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Outline
• Introduction to RNA Therapy and Strategies: Target/Drug 

• RNA as a target (e.g. ribosome, other folded RNAs, mRNAs, …)


• RNA as a drug: silencing, interference, editing, binding, etc


• Approaches & Technologies: RNA(DNA) as a drug/tool 

• from aptamers to SOMAmers (drug target: protein, or RNA, etc)


• from antisense oligonucleotides (ASO) to gapmers (drug target: RNA)


• Between pseudo-aptamers and ASOs: in silico design of short 
oligonucleotides against protein targets 
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RNA as a drug target 
structure-dependent approaches
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RNAs as targets: from cellular 
machineries to folded RNAs 
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Antibiotic-binding sites on the ribosome
Given the fundamental importance of the rRNA, it is 
not surprising that most ribosome inhibitors target the 
rRNA-rich surfaces on the 30S and 50S subunits (FIG. 1). 
The crystal structures of many ribosome-targeting anti-
biotics have been solved in complex with their ribosomal 
sub unit. The 30S subunit is targeted by drugs that include 
tetra cycline, pactamycin and the amino glycosides 

see TABLE 2, which hinder the subunit in carrying out its 
principle function of deciphering the genetic informa-
tion encoded in the mRNA BOX 1. Binding of amino-
glycosides such as geneticin, paromomycin (FIG. 2) and 
apramycin at the decoding site of the 30S subunit have 
been well studied by NMR44,45 and crystallography46–49.

The 50S subunit is targeted by a wide range of drugs 
that bind within three main regions (FIG. 1) to inter-
fere with the subunit’s main functions in controlling 
GTP hydrolysis, the formation of peptide bonds, and 
channelling the peptide through the subunit tunnel 
BOX 1. Binding of the thiopeptide antibiotics such 
as thiostrepton inhibit GTP-associated processes50–52, 
whereas the oligosaccharide antibiotics avilamycin and 
evernimicin interrupt a subset of these processes by 
binding to their own distinct site53–56. So far, there are 
no crystallographic data on the thiopeptide or oligo-
saccharide compounds bound to their sites on the 
50S subunit. Interactions of drugs at the third bind-
ing region on the 50S subunit (FIG. 1) have, however, 
been subject to rigorous crystallographic study. This 
latter region is extensive, covering the upper part of the 
tunnel together with the peptidyl-transferase centre, 
and accommodates a diverse range of drugs, including 
the MLSB (macrolide, lincosamide, streptogramin B) 
compounds1,2,42,57–60, chloramphenicol57,59, puromycin16, 
pleuromutilins61,62 and oxazolidinones63,64.

Below, we concentrate on drug targets at the two 
main and best-characterized reaction centres in the 
ribosome — the aminoglycoside target at the decod-
ing site on the 30S subunit, and the target for MLSB 
compounds adjacent to the peptidyl-transferase centre 
in the 50S subunit.

The decoding site on the 30S subunit
The decoding site is part of the ribosomal A site and 
is situated at the end of the 16S rRNA helix 44 on 
the 30S subunit interface BOX 1. The function of the 
decoding site is to monitor codon–anticodon pairing 
after the aminoacylated tRNA has been placed in the 

Figure 1 | Binding sites of antibiotics on the bacterial ribosome. The 30S ribosomal subunit is shown on the left and the 50S 
ribosomal subunit is shown on the right. The antibiotic-binding sites were initially determined by biochemical and genetic techniques; 
subsequently, many sites were revealed in greater detail by X-ray crystallography. At the overlapping sites, antibiotic binding is 
usually mutually exclusive (for example, for macrolide, lincosamide and streptogramin B compounds), however, streptogramin A 
and B compounds bind synergistically at adjacent sites. Subunit models are based on the Thermus thermophilus 70S ribosome 
structure29. In this figure, for clarity, part of the r-protein L9 has been omitted. Ribosomal RNAs are shown in yellow and grey and 
r-proteins in bronze and blue.

Table 2 | Antibiotics that target the 30S ribosomal subunit 

Drug PDB Resolution (Å) System Ref.

