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a b s t r a c t

Myotonic Dystrophy type 1 (DM1) is an incurable neuromuscular disorder caused by toxic DMPK
transcripts that carry CUG repeat expansions in the 30 untranslated region (30UTR). The intrinsic com-
plexity and lack of crystallographic data makes noncoding RNA regions challenging targets to study in
the field of drug discovery. In DM1, toxic transcripts tend to stall in the nuclei forming complex inclu-
sion bodies called foci and sequester many essential alternative splicing factors such as Muscleblind-
like 1 (MBNL1). Most DM1 phenotypic features stem from the reduced availability of free MBNL1 and
therefore many therapeutic efforts are focused on recovering its normal activity. For that purpose,
herein we present pyrido[2,3-d]pyrimidin-7-(8H)-ones, a privileged scaffold showing remarkable bio-
logical activity against many targets involved in human disorders including cancer and viral diseases.
Their combination with a flexible linker meets the requirements to stabilise DM1 toxic transcripts,
and therefore, enabling the release of MBNL1. Therefore, a set of novel pyrido[2,3-d]pyrimidin-7-
(8H)-ones derivatives (1a-e) were obtained using click chemistry. 1a exerted over 20% MBNL1 recov-
ery on DM1 toxic RNA activity in primary cell biology studies using patient-derived myoblasts. 1a
promising anti DM1 activity may lead to subsequent generations of ligands, highlighting a new afford-
able treatment against DM1.

� 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Trinucleotide repeat expansion diseases (TREDs) are character-
ized by an expansion into a disease-causing range of a short homo-
geneous sequence of nucleotides [1]. These microsatellite
expansions may not be toxic per se. In some cases they are located
in intronic or intergenic loci; however, they usually undergo tran-
scription giving rise to aberrant transcripts and, in some cases, if
these mRNAs are successfully exported outside the nuclei, they
may trigger repeat-associated non-AUG (RAN) translation [2].
One representative case of TRED is myotonic dystrophy type 1
(DM1). DM1 is the most common adult-onset muscular dystrophy,
an incurable neuromuscular disorder characterized by symptoms
such as progressive muscle weakening, myotonia, cardiac
arrhythmias, cognitive dysfunction, and cataracts [3]. To date,
there is no effective treatment against this disease. This fact, along
with the increasing number of cases due to the improvement of
diagnostic tools, is raising awareness of DM1-like diseases [4].
The expansion of dCTG repeats within the 30 untranslated (30-
UTR) region of the dystrophia myotonica protein kinase (DMPK)
gene constitutes the molecular basis of the disease [5]. Somatic
instability related to this expansion causes progressive phenotypic
worsening as the pathogenic CTG expansion tends to grow with
age [6]. Upon that, mutant DMPK transcription produces aberrant
non-coding CUG trinucleotide pre-mRNAs [r(CUG)EXP]. These tran-
scripts fail to exit to the cytosol and tend to accumulate in the
nuclei and sequester many essential RNA-binding proteins (RBPs),
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such as Muscleblind-like 1 (MBNL1) [7], forming complex inclusion
bodies called ribonuclear foci [8]. These gel-like structures are able
to arrest different RBP when forming foci or being in their diffuse
state. Concomitant to MBNL1 sequestration, CUGBP Elav-like
family member 1 (CELF1), an MBNL1 antagonist, is upregulated
in DM1 patients [9]. Both MBNL1 and CELF1 proteins are essential
alternative splicing factors and their alterations in DM1 maintain a
fetal splicing pattern of several muscle transcripts in adults. There-
fore, the fetal isoforms are produced instead of the adult ones.
Hence, the unbalance in splicing pattern originates disease symp-
toms. Most phenotypic features are explained through MBNL1 pro-
tein sequestration in the foci, albeit DM1 is a multifactorial disease
[10]. Therefore, relieving MBNL1 off the foci, and thus recovering
the normal splicing pattern, is a remarkable goal in drug develop-
ment against DM1.

To recover MBNL1 and balance the splicing pattern, many
strategies have been described: [11,12] including gene editing,
transcription repression or chemotherapy (i.e.: antisense oligonu-
cleotides, peptides, and small molecules) [13–18]. Currently, the
small molecule approach is undoubtedly the preferred pharmaco-
logical strategy to treat any kind of disease due to its robustness
and cost-effectiveness ratio. In the last few years, some molecular
entities have been described to exert a significant activity against
DM1. They can be classified into few major groups based on their
characteristic mechanisms of action: compounds able to bind
DNA and repress transcription, inhibitors able to recover missplic-
ing events by CELF1 repression, and compounds able to recover
MBNL1 from the foci by targeting RNA [18–20]. Focusing on the
foci, only three strategies have led to compounds able to achieve
selectivity and potency: groove binding, base intercalation, and
base recognition [18,19,21]. Among them, and given the charac-
teristic regular structure of DM1 transcripts, base recognizers rep-
resent the most revolutionary strategy in terms of having a
comprehensive action mechanism. They act mimicking nucleo-
tides and stablishing hydrogen bond interactions with the target
nucleic acids. This leads to a secondary structure stabilization in
double-stranded conformation of CUG. As previously described,
stabilization of r(CUG)EXP triggers MBNL1 recovery as MBNL1
colocalizes with CUG in foci [22]. Such an accomplishment has
also been reported via uridine replacement, antisense oligonu-
cleotides treatment [15].

In order to adapt base recognition strategy to exogenous drug-
like structures a common paradigm is used. Candidates must be
able to bridge non-canonical Watson-Crick base pairs, the so-
called Janus-Wedge interaction (JW) [23]. The interaction of these
molecules with the foci can turn the unstructured gel-like inclu-
sion bodies to regular double stranded conformation (dsCUG). An
example of base recognizers is the Zimmerman’s bisamidinium lin-
ker (Z), which is included in this study as reference [24]. The target
nucleobases to fit in the recognizers are the U�U mismatches that
are generated when dsCUG conformation is achieved [25]. By sta-
bilizing the irregular structure of the foci, the toxic r(CUG)EXP may
return to its soluble and non-pathogenic form, relieving MBNL1.

