
Fabrice Leclerc, July 1st 2020

Design of oligonucleotides as 
RNA-based drugs

prerequisites and opportunities for in silico methods within 
the framework of fragment-based approaches

1

Mini-symposium: 
RNA structure, design and 
interactions with proteins



Outline
• Introduction 

• RNA-based drugs 
• Fragment-based approaches 
• Proof of concept for RNA molecules: pros & cons 

• Preliminary results and lessons learned  
• 3 examples of RNA-binding proteins (RBPs) 

• Benchmarking for single nucleotide fragments 
• 120 nucleotide-protein complexes  

• Conclusions
2



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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Aptamers in therapeutics
RNA drugs and clinical trials
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Table 4. Progress of aptamers for diseases’ therapy in on-going or completed clinical trials.

Name Form Target Condition Phase

Pegaptanib sodium
(Macugen) 27-nt RNA VEGF (Vascular Endothelial

Growth Factor)
Age-related macular
degeneration Approved

E10030 29-nt DNA PDGF (Platelet-Derived
Growth Factor)

Age-related macular
degeneration Phase III

REG1 (RB006 and
RB007) 37-nt RNA Coagulation factor IXa Coronary artery disease Phase III

ARC1905 38-nt RNA C5 (Complement component
5)

Age-related macular
degeneration Phase III

AS1411 26-nt DNA Nucleolin Acute myeloid leukemia Phase II

ARC1779 39-nt DNA A1 domain of von
Willebrand factor

Von Willebrand
disease/thrombotic
thrombocytopenic/purpura

Phase II

NOX-E36 40-nt RNA CCL2 (Chemokine C-C
motif Ligand 2)

Chronic inflammatory
diseases/type 2 diabetes
mellitus/systemic lupus
erythematous

Phase II

NOX-A12 45-nt RNA CXCL12 (Chemokine C-X-C
motif Ligand 12)

Multiple myeloma and
non-Hodgkin
lymphoma/autologous
or hematopoietic stem
cell transplantation

Phase II

NU172 26-nt DNA Thrombin Heart disease Phase II

NOX-H94 44-nt RNA Hepcidin peptide hormone Anemia/end-stage renal
disease/inflammation Phase II

ARC19499 32-nt RNA TFPI (Tissue Factor Pathway
Inhibitor) Hemophilia Phase I

5. Challenges of Aptamer-Based Therapeutics

Although nucleic acid aptamers have many merits, their inherent physicochemical characteristics
such as short half-lives, susceptible nuclease degradation and rapid renal filtration excretion
have limited the in vivo therapeutic potency of aptamers. To remove the barriers of the
application of aptamer-based therapeutics, modifications and conjugations of aptamers have therefore
been developed.

5.1. Nuclease Degradation

The in vivo half-lives of unmodified aptamers are generally less than 10 minutes due to the
nuclease-mediated degradation [96]. Therefore, several strategies have been established to resist
nuclease degradation. In general, the modification sites are: (1) ends of nucleic acid chain, (2) sugar
ring of nucleoside and (3) phosphodiester linkage. Most aptamers in clinical studies are chemically
modified by capping the 3’ end with inverted thymidine, such as Pegaptanib, REG1, ARC1779,
ARC1905 and BAX499 [97–99]. Similar to the 3’-end with inverted thymidine, the 3’-end with inverted
biotin is another strategy to resist degradation of 3’-exonuclease. Dougan et al. found that the
linkage of 3’-biotin-streptavidin to the thrombin aptamer could enhance resistance of the digestion of
3’-exonuclease in the blood of rabbits or mice [100]. Modifications on the sugar ring generally involve:
replacing the 2’ position with a fluoro (F), amino (NH2) or O-methyl (OCH3) groups. A ribonucleotide
analog, with the sugar ring linked by a methylene between 2’-O and 4’-C, called Locked Nucleic
Acid (LNA), was also incorporated into aptamers [101]. Such a modification greatly enhanced the
resistance to nucleases. To enhance the flexibility of the aptamer, another ribonucleotide analog without
the C2’-C3’ bond, called Unlocked Nucleic Acid (UNA), was attached to the aptamer [102]. As for
the phosphodiester linkage, replacing it with the phosphorothioate or methylphosphonate analog is
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Clinical trials of pegaptanib
Trials of pegaptanib in patients with neovascular AMD. 
AMD is the leading cause of blindness in people over 
50 years of age75. Although there are a number of fac-
tors that contribute to the development of AMD, the 
principal cause of vision loss is choroidal neovasculariza-
tion, a process that is particularly marked in the central 
region of the macula (for a review, see REF. 76). Prior to 
the development of pegaptanib, the only FDA-approved 
treatments for AMD were those that destroy abnormal 
ocular vessels: laser photocoagulation, which is only appli-
cable in a small number of patients, and photodynamic 
therapy, a process in which an intravenously injected 
photosensitizing compound (see Visudyne prescribing 
information on the Novartis website listed in Further 
Information) is activated with a low-powered laser. 
Furthermore, the usefulness of photodynamic therapy 
is limited to only a subset of patients with AMD that is 
characterized by specific angiographic appearance.