Aminoglycosides* 

Streptomycin 1FJG 3.0 Thermus 46 

Paromomycin 1FJG 3.0 Thermus 46

Hygromycin B 1HNZ 3.3 Thermus 119

Paromomycin 1IBK 3.3 Thermus 66

Paromomycin 1J7T 2.5 RNA fragment 47

Tobramycin 1LC4 2.5 RNA fragment 120

Geneticin 1MWL 2.4 RNA fragment 48

Apramycin 1YRJ 2.7 RNA fragment 121

Tetracyclines‡ 

Tetracycline 1HNW 3.4 Thermus 119

Tetracycline 1I97 4.5 Thermus 122

Cyclic peptides‡

Viomycin - - nd -

Capreomycin - - nd -

Other 30S drugs§

Edeine 1I95 4.5 Thermus 122

Spectinomycin 1FJG 3.0 Thermus 46

Pactamycin 1HNX 3.4 Thermus 119
*Bind to aminoacyl or peptidyl sites and induce errors in translation. ‡Block binding of transfer RNA 
to aminoacyl site. §Various effects, including inhibition of translocation. The Thermus system refers 
to 30S subunits from the bacterium Thermus thermophilus; RNA fragment contains the decoding 
region of 16S rRNA. nd, crystal structure not determined; PDB, Protein Data Bank ID.
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• ribosome as translation 
machinery


• ribosome biogenesis


• ribosome assembly …

Becker & Cooper, 2012
Gram-negative bacteria remain elusive, but a model of cellular
uptake has been proposed that consists of three different
stages.5−8 The vast majority of the studies have been carried
out using only two AGAs (streptomycin and gentamicin). The
uptake of other AGAs is not well characterized, and as such the
mechanisms that drive uptake of other AGAs may well have
considerable differences.
According to the current model the first stage of AGA uptake

is simply an electrostatic interaction between the positively
charged AGAs and the negatively charged lipopolysaccharides
(LPS) of the outer bacterial membrane.8,9 This is largely
nonspecific and solely due to the cationic nature of the AGAs
resulting from a predominance of basic, ionizable amino groups
within the class. The two subsequent stages are the energy-
dependent phase I (EDPI) and energy-dependent phase II
(EDPII).
EDPI is characterized by a slow rate of energy-dependent

uptake and is correlated with AGA concentration.10 It can also
be blocked by inhibitors of oxidative phosphorylation or
electron transport inhibitors.11

EDPII involves a rapid energy-dependent accumulation of
AGAs following EDPI that uses energy from electron transport
and ATP hydrolysis. However, the exact mechanism still
remains unclear, as EDPII can also be reduced or completely
inhibited by some inhibitors of protein synthesis, suggesting
that protein synthesis is a requirement for EDPII.12

Due to their lack of a membrane potential and the electron
transport mechanisms required for its upkeep, anaerobes are
generally immune to AGAs as EDPI and EDPII cannot take
place.
In the most widely accepted model the increased uptake of

AGAs following the entry of the first few molecules is attributed
to misreading in protein translation, which compromises
cytoplasmic membrane integrity and function due to faulty
proteins, leading to an autocatalytic cycle of AGA uptake,
followed by cell death13 (see Mode of Action, below).
3.2. Mode of Action. The elucidation of the mode of

action of AGAs went hand-in-hand with the biochemical
understanding of protein synthesis and especially the molecular
basis of translation fidelity. The high level of accuracy with

which translations occurs (the error rate of transcription in vivo
in E. coli has been estimated to be 1.4 × 10−4 per nucleotide
and thus around 4 × 10−4 per codon)14,15 gave an early
indication that more than just codon-anticodon recognition
between the mRNA and the stem loop of tRNA was at the
heart of protein translation (for recent reviews see, for example,
refs 16−20).
The essential part of the A-site in the 30S ribosomal subunit

consists of an asymmetric internal loop made up from three
adenines: A1408 on one strand and A1492 and A1493 on the
other strand, framed by two G-C pairs (E. coli nomenclature).21

Binding of a cognate tRNA to the A-site of the 30S ribosomal
unit is composed of two distinct events.22 Before binding the A-
site is conformationally dynamic (resting state or “off”) and a
first decoding step leads to identification of the cognate tRNA
in a fast equilibrium reaction. Binding to the cognate tRNA
results in a major rearrangement within the A-site in which
A1492 and A1493 flip out of the internal loop. This in turn
induces a much slower second step leading to a tight binding
involving a number of conformational changes within the
ribosome that enable a precise fit of the tRNA within the A-site
(decoding state or “on”).23

AGAs that bind into the A-site stabilize a conformation of the
internal loop very similar to the “on” state with the A1492 and
A1493 flipped out of the internal loop.24,25 This allows other
noncognate tRNA to bind and leads to a misreading of the
mRNA and synthesis of faulty proteins. Although the
interactions of the 2-deoxy streptamine AGA cores within the
A-site are highly conserved across almost all AGAs, each
individual AGA affects the dynamic structural changes within
the ribosome occurring during translocation in a distinctly
different way.26 Interestingly, the magnitude of the binding
affinity of the AGA for the A-site itself seems to be less crucial
for antibacterial potency, and the actual reduction of the
mobility of A1492 is the determining factor with higher
reduction of mobility leading to more potent compounds.27

Recent evidence also shows allosteric binding sites within the
ribosome that affect the mobility of ribosomal subunits, which
leads to reduced translation factor binding and translational
activity as well as ribosome recycling.28

Figure 4. Interactions of paromomycin with the 16S rRNA in the A-site (left) and in the binding site for streptomycin including interactions with
ribosomal protein S12 (right) (adapted from ref 31).