We applied a de novo computer-aided drug design procedure to
predict the ability of novel compounds to bind to r(CUG)EXP. The
consideration of Janus-Wedge interactions as the base mechanism
for CUG recognition led us to the identification of a novel active
core based on pyrido[2,3-d]pyrimidine derivatives. Pyrido[2,3-d]
pyrimidine is a privileged scaffold with notable biological activity
in fields such as cancer or viral diseases [26,27]. Herein, we report
a set of new multivalent compounds, composed by two pyrido[2,3-
d]pyrimidin-7-(8H)-ones units linked by an aliphatic spacer
(Fig. 1a), able to target two U�U mismatches in r(CUG)EXP struc-
tures via Janus-Wedge interactions (Fig. 1b). The effect of the
spacer length on the ability to rescue MBNL1 was assessed by both
computational and biological techniques.
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2. Materials and methods

2.1. Computer-aided molecular design

2.1.1. Receptor preparation
The receptor used in the current study is a CUG16 RNA model

previously developed [28]. The flexible behavior of the system
was assessed by molecular dynamics simulations. The system
was initially heated to 300 K within 500 ps restraining the position
of the RNA with a 2.0 kcal/mol�Å2 force constant. These restraints
were gradually reduced along the system’s equilibration stage, per-
formed at constant temperature and pressure (1.0 bar, 300 K corre-
spondingly). A final NPT production stage was conducted during
100 ns without restraints. The Particle Mesh Ewald method was
used for electrostatics interactions under periodic boundary condi-
tions and SHAKE [29] algorithm was applied for hydrogen atoms.
The time step was fixed to 2 fs and simulations were conducted
using AMBER18 software (University of California, San Francisco,
CA). Upon that, a set of frames exhibiting opening values similar
to the ones expected from alternate U�Umismatches were selected
using the cpptraj [30] module.

2.1.2. Pharmacophore model and docking
A pharmacophore model was developed using Molecular Oper-

ating Environment (MOE) software (Chemical Computing Group,
Montreal, QC), to evaluate the ability of the ligands to establish a
Janus-Wedge interaction pattern with two U�U mismatches. The
generated model involved three consecutive U�U mismatches,
each of them led to 5 pharmacophore features (three H-bond
donors and two H-bond acceptors) (Fig. S1). Thereafter, pharma-
cophore guided docking was performed using MOE under induced
fit conditions. We considered two different score functions (Lon-
don dG and GBVI/WSA dG) for the docking study. The best confor-
mation for each ligand was selected for the subsequent
calculations.

2.1.3. Molecular dynamics and data analysis
Ligands were prepared in UCSF-Chimera [31], calculating AM1-

BCC atomic charges and using the GAFF [32] forcefield. Complex
structures were generated using tleap, defining the Amber14 and
Rochester torsions forcefields [33] for the RNA. Complexes were
neutralized and solvated using the OPC water model in a truncated
octahedral box [34]. All molecular dynamics simulations were con-
ducted using pmemd.cuda module in Amber18.[35–37] and run
through the following steps. The system was initially heated to
300 K within 500 ps restraining the position of the RNA with a 2.
0 kcal/mol�Å2 force constant. These restraints were gradually
reduced along the system’s equilibration stage, performed at con-
stant temperature and pressure (1.0 bar, 300 K correspondingly).
A final NPT production stage was conducted during 100 ns without
restraints. The Particle Mesh Ewald method was used for electro-
statics interactions under periodic boundary conditions and SHAKE
[29] algorithm was applied for hydrogen atoms. The time step was
set to 2 fs. RMSD analysis for the full-length trajectories was con-
ducted using ccptraj module and MMPBSA binding free energies
were calculated for the last 20 ns of simulation. RNA structural
parameters analysis was performed using the X3DNA software
[38]. Data analysis and plotting were performed using R (R Founda-
tion for Statistical Computing, Vienna, AT).

2.2. Chemistry

2.2.1. General considerations
All solvents and chemicals were reagent grade. Unless other-

wise mentioned, all solvents and chemicals were purchased from



Fig. 1. General structure of ligands proposed on current work. a) All structures are characterized for bearing a pyrido[2,3-d]pyrimidine scaffold at both terminal ends
separated by a series of aliphatic spacers of different lengths. Both terminal scaffolds are bound to the central spacer with amide bond. b) JanusWedge interaction mechanism
described between an U�U mismatch and the introduced pyrido[2,3-d]pyrimidine scaffold, allowing base recognition of singular nucleic acids such as dsCUG.
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commercial vendors (Sigma Aldrich, ABCR, Fluorochem, Apollo sci-
entific and ACROS Organics) and used without further purification.
1H and 13C and spectra were recorded on a Varian 400-MR spec-
trometer (1H NMR at 400 MHz and 13C NMR at 100.5 MHz). Chem-
ical shifts were reported in parts per million (d) and are referenced
to the residual signal of the solvent DMSO d6 2.50 ppm or in 1H
NMR spectra and to the residual signal of the solvent DMSO d6
39.5 ppm in 13C NMR). Coupling constants are reported in Hertz
(Hz). Standard and peak multiplicities are designed as follows: s,
singlet; d, doublet; dd, doublet of doublets; ddd, doublet of dou-
blets of doublets; t, triplet; tt, triplet of triplets; br, broad signal.
IR spectra were recorded in a Thermo Scientific Nicolet iS10 FTIR
spectrophotometer with Smart iTr. Wavenumbers (m) are reported
in cm�1. MS data (m/z (%), EI, 70 eV) were obtained by using an Agi-
lent Technologies 5975. HRMS data were obtained by using a Bru-
ker micrOTOF (ESI-FIA-TOF). Elemental microanalyses were
obtained on a EuroVector Instruments Euro EA 3000 elemental
analyzer. The melting points were determined with a Büchi-
Tottoli 530 capillary apparatus and are uncorrected. Automatic
flash chromatography was performed in an Isco Teledyne Combi-
flash Rf medium pressure liquid chromatograph with RediSep� sil-
ica gel columns (35–70 mm) using a suitable mixture of solvents as
eluent. Microwave irradiation experiments were carried out in an
Biotage InitiatorTM microwave apparatus, operating at a frequency
of 2.45 GHz with continuous irradiation power from 0 to 400 W.
Reactions were carried out in 5, or 20 mL glass tubes, sealed with
aluminum/Teflon crimp tops. Compound 3 and Z were prepared
according to literature [24,39].

dimethyl 2-methylenesuccinate (3)0.4 purified by flash chro-
matography (Cy: AcOEt, 80:20) 2.94 g (19 mmol, 48% yield) was
afforded as a colorless oil. 1H NMR (CDCl3, 400 MHz): d 6.18 (s,
1H), 5.60 (s, 1H), 3.66–3.61 (m, 3H), 3.59–3.54 (m, 3H), 3.21 (s,
2H). Spectroscopic data are consistent with those reported in
reference.