Pegaptanib targets choroidal neovascularization, the 
hallmark of wet AMD, and it was therefore suggested 
that pegaptanib would be effective in all types of wet 
AMD. The safety and efficacy of pegaptanib in the treat-
ment of choroidal neovascularization secondary to AMD 
were tested in two concurrent, identically designed, 
prospective, randomized, double-masked, multicentre, 
dose-ranging pivotal trials (the VEGF Inhibition Study 
in Ocular Neovascularization, or VISION, trials)77. In 
an effort to reflect the patient population usually seen 
by clinicians, the trial design encompassed the broad-
est possible inclusion criteria. Pegaptanib sodium 0.3, 
1 or 3 mg by intravitreous injection or sham injection 
was administered every 6 weeks for 48 weeks, a total 
of nine treatments77. Patients receiving sham injection 
underwent the identical surgical preparative step as 
those receiving intravitreous pegaptanib and then had a 
needleless syringe pressed against the eye to mimic the 

injection step. All injections were preceded by the sub-
conjunctival administration of an anaesthetic and were 
conducted using strict ocular antisepsis. Visual assess-
ments were made using Early Treatment of Diabetic 
Retinopathy Study (ETDRS) charts, originally developed 
for the evaluation of vision in diabetic retinopathy trials 
and now the accepted standard for other clinical trials in 
ophthalmology. At week 54, those randomized to receive 
pegaptanib were rerandomized (1:1) to continue pegap-
tanib for 48 additional weeks (eight injections) or to 
discontinue therapy; patients originally assigned to the 
sham group were rerandomized to either continue in 
the sham group, to discontinue sham or to receive one 
of the three pegaptanib doses78. The combined findings 
of the VISION trials presented below demonstrate that 
pegaptanib reduced vision loss by approximately 50% in 
the first year and stabilized vision in the second year77,78.

Efficacy and safety of pegaptanib after 1 year. A total of 
1,208 patients were randomly assigned in the two trials, 
and 1,186 received at least one treatment, had baseline 
visual acuity assessments and were included in year 1 
efficacy analyses. Demographics and ocular character-
istics were similar at baseline across treatment groups. 
In all, 7,545 intravitreous injections of pegaptanib and 
2,557 sham injections were administered during year 1. 
Approximately 90% of the patients in each group com-
pleted the first year of the study, receiving an average of 
8.5 injections out of a possible nine77.

Compared with 55% (164/296) of patients receiving 
sham injections, 70% (206/294) of patients receiving 0.3 
mg of pegaptanib (p <0.001), 71% (213/300) receiving 
1 mg (p <0.001) and 65% (193/296) receiving 3 mg (p = 
0.03) lost <15 letters of visual acuity or approximately 
three lines on the study eye chart between baseline and 
week 54 (primary efficacy endpoint). Findings with regard 
to other efficacy endpoints were consistent with those 
for the primary endpoint. Results for the 0.3 mg dose 
for other efficacy endpoints are presented in TABLE 378; 
higher doses were not shown to provide additional clini-
cal benefit77, and 0.3 mg is the dose that was approved 
by the FDA for clinical use. Mean changes in visual 
acuity were –8.0 letters and –15.0 letters for patients 
receiving 0.3 mg pegaptanib and sham, respectively (p 
<0.0001) (unpublished data, Eyetech Pharmaceuticals, 
Inc.). There was no evidence that sex, race, iris colour or 
baseline age, angiographic subtype, lesion size or visual 
acuity precluded a treatment benefit79.