ACS Chemical Biology Reviews
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• aminoglycosides bound to 16S rRNA


• other RNA targets: 


• viral RNAs, riboswitch, ribozyme, etc


• Off-target effects (OTEs) & toxicity:


• mitochondrial rRNA



Ligand-Drug Design 
against RNA targets

Discovery of small-molecule inhibitors targeting
the ribosomal peptidyl transferase center (PTC) of
M. tuberculosis†

Benjamin Tam,a Dror Sherf,‡a Shira Cohen,a Sarah Adi Eisdorfer,a Moshe Perez,b

Adam Soffer,c Dan Vilenchik,c Sabine Ruth Akabayov,b Gerhard Wagnerd

and Barak Akabayov *a

M. tuberculosis (Mtb) is a pathogenic bacterium that causes tuberculosis, which kills more than 1.5 million

people worldwide every year. Strains resistant to available antibiotics pose a significant healthcare problem.

The enormous complexity of the ribosome poses a barrier for drug discovery. We have overcome this in

a tractable way by using an RNA segment that represents the peptidyl transferase center as a target. By

using a novel combination of NMR transverse relaxation times (T2) and computational chemistry

approaches, we have obtained improved inhibitors of the Mtb ribosomal PTC. Two phenylthiazole

derivatives were predicted by machine learning models as effective inhibitors, and this was confirmed by

their IC50 values, which were significantly improved over standard antibiotic drugs.

A recent U.K. government review (https://amr-review.org/) on
the global threat of anti-microbial resistance predicts that by
2050 2.5 million people will be at risk each year of dying from
drug-resistant strains of Mtb, the causative agent of tubercu-
losis (TB). Two crucial stages in the ongoing effort of drug
discovery – both of which are addressed in this study – are the
selection of the drug target for the specic pathogen and the
discovery of lead compounds. One of the major obstacles in
pursuing this goal is the complexity of the bacterial ribosome as
a target. We have overcome this barrier by targeting an RNA
segment of the ribosomal PTC of Mtb.

The PTC is a universally conserved ribonucleotide chain that
catalyzes the formation of peptide bonds during peptide chain
synthesis and constitutes a highly selective drug target site
within the ribosome.5 Indeed, being the heart of the gene
translation machinery, most of the available antibacterial
compounds that target the large (50S) ribosome subunit of
bacteria act on the PTC.6,7

We have chosen a fragment-based screening (FBS)-virtual
screening tandem (Fig. 1A) by virtue of the two major

advantages of FBS over high throughput screening: FBS requires
a method such as NMR, to detect binding,8 and fragment-based
libraries cover a larger chemical space.9

We have previously used saturation transfer difference (STD)
spectra to identify fragments that bind to DNA primase.15 The

Fig. 1 Development of small molecule inhibitors for ribosomal PTC.
(A) The workflow combines NMR-fragment based screening with
virtual screening. Using NMR (T2 relaxation) and a fragment library, we
identified scaffolds that bind hairpin 91 in the ribosomal PTC of Mtb.
These scaffolds were used to filter larger compounds containing the
fragment molecules from the ZINC database.1 Nearly 1000
compounds containing phenylthiazole were docked, using Autodock
software,1,2 into the PTC of the available crystal structure of a bacterial
ribosome, and hits were ranked on the basis of the binding energy.
Conclusions as to structure activity relationships were drawn using
machine learning algorithms, and ten compounds were selected and
tested for their ability to inhibit translation in Mtb. (B) The 50S ribosome
subunit of S. aureus (PDBID: 4WCE3) contains two RNA molecules
(white) and 34 proteins (blue). An A-site tRNA (PDBiD: 4v4W,4 green)
superposed to the 50S ribosome indicates the PTC. The sequence of
RNA hairpin (hairpin 91, yellow) was used for T2 relaxation screening.
The modified nucleotides in the sequence for Mtb are marked in
arrows.
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structure-based screening, design, optimization of ligands (experimental & in silico)



RNA as a drug 
sequence-dependent approaches 

• hybridisation-dependent approaches: ASOs, siRNA, miR, 
CRISPR, splice modifying oligos, etc


