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RNA or nucleotide based drugs

• hybridisation-dependent (RNA target) 
• siRNA (small interfering RNA) 
• miR (microRNA) 
• ASO (Antisense Oligonucleotides) 
• … 

• hybridisation-independent (targets)  
• aptamers (protein targets, …)  
• immunostimulatory (CpG) oligos 
• mRNA 
• …

Modes of action 

1. Introduction

Pharmacotherapy utilizes pharmaceutical compounds for the treat-
ment of humandiseases, different fromothermeans such as surgery, ra-
diation, and physical therapy. Pharmaceutical drugs usually interact
with particular biologic molecules to exert pharmacological actions for
the control of disease. Proteins translated frommRNAs are common tar-
gets of current pharmaceutical drugs (Gashaw, Ellinghaus, Sommer, &
Asadullah, 2012; Overington, Al-Lazikani, & Hopkins, 2006; Santos
et al., 2017) which are predominantly small molecules (Fig. 1). Al-
though protein therapeutics such as antibodies have revolutionized
pharmacotherapy and drug development (Dimitrov, 2012; Secher
et al., 2018; Sliwkowski & Mellman, 2013; Trail, Dubowchik, &
Lowinger, 2018), their targets are still mainly protein macromolecules
(Fig. 1) while the majority of proteins encoded by the human genome
are actually undruggable or non-druggable by conventional modes of
therapeutics. Furthermore, genetic or epigenetic changes of an existing
protein target can escape from current medications or acquire drug re-
sistance (Brown, Curry, Magnani, Wilhelm-Benartzi, & Borley, 2014;
Choi & Yu, 2014). In addition, over 95% of DNA sequences in the
human genome are non-protein coding sequences (Mattick, 2004),
whichmany could be transcribed in cells and may be further processed
to enormous numbers of functional noncoding RNAs (ncRNAs) (Fig. 1),
including transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), microRNAs
(miRNAs or miRs), and long noncoding RNAs (lncRNAs) (Esteller,
2011; Liz & Esteller, 2016; Matsui & Corey, 2017). However, such mas-
sive families of functional ncRNAs remain as undrugged or unexplored
targets for pharmacotherapy, which thus offers new opportunities for
drug development.

RNA molecules have emerged as a new class of therapeutics that
may permit the re-targeting of mutated targets, which holds great
promise to expand the range of druggable targets from proteins to
RNAs as well as the genome (Fig. 1). First, the present protein targets
as well as previously-undruggable proteins may be inhibited by
appropriate RNAmolecules, namely aptamers, to elicit the desired phar-
macological effects (Chen et al., 2018; Nimjee, White, Becker, &
Sullenger, 2017; Zhou & Rossi, 2017). Second, mRNAs and ncRNAs
could be directly targeted by a variety of RNA entities such as antisense

RNAs (asRNAs), miRNAs, small interfering RNAs (siRNAs), and other
forms of small RNAs (sRNAs) to silence target gene expression or func-
tion towards the control of disease (Chen et al., 2018; Khorkova &
Wahlestedt, 2017; Moschos, Usher, & Lindsay, 2017; Rupaimoole &
Slack, 2017). Third, the sequence of a gene dictating disease initiation
or progression may be directly altered by using a proper guide RNA
(gRNA) and other necessary components to achieve a complete eradica-
tion of the disease for a patient (Doudna & Charpentier, 2014; Komor,
Badran, & Liu, 2017; O'Day et al., 2018; Wang et al., 2017; Zhang, Wen,
& Guo, 2014). Indeed, the promise of RNA therapeutics was revealed
by the approval of first-of-its-kind mRNA-targeting patisiran
(ONPATTRO™) for clinical practice by the United States Food and
Drug Administration (FDA) in August 2018 (Wood, 2018) (https://
www.fda.gov/Drugs/DevelopmentApprovalProcess/DrugInnovation/
ucm592464.htm, as well as other forms of nucleic acid drugs (Table 1).