All doses of pegaptanib were safe, and most adverse 
events were transient, mild to moderate in intensity and 
attributable to the injection procedure rather than the 
study drug. Across all doses, serious ocular adverse events 
occurred with <1% of intravitreous injections. Over the 
54-week period, five cases (0.6% of the 890 patients receiv-
ing pegaptanib) each of traumatic lens injury and retinal 
detachment and 12 cases of endophthalmitis (1.3% of the 
patients injected with pegaptanib) were reported. Nine 
(75%) of the 12 patients with endophthalmitis remained 
in the trials over the 54-week period. There was no evi-
dence of either systemic toxicity or an increased risk of 
potential VEGF inhibition-related adverse events77.
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Choroidal 
neovascularization
A pathological condition 
involving the proliferation of 
new blood vessels within the 
choroid (the vascular layer 
underlying the retina).

Macula
The pigmented central area of 
the retina adjacent to the optic 
nerve that contains the fovea, 
a region of highly concentrated 
photoreceptor cells important 
for visualizing fine detail.

Photocoagulation
A therapy in which a light wave 
energy (from a laser or other 
light source) is used directly to 
coagulate (cauterize) leaky or 
proliferating ocular vasculature.

Photodynamic therapy
A therapy in which laser energy 
is used to activate a 
photosensitive compound 
(administered intravenously), 
inducing local formation of free 
radicals and other compounds 
that cause coagulation of 
proliferating ocular vasculature.

Visual acuity
A quantitative measure of 
optical acuity based on an 
assessment of one’s ability to 
see a clearly focused image at 
a defined distance.

Figure 2 | Pegaptanib structure and target binding. a | Sequence and predicted 
secondary structure of pegaptanib. 2′-O-methylated purines are shown in red, 
2′-fluorine-modified pyrimidines are shown in blue and unmodified ribonucleotides are 
shown in black. The site of attachment of a 40-kDa polyethylene glycol moiety is shown. 
b | Interaction between the 55-amino-acid heparin-binding domain of vascular 
endothelial growth factor (VEGF)165 and pegaptanib. Representation of the previously 
determined NMR solution structure of the free heparin-binding domain of VEGF165 from 
Fairbrother et al.45 is shown in grey with disulphide bonds in yellow. The aptamer (blue) is 
shown as a model based on the secondary structure determined by NMR46, with the 
helical stem regions in teal. The previously reported interaction between cysteine-137 
of VEGF165 (cysteine-27 of the heparin-binding domain) and uridine-14 of the aptamer14 
is indicated in red.
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Zhuo et al., 2017 Ng et al., 2006
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Fragment-based design/discovery (FBD) approaches
Pros & Cons
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FBD applied to RNA molecules
Proof of concept

discrete representation  
of 3-mers 

(fragment=trinucleotide)

Chauvot de Beauchene et al., 2016a - 2016b
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10 Nucleic Acids Research, 2016

Figure 6. Results per fragment of the selection of chain-forming poses in the 1000 top-ranked chains. Each of the nine bar-plots represents one complex.
For each complex, each fragment is represented by one colored bar. The height represents the number of poses (log scale) and the color describes the
docking mode. The percentage of poses under 2 or 5 Å RMSD is represented, respectively, by the black and dashed areas of the bar. The RMSD of the
closest pose is represented by a white dot. Results of unbound (u-) docking are presented in the lower panel.

