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I2BC - Dept. M2GB Genomics, Molecular Genetics, 
Bioinformatics

Team: RNA Sequence, Structure & function - D. Gautheret
• RNA discovery: genomics, transcriptomics (cancer) - D. 

Gautheret 

• RNA structure & interactions: snoRNAs, ribozymes-viroids, 
RNA-RNA interactions, RNA-protein interactions - F. 
Leclerc 

• RNA function & processing: genetic code, RNA-based 
regulations - J. Lehmann  

• 4 senior researchers (C. Toffano: vice-director of the eBio 
platform), 2 Ph.D. students, 2 CDI IE, (1 invited professor)



Some recurrent problems & issues
• 2D&3D modeling of RNA variants/mutants from 3D structures

• sparse structural data 

• experimental 3D structures & biological-physiological conditions  

• 2D&3D modeling of RNA-RNA interactions

• dense RNA-RNA interactome 

• predict RNA interactions; 2D to 3D transposition 

• 3D modeling of RNA/protein interactions

• RNA binding ? - binding interface - binding mode - binding 
specificity (modeling/design)
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Structural/biochemical 
data inconsistencies
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Khvorova et al., Nat. Struct. Biol., 2003

de la Peña et al., EMBO J., 2003 Canny et al., JACS, 2004

Wang et al., Biochem., 1999

41-nt 50-nt 56-nt 50-nt
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http://dx.doi.org/10.1038/nsb959
http://dx.doi.org/10.1093/emboj/cdg530
http://dx.doi.org/10.1021/ja046848v
http://dx.doi.org/10.1021/bi9913202


2D&3D structures of H/ACA 
box s(no)RNAs (guide)
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Structure/function relationships 
in H/ACA box s(no)RNAs
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11 guide motifs (7 genes) 23 potential targets
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2D(3D) structural&energetic rules to 
classify “productive” guide RNAs  

H/ACA(-like) guide:targets 
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2D aligned structures of 
archaeal H/ACA box s(no)RNAs 
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Figure 3. LIGR-Seq Analysis of the Human RNA-RNA Interactome
(A) Circos plot of the landscape of human RNA-RNA interactions detected by LIGR-seq. Link width for each class of RNA depicts the relative percent of chimeric

reads representing significant interactions that have an observed versus expected ratio that is higher in the +AMT sample compared to the –AMT sample

(OE+AMT/OE-AMT > 1.1). mRNA-pc, protein-coding mRNA; mRNA-nc, mRNAs lacking a predicted open reading frame; lncRNA-int, intronic lncRNAs.

(B) Same as in (A) but for interactions that have an observed versus expected ratio that is higher in the –AMT sample compared to the +AMT sample (OE+AMT/

OE-AMT < 0.9).

(C) Predicted antisense regions (black) of snoRNAs on known and previously unknown targets detected by LIGR-seq. Each line represents one snoRNA and all

snoRNAs have been aligned to a D/D0 box (blue). In red are positions of a ligation junction with the associated snRNA.

(D) Table of C/D box and H/ACA box snoRNA-snRNA interactions detected by LIGR-seq. Significant interactions are indicated with bold boxes. Hatching

indicates a known interaction. Color scale, observed over expected ratio of chimeric reads.
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The molecules’ dimerization was verified by electro-

phoresis on native gels, with which RNAs of different
conformations or lengths can be distinguished (Fig. 7). The

kinetics of self-cleavage for the two ribozymes was also

controlled by the same method. The measurements indi-
cated that the dimers were inert, and that only the monomer

was catalytically active. Higher aggregates were not

observed on the gels at these RNA concentrations.

Mutagenesis assay

In order to test the different dimer models presented in

Fig. 6, we mutated in the small terminal loop (Mut1) that

would affect the formation of the linear–loop structure, or

the ‘‘kissing’’ type interactions; and mutated the unpaired
junction sequence (Mut2) between loop A and loop B that

would affect the linear–bulge interaction. Kinetics of the

two ribozymes and their mutants were observed on native
gels (Fig. 7). Cleavage was carried out under the same

conditions as that for neutron scattering experiments, in the

presence of 40 mM HEPES, 6 mM MgCl2, with or without
0.4 mM adenine, pH 7.5. On native gel, ADHR1, ADHR2

and their mutants, ADHR1 Mut1, ADHR1 Mut2, ADHR2

Mut1 and ADHR2 Mut2, formed dimers from the begin-
ning of the reaction. For all the mutants, the percentage of