dimethyl 2-(2,2-dicyanoethyl)succinate (6). NaH (0.13 g,
5.41 mmol) was dissolved in anhydrous THF (5 mL) and the result-
ing mixture was stirred for 10 min at room temperature. Then,
malononitrile (0.21 g, 2.14 mmol) was dissolved in anhydrous
THF (5 mL) and added to the mixture that was further stirred for
20 min at room temperature. After that, 4 (0.50 g, 3.16 mmol)
was dissolved in anhydrous THF (5 mL) and added to the mixture
that was stirred for 2 h at 40 �C. After this period, water was added.
The resulting mixture was acidified with concentrated acetic acid
and extracted with dichloromethane (3� 15mL). The organic layer
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was dried over MgSO4, filtered, and evaporated under reduced
pressure to afford 6 (0.61 g, 2.7 mmol, 87% yield) as a brown oil.
1H NMR (400 MHz, CDCl3): d 4.23 (dd, J = 9.8, 5.7 Hz, 1H), 3.74
(s, 3H), 3.70 (s, 3H), 3.09 – 2.99 (m, 1H), 2.74 (ddt, J = 22.8, 17.2,
6.0 Hz, 2H), 2.50 (ddd, J = 13.9, 10.2, 5.7 Hz, 1H), 2.20 (ddd,
J = 13.9, 9.8, 4.0 Hz, 1H); 13C NMR (100.6 MHz, CDCl3): d 172.5,
171.0, 112.5, 112.3, 52.8, 52.3, 38.0, 35.5, 32.1, 21.3; IR (KBr)
mmax(cm�1): 2959, 2928, 1735, 1440, 1376, 1214, 1170.

methyl 2-(2,4-diamino-7-oxo-5,6,7,8-tetrahydropyrido[2,3-d]
pyrimidin-6-yl)acetate (4). Compound 3 (1.6 g, 10.3 mmol),
malononitrile (0.35 g, 5.2 mmol) and guanidine carbonate
(0.93 g, 5.2 mmol) were added to a microwave vial with 20 mL
of anhydrous MeOH. The mixture was heated at 140 �C under
microwave irradiation for 15 min. The resultant solid was collected
by filtration, washed with H2O and Et2O and oven dried to afford
0.93 g (3.7 mmol, 71% yield) of 4 as yellow solid.

Or alternatively, guanidine carbonate (1.08 g, 6.02 mmol) and
sodium methoxide (650 mg, 12.0 mmol) were refluxed in 4.5 mL
of anhydrous MeOH under Ar atmosphere for 15 min. The mixture
was filtered to eliminate the formed sodium carbonate. To the
resulting solution, 6 (900 mg, 4.0 mmol) was added. Then, the mix-
ture was refluxed under Ar atmosphere overnight. The formed
solid was filtered and washed with water, EtOH and Et2O. Methyl
2-(2,4-diamino-7-oxo-5,6,7,8-tetrahydropyrido[2,3-d]pyrimidin-
6-yl)acetate (4) (520 mg, 2.1 mmol, 52% yield) was obtained as a
yellow solid. mp = 276.8 �C; 1H NMR (400 MHz, DMSO d6): d
10.29 (s, 1H), 6.17 (s, 2H), 5.85 (s, 2H), 3.62 (s, 3H), 2.89–2.70
(m, 3H), 2.47–2.43 (m, 1H), 2.26 (dd, J = 15.3, 13.0 Hz); 13C NMR
(100.6 MHz, DMSO d6): d 172.4, 172.0, 161.7, 156.4, 83.7, 51.4,
36.8, 34.0, 23.0; IR (KBr) mmax(cm�1): 3381, 3346, 3189, 1717,
1683, 1634, 1570, 1493, 1445, 1391, 1364, 1296, 1237, 1223,
1159; MS (EI) m/z: 251.1 (7%) [M + 1]+, 178.1 (100%).

2-(2,4-diamino-7-oxo-5,6,7,8-tetrahydropyrido[2,3-d]pyrimidin-
6-yl)acetic acid (5). Compound 4 (0.500 g, 2.0 mmol) was dissolved
in NaOH 0.5 M (7 mL) and the solution was stirred for 21 h. Reac-
tion mixture was acidified with conc. HCl, then, the mixture was
filtered and the resulting solid was washed with H2O and oven
dried to afford 2-(2,4-diamino-7-oxo-5,6,7,8-tetrahydropyrido[2,3
-d]pyrimidin-6-yl)acetic acid (0.298 g, 1.26 mmol, 63% yield) as a
white solid. mp > 300 �C; 1H NMR (400 MHz, DMSO d6): d 12.25
(s, 1H), 10.74 (s, 1H), 7.74 (s, 2H), 7.53 (s, 2H), 2.94–2.80 (m, 2H),
2.71 (dd, J = 16.9, 4.9 Hz, 1H), 2.43 (dd, J = 17.0, 6.6 Hz, 1H), 2.35
(dd, J = 14.8, 12.9 Hz, 1H); 13C NMR (100.6 MHz, DMSO d6): d
178.2, 175.6, 159.3, 154.7, 83.1, 41.1, 37.5, 24.9; IR (KBr)
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mmax(cm�1): 3444, 3368, 3160, 1698, 1646, 1397; HRMS (m/z):
[M + 1]+ calcd. for C9H12N5O3: 238.0935; found: 238.0935.
2.2.2. General procedure for the synthesis of ligands 1a-e
1 eq 5, 1 eq of the corresponding aliphatic diamine, 2.2 eq

EDC�HCl and 2.2 eq DMAP are dissolved in anhydrous DMF
(2.5 mL) and the mixture is stirred for 24 h at room temperature.
After that, the reaction mixture is concentrated under reduced
pressure. The resulting solid is resuspended in HCl 0.5 M to afford
the desired diamides by filtration.

N,N’-(pentane-1,5-diyl)bis(2-(2,4-diamino-7-oxo-5,6,7,8-tetrahy
dropyrido[2,3-d] pyrimidin-6-yl)acetamide) (1a). 60 mg (0.11 mmol,
44% yield). mp > 300 �C; 1H NMR (400 MHz, DMSO d6): d 10.48 (s,
2H), 7.98 (t, J = 5.5 Hz, 2H), 7.36 (s, 4H), 7.07 (s, 4H), 3.10–2.99 (m,
4H), 2.92–2.84 (m, 2H), 2.73 (dd, J = 15.6, 7.0 Hz, 2H), 2.60 (dd,
J = 15.4, 4.5 Hz, 2H), 2.30–2.19 (m, 4H), 1.44–1.37 (m, 4H), 1.44–
1.23 (m, 2H); 13C NMR (100.6 MHz, DMSO d6): d 172.8, 169.7,
154.9, 83.5, 38.6, 36.2, 35.2, 28.8, 23.9, 22.2; IR (KBr) mmax(cm�1):
3361, 2932, 1648, 1569, 1495, 1462, 1395, 1329, 1274, 1226,
1164, 1088, 762, 600; HRMS (m/z): [M + 1]+ calcd. for
C23H33N12O4, 541.2742; found, 541.2743.