(mean rank) of the poses, and kept the 3000 chains of lowest
mean rank. Finally we assessed for each fragment the total
number of poses kept, and the number of hits among those
poses. Results per fragment are presented in Figure 6. The
effectiveness of the poses filtering by chain-forming criteria
is illustrated by Figure 7.

Out of 45 fragments, 39 were sampled with accuracy bet-
ter than 5 Å RMSD, and most of them with accuracy better
than 2 Å (27/45 fragments). The length of the chain does
not have a major impact on the quality of the results at
the fragment level: complex 2MGZ (10 fragments) has most
fragments very well sampled at 2 Å accuracy, whereas com-
plex 3NNH displays much worse sampling, with only three
fragments with an accuracy better than 4 Å. Anchored frag-
ments, especially containing two anchors, are in general bet-
ter sampled than others, as expected.

From fragment-chains to nucleotide-chains

After assembling fragments into fragment-chains, two steps
are still needed to convert the chains into models of an

ssRNA strand. First, the overlaps between adjacent frag-
ments have to be resolved and the fragments merged into
chains of single nucleotides (nucleotide-chains). Second, the
result of this merging process is a chain of disconnected nu-
cleotides, which have to be connected in a sterically correct
way.

In chains of overlapping fragments, each nucleotide is
represented by one to three nucleotides from different frag-
ments. We tested three procedures to merge the fragments.
For each residue we kept the nucleotide either (i) with
the lowest ATTRACT score after re-scoring the single nu-
cleotides from each pose on the protein, or (ii) from the frag-
ment with the lowest diversity of the poses, considering the
convergence of the docking as an indicator of the accuracy
of the poses, or (iii) from the closest fragment to two or one
anchor(s) (AFB if present, either AMF/B if present, either
AM, etc.) (Figure 4). The last procedure gave the best results
in terms of percentage of good chains (data not shown), and
was further applied. The results obtained after fragment-
chains to nucleotide-chains conversion, all-atom conversion
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MCSS-based Modeling of RNA Ligands
single-nucleotide fragment & forcefield based strategy
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MCSS: C, Fortran; CHARMM: Fortran95 

Molpy
RNA ligands

• read MCSS coordinates
• read constraints

Initialize

• build connection matrix
• search for connected pairs
• elongation of RNA chains

Iterate

• minimizations
• scoring 
• ranking

Optimize

Molpy: python 

MCSS 
(CHARMM)

Molpy

Simoes & Leclerc, Molpy packageLeclerc & Karplus, 1999
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MCSS-based workflow for FBD of oligos
Reproduce oligonucleotides binding on RBPs

Protein Target
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Chevrollier, Thesis (2020)



Preliminary analysis and MCSS results on 3 RBPs 
optimal/sub-optimal binding in RRM, KH and CCCH families

9

BINANA

Durrant & McCammon, 2011 Chevrollier, Thesis (2020)



Preliminary MCSS+Molpy results on 3 RBPs
2-mers/3-mers oligonucleotides
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Figure  38:  Prédiction  de  chaînes  di-nucléotidiques  à  partir  d'une  séquence  imposée.  Pour
chaque domaine, les 200 poses de meilleure énergie d'interaction sont sélectionnées pour chaque
nucléotide  d'intérêt.  Des  chaînes  di-nucléotidiques  sont  ensuite  récherchées  à  partir  de  ces
poses. Les chaînes identifiées sont triées par ordre croissant de leur énergie d'interaction estimée
après  un  protocole  d'optimisation.  La  chaîne  de  meilleure  énergie  d'interaction  prédit
correctement  le  mode  d'interaction  expérimental.  Les  nucléotides  expérimentaux  sont
représentées en bâtonnet de couleur grise, les autres sont de couleur rouge (U), bleue (A), verte
(C) et orange (G). Erratum: sur la figure centrale, les RMSD sont réprésentés en fonction de
l'énergie des poses, et non de leur rang comme indiqué sur l'axe des ordonnées. 