• hybridisation-independent approaches: aptamers, 
immunostimulatory (CpG) oligos, mRNA, etc
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RNAs as drugs: using 
intracellular  mechanisms

injected subcutaneously and targets mRNA encoding
apolipoprotein B for the treatment of hypercholesterol-
emia [75, 76]. There are still several ASOs in clinical
trials, the majority of which are delivered without a
vehicle (Table 2). Of particular interest are studies by
Ionis Pharmaceuticals utilizing a GalNAc–ASO conju-
gate similar to that developed by Alnylam to deliver
siRNA. Optimism from such approvals and clinical stud-
ies has also led researchers to continue investigation of
ASOs to treat diseases such as amyotrophic lateral scler-
osis (ALS) [77] and spinocerebellar ataxia [78].
An emerging, albeit less clinically advanced, RNA-

based platform for protein knockdown is microRNA
(miRNA). Endogenous microRNAs are non-coding
RNAs that act as key regulators for a variety of cellular
pathways, and are often downregulated in diseases [79].
Thus, exogenous microRNAs, or microRNA mimics,
delivered therapeutically could be used to knockdown
several proteins simultaneously, which is particularly
useful in diseases such as cancer where having a single
disease-relevant target is rare [80]. It is also worth not-
ing that a rare subset of microRNAs is thought to
enhance protein production, and that targeting of gene-

suppressing microRNAs using ASOs could also be used
to increase protein production [81]. The majority of
current clinical trials involving microRNA are screens to
investigate microRNA involvement in certain diseases,
although there are several ongoing animal studies utiliz-
ing microRNA delivery. Examples include the use of
LNPs to treat a mouse model of colorectal cancer [82],
and polymeric nanoparticles to deliver microRNA to
the heart to treat fibrosis [83]. The first microRNA
mimic therapy to enter clinical trials was MRX-34—a
liposomal-encapsulated microRNA mimic from Mirna
Therapeutics meant to treat a variety of cancers [84].
However, the company terminated the study earlier in
2017 after reports of several immune-related severe
adverse events [85]. The fact that the adverse events
were immunological in character further highlights
the importance of RNA modification for clinical ap-
plications, as such modifications remain one of the
most important means of evading immune detection
for RNA drugs. Chemical modification of miRNA
mimics in particular, however, might prove challen-
ging owing to the complex nature of miRNA-induced
gene regulation [86].

ASO

siRNA sgRNA

Rnase H

RISC

Ribosome

CRISPR-Cas9

Cleaved
DNA

Protein expression

Cleaved
mRNA

Protein
knockdown

Protein
knockout

I.

II. IV.

mRNA
AAAAA

AAAAA

AAAAA

AAAAA

III.

I

II

III

Cas9 IV

+

Fig. 2 Regulation of gene and protein expression using RNA. Once delivered into the cells, RNA macromolecules can utilize diverse intracellular
mechanisms to control gene and protein expression. (I) Hybridization of antisense oligonucleotides (ASOs) to a target mRNA can result in specific
inhibition of gene expression by induction of RNase H endonuclease activity, which cleaves the mRNA–ASO heteroduplex. (II) Short interfering
RNA (siRNA) is recognized by the RNA-induced silencing complex (RISC), which, guided by an antisense strand of the siRNA, specifically binds and
cleaves target mRNA. (III) In vitro transcribed mRNA utilizes the protein synthesis machinery of host cells to translate the encoded genetic information
into a protein. Ribosome subunits are recruited to mRNA together with a cap and poly(A)-binding proteins, forming a translation initiation complex.
(IV) In the CRISPR–Cas9 system, co-delivery of a single guide RNA (sgRNA) together with the mRNA encoding the Cas9 DNA endonuclease allows
site-specific cleavage of double-stranded DNA, leading to the knockout of a target gene and its product. CRISPR, clustered regularly interspaced short
palindromic repeats

Kaczmarek et al. Genome Medicine  (2017) 9:60 Page 8 of 16
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RNAs as drugs/tools: using in 
vitro generated aptamers (1)
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Whole-cell-based SELEX
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Live-animal-based SELEX

Nature Reviews | Drug Discovery
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RNA as a drug & carrier 
sequence-dependent &  

sequence-independent approaches 
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Chimeric aptamers with 
miRNA, siRNA, etc

These properties make aptamers very promising candidates for
targeted therapy. In fact, the first aptamer-based therapy,
pegaptanib (Macugen), was approved by the U.S. Food and
Drug Administration (FDA) in 2004 for the treatment of age-
related macular degeneration.18 Despite its initial success,
Macugen was outcompeted by monoclonal antibody frag-
ments, ranibizumab (Lucentis) and bevacizumab (Avastin),
crediting a higher effectivity and lower cost, respectively.19