N,N’-(heptane-1,7-diyl)bis(2-(2,4-diamino-7-oxo-5,6,7,8-tetrahy
dropyrido[2,3-d] pyrimidin-6-yl)acetamide) (1b). 80 mg (0.14 mmol,
57% yield). mp > 300 �C;1H NMR (400 MHz, DMSO d6): d 10.63 (s,
2H), 7.88 (t, J = 5.6 Hz, 4H), 7.56 (s, 4H), 7.36 (s, 4H), 3.10–2.96
(m, 4H), 2.91–2.85 (m, 2H), 2.74 (dd, J = 15.4, 6.9 Hz, 2H), 2.60
(dd, J = 15.5, 4.5 Hz, 2H), 2.32–2.19 (m, 4H), 1.40–1.37 (m, 4H),
1.25 (s, 6H); 13C NMR (100.6 MHz, DMSO d6): d 172.8, 169.6,
153.5, 83.4, 39.1, 36.0, 35.0, 29.1, 28.5, 26.4, 22.0; IR (KBr)
mmax(cm�1): 3383, 2927, 2853, 1642, 1497, 1387, 1318, 1270,
1226, 1162, 1086, 818, 761, 534; HRMS (m/z): [M + 1]+ calcd. for
C25H37N12O4, 569.3055; found, 569.3052.

N,N’-(octane-1,8-diyl)bis(2-(2,4-diamino-7-oxo-5,6,7,8-tetrahy
dropyrido[2,3-d] pyrimidin-6-yl)acetamide) (1c). 76 mg (0.13 mmol,
52% yield). mp > 300 �C; 1H NMR (400 MHz, DMSO d6): d 10.14 (s,
2H), 7.82 (t, J = 3.8 Hz, 2H), 6.14 (s, 4H), 5.82 (s, 4H), 3.09–2.99 (m,
4H), 2.85–2.78 (m, 2H), 2.70–2.59 (m, 4H), 2.26–2.13 (m, 4H),
1.40–1.38 (m, 4H), 1.25 (s, 8H); 13C NMR (100 MHz, DMSO d6) d
173.3, 170.0, 161.8, 161.6, 156.3, 83.7, 38.6, 36.9, 35.7, 29.1, 28.8,
26.5, 23. IR (KBr) mmax (cm�1): 3372, 3192, 2925, 1643, 1598,
1569, 1506, 1458, 1387, 1277, 1225, 1093, 1015, 815, 760, 678,
536, 436; HRMS (m/z): [M + 1]+ calcd. for C26H39N12O4,
583.3212; found, 583.3211.

N,N’-(nonane-1,9-diyl)bis(2-(2,4-diamino-7-oxo-5,6,7,8-tetrahy
dropyrido[2,3-d] pyrimidin-6-yl)acetamide) (1d). 80 mg (0.14 mmol,
57% yield). mp > 300 �C; 1H NMR (400 MHz, DMSO d6): d 10.20 (s,
2H), 7.80 (t, J = 5.5 Hz, 2H), 6.15 (s, 4H), 5.85 (s, 4H), 3.10–2.98 (m,
4H), 2.87–2.79 (m, 2H), 2.67–2.55 (m, 2H), 2.26–2.12 (m, 4H),
1.40– 1.38(m, 4H), 1.25 (s, 10H); 13C NMR (100 MHz, DMSO d6) d
172.8, 169.6, 164.1, 83.5, 38.6, 36.1, 35.1, 29.1, 28.8, 26.5; IR
(KBr) mmax (cm�1): 3338, 2925, 2852, 1646, 1565, 1494, 1465,
1389, 1320, 1269, 1226, 1165, 1087, 818, 762, 668, 535; HRMS
(m/z): [M + 1]+ calcd. for C27H41N12O4, 597.3368; found, 597.3370.

N,N’-(decane-1,10-diyl)bis(2-(2,4-diamino-7-oxo-5,6,7,8-tetrahy
dropyrido[2,3-d] pyrimidin-6-yl)acetamide) (1e). 80 mg (0.14 mmol,
57% yield). mp > 300 �C; 1H NMR (400 MHz, DMSO d6): d 10.54 (s,
2H), 7.88 (t, J = 5.6 Hz, 2H), 7.34 (s, 4H), 7.10 (s, 4H), 3.12–2.95 (m,
4H), 2.90–2.84 (m, 2H), 2.76–2.70 (m, 2H), 2.63–2.58 (m, 2H),
2.28–21.8 (m, 4H), 1.39 (t, J = 6.8 Hz, 4H), 1.25 (s, 12H); 13C NMR
(100 MHz, DMSO d6) d 173.0, 169.7, 155.8, 83.5, 38.7, 36.3, 35.2,
29.1, 29.0, 28.8, 26.5, 22.3; IR (KBr) mmax (cm�1): 3382, 2923,
2851, 1641, 1566, 1461, 1387, 1320, 1271, 1224, 1161, 1087,
816, 762, 534; HRMS (m/z): [M + 1]+ calcd. for C28H43N12O4,
611.3525; found, 611.3525.
54
2.3. Biochemistry

2.3.1. Protein purification
Competent BL21(DE3)pLysS E. coli (Invitrogen, Thermo Scien-

tific, Carlsbad, CA) were transformed with the pGEX-6P-MBNL1-
D105-His plasmid (GE Healthcare & Invitrogen) [40]. A single
colony of the transfected BL21 was picked into 10 mL of LB with
100 lg/mL ampicillin and grown for 16 h at 37 �C and 200 rpm.
1 mL of the resulting culture mixture was inoculated to 1 L of LB
with 100 lg/mL ampicillin and incubated at 37 �C and 150 rpm
in a shaking incubator until OD600nm reached 0.5–0.6. The cell cul-
ture was then induced with 500 lM IPTG for 3 h at 30 �C. There-
after, the culture media was centrifuged at 4000 xg and 4 �C for
30 min*. The supernatant was discarded and the pellet was resus-
pended in 50 mL of cell lysis buffer (150 mM NaCl, 50 mM Tris-HCl
(pH 8.00), 5 mM imidazole, 0.1% IGEPAL CA-630, 5% glycerol and
freshly added: 0.1 M PMSF, 5 mM benzamidine, 1 EDTA-free com-
plete protease inhibitors tablet, 1 mM DNAse and 1 mg/mL lyso-
zyme). The cell culture was lysed by alternating 15 cycles of
sonication (1 min sonication – 1 min icing). To remove cell debris,
the sample was centrifuged at 10,000 xg and 4 �C for 50 min and
the supernatant was collected for purification. The supernatant
was added to 2 mL of a previously equilibrated TALON� Metal
Affinity Resin (Takara Bio, Kusatsu, JP) and incubated at 4 �C for
1 h. The resin was washed three times with 10 column volumes
(30 mL � 3 times) of washing buffer (150 mM NaCl, 50 mM Tris-
HCl (pH 8.00), 25 mM imidazole, 0.1% IGEPAL CA-630, 5% glycerol).
The protein was eluted with 5 mL of elution buffer (150 mM NaCl,
50 mM Tris-HCl (pH 8.00), 250 mM imidazole, 0.1% IGEPAL CA-630,
5% glycerol). The eluates were added to PD-10 Desalting Columns
(GE Healthcare, Chicago, IL) that was previously preequilibrated
using fluorescence test buffer (25 mM HEPES pH 7.4, 110 mM
KCL, 10 mM NaCl, 1 mM MgCl2, 15 lM ZnCl2, 0.02%Tween-20).
Protein purity was assessed via Comassie staining of SDS-PAGE
electrophoresis 10% polyacrylamide gel (Figure S4). Finally, GST-
MBNL1-His6 was quantified via direct absorbance spectroscopy at
280 nm using the ExPASy Protparam (protein parameter) tool to
assess extinction coefficient (57300 M�1�cm�1) [41]. GST-MBNL1-
His6 samples were stored at �80 �C with 50% glycerol. Prior to each
use, samples were ultracentrifuged at 150,000 xg, 4 �C for 1 h and
quantified to avoid aggregation issues.