200 initial poses

~5000 dincleotides

Top 1 2-mers

MCSS 
+ 

Molpy 
+ 

CHARMM

Chevrollier, Thesis (2020)
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Figure  45 : Comparaison des énergies minimales des poses des 4
nucléotides  trouvées  à  une  position  superposable  à  celle  des
nucléotides expérimentaux.

native poses (N=A,C,G,U)

  Influence sur la recherche de chaînes di-nucléotidiques

La prédiction du mode d'interaction de chaînes di-nucléotidiques s'est déjà révélée concluante

avant  clustering  à  partir  d'une  sélection  des  200  poses  de  meilleure  énergie  d'interaction  par

nucléotide. Après clustering, une sélection des 60 meilleures poses est suffisante pour inclure les

poses natives nécessaires à la reconstruction des "ancres" di-nucléotidiques expérimentales (tableau

7).  Leur  recherche  à  partir  de  cette  sélection  conduit  à  identifier  entre  350  et  500  solutions

potentielles, soit une réduction de plus d'un facteur 10 par rapport aux chaînes identifiées avant

clustering. Sans surprise, les chaînes di-nucléotidiques natives sont également celles de meilleure

énergie pour les trois domaines. 

Notons toutefois une variation notable entre le RMSD de la chaîne UA de 5ELH trouvée avant

(1,365 Å) et après clustering (1,894 Å). Cela s'explique par le fait que la pose native associée au site

84

Tableau 7: Résultats d'une recherche de chaînes di-nucléotidiques faite à partir des

60 poses de meilleure énergie d'interaction (par type de nucléotides d'intérêt) après

clustering
Selected poses

Chain search Chain  nb
Best native chain

A C G U Rank RMSD

2xnr 0 60 0 60 CU 352 1 1,383

5elh 60 0 0 60 UA 470 1 1,894

5wwx 60 0 60 0 GA 466 1 1,253

Figure 40: Chaînes UCU identifiées sur 2XNR. (A) RMSD en fonction de l'énergie. (B)

Superposition de la chaîne de meilleure énergie d'interaction à la chaîne expérimentale.

Les cercles bleus représentent les 7 chaînes UCU natives (RMSD ≤ 2 Å).

Preliminary MCSS+Molpy results on 3 RBPs
3-mers oligonucleotides & nucleotide-type screening

11

Chevrollier, Thesis (2020)

reproduisent le mode d’interaction natif (RMSD ≤ 2 Å). Par ailleurs, la chaîne 3-nt de meilleure

énergie d'interaction parmi l’ensemble des chaînes générées correspond à une chaîne native dont le

RMSD est inférieur à 1,5 Å (tableau 9 et Fig. 39-B) par rapport à la chaîne expérimentale UCU. Ce

résultat est assez remarquable compte tenu du nombre élevé de chaînes concurrentes. Les énergies

d'interaction des sept  chaînes natives se distinguent  assez nettement de la  majorité  des chaînes

identifiées dont le RMSD s'étend sur une gamme de 5 à 15 Å (Fig. 40-A). Notons également qu’une

dizaine de chaînes présentant un RMSD compris entre 9 et 13 Å ont une énergie d’interaction très

proche  de  la  chaîne  native  de  plus  basse  énergie.  Ces  chaînes  n’ont  pas  été  analysées

spécifiquement  mais  leur  observation  sur  Pymol  (non  présentée  ici)  montre  que  certaines

reproduisent  le  mode  d’interaction  natif,  mais  dans  une  orientation  opposée  à  la  chaîne

expérimentale. 

Tableau 9: Données associées à la recherche de chaînes tri-nucléotidiques sur les trois domaines à
partir d'une sélection de poses issues d'un clustering. Le nombre de poses données en entrée pour
l’identification de chaînes est le nombre minimal permettant de reproduire le mode d’interaction
natif de la séquence recherchée. ND indique que la procédure d’optimisation des chaînes identifiées
n’a pas été réalisée.

