electrophoretic mobility in
the presence of increasing ligand (PTMD) concentrations dis-
solved in the running buffer.

The RNA migration time increased with the PTMD con-
centration in the running buffer, whereas no RNA peak could
be detected above 100 μM PTMD (Fig. 1). Besides the ob-
served changes in the electrophoretic mobility of the (CUG)50
RNA, variations of the peak height and area were noticed
showing a bimodal pattern as a function of PTMD concentra-
tion, with a maximum around 9 and 50 μM. It can be hypoth-
esized that π-π type interactions between PTMD molecules
and the RNA may be potentially associated with conforma-
tional changes, leading to changes of the transient (CUG)50–
PTMD complex’s molar absorptivity, considering that both

Fig. 1 ACE assays of the
(CUG)50 RNA fragment at
increasing. PTMD
concentrations. Conditions:
50 mM HEPES buffer, pH = 7.4;
RNA plug 50 mbar × 5 s. Fused
silica capillary dynamically
coated with PEO, Ltot = 40 cm,
Leff = 31.5 cm, − 15 kV
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the RNA and PTMD have their maximum absorption at
260 nm. Intriguingly, this phenomenon was not observed with
the other tested ligands. Another observed phenomenon was a
peak splitting at 24.25 and 29.4 μM PTMD, potentially asso-
ciated with the transition of the (CUG)50–PTMD complex
between the two conformational states. In this case, the aver-
age migration time of the two peaks has been employed dur-
ing the data fitting procedure. Nevertheless, further studies are
required for a better understanding of (CUG)50–PTMD inter-
action mechanism.

Additionally, at higher PTMD concentrations, changes in
the complex’s peak profile may also be distinguished, the
peaks becoming smaller and wider. As RNA and PTMD carry
opposite charges at this pH and due to the rising concentration
of ligand in the buffer, the RNA charge will progressively be

neutralized, leading to an elongated peak that disappears
above 100 μM PTMD.

Generally, in affinity studies, data fitting may be accom-
plished by several means [59, 60], out of which two of the
most popular approaches for ACE were tested: a modified
version of Scatchard analysis and a nonlinear data fitting.
The Scatchard method (Fig. 2a) involves a linear regression,
where the negative value of the slope (Y = −14,788X +
2.3341, R2 = 0.860) is the estimated binding constant (Kb =
14.79 × 103 M−1).

Scatchard analysis was one of the first methods used for data
extraction in ACE [48–50]. It presents several disadvantages
linked to the use of dependent variables on both x and y axes,
generating sometimes inexistent correlation [57] and increasing
the risk of overlooking low-affinity binding components [61].

Fig. 2 Data fitting for the
interaction between PTMD and
(CUG)50 RNA probe. a Fitting
using Scatchard method b Fitting
using nonlinear regression
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Despite these drawbacks, this approach is still currently used in
ACE due its simplicity, while also providingmeans of detecting
more than one type of interaction. For instance, biomolecules
will generate on the same regression line distinct slopes for each
non-equivalent binding site [62].

Nonlinear regression methods are considered better for data
extraction in terms of accuracy and precision compared to lin-
ear regression [60, 63, 64]. By using nonlinear fitting of the
electrophoretic data for PTMD (Fig. 2b, R2 = 0.970), the esti-
mated binding constant is Kb = 13.11 × 10

3M−1. Both methods
gave similar results in terms of PTMD binding constant (Kb =

14.79 × 103 M−1 for the Scatchard method and Kb = 13.11 ×
103 M−1 for the nonlinear data fitting method).

During ACEmethod, development of high importance was
the finding of an adequate internal standard. The ideal ACE
internal standard, apart of being stable under the experimental
conditions, should not interact in any way with the analyte nor
the ligand and preferably it should have a lower migration
time than the analyte. Several molecules with electrophoretic
behavior similar to the analyte ((CUG)50 RNA) were consid-
ered, such as AMP, ADP, ATP, benzoic acid, and pyromellitic
acid (data not shown). ATP provided shorter and more

Fig. 3 Ligands tested by ACE. If
applicable, the major charged
species of the ligands existing at
pH 7.4 were represented (as
simulated in Marvin Suite v. 16,
ChemAxon)
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reproducible migration times (RSD% < 0.8) compared to
(CUG)50 RNA, but its relatively fast hydrolytic degradation
rendered it of limited practical use. Pyromellitic acid, in spite
of its good stability and favorable electrophoretic behavior,
showed signs of interaction with some of the ligands, the
strongest in case of neomycin. Due to these constraints, the
ACE method developed for the screening of potential drug
candidates in DM1 was further optimized without the use of
an internal standard.