RNA therapeutics not only exhibit different mechanisms of actions
but also distinct chemistry and pharmacokinetics properties, when
compared to conventional small-molecule and protein therapeutics.
As such, the development of novel RNA therapeutics has proven to be
highly challenging and the past two decades havewitnessed only a lim-
ited number of nucleic acid drugs approved for clinical use (Table 1).
Since delivery is a well-recognized challenge for RNA research and
drug development (Crooke, Wang, Vickers, Shen, & Liang, 2017;
Dowdy, 2017; Kanasty, Dorkin, Vegas, & Anderson, 2013), utilization
of the right RNA molecules has been overlooked for decades (Duan &
Yu, 2016; Ho&Yu, 2016). Currently, chemically engineered/synthesized
oligonucleotides or RNA “mimics” dominate RNA research and drug de-
velopment, and some have been successfully approved by the FDA for
clinical practices (Table 1). However, these “mimics” are decorated
with various and extensive chemical modifications (Bramsen & Kjems,
2012; Khvorova & Watts, 2017; Lundin et al., 2013; Winkler, 2013),
making them totally different from natural RNAs transcribed from the
genome and folded in living cells that carry no or minimal
posttranscriptional modifications (Cantara et al., 2011; Limbach, Crain,
& McCloskey, 1994; Morena, Argentati, Bazzucchi, Emiliani, & Martino,
2018). The use of chemo-engineered RNA mimics for research and de-
velopment is also in sharp contrast to protein research and therapy
(Leader, Baca, & Golan, 2008; Secher et al., 2018), and the latter has

Fig. 1. Expanding the range of druggable targets with RNA therapeutics. Proteins derived from the genome remain as favorable targets for pharmacotherapy, whereas themajority of DNA
sequences in the human genome are transcribed as non-protein coding transcripts. As current medications aremainly small molecules and proteins (e.g., antibodies) that act on proteins,
RNA therapeutics hold great promise to expand druggable genome for the treatment of human diseases, including (1) RNA aptamers that block protein targets, (2) RNAs such as asRNAs,
miRNAs, and siRNAs that target mRNAs or various forms of ncRNAs, and (3) gRNAs that directly edit gene sequences.
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pantothenate synthetase (PS) (Table 2, entry 9),29 and
confirm previously results obtained by X-ray crystallography.30

Another strategy is to use paramagnetic labeling,31,32 taking
advantage of the paramagnetic enhancement (PRE) obtained
as a result of the paramagnetic labeling of a first-site ligand.
Typically, a 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO)
moiety is used. The transverse relaxation rate of the protons
located within a radius of ∼10 Å of the first-site ligand is
drastically enhanced, which significantly reduces the NMR
signal intensities.33,34 This approach has been successfully
applied for the development of nanomolar E-selectin
antagonists by Ernst and co-workers35 (Table 2, entry 10).
2.3. Screening Using Ligand-Observed 19F NMR. 19F

NMR spectroscopy is another tool for fragment screening, with
the possibility of screening large mixtures of more than 20
fragments, taking advantage of the chemical shift dispersion of
the 19F nucleus. 19F NMR is also used to search for second-site
ligands, as exemplified for inhibitors of the Alzheimer target β-
secretase 1 (BACE1) (Table 2, entry 11).36,37

FAXS-NMR screening (fluorine chemical shift anisotropy
and exchange for screening) was used to identify a novel class
of HSP90 inhibitors. The principle is to use a fluorinated
molecule as a spy to recognize fragments that competitively
bind with the spy molecule. A fragment hit selected from a
1200 fragments library was further characterized by X-ray
crystallography and linked to the known HSP90 ligand
resorcinol, leading to a low nanomolar compound (Table 2,
entry 12).38

2.4. Second-Site Ligand Resulting from Elaboration
of a First-Site Ligand. Fragment growing may also generate a
new ligand that binds in a pocket that differs from the one of
the initial fragment hit. This is exemplified by the group of
Dalgarno39 who screened 735 fragments against the lactate
deshydrogenase A (LDHA) using saturation transfer difference
(STD) NMR. A fragment bound in the substrate pocket and
part of the cofactor site was identified by X-ray crystallography.
Fragment growing led to a new compound that does not bind
in the cofactor binding site. Therefore, the initial fragment and