Code
PDB

Nombre de poses
sélectionnées Séquence

recherchée

Nombre de
chaînes

identifiées

Chaîne native (≤ 2 Å)  de
meilleure énergie d’interaction

A C G U Rang global
RMSD

(Å) 

2XNR / 155 / 155 UCU 13 782 1 1,48

5ELH 490 / / 490 UUA 1 584 619 ND ND

5WWX 691 / 691 / AGA 2 433 270 ND ND

105

PDB 
ID

selected poses
sequence 
constraint

generated 
chains

native chains (≤2 Å)

rank



Preliminary MCSS+Molpy results on 3 RBPs
sequence-free predictions
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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. 
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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.

2XNR 5ELH 5WWX

U  C  U N  U  A A  G  A

G>A
A=G

G>A*
G>U

A>G
A>C*

A>U*
G>U* score-based nucleotide 

preferences 



Nucleotide-Protein Complexes
120 benchmark

13

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

R010 R110 R210 R310 R4105’ patches



MCSS Charges & Implicit Model / Scoring Functions
General Performance on 120 benchmark

14

MCSS/charge models MCSS+clustering+rescoring

A: raw - B: clusteringChevrollier & Leclerc, (bioRXiv preprint), 2019
patch



MCSS Charges & Solvent Models: Implicit/Explicit
General Performance on 120 benchmark

15

Raw

Top1 
               45% (+3%)

Clustered

Top10 
             70% (+4%)

scal=implicit; scalw, fullw, stdw=explicit (TIP3P)

Top10 
             61% (+4%)



MCSS Charges & Solvent Models: Implicit/Explicit
Hard/Soft Predictions
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implicit explicit

hard

PDB ID: 1KTG (A)

soft



Implicit/Explicit Models & Hard/Soft Predictions
Optimal (hard) / Good (soft) / Poor / No prediction

17

implicit explicit implicit explicit

hard

soft

Top 10 Top 100
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A qualitative analysis
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 Illustration of soft (poor) predictions 
Why soft (poor, no) ?

20

hard soft(hard)

implicit explicit

PDB ID: 3EWY (U)



 Illustration of soft (poor) predictions 
Binding modes
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implicit explicitPDB ID: 3EWY (U)



 Illustration of soft (poor) predictions 
Loss of native contacts
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implicit explicitPDB ID: 3EWY (U)



 Illustration of soft (poor) predictions 
Non-native contacts

23

implicit explicitPDB ID: 3EWY (U)

non-native A non-native G



 Illustration of soft (poor) predictions 
“shrinking” of the binding site
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implicit

explicit

X-ray



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) 

• pitfalls: 
• protein flexibility in the binding site 
• binding thermodynamics 
• binding kinetics

strengths & weaknesses

25



Perspectives and opportunities
in silico approach to fragment-based design
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REVIEW

Fig. 3: Specific siRNA effect (left) and siRNA ”off-target” effects, in which the siRNA guides RISC like a miRNA to 3’ untranslated regions in other mRNAs. The minimal
requirement for such a miRNA effect is that the siRNA strand shows continuous base pairing with the mRNA in its seed region (nucleotide positions ∼ 2-8 at the 5’-end of
the siRNA) (Bartel 2009).

(i) non-specific immunostimmulatory effects,
(ii) miRNA-like effects of siRNAs at other non-target mRNAs
(mediated viathe minimal seed pairing; Fig. 3), and
(iii) a saturation of the cellular RNAi machinery by therapeutic
siRNAs and miRNA mimics, which may also give rise to adverse
effects.
In addition, there is the possibility that RISC complexes to some
extent select and retain the passenger instead of the guide strand,
which could weaken the strength of the specific RNAi effect and
may increase the risk of additional non-specific miRNA-like
effects (Bramsen et al. 2007, 2014).

4. Where to modify RNA?

Nucleic acids can be modified at the phosphate, the sugar or
(less often) at the heterocyclic base (Fig. 4 A). Strategic modifi-
cations at the backbone, primarily on the sugar, can potentially
improve stability, specificity, cellular uptake and/or biodistribu-
tion of nucleic acid effectors. Particularly the 2’-OH group of
the ribose, which makes RNA molecules much more reactive
and unstable than DNA, is well suited for chemical modifi-
cations. Importantly, 2’-OH modifications are usually highly
compatible with the function of AONs and siRNAs (Schirle and
MacRae 2012) and, for example, 2’-O-methylation is further
able to suppress undesirable immunostimulatory effects (Kariko
et al. 2005; reviewed in Bramsen et al. 2014). Another option
is coupling of chemical groups with e.g. lipophilic or cationic
properties to the ends of nucleic acid effectors to improve cellu-
lar uptake. Circulation time, biodistribution, endosomal release
and cellular localization of nucleic acid effectors can be modu-
lated by conjugations as well (Soutschek et al. 2004; Wolfrum
et al. 2007; reviewed in Aigner 2008, and Bramsen et al. 2014).