Screening of a small library of ligands

Selection of the library

As a next step, several other ligands were chosen to be tested
using the same protocol. These ligands (Fig. 3) were selected
either based on their structure, looking for nitrogen-rich func-
tionalities (amine, guanidine, carboximidamide or N-based
heterocycles), or based on previous proofs of interaction with
the CUG motifs [18, 21, 29].

A special attention was allocated to EBAB, a PTMD ana-
logue, with a much lower toxicity than its parent compound,
which was initially synthetized as an antiparasitic compound
[54]. In vitro and in vivo studies also acknowledge it as prom-
ising drug candidate for the treatment of Pneumocystis carinii
pneumonia [54, 55]. Additionally, EBAB has also demon-
strated antioxidant, neuroprotective, and anticonvulsant prop-
erties [65], for which pharmacokinetic studies have already
been performed using a rat model [66, 67].

Ligand screening test

A high throughput screening test based on a simplified ACE
protocol was set up to select potential candidates for further
affinity studies. Each ligand was screened at a single high
concentration (~ 1 mM) using the same electrophoretic condi-
tions described in section BAffinity capillary electrophoresis
and the assessment of binding constant,^ looking for changes
in the (CUG)50 RNA probemigration time in comparisonwith
the ligand-free control assay (Fig. 4).

Formost ligands, no change in the electrophoretic mobility of
the nucleic acid probe has been recorded except for neomycin
and EBAB, for which the (CUG)50 RNA peak completely dis-
appeared, suggesting a possible interaction. Based on these ini-
tial screening results, neomycin and EBAB were subjected to
the full affinity protocol described in sections BAffinity capillary
electrophoresis and the assessment of binding constant^ and
BPTMD as a model ligand to set up ACE conditions.^

Estimation of the binding constant for selected ligands

Following the screening test, neomycin and EBAB were eval-
uated according to the full procedure described for PTMD.
The binding constant estimates, using linear and nonlinear
regressions, are synthetized in Table 1. As it can be seen, the
ligands demonstrating the highest affinity towards (CUG)50
RNA are neomycin, followed by PTMD and EBAB.

Our estimated (CUG)50 RNA binding constants of
PTMD and neomycin seem to be consistent with the ones

Fig. 4 Screening of ligands (~ 1 mM in the running buffer) with the (CUG)50 RNA probe
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previously reporting a high affinity between these ligands
and a (CUG)4 RNA probe [29]. In the said study, EMSA
was used to determine the IC50 of the ligands disrupting
the CUG-MBNL1 complex. The reported values of IC50

for PTMD (58 ± 5 μM) and for neomycin (280 ± 40 μM)
apparently indicate a higher binding affinity for PTMD,
being more efficient in disrupting the CUG-MBNL1 com-
plex [29]. The reversal of the affinity ranking between
neomycin and PTMD in the two different studies could
be attributed to the differences in length of the studied
CUG repeats (50 vs. 4 CUG repeats). Furthermore, a pu-
tative difference in the interaction mechanism between
these two ligands and the preformed CUG-MBNL1 com-
plex compared to the free RNA may also be held respon-
sible. Further ACE studies implying the use of (CUG)n-
MBNL1 complex as analyte could clarify the above
hypothesis.

Nevertheless, since neomycin does not save the mis-
splicing of the affected genes [29], EBAB becomes the
prime candidate for further in vivo studies in the DM1
context, since it is a less toxic analog of PTMD, demon-
strating good cellular tolerance.

Estimation of the interaction stoichiometry

Since the determination of interaction stoichiometry between
the ligand and the CUG-repeat RNA could provide further
useful information, such as the number of binding sites on
the (CUG)50 RNA molecule and the binding efficiency of
the ligand, a simple CE method, complimentary to the ACE,
was further proposed (section BCapillary zone electrophoresis
for stoichiometry determination^).

The stoichiometry of (CUG)50 RNA probe interaction with
PTMD and EBAB has been investigated, building as a first
step the calibration curves using linear regression of peak area
versus nominal concentration of the pure ligand in the range of
50–1000 μM for both PTMD and EBAB.

Based on the obtained regression equations (y = 0.1889x
− 1.5345, r2 = 0.9985 for PTMD, and y = 0.2635x − 8.0881,
r2 = 0.9971 for EBAB, respectively), the amount of free li-
gand reaching the detector has been assessed. By knowing
the total amount of injected ligand enabled the estimation of
the amount of ligand bound to the RNA probe ((CUG)50)
and the average interaction stoichiometry (120.92 ± 6.08 for
PTMD, and 122.99 ± 2.51 for EBAB, respectively). It can
be observed that both PTMD and its analogue, EBAB, ex-
hibit similar stoichiometry in the interaction with the
(CUG)50 RNA probe.