Figure 2. Schematic representation of methods for second-site screening for identification of a second fragment hit. (A) Screening using protein-
observed NMR or “SAR by NMR”. A first hit (pink) is identified through chemical shift perturbations on a 2D 15N or 13C labeled protein spectrum.
Chemical shifts perturbations observed in a second site of the protein (gray) indicate the binding of a second fragment. (B) Screening using ligand-
observed 1H NMR: the ILOE method. A first fragment hit is used as a spy to discover a second fragment hit that binds in the vicinity of the first
binder (distances (∼5 Å), through NOESY correlations observed between the two adjacent ligands. (C) Screening using ligand-observed 1H NMR:
the PRE method. A first fragment hit is used as a spy labeled with paramagnetic tag using a 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) moiety.
The second fragment hit displays reduced NMR signal intensities due its proximity to the TEMPO moiety. (D) Screening using ligand-observed
19F NMR. A spy molecule is labeled with a fluorine tag to identify fragments that competitively bind with the spy molecule. (E) Second-site ligand
resulting from elaboration of a first-site ligand. Fragment growing generates a new ligand that bind in a distinct pocket. (F) Second-site ligand
following tethering-based first-site ligand. A first fragment is covalently bound to the protein through a cysteine residue. A second cysteine residue is
used to form a disulfide bond with disulfide containing fragments. Tethered compounds are identified by mass spectrometry. (G) Second-site
ligand screening with focused libraries. When the nature of a second pocket is known, a focused library can be used to identify a second-site binder.
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Fragment-based design/discovery (FBD) approaches

4

Bancet et al., 2020

Experimental (NMR, X-ray, MS, etc)

Such functionalized linkers also enable the addition of
interactions between the designed compound and the protein.
The article is organized as follows. First, we summarize the

methods used for the identification of the two fragments that
will be further linked. This includes successive identification as
well as simultaneous identification of the two fragment hits.
We also review the particular case of fragment dimerization.
Then we discuss the second challenge of the linking process
and analyze different types of linkers that have been designed
to generate the new linked compounds.

2. SECOND-SITE SCREENING FOR IDENTIFICATION
OF A SECOND FRAGMENT

As widely reported in the literature, it can be necessary to
perform a second screening to identify a fragment bound in
another binding site (Table 2). To do so, it may be worth
occupying the first site to block its entry. This is partly due to
the fact that the fragments typically bind a preferred hot-spot
on the protein surface. Moreover, the detection of second-site
ligands is generally more difficult because these fragments tend
to have a weaker affinity for the target than the first-site

Table 2. Fragment Linking by Second-Site Screen
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MCSS-based workflow for FBD of oligos
predict oligonucleotide binding mode
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    4    Discussion

Déchiffrer le code de reconnaissance protéine-ARN représente un intérêt capital qui permettrait

d’avoir  une  meilleure  compréhension  des  interactions  mises  en  jeu  et  d’ouvrir  la  voie  à  la

construction rationnelle de protéines pour aller cibler des ARN d’intérêt.  Le meilleur moyen de

rationaliser les mécanismes impliqués dans la reconnaissance spécifique entre protéines et ARN

repose certainement sur l’accessibilité à des structures 3D de leur complexe. L’obtention de ces

structures par les méthodes de cristallographie aux rayons X ou RMN peut être longue et laborieuse

et  aucune  approche  computationnelle  ne  permet  à  ce  jour  de  modéliser  le  mode  d’interaction

protéine-ARN et de prédire en même temps une séquence ARN préférentiellement reconnue par une

protéine ou un domaine de liaison à l’ARN. Les travaux présentés dans ce chapitre ont été réalisés

avec l’objectif de pouvoir prédire correctement la séquence ARN préférentiellement reconnue par

un RBD en même temps que son mode d’interaction. Pour ce faire, l’approche FBDRNA présentée

au chapitre précédent a été adaptée pour répondre au problème de la recherche de chaînes sans

connaissance a priori de la séquence ARN. 