2.3.2. AID 2675
The previously described assay was adapted to RNase pre-

treated 96-well plates (Greiner, Kremsmünster, AT). Reagents were
premixed and added to the wells containing compounds solution
(20 nM Biot-(CUG)6, 20 nM MBNL1-His6, 0,11 ng/mL anti-His-Tb,
10 mM SA-XL665 and 0,1 mM tested compound). All reagents were
diluted in binding buffer composed of 25 mM HEPES pH 7.4,
110 mM KCl, 10 mM NaCl, 1 mM MgCl2, 15 lM ZnCl2, 0.02%
Tween-20, 0.1% BSA and 5 mM freshly added DTT. After 60 min
incubation at room temperature, the fluorescence was measured
using a BMG Labtech Fluostar Optima microplate reader. Samples
were irradiated at 340 nm, and fluorescence was read at 545 and
FRET at 665 nm with a time gap of 30 ms and an integration time
of 1500 ms.

2.4. Cell biology

2.4.1. Cell culture
Immortalized human myoblasts, control and DM1 derived from

primary dermal fibroblasts of control and DM1 affected individuals
respectively, were used as described in previous work [13]. Fibrob-
lasts were sequentially infected with retroviral vectors carrying
TERT and Hygromycin selection (Addgene #1773, Cambridge,
MA) [42], and with retroviruses carrying estrogen-inducible mouse



R. Ondono, Á. Lirio, C. Elvira et al. Computational and Structural Biotechnology Journal 19 (2021) 51–61
Myod1 and puromycin selection (Addgene #13494) [43]. Cells
were propagated in dishes coated with collagen from rat tail at
5 mg/cm2 (Gibco, Thermo Fisher Scientific, Waltham, MA), using
DMEM without phenol red (Gibco, Thermo Fisher Scientific, Wal-
tham, MA) supplemented with 15% FBS (Sigma-Aldrich, St. Louis,
MO) and incubated for 48 h. Differentiation to myotubes was
induced by growing cells to confluency and replacing the prolifer-
ation medium with differentiation medium consisting of DMEM
without phenol red supplemented with 10-7 M b-estradiol
(Sigma-Aldrich) and 2% horse serum and incubating for 24 h. All
cells were incubated under a 5% CO2 atmosphere at 37 �C. For
PCR and WB experiments 35 mm dishes were seeded at 1.3�103
cells/cm2 whereas for FISH and IF cells where seeded on glass cov-
erslips at 3.2�103 cells/cm2. DM1 cells were treated with the com-
pounds at 10 mM for 48 h in all experiments.

2.4.2. FISH IF
Treated cells were washed twice in PBS for 5 min. After that,

cells were fixed with 2% formaldehyde for 30 min at 4 �C. After fix-
ation, coverslips were washed 3 times in PBS, and permeabilized in
0.4% TritonTM X-100 (Sigma-Aldrich) in PBS for 10 min. After wash-
ing with PBS 3 times, coverslips were incubated in 40% formamide
and 2x SSC for 10 min at room temperature and then hybridized
with (CAG)6 probe labeled with Texas Red at the 50 end (IDT, Cor-
alville, IA) (1 ng/lL for 2 h at 37 �C in 30% formamide, 2x SSC, 0.02%
BSA, 67 ng/lL yeast tRNA, 2 mM vanadyl ribonucleoside complex).
Cells were then washed first in 40% formamide and 2x SSC at 45 �C
for 30 min. After that, coverslips were washed sequentially in 2x
SSC and 1x SSC at 45 �C for 15 min each. Then, samples were incu-
bated with anti-MBNL1 3A4 antibody (Santa Cruz Biotechnology)
solution in PBS at room temperature for 1 h. After that samples
were washed 3 times with PBS and incubated using goat anti-
mouse IgG-Alexa Fluor 488 (Invitrogen, Thermo Scientific, Carls-
bad, CA). After that, samples were incubated with Hoechst
33,258 (Invitrogen) in PBS at room temperature for 10 min. Finally,
coverslips were washed 3 times in PBS, water and mounted on
glass slides with ProLongTM Gold Antifade Mountant (Invitrogen).
Samples were examined with an Olympus AX70 immunofluores-
cence microscope. Images were recorded on an Olympus XM10
camera and processed using the Olympus CellSens Standard 1.8.1
software. Cell quantification was conducted using ImageJ software.

2.4.3. Western blot
Treated cells were washed twice with PBS for 5 min. After that,

cells were ice cooled and lysed by adding RIPA buffer (50 mM Tris
HCl pH 7.4, 150 mM NaCl, 0.5% Sodium deoxycholate, 0.1% SDS, 1%
NP40, 1 mM EDTA, 5 mM NaF, 5 mM Na3VO4 and Protease inhibi-
tor cocktail (Sigma-Aldrich, St. Louis, MO). After 5 min of incuba-
tion at 0 �C, cells were scraped, and the lysate was transferred to
an Eppendorf tube. The extract was centrifuged at 14,000 xg, 4 �C
for 10 min to remove cell debris. The supernatant was transferred
to a new Eppendorf tube and total protein concentration was
assessed using the Micro BCA Protein Assay Kit (Thermo Scientific,
Waltham, MA). Homogeneous protein samples mixed with
Laemmli sample buffer and Novex Nupage sample reducing agent
(Invitrogen, Thermo Scientific, Carlsbad, CA) were loaded and sep-
arated using Bolt 4–20% Tris-glycine SDS-PAGE (Invitrogen,
Thermo Scientific, Carlsbad, CA). Gels were run in Novex Nupage
MOPS buffer (Invitrogen, Thermo Scientific, Carlsbad, CA) setting
voltage to 220 V for 40 min. After gel running, proteins were trans-
ferred to PVDF or nitrocellulose membranes using a stack soaked in
transfer buffer (25 mM Tris, 190 mM glycine, 10% methanol) and
setting current at 350 mA for 90 min at 4 �C. After checking correct
transferring using ponceau staining, membranes were blocked for
1 h with 5% non-fat dry milk in Tris-buffered saline containing
0.05% Tween 20 (TBST). After 3 washes with TBST, membranes
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were then exposed to primary antibodies overnight at 4 �C
(MBNL1, CUGBP1, myogenin, myosin). Subsequently, membranes
were washed 3 times in TBST and incubated in horseradish-perox
idase-conjugated anti-mouse antibody solution at room tempera-
ture for 1 h. Finally, Chemiluminescence detection was achieved
using ETA C 2.0 and NOVA 2.0 reagents (Cyanagen, Bologna, Italy)
in a ChemiDoc XRS+ (Bio-Rad, Hercules, CA). Imaging and quantita-
tion of the bands were carried out by the ChemiDoc XRS Western
Blot Imaging System using the ImageLab 4.0 software (Bio-Rad,
Hercules, CA). Equal loading of proteins onto the gel was confirmed
by immunodetection of vinculin using Monoclonal Ab aVinculin
(Sigma-Aldrich, St. Louis, MO) at room temperature for 1 h.