A simple and straightforward estimation of the binding stoi-
chiometry is very important, because the global efficiency of a
potential drug candidate could be determined not only from its
affinity for the RNA probe, but also from the number of mole-
cules of ligand needed to inactivate the targeted molecule of
RNA. For example, if a certain molecule has a high affinity
and low stoichiometry towards the CUGmotif, that wouldmean
that the said molecule would require a lower dose in vivo.

Table 1 Estimated binding constants for ligands demonstrating affinity
towards (CUG)50

Estimated binding constants

Nonlinear regression Scatchard analysis

PTMD 13.11 × 103 M−1 14.78 × 103 M−1

EBAB 10.17 × 103 M−1 12.09 × 103 M−1

Neomycin 59.18 × 103 M−1 56.16 × 103 M−1

Fig. 5 a Transfection of HeLa cells with pMBNL1-GFP plasmid alone.
Fluorescence microscopy showed MBNL1-GFP protein (GFP, green)
localized to the nucleoplasm. b Co-transfection of HeLa cells with
pDT960 and pMBNL1-GFP plasmids. A characteristic DM1 pattern

was observed where MBNL1-GFP (green) co-localized in nuclear foci
with the CUG repeat RNA detected by fluorescent in situ hybridization
(RNA CUG_960, red). Nuclei were stained with DAPI (blue). Scale,
10 μm. For details, see Method section
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Our current ongoing research using a more representative
disease probe with higher number of CUG repeats (> 50
CUG) and the inclusion of the MBNL-1 protein in the study
protocol will remain to confirm the above hypothesis.

Fluorescence microscopy

To further investigate the therapeutic potential of EBAB in
DM1, a biological evaluation by fluorescence microscopy in
a cell model was performed for the first time. A slightly
adapted version of a previously published protocol (see sec-
tion BCell culture and transfection^) was employed, in which
HeLa cells were transfected with two plasmids. The first one,
pMBNL1-GFP, encodes GFP-tagged MBNL-1 protein and
allows its visual localization in the nucleus. The second plas-
mid, pDT960, is transcribed into a CUG repeat RNAwhich is
detected by FISH procedure using a specific fluorescent RNA
probe. The co-transfected cells present a classic DM1 pattern
with characteristic nuclear RNA foci that colocalize with the
MBNL-1 protein due to its sequestration by CUG repeat hair-
pins (Fig. 5b (A–D)). In contrast, a non-pathological pattern,
where MBNL1 localizes to the nucleoplasm of cells, is ob-
served upon transfection with pMBNL1-GFP vector alone
(Fig. 5a (A–D)).

Since PTMD was previously highlighted as an active com-
pound, it was used as a positive control to evaluate EBAB
activity and toxicity in co-transfected HeLa cells. PTMD or
EBAB were added to the culture medium at three different
concentrations. Treatment response was evaluated 20 h later
under fluorescence microscopy by counting the number of
nuclei presenting RNA foci that were visualized in green

Table 2 Change in the abundance of nuclei presenting foci and the number of foci per nucleus after PTMD or EBAB treatment

Concentration (μM) Percentage of nuclei
presenting foci (x ̄ ± δ)

Decrease (%) Percentage of nuclei presenting foci (x ̄ ± δ),
classified in three populations depending on
the number of foci per nucleus

≤ 2 ≤ 5 > 5

[PTMD] 0 μM (control) 83.0 ± 14.0 23 ± 6 16.0 ± 3.0 44.0 ± 10.0

50 μM 54.0 ± 8.0 29.0 (*) 18.0 ± 13.0 (n.s.) 19.0 ± 2.0 (n.s.) 17.0 ± 6.0 (*)

75 μM 44.0 ± 9.0 39.0 (**) 16.0 ± 13.0 (n.s.) 10.0 ± 7.0 (n.s) 18.0 ± 9.0 (*)

100 μM 41.4 ± 0.8 41.6 (**) 19.0 ± 21.0 (n.s.) 15.0 ± 16.0 (n.s) 8.0 ± 6.0 (***)

[EBAB] 0 μM (control) 85.0 ± 4.0 23.0 ± 3.0 26.0 ± 5.0 36.0 ± 3.0

50 μM 62.0 ± 5.0 23.0 (***) 22.0 ± 4.0 (n.s.) 16.0 ± 3.0 (n.s.) 24.0 ± 4.0 (*)