Although antibodies are more developed and understood,
synthetic aptamers have several advantages in comparison to
antibodies such as time and control over production together
with the flexibility of designs, which is probably one of the
most important benefits of aptamer technology. Whereas
antibody design and manufacturing can take months and
requires a biological system with intrinsic stochasticity,
selection of aptamers is carried out within a few weeks under
precisely controlled experimental conditions and can be

potentially automated. The further production of selected
aptamers can be entirely synthetic, which minimizes batch-to-
batch variability and can be scaled up. Another important
advantage of aptamers over antibodies is their great shelf life
due to the heat stability and ability of renaturation. With these
factors, transportation and storage of aptamers does not
require cold-chain. Furthermore, from a biomedical point of
view, aptamers are much less immunogenic than antibodies.
However, one primary concern for the clinical use of RNA

aptamers is their sensitivity to nuclease degradation and,
therefore, short half-life in vivo. The phosphodiester backbone
and the 5′ and 3′ termini are extremely sensitive to serum
ribonucleases and exonucleases, respectively. This sensitivity
would effectively prevent any systemic application of
therapeutic aptamers and allow just their local and/or
temporary use; however, substitution of natural ribonucleo-
tides with chemically modified analogues during or after

Figure 3. Schematic depiction of various chimeric aptamers. Multiple nucleic-acid-based functionalities can be linked to cell-specific
aptamers with many different approaches that are beyond the scope of the article. (A) Post-transcriptional silencing of gene expression is
achieved by delivery of miRNA or siRNA. Transcription of aptamers within pre-miRNA from gene constructs offers prolonged production of
chimeric RNA. Downregulation of some genes by endogenous miRNAs during tumorigenesis can be reverted by the delivery of anti-miRs
that block binding of miRNAs to target mRNAs. Delivery of a DNAzyme that cleaves specific mRNA is another way to repress gene
expression. Conjugation of two identical aptamers is used for oligomerization of receptors in comparison with two different aptamers that
may attach to cell surface proteins from intercellular space or the bloodstream as well as interconnect two different cells. (B) Schematic
illustration of cell targeting by chimeric aptamer with a synergistic effect. An aptamer blocks signaling, while the therapeutic payload silences
genes crucial for cell survival. Thus, simultaneously both functional parts promote apoptosis. (C) Most utilized ways of chimeric TNA
conjugations. (D) From left to right: 3WJ-EGFR aptamer/anti-miR-21 nanoparticles harboring three functional modules: EGFR RNA
aptamer for targeted delivery, anti-miR-21 LNA for therapy, and Alexa-647 dye for imaging. The RNA nanoring carrying five J18 aptamers
for cell targeting, connected to the RNA ring. One biotinylated oligonucleotide provides fluorescent readout after coupling to a
streptavidin−phycoerythrin conjugate. The 3WJ pRNA motif can be used to multiply assemble scaffolds.
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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

Zhuo et al., 2017

FDA 
2004
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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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ASOs and gapmers
208

We first demonstrated the effect of a gapmer ASO in both cell and animal models 
by targeting the abnormally expanded CUG repeat portion of DMPK in DM1 [24]. 
However, since gapmer ASOs targeting such CUG repeats bind and suppress not 
only the abnormal mRNA of DM1 but also the normal mRNA derived from other 
genes having CUG repeating sequences, research is now focused on discovering 
other gapmer ASOs that target sequences other than CUG repeats. A mouse model 
for DM1 (HSALR) that possessed a transgene containing CUG repeats inserted in the 
3′ untranslated region of the human actin gene has been widely used for treatment 
studies [25]. In addition to splicing abnormalities similar to those present in DM1 
patients, this mouse model exhibits myotonia and muscle degeneration. By subcu-
taneously administering 25  mg/kg of gapmer ASO (targeting non-CUG repeat 
sequences) twice weekly for 4 weeks to HSALR mice, Thornton’s group observed a 
significant decrease in abnormal RNAs and an improvement in splicing in the skel-
etal muscles of the mice [26]. In addition, myotonic discharge had decreased and 
almost disappeared according to a needle electromyogram. Even more surprisingly, 
due to the extraordinary stability of the gapmer ASO, the effects of suppressing 
abnormal RNA and improving splicing continued for 1 year after administration, 

target mRNA

DNAmodified
nucleotide

a

b

modified
nucleotide

High stability
& affinity

RNaseH
activation

Gapmer-ASO

target mRNA cleavage

mRNA-ASO duplex formation

recognition by RNase H

Fig. 13.3 (a) A gapmer design includes two chemically modified nucleotide sequences at the 
ends, flanking a central stretch of DNA sequence. The central gap can activate RNase H, whereas 
the flanking sequence provides high stability and affinity. (b) When gapmer ASOs bind to the tar-
get RNA, RNase H recognizes the heteroduplex and cleaves the RNA strand. Because RNase H 
releases the intact ASO upon cleavage, it conveniently allows for a single ASO to cleave target 
RNA many times, thus further increasing its potency