134

Figure 44: Motifs logo issus du dénombrement des nucléotides A, C, G et
U trouvés à chacune des positions dans les séquences des chaînes natives
et native-like générées pour les trois domaines. Au-dessus de chaque motif
logo  est  indiqué  le  nom  du  domaine  et  la  séquence  qu’il  reconnaît
préférentiellement. Pour le domaine 5ELH, le premier nucléotide n’étant
pas considéré, n’importe quel nucléotide peut être trouvée à cette position
représentée par un N. Au-dessous des motifs est indiqué le nombre de A, C,
G et U trouvés à chaque position.
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MCSS-based approach to FBD of oligos
predict sequence-specific binding 
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Back to the basics: nucleotide-protein interactions
121 benchmark

7

Nucleotide Binding Sites
R=A,C,G,U

Chevrollier & Leclerc, (bioRXiv preprint), 2019high resolution, non-redundant, etc

Minimized protein 
without ligand

    3    Résultats

      3.1    Echantillonnage et scoring des cinq structures de ligand

Tous les calculs de docking ont été réalisés à partir de la forme liée des protéines issues de 120

complexes protéine-nucléotide à haute résolution (≤ 2 Å) et non-redondants. Les calculs de docking

sont restreints au site d’interaction des protéines. Pour chaque protéine, les cinq structures de ligand

testées ont été dockées indépendamment à l’intérieur d’une boîte englobant le site d’interaction

(Fig. 46). Les paramètres utilisés pour définir la boîte et pour les calculs de docking sont données

dans la partie "Matériels et méthodes, 2.2".

        3.1.1    Evaluations faites sur l’ensemble des poses générées à l'issue du 
docking

Les figures  47A et  47B résument les résultats de l'échantillonnage à partir de l'ensemble des

poses issues du docking réalisé sur les 120 complexes. Les structures du ligand nucléotidique qui

contiennent un groupement phosphate (010, 210, 310 et 410) génèrent en moyenne autour de 3000

poses  au  total  (Fig.  47A).  La  structure  110  montre  en  revanche  un  nombre  total  de  poses

notablement inférieur (~ 2000). Cette dernière porte une charge globale très proche de la structure

143

Figure  46 :  Illustration de la  procédure de docking. Les cinq structures
nucléotidiques sont dockées dans un espace défini par une boîte centrée sur
le ligand natif (représenté en bâtonnet et transparence). Le volume de cette
boîte est de 17 Å3. 

17Å3

native pose: RMSD(mcss/exp) ≤ 2.0Å



Water molecules
scoring & solvent models

• empirical scoring functions 
(implicit solvent): Vina, ∆vinaRF20, etc  

• force-field based scoring functions: 
MCSS-CHARMM (implicit solvent), 
MCSS-CHARMM (hybrid solvent)

powers Vina ∆vinaRF20
MCSS-

imp.
MCSS-

hyb.

docking 42 (90) 33 (88) 29 50

screening - (55) - (51) 15 (25) 36 (45)

success rates in %; (..) obtained on small organic ligands 8
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Role of water molecules
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Role of water molecules
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A. Sequence independent 
(PS backbone driven)

B. Sequence and (RNA) 
hybridization dependent

C. Sequence, but not RNA 
hybridization dependent

30

Three categories of safety concerns for oligos

• Coagulation time
prolongation

• Complement activation (but
sequence differences
observed)

• ASO accumulation in liver 
and kidney

• Liver toxicity
• Kidney toxicity
• Proinflammatory

– Injection site reaction
– Flu-like symptoms
– Thrombocytopenia
– ADA

• On-target safety
• Off-target (RNA) 

Mitigated by Target Safety 
Assessment and in 
silico/RNA seq analysis

Mitigated by keeping
doses low Mitigated by in vitro and in vivo

screening

24 

22/03/2020 

24 

22/03/2020 

ASO Toxicity 

Hybridization DEPENDENT  
(Watson/Crick base pairing) Hybridization INDEPENDENT  

OFF Targets 

ON Target 

ASO Dimers 

Immune 
Response 

Aptameric 
Binding 

Accumulation 

Off-target effects (OTEs)
CRISPR-Cas (gRNA),  ASOs, RNAi: si/shRNA, 
microRNA, aptamers, etc

12 P. Andersson, OTS seminar (2020)H. Tran, 4th SCT Meeting (2020)



Reduce-Bypass the OTEs
in hybridization-independent strategies
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Conclusions

• fragment-based approach applied to single nucleotide binding  
• explicit solvent improve predictions of nucleotide binding 

• improved docking power (native poses) 
• improved screening power (“true” binders) 

• perspectives 
• extension to modified nucleotides 

• BACE1 target (Alzheimer’s disease)

perspectives
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