5. Examples for nucleic acid modifications

Phosphorothioates (PS; Fig. 4 A), first generation modifica-
tions that are still in use, can be cost-effectively incorporated
into chemically synthesized nucleic acids. A potential disad-
vantage of PS-modified oligonucleotides is their often observed
slight reduction in RNA binding affinity (Kurreck 2003). This
may be compensated by higher oligonucleotide concentra-
tions, although this may entail an increase in adverse side
effects. Moreover, generally increased non-specific binding of
PS-modified nucleic acids to proteins may cause toxic side
effects. On the other hand, enhanced non-specific binding of

PS-modified nucleic acids to serum albumin could be advan-
tageous as it may lead to prolonged blood circulation, a more
favorable biodistribution and a more efficient cellular uptake in
particular (Levin 1999; Geary et al. 2002, 2015). In some cases
these properties seem to obviate the need for complex nanopar-
ticles in nucleic acid effector delivery. The therapeutic relevance
of PS modifications is illustrated by FDA approval (in 1998) of
the drug Fomivirsen, a PS-AON used as an antiviral agent for the
treatment of opportunistic cytomegalovirus (CMV) infections in
patients with AIDS (Yamamoto et al. 2011).
Another option beyond substituting the 2’-OH group is to change
the scaffold of the sugar moiety, e.g. by replacement of the
ribose with other 5- or 6-membered ring structures. More-
over, introduction of a methylene bridge between the 2’-oxygen
and the 4’-carbon rigidifies the sugar structure (Grünweller
and Hartmann 2007) (so-called ”locked nucleic acids“ (LNA),
Fig. 4 B). The best characterized 2’-substitutions are 2’-O-
methyl (2’-OMe), 2’-fluoro (2’-F) and 2’-O-(2-Methoxyethyl)
(2’-O-MOE) modifications (Fig. 4 B). Their incorporation is
compatible with standard methods of DNA and RNA synthesis,
thus facilitating the routine synthesis of AONs with modi-
fications at selected positions (so-called mixmers) including
combinations of different modifications. In general, 2’-ribose
modifications increase nuclease resistance and 2’-OMe and 2’-
F modifications also slightly enhance the affinity for the RNA
target. A combination of 2’-OMe and 2’-F modifications in
siRNA effectors was reported to significantly increase knock-
down efficacy in a mouse model (Morrissey et al. 2005a, b). As
mentioned above, 2’-OMe modifications are able to alleviate
unwanted immunostimulatory effects, thereby increasing drug
tolerability and therapeutic index (Bramsen et al. 2014).
2’-F-ANA-modified nucleic acids adopt a sugar conformation
similar to DNA, enhance nuclease resistance, stabilize base pair-
ing with target RNAs, enable cleavage of RNA by RNase H in
corresponding 2’-F-ANA:RNA duplexes and facilitate cellular
uptake (Deleavey and Damha 2012).
LNA is structurally more related to RNA than DNA and the
melting point (Tm) of an LNA:RNA duplex is increased by
several degrees Celsius per incorporated LNA nucleotide. To
our knowledge, LNA-modified oligonucleotides are currently
the most potent nucleic acid effectors. Beyond their exceptional
duplex stabilization and largely enhanced nuclease resistance,
LNA effectors also combine excellent sequence specificity with
usually low toxicity (Doessing and Vester 2011; Burdick et al.
2014). For these reasons several LNA-modified nucleic acid
effectors are currently in clinical trials (http://www.roche.dk).
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