75 μM 54.0 ± 4.0 31.0 (***) 17.0 ± 6.0 (n.s) 13.0 ± 5.0 (*) 24.0 ± 10.0 (*)

100 μM 42.0 ± 4.0 43.0 (***) 17.0 ± 2.0 (n.s.) 11.0 ± 4.0 (**) 14.0 ± 6.0 (***)

HeLa cells were co-transfected with pDT960 and pMBNL1-GFP plasmids (see Methods). PTMD or EBAB (50, 75, and 100 μM) were added to the
culture medium and cells grown for a further 20 h.MBNL1-GFP (green) was observed under a fluorescencemicroscope and localized in nuclear foci as it
was sequestered by CUG-repeat RNA as shown in Fig. 6B. Nuclei and foci were counted on 10 microscope fields of three replica plates. In the last
columns, the nuclei presenting foci were grouped into three subsets (≤ 2 foci, ≤ 5 foci, > 5 foci). The averages are presented with standard deviation and
statistical significance is presented with p < 0.05 (*), p < 0.01 (**), or p < 0.001 (***)

Fig. 6 Percentage of nuclei presenting foci and number of foci per
nucleus after addition of PTMD (A) or EBAB (B) (50, 75, or 100 μM)
as described in Table 2. Nuclei presenting foci are subdivided into three
subsets (≤ 2 foci, ≤ 5 foci, > 5 foci). Statistically significant with p < 0.05
(*), p < 0.01 (**), or p < 0.001 (***)
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because they sequestered MBNL1-GFP. These nuclei were
classified into three distinct populations according to the num-
ber of foci they presented. The data are presented in Table 2
and Fig. 6.

Upon the addition of 75 μM PTMD or EBAB, the forma-
tion of nuclear foci was reduced by 39% (p < 0.01) and 31%
(p < 0.001), respectively. At a 100 μM concentration, the de-
crease of nuclear foci was even more pronounced, arriving to
41.6% (p < 0.001) and 43% (p < 0.001) for PTMD and
EBAB, respectively. A decrease in numbers of foci was pre-
viously described upon PTMD addition [29]. As observed in
previous and in the current study, a huge cell mortality after
addition of 100 μM PTMD was experienced, confirming its
high toxicity. However, this was not the case after the addition
of 100 μM EBAB, as anticipated from its lower toxicity [54].

Cellular studies combined with ACE data endorse EBAB
as an active binder to CUG-repeat RNA probes, while having
a much lower cellular toxicity than PTMD. Further biological
evaluations have to be performed to investigate whether these
cell culture results might be confirmed in DM1 models
in vivo.

Conclusions

Several studies have demonstrated that certain molecules
could partially reverse DM1 symptoms by specifically bind-
ing the CUG repeat RNA motif and prevent its further effects
in the body. In order to screen a large number of compounds,
efficient methods are needed, with low sample requirements
and prone to automation.

A relatively fast and efficient CE screening method was
developed for the identification of new potentially active com-
pounds for DM1 treatment. This method, in conjunction with
other in vitro and in vivo tests, may be used to improve the
workflow of ligand screening, saving time, costs, and
materials.

An ACE method using a dynamically coated capillary and
HEPES buffer at pH 7.4 as background electrolyte was pro-
posed, simulating physiologically relevant experimental con-
ditions. A total of 13 ligands, including antibiotics and other
small molecules, were screened. Only three ligands, neomy-
cin, PTMD, and a PTMD analogue, EBAB, exhibited high
affinity for the CUG50 RNA repeat motif. Even though neo-
mycin shows the highest affinity confirming some of the pre-
viously published data, EBAB remains the prime drug candi-
date due to its high affinity for the CUG probe, while main-
taining a low cellular toxicity.

Even though ACE experiments fail to offer information
regarding the stoichiometry of the binding process, a simple
CE method provided relevant data regarding the similarities
between PTMD and EBAB in terms of binding ratio (~ 120
molecules) with the RNA (CUG)50 probe. Furthermore, the

therapeutic potential of EBAB in DM1 field was proven for the
first time by fluorescence microscopy using a cellular model.

In order to clarify the clinical relevance and pinpoint the
potential therapeutic value in DM1 of such interactions be-
tween high affinity ligands and the CUG repeats, further stud-
ies are still required, testing CUG repeats even closer in length
(above 50 repeats) with to the ones occurring in the targeted
pathology. Nevertheless, other biomolecular investigations,
especially the evaluation of the rescue in the mis-splicing of
the involved genes, have to be performed to corroborate the
therapeutic potential of EBAB in DM1.
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