M. Nakamori

Nakamori, 2018
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Design of ASOs-gapmers 
using in silico methods    | 833Genes to CellsYOSHIDA ET AL.

complementarity up to d = 2 would be selected in the in silico 
analysis, which is the first stage in the assessment of off‐tar-
get effects. The induction of off‐target effects is assumed to 
be related to the strength of binding between the ASO and 
complementary RNA, and is therefore likely to vary depend-
ing not only on the length of the gapmer ASO but also on the 
type of chemically modified nucleic acids introduced into the 
ASO. In general, the strength of binding between the ASO 
and complementary RNA increases as the oligonucleotide 
becomes longer, so that LNA gapmer ASOs longer than 13‐
mer may induce off‐target effects on d = 3 genes in addition 
to d = 0, 1 and 2 genes. Therefore, we consider that a crite-
rion for selection of off‐target candidate genes, which is de-
fined by d, varies depending on the length of the ASO and/or 
chemically modified nucleic acids used in the ASO.

In in vitro analysis using human cells, expression analysis 
should be investigated in conditions in which the expression 
of the target gene is down‐regulated to less than 50%. As for 
off‐target genes in which gene expression was down‐regu-
lated to less than 50% of the control, evaluation of the pos-
sible functional consequences of altering the  expression of 
the off‐target gene product should be done as proposed previ-
ously (Lindow et al., 2012).

4 |  EXPERIMENTAL 
PROCEDURES

4.1 | Estimation of the general number of 
complementary regions of ASOs in human pre‐
mRNA sequences
We mathematically calculated the theoretical number of 
complementary regions of ASOs with perfect matches or 
mismatches in the total size of human pre‐mRNA sequences 
in a similar manner as described previously (Yoshida et al., 
2018). We hypothesized that the four bases (A, G, C and 
T) are used randomly in human pre‐mRNA sequences. The 
human mRNAs and pre‐mRNAs span 68 Mb and 1.17  Gb 
respectively, according to D3G database (release 18.04; 
https ://d3g.riken.jp/). D3G consists of RefSeq mRNA tran-
scripts (NM_ and YP_ entries; O'Leary et al., 2016) and 
their genomic coordinates on the  reference human genome 
(GRch38) provided in the UCSC Genome Browser (Casper 
et al., 2018). Human pre‐mRNA sequences are approxi-
mately 17 ‐fold longer than human mRNAs owing to their 
intronic regions.

4.2 | In silico analysis
Sequence searches allowing mismatches, insertions or de-
letions were performed using GGGenome (https ://GGGen 
ome.dbcls.jp/), rather than the widely used BLAST soft-
ware (Altschul, Gish, Miller, Myers, & Lipman, 1990). 
BLAST may overlook potential complementary regions, 
as mentioned in our previous work describing siDirect 
(Naito, Yamada, Ui‐Tei, Morishita, & Saigo, 2004) and 
CRISPRdirect (Naito, Hino, Bono, & Ui‐Tei, 2015), which 
are web servers for designing off‐target‐minimized siRNA 
and CRISPR guide RNA, respectively. GGGenome quickly 
searches short nucleotide sequences utilizing suffix array 
and FM‐index stored on solid‐state drives, and we used it 
to query the human pre‐mRNA sequences described above 
that were retrieved from D3G. Here, we used a complemen-
tarity measure called the “distance” (d), which is defined 
as the total number of mismatches, insertions or deletions 
between ASO and the complementary RNA sequences. Pre‐
mRNA sequences were grouped by d according to the high-
est complementary site (i.e., with minimal d). For example, 
if two complementary sites with d = 1 and d = 3 are present 
in one pre‐mRNA sequence, such as one d = 1 site in exon 2 
and one d = 3 site in exon 4 in one pre‐mRNA sequence, the 
pre‐mRNA was classified into the d = 1 group because the 
d = 1 site is more likely to be affected by the ASO compared 
to the d  =  3 site. Pre‐mRNAs with complementary RNA 
sequence to the gapmer ASO are called “Complementary 
genes (Off‐target candidate genes)” in in silico analysis 
(Figure 3a and S2a).