2.4.4. PCR
RNAs from both control and patient cell lines were extracted

with TRIzol reagent (Invitrogen, Thermo Scientific, Carlsbad, CA).
Cells were washed twice with PBS and frozen at �80 �C for
30 min. After that, TRIzol reagent was added and cells were
scraped off the plates, transferred into Eppendorf tubes and incu-
bated at room temperature for 5 min. Chloroform was added and
the resulting mixture was vigorously shaken and incubated
3 min at room temperature. The aqueous phase was separated by
centrifugation, and RNA precipitated by adding IPA. The sample
was centrifuged at 12,000 xg for 10 min at 4 �C. The supernatant
was discarded, and the RNA was washed twice with ethanol 80%
prechilled at �20 �C. After drying, samples were dissolved in
RNAse free water, incubated 5 min at 60 �C, cooled in ice and quan-
tified using Nanodrop ND-1000 (Nanodrop Technologies, Wilming-
ton, DE). After that, RNA samples were retro transcribed with the
GoScript Reverse Transcription System (Promega, Fitchburg, WI).
Oligo (dT) and random primers were preincubated with RNA for
5 min at 70 �C. The resulting mixture was chilled in ice for
5 min. Next, reactions were prepared by adding 3 mM MgCl2,
PCR Nucl. Mix, Rnasin, Reverse Transcriptase and placed in the
thermal cycler at 42 �C for 1 h, 70 �C for 15 min and finally chilled.
The resulting cDNA samples were amplified with GoTaq Flexi DNA
Polymerase (Promega, Fitchburg, WI) for 35 cycles using the speci-
fic primers (Table S2). Upon reaction ending, samples were loaded
on agarose gel containing Midori staining (Nippon Genetics, Düren,
GE). Quantitation of amplified bands on gel images was performed
using UVITec1D software. Exon inclusion was quantified as the
percentage of the total intensity of both isoforms.

2.4.5. Statistics
All biological experiments were performed at least in triplicate,

and pictures represent typical examples. Data are presented as
mean ± standard deviation (SD). A two-tailed unpaired t-test was
applied for assessment of the statistical significance of differences
between two groups. A p-value lower than 0.05 was deemed statis-
tically significant. Statistical analyses were conducted using
GraphPad Prism version 7.01 (GraphPad Software, Inc., La Jolla,
CA, USA).
3. Results

3.1. Rational design

The binding mechanism of 1a-1e compounds was assessed by
combining molecular docking and molecular dynamics simula-
tions, using a short hairpin CUG16 (shCUG) model as receptor
[28]. Although allowing moderate motion of the side chains, flexi-
ble docking does not guarantee the generation of Janus-Wedge
arrangement. Given the difficulty in dealing with static structures,
molecular dynamics simulations were applied to generate an
ensemble of shCUG conformations. The length of the hairpin model
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ensures a sufficiently large double-stranded conformation for biva-
lent ligands to bind consecutive or non-consecutive uridine units.
It is also short enough to allow long production times in MDs,
which is a critical point in this study. Dynamics of non-canonical
U�U pairs were therefore analyzed to capture the preferred confor-
mation able to stabilize JW interactions. Docking was
pharmacophore-guided considering that base recognizers tend to
fall in base pairs via major groove (Fig S1) [24]. The pyrido[2,3-d]
pyrimidine unit fulfils the requirements to act as uracil recognizer,
establishing the desired hydrogen bond (Fig. 2a).

The stability of docked complexes was assessed by molecular
dynamics (MD, Fig. S2). The spacer length determines the binding
mechanism of pyrido[2,3-d]pyrimidine derivatives and their ability
to act as bivalent ligands (targeting two U�U pairs); shorter linkers
would not be long enough to reach both mismatches while longer
ones could trigger swapping the interaction to a more distant base
pair. The stability of all complexes was assessed by studying the
structural parameters and quantified through MMPBSA analysis.

Variations in the binding mechanism would explain the differ-
ence in Poisson-Boltzmann Gibbs free energy of binding (D�GPB),
predicted by MMPBSA (Fig. 2b). Results show a clear dependence
of the spacer length, highlighting 1a and 1e (-37 ± 5 kcal/mol
and �50 ± 4 kcal/mol respectively). The pharmacophore allows
both consecutive and non-consecutive binding for the ligands.
Short ligands (1a) can achieve higher binding energies via consec-
utive mismatch interaction whereas longer ones reach alternate
mismatches (1d, 1e). The nature of the spacer would account for
que significant energy gap between pyrido[2,3-d]pyrimidine
derivatives (1a-1e) and the positive control (Z). The bisamidinium
linker gave not only the desired distance between active sites of
the molecule but also a boost in unspecific binding energy while
linker moieties used in the current work lack of any functional
groups. As this was the first time that this set of structures have
Fig. 2. Molecular mechanics results summary. a) Representative snapshot taken from M
PBSA values of free Gibbs energy binding calculated over 20 ns of each ligand in their re
displayed in boxplot graph format.
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been evaluated against DM1, it is desirable to assess whether the
primary scaffolds are active or not, without any further interac-
tions from the moiety core. For this reason, linkers were main-
tained as simple as possible although it is a drawback in terms of
total binding energy.

The analysis of structural parameters in the hairpin base-pairs
evidenced that most of the compounds under study increase the
stability of the system by reducing the dispersion of structural
parameters in the U�U mismatch and its vicinities (Fig. S3), partic-
ularly of the opening value (Fig. 2c). From all the structural param-
eters considered, opening singularly represents the instability of a
generated U�U mismatch and it gives valuable data when a Janus-
Wedge interaction mechanism is established (inducing an opening
value shift about 60�).

3.2. Synthesis

A standard procedure to synthesize the pyrido[2–3-d]pyrim-
idine scaffold [44] has been adapted to fulfil the structural features
required for Janus-Wedge interaction: (a) leave the pyrimidinic
amino groups unsubstituted (since these amines are meant to play
a critical role in hydrogen bonding between ligand and receptor)
and (b) to be able to derivate the core with a reactive group, to bind
the linker, without compromising the amines. We chose to intro-
duce a carboxylic acid group at the pyridone ring due to the widely
reported robustness of the click-chemistry reactions between car-
boxylic acids and aliphatic amines even in complex systems as our
extremely polar pyrido[2–3-d]pyrimidines. Upon that, a full novel
synthetic pathway was designed and performed to achieve the
desired compounds (Fig. 3).

The above-mentioned synthesis leads to compounds 1a-e in a
4-step synthesis. Starting from the commercially available itaconic
acid (2) a Fischer esterification using MeOH and H2SO4 renders the
D showing the interaction mechanism between 1a compound and shCUG b) MM-
spective MD. c) Structural parameter analysis of opening values. Full-length MD is



Fig. 3. General synthetic pathway to attain structures 1a-e. a) H2SO4/MeOH reflux 21 h. b) Guanidine carbonate, malononitrile in MeOHMW 140 �C 15 min. c) NaOH 0.5 M RT
21 h + conc HCl. d) aliphatic diamine, EDC�HCl, DMAP, and K2CO3 in DMF RT 24 h.
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methyl diester 3 in 48% yield. The next step is to build the hetero-
cyclic core using our two-step synthetic protocol. First a Michael
addition of malononitrile to the a, b-unsaturated ester 3 and the
resulting adduct is reacted with guanidine to obtain the corre-
sponding pyridopyrimidine 4 (45% aggregate yield). However, the
a, b-unsaturated ester 3 is also suitable to use our microwave-
assisted multicomponent reaction to obtain pyrido[2,3-d]pyrim-
idines. Thus, 3 is placed in a sealed vial together with 0.5 eq. of
malononitrile and 0.5 eq of guanidine carbonate in anhydrous
methanol and brought to 140 �C for 15 min to give pyrido[2,3-d]
pyrimidine 4 in 71% yield. Once the main base-pair recognizing
moiety is formed, the next steps are to prepare and bind the alipha-
tic linker. First, the carboxymethyl group is saponified to achieve
the corresponding carboxylic acid. Thus, 4 is dissolved in 0.5 M
aqueous NaOH and stirred at room temperature for 21 h, and the
reaction mixture is acidified to afford 5 in 63% yield. Ligands and
linkers are bound via Steglich amidation using EDC�HCl as coupling
agent and DMAP as catalyst. Given the fact that amino groups at C2
and C4 of the pyrimidine ring of 5 are much less nucleophilic than
the aliphatic primary amines, the only expected by-products of the
coupling were mono-aminated derivatives.

Pyridopyrimidines 1a-e hamper classical purification tech-
niques (i.e. flash chromatography) due to its high MW and polarity.
The sidechain unsubstituted diamino pyridopyrimidines tend to
form stable hydrogen bonds with other pyridopyrimidines giving
stable microcrystalline structures that are barely soluble in water.
For this reason, most reagents and reaction by-products must be
eliminated via washes instead of classical flash column chromatog-
raphy. This plays a critical role in a double amidation where poten-
tial multiple species can be obtained (product, by-products, excess
of reactants). Despite that, compounds 1a-e were successfully syn-
thetized, and their structure confirmed by NMR and high-
resolution mass spectrometry in 44–57% yields (see Supporting
Information).
3.3. Biochemistry

One of the main challenges of dealing with a rare disease in
drug development stages is the lack of any commercial kits or sup-
pliers for assessing the potency of novel drug candidates. For this
reason, we chose to reproduce the already described Förster Reso-
nance Energy Transfer (FRET) based AID 2675 assay [40]. This flu-
orescent test can measure the ability of candidates to free MBNL1
of an DM1-like oligo-RNA. The ability of MBNL1 (and the recombi-
nant form used) to recognize and bind to small GC rich structures is
the key factor of the AID 2675 molecular basis. Two fluorophores
bind to both protein and RNA (via antibody recognition and avi-
din–biotin interaction respectively) making FRET possible when
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the complex is formed (Fig. 4a). If the complex is broken by a can-
didate, fluorescence intensity falls as the fluorophores are no
longer near enough. Thus, FRET does not occur.

To obtain the recombinant MBNL1, transfected E. coli were
grown, and the purified recombinant protein was harvested prior
its use in the test. Minor changes to the original protocol allowed
achieving the final recombinant protein with fewer impurities
and to avoid aggregation issues (Fig. S4). The whole preparation
process was conducted in RNase free conditions and all reagents
were RNase free grade to avoid synthetic oligo CUG to degrade
before measuring the protein displacement.

Compound concentration was set at a very low range to avoid
fluorescent interactions and possible precipitation issues. How-
ever, it is interesting to see that even in these conditions structure
1a can bind tightly to RNA displacing recombinant MBNL1 and
therefore reducing the FRET intensity a 33% compared to the neg-
ative control (Fig. 4b). The rest of the candidates also exhibit some
MBNL1 displacing potency. These results encouraged us to further
study these candidates in patient-derived cells.
3.4. Cell biology

In order to determine the drug efficacy and gain understanding
of the behavior of compounds 1a-e in a complex system, we per-
formed the biological characterization of the candidates. Dermal
fibroblasts of both healthy and DM1 affected individuals were used
to run the experiments. Both cell lines were previously immortal-
ized by infection a with retroviral vector carrying the human
telomerase (hTERT) gene. Moreover, cells were also retrovirally
infected with vector producing an inducible myogenic differentia-
tion 1 (MYOD1) transcription factor fused to the estrogen receptor
(ER) hormone-binding domain (MYOD1-ER) [43]. On the one hand,
TERT ensures a homogeneous proliferation over cycles of duplica-
tion with no evidence of genetic affection related upon infection.
On the other hand, MYOD1 allows, via estradiol addition to the cul-
ture media, the expression of myogenic factors leading to differen-
tiation into myoblasts and finally forming mature myotubes. All
the characteristic events of DM1 such as CUG nuclear foci, splicing
factor sequestration andmissplicing events were maintained in the
DM1 patient-derived cells in culture and absent in control cells
derived from healthy individuals [13]. Original fibroblasts from
DM1 patient had 290 repeats. Nonetheless, further expansion
occurs in culture. Thus, and despite the cell population’s hetero-
geneity, the most abundant length is in PCR amplification is larger
than 1000 CTG repeats. The biological activity of the compounds on
these DM1 features was tested on these cell models. Being skeletal
muscle the most affected tissue in DM1 patients, the use of myo-
genic cell models offers the advantage to test the effect of the



Fig. 4. a) Graphical representation of AID2675 FRET test molecular basis and its principal components: 50-biotinylated RNA oligo Biot-(CUG)12 and the recombinant GST-
MBNL1-His6 form a stable complex. FRET donor anti-His6-Terbium cryptate and FRET acceptor streptavidin-conjugated XL665 bind to His tag and Biotin, respectively. While
no active compound is present in the reaction media, 340 nm beam light hits Tb conjugate and this is close enough to transfer the energy to XL665 conjugate emitting at
665 nm. If a compound can free the protein no FRET occurs, and Tb fluorophore emits at 545 nm. b) Normalized FRET intensity measured as a relationship between the
fluorescence intensity of the signals of 545 and 665 nm (average of three measures). Final concentrations of studied candidates were set at 0.1 mM and 20 nM of protein-RNA
complex. Z is included for comparison.
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designed drugs on both DM1 hallmarks and differentiation capac-
ity of these cells, in the perspective of a human therapy. To evalu-
ate 1a-1e and Z in cell culture some considerations were made.
Some of these candidates underwent crystallization in the culture
media at concentrations over 50 mM in previous studies. For this
reason, and to make all candidates comparable, their concentration
was set to 10 mM. These test concentrations are lower than the
ones used in previously reported studies [24]. Nevertheless, it is
compatible with a possible in vivo use of the candidates.