F I G U R E  4  Scheme for the assessment of hybridization‐
dependent off‐target effects of gapmer ASOs. In silico analysis: 
Off‐target candidate genes with complementary RNA sequences are 
selected from a human RNA database (e.g., D3G) using an appropriate 
search algorithm (e.g., GGGenome). In vitro analysis using human 
cells: The ASO is introduced into cultured human cells, and the 
changes in gene expression of off‐target candidate genes are analyzed. 
Off‐target candidate genes are narrowed down by considering those 
with gene expression down‐regulated to <50% as off‐target genes. 
Risk assessment: The risk of adverse effects emerging from the off‐
target genes is investigated by comprehensive consideration of the 
function, etc., of the gene

Risk 
assessment

In vitro analysis
using human cells

In silico analysis

Complementary RNA
(Off-target candidate genes)

Down-regulated RNA
(Off-target genes)

Human RNA database
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Perfect sequence match no guarantee for ASO gapmer activity
All these sequences are perfect
matches to the human transcript 
but there is still a variability 0-95% 
knockdown

20

Thus, perfect homology not 
enough for potent ASO activity

Consequences for species 
differences and in silico off-
target analysis

RNase H gapmer screening focused on balance between
sequence dependent potency and tolerability Note: steric blocking ASOs

significantly more restricted
regarding sequence choice  

Activity for perfect match of ASOs

P. Andersson, 2020



Limitations of “RNA as a drug”-
based approaches

• general limitations: 


• safety, toxicity (immunogenicity), uptake, delivery, etc  


• specific to RNAs: sequence & hybridisation dependent


• activity/sequence match (structure, accessibility, etc)


• uptake, toxicity 


• specific to RNAs: sequence & hybridisation independent


• inflammation (CpG motifs and TLR9 activation)


• modification-related toxicities

20



Optimizations via chemical 
modifications
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Hybridisation-dependent & 
independent OTEs

5’ -GCAAUGGUACGGUACUUCCGUCAUCAGCUUGUGAUGUGGAUGCGAACUGCAAAAGUGCACGCUACUUUGCUAA- 3’
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How to avoid hybridisation-
dependent OTEs ?
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In silico design of modified 
oligonucleotides

• selection of a protein target with a known 3D structure 
and a binding region


• fragment-based approach to identify single nucleotide 
binding sites (fragments: mapping, clustering, ranking)


• (re)construction of short oligonucleotides (selection of 
fragments, search for connectivity, building and 
optimisation, ranking) 

24



Drug design/discovery
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Success stories in FBD
Metalloproteinases (MMP-3) 
(arthritis and tumor metastasis)

Bcl-2 
(pro- and anti-apoptotic)

“SAR by NMR” 
Shuker et al., 1996
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Fragment-Based Design of 
Oligonucleotides

27

Protein Target
binding region mapping

saturated  
region

merging

selection

score 
filtering

building

extension  
of dinucleotidesclustering & ranking

clustered  
maps

MCSS

connectivity

constraint  
satisfaction Molpy

optimisation  
ranking

n-mer 
oligonucleotides

CHARMM



Fragment-based approach  
applied to RNAs: proof of concept

28

Fragment-Based Docking of ssRNA-Protein Complexes

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004697 January 27, 2016 5 / 21

Delineation of the binding-site
Despite the still high number of decoys after filtering, the unbound docking permitted to
exactly delineate the binding site (Fig 5) without taking this information into account prior to
docking: The worst pose after filtering was at only 16.7–14.9 Å from the closest fragment in
1B7F and 1CVJ respectively; for each complex, more than 65% of the poses were under 10 Å
and more than 95% under 15 Å. So, our procedure for fragments assembly proved an efficient
method to discard remote poses. These results also suggest that the method could be used for

Fig 4. Best sampling obtained by unbound fragment docking and chain-propensity filtering. 1B7F (A) and 1CVJ (B), same legend as for Fig 3.

doi:10.1371/journal.pcbi.1004697.g004

Fragment-Based Docking of ssRNA-Protein Complexes

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1004697 January 27, 2016 12 / 21

Chauvot de Beauchene et al., 2016
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Preliminary results on 
three RBPs testcases

• General objective: validation by reproducing known 
ssRNA-protein interactions


• Specific objectives: 

• sequence constraints modeling: predict binding mode


• sequence constraints free modeling: predict binding 
mode and sequence specificity 


• Perspectives in molecular design

29



RBPs: optimal/sub-optimal 
binding sites

30

native poses identified (RMSD ≤ 2.0Å)  

MCSS 
score index

BINANA Durrant & McCammon, 2011
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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. 

Preliminary results on RBPs 
2 & 3-mers oligonucleotides
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200 initial poses

~ 5000 2-mers

Top1 for 2-mers

Chevrollier’s Thesis, 2019

MCSS 

+ 

Molpy 

+ 

CHARMM



  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 results on RBPs 
3-mers oligonucleotides
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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
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What about “sequence-free 
constraints” modeling ?
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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

G>U
A>G

A>C*
A>U*

G>U*

U  C  U N  U  A A  G  A

Chevrollier’s Thesis, 2019

G>A
A=G

G>A*



Back to the basics …
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Benchmark120

Nucleotide Binding Sites

    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. 

R=A,C,G,U

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

Minimized protein 
without ligand

17Å3

native pose: RMSD(mcss/exp) ≤ 2.0Å



MCSS Performance on 
nucleotide-binding sites
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un nombre de succès inférieur à ces dernières et à celui affiché par MCSS. La fonction de score

ITscorePR est celle qui affiche de loin les moins bonnes performances. Cette dernière a été calibrée

à  partir  d'un  jeu  de  données  composé  de  complexes  protéine-ARN.  Cela  peut  donc  illustrer

potentiellement des différences dans le mode de reconnaissance protéine-nucléotide.
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Figure 60: Comparaison des fonctions de score dans leur capacité à discriminer une pose native.
Chaque histogramme représente le nombre de structures pour lesquelles une pose native est classée
dans le top N à partir de poses clusterisées (B) ou non (A). Les taux de succès, rapportés à 120
structures, sont indiqués.

     A: no clustering

B: clustering

Chevrollier & Leclerc, (bioRXiv preprint), 2019

Top1 
42% 
35%

Top10 
66% 
56%



Docking, Scoring Functions 
and Solvent Models

• empirical scoring function: Vinardo (Vina), etc


• force-field based scoring function: CHARMM (MCSS) & 
implicit solvent model(s)


• …

36 PDB ID: 3C4Z

Nucleotide Binding 
Site

metals

crystallised  
waters



MCSS Performance with 
implicit/explicit solvent 
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Raw

Clustered

Top1 
45%

Chevrollier, González-Alemán et al.,                                                                     in preparation

Top10 
           70% (+10%)

scal: no water / scalw, stdw, full: waters 



MCSS Performance with 
implicit/explicit solvent 

38Chevrollier, González-Alemán et al.,                                                                     in preparation

scal: no water / scalw, stdw, full: waters 

Top100

Top1



Unspecific/specific (A/C/G/U): 
Hard/Soft predictions
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Proteins-Nuc	(121)
A -->	87			G -->	9			C -->		12 U -->	13

Hard
Soft

Hard
Soft

                                    Hard: native pose for specific nucleotide in top n score 

                                    Soft:  idem but with score up to +2kcal/mol from top n

scal=implicit solvent 
                stdw=implicit+explicit solvent

Chevrollier, González-Alemán et al.,                                                                     in preparation



• Optimal: hard predictions


• Good: soft predictions


• Poor: predictions with score 
over the 2kcal/mol cutoff value 
from top1 score


• No-prediction

40

Top100

Chevrollier, González-Alemán et al.,                                                                     in preparation

SCAL STDW

Unspecific/specific (A/C/G/U): 
Hard/Soft predictions
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Poor-No Prediction(s) & 
Pitfalls 
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Top10
hardest (no prediction): 17/121

binding site  
features



A

B D

C E

D F

Learning from the analysis 
of soft predictions
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U native G non-native



A

B D

C E

D F

G 43

X-ray

MCSS

MCSS

Learning from the analysis 
of soft predictions

U native

G non-native 
(stdw)

A non-native 
(scal)

MCSS



A

B D

C E

D F
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X-ray/minimized

X-ray

MCSS

MCSS

Learning from the analysis 
of soft predictions

U native

G non-native



Conclusions
• fragment-based approach applied to single nucleotide binding


• explicit solvent improve predictions of nucleotide binding


• performance: Top1: 45%; Top5: 60%; Top10: 70%


• discrimination of native/non-native nucleotide


• pitfalls: 


• flexibility of protein binding site, binding thermodynamics, 
binding kinetics, etc
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Useful Links
• RNA Collaborative Seminar Series (Univ. Michigan) - youtube channel


• The RNA Institute 
HMS Initiative for RNA Medicine Virtual Seminar
June 16 @ 3:00 pm - 4:00 pm
“Epitranscriptome: The Role of RNA Methylation in Stress and Viral Defense”

• iRNA COSI: Integrative RNA Biology

Next journal club June 23 @11:00am EDT
Johannes Linder, Georg Seelig’s group, University of Washington:
“Engineering Alternative Polyadenylation with Deep Generative Neural Networks“

• OTS: Oligonucleotide Therapeutics Society: webinars & Journal Club


• GDR RNA: RNA as a tool and a target for medicinal chemistry and chemical biology