In order to directly see whether MBNL1 was sequestered in CUG
foci, RNA Fluorescent In Situ Hybridization (RNA-FISH) analysis
combined to immunofluorescent staining (IF) of MBNL1 protein
with a specific antibody were performed as described previously
(Fig. 5, extended in Fig. S5) [45]. Ligands 1a-e were designed to
specifically bind to CUG motifs and obtained FISH results are
Fig. 5. a) FISH images using a (CAG)6 probe labelled with Texas Red at the 50 end in comb
ribonuclear inclusions, following the last post-hybridization wash, cells were stained seq
with Alexa Fluor 488. Nuclei were visualized with Hoechst 33,258 dye. Insets show zoom
and colocalized MBNL1 in foci. Results are presented as mean (±SD) of n = 3 experiment
*p < 0.05).
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consistent with this prediction. Nevertheless, a reduction in the
total number of nuclear foci was not expected as that means tran-
scription inhibition. The staining with the (CAG)6 RNA-FISH probe
(red) showed no significant difference between untreated and trea-
ted cells in the foci count per cell ratio for 1a-1e compounds. This
is consistent with the prediction since the specific binding of these
ligands to CUG motifs is not expected to affect the expression level
of the mutant transcripts. However, some compounds were able to
reduce the amount of colocalized MBNL1 in those nuclei. That was
observed via IF using anti-MBNL1 mAb (green). Interestingly, 1a
induces an important depletion of MBNL1 sequestered in nuclear
foci of above 23%, which means that this compound can selectively
attach to CUG and competitively displace MBNL1, eventually
reducing the number of nuclear foci containing the protein in a sig-
nificant manner (Fig. 5b).
ination with immunofluorescence staining. To verify the co-localization of MBNL1 in
uentially with antibodies to MBNL1 and with goat anti-mouse antibody conjugated
ed-in images (scale bars 20 mm). b) Quantitative FISH analysis of total foci per cell

s. Statistical significance was assessed from a two-tailed Student’s t-test (**p < 0.01,
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Another important event in DM1 is missplicing deficiencies of a
large number of gene transcripts. To study possible recoveries in
the splicing pattern we chose two gene transcripts known to be
affected in DM1: the sarcoplasmic/endoplasmic reticulum calcium
ATPase 1 (SERCA1) and the insulin receptor (INSR). The inclusion or
not of exon 22 of SERCA1 and exon 11 of INSR was monitored via
semiquantitative RT-PCR to check whether missplicing events
were modulated by test compounds present in the media. The
results showed that at the studied conditions (see Supporting
information) the missplicing of these genes was not significantly
affected by the addition to the culture media of either ligands
1a-e or Z (Fig. S6).

To check if structures 1a-e affected the expression levels of
DM1-related splicing factors or myogenic differentiation markers,
Western blot analysis was performed. The effect of compounds
was studied on 4 protein levels: MBNL1, CELF1, myosin and myo-
genin (Fig. S7). Ligands 1a-e were observed not to affect the total
amount of MBNL1 or CELF1, which is in fact a positive result, as
these proteins are essential and any anti-DM1 drug candidate aims
to recover the natural balance between these antagonists. On the
other hand, myosin and myogenin are crucial muscle differentia-
tion proteins [46,47]. A decrease in their total cell concentration
may alter cell differentiation. Therefore, looking at the state of dif-
ferentiation is an important indication of a possible toxic effect of a
tested compound. Our findings with Western blot analysis show
that only in the case of ligand 1e a visible decrease of Myogenin
levels is observed while no effect at all was observed for the
remaining compounds.
4. Discussion and conclusion

Base recognition has been one of the main trends in small mole-
cule drug development in the DM1 field. This is due to the imple-
mentation of a comprehensive structure–activity relationship
[18,48]. The triangular shape of pyrido[2,3-d]pyrimidin-7(6H)-
ones, combined with the spatial disposition of hydrogen bond
donors and acceptors in such core, resulted in a potential U�U rec-
ognizer interaction.

Computer-aided rational design studies have been described in
the literature to study ligand-RNA interaction in recent years [48–
50]. It is worth noting that studies describing a rational approach,
leaned on ligand-based drug design strategies, are commonly
applied on commercially available chemical libraries [51]. This
study provides tools to design novel compounds with structure-
based methods, using the Janus-Wedge recognition as strategy to
stabilize CUG in its non-toxic conformation. Selectivity is one of
the key points when designing small molecules to target the
DM1 pathogenic RNA transcripts. Around 5% of DM1 patients do
not have a pure CTG repeat, including interrupting CCG or CGG tri-
plets, which may alter RNA’s secondary structure [52]. Thus, the
molecular modeling approach herein described could be adapted
to embrace other kind of transcripts.

A set of 5 novel chemical entities based on two pyrido[2,3-d]
pyrimidin-7(6H)-one scaffold separated by an aliphatic linker of
variable length was studied (1a-e). These candidates would exhibit
different interaction mechanisms with CUG repeats depending on
their length, according to their predicted Gibbs free energy of bind-
ing. Simulations point to the 5-carbon length linker for an optimal
recognition of consecutive U�U mismatches the 10-carbon length
linker and for alternate mismatches the 10-carbon linker. More-
over, the analysis of base pair opening showed a reduction in data
variance for 1a stating that the candidate can stabilize the CUG
environment and maintain the JW interaction during the whole
simulation. Interestingly, this observation was validated in
biological studies that proved the ability of 1a for CUG binding
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and triggering MBNL1 recovery in vitro (AID2675 test). It is worth
of attention that 1a also exhibited these features in DM1 patient-
derived myoblasts, reducing the amount of observed MBNL1 in
FISH-IF microscopy. These findings not only provide valuable data
about the length needed to reach two consecutive U�Umismatches
for the pyrido[2,3-d]pyrimidines scaffold suggested in this study.
Moreover, results confirm the usefulness of molecular modelling
for the rational design of JW base recognizers with potential
anti-DM1 activity.

These results allow a better understanding of the biological
interaction of pyrido[2,3-d]pyrimidine structures and set a starting
point in future drug discovery studies.
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