dimer formation decreased, this diminution is more

important for Mut2 than that for Mut1 (Fig. 7). The
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Fig. 6 Schematic models of
ADHR1/ADHR2 dimerization
of. a Linear/loop interaction.
Three nucleotides ‘GUU’ at the
end of loop B were replaced by
‘AAA’ for the mutagenesis
experiment, Mut1. b Linear/
bulge interaction. Three
nucleotides ‘CCC’ in the bulge
between loop A and loop B
were replaced with ‘AAA’ for
the mutagenesis experiment,
Mut2. c ‘Kissing’ type
interaction of ADHR1/ADHR2
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Fig. 5 Neutron scattering curves of ADHR1 at high temperature in
the same buffer as for Fig. 3. a Guinier plot for the ribozyme plus
adenine sample described in Fig. 3c, after incubation at 90!C, and
measured at 65!C. The radius of gyration is 26 ± 0.5 Å, and the molar
mass is 27,000 g/mole (see text for the concentration determination);

the fit range is 0.39 \ QRG\ 1.91. b Guinier plot for a fresh ADHR1
sample in absence of adenine, measured at 65!C after heating to 90!C.
The radius of gyration is 24 ± 1 Å for a measured molar mass of
28,000 g/mole; the fit range is for 0.72 \ QRG\ 1.76
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2D structure of Hammerhead 
RNA

monomer 1 monomer 2HI HII HIII

A

B

Eint(10ºC) =   -9.3 kcal/mol
Eint(25ºC) =   -8.5 kcal/mol
Eint(45ºC) =   -5.8 kcal/mol

Edimer(10ºC) =   -47.1 kcal/mol 
Edimer(25ºC) =   -33.6 kcal/mol
Edimer(45ºC) =   -15.7 kcal/mol 

Emonomer(10ºC) =   -26.9 kcal/mol 
Emonomer(25ºC) =   -19.4 kcal/mol
Emonomer(45ºC) =     -9.6 kcal/mol 

Edimer(10ºC) =   -53.7 kcal/mol 
Edimer(25ºC) =   -38.9 kcal/mol
Edimer(45ºC) =   -19.2 kcal/mol 
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3D Modeling of HHR variant
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SANS* & Modeling 

dexp = 96.0Å
dcalc = 96.7Å

Rgexp = 31Å
Rgcalc = 29 (26)Å
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SANS: Small Angle Neutron Scattering
Institut Laue-Langevin (ILL), Grenoble
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HHR self-association & 
loss of catalytic activity

14
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3D Model of 
HHR self-
assembly

Leclerc et al., 201615



Dynamics of HHR(-) dimer

RMSD vs time (ns)
Rg vs time (ns)
Histogram of Rg
Histogram of RMSD
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Histogram of Rg (monomer 2)
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RNA Binding Proteins (RBPs): 
Modularity, dsRNA/ssRNA

17
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RNA recognition by RNA-binding modules
RNA-recognition motif. The RNA-recognition motif 
(RRM, also known as the RBD or the RNP motif) is 
by far the most common and best characterized of the 
RNA-binding modules. In this review, we will refer to 
it as RRM and use the term RBD for any domain that 
binds to RNA. The RRM is composed of 80–90 amino 
acids that form a four-stranded anti-parallel β-sheet 
with two helices packed against it, giving the domain the 
split αβ (βαββαβ) topology18 (FIG. 3a). More than 10,000 
RRMs have been identified that function in most, if not 
all, post-transcriptional gene-expression processes; in 
humans, ~0.5–1% of genes contain an RRM, often in 
multiple copies in the same polypeptide19.

In the approximately 20 known structures of RRM–RNA 
complexes, RNA recognition usually occurs on the 
surface of the β-sheet13–16,18,20–28. Binding is mediated in 
most cases by three conserved residues: an Arg or Lys 
residue that forms a salt bridge to the phosphodiester 
backbone and two aromatic residues that make stack-
ing interactions with the nucleobases. These three 
amino acids reside in the two highly conserved motifs, 
RNP motif-1 (RNP1) and RNP2, and define these 
motifs at the sequence level and are located in the two 
central β-strands18. This conserved platform allows for 
the recognition of two nucleotides in the centre of the 
β-sheet and of two additional nucleotides on either side6. 
However, a single RRM can recognize anywhere from four 
to eight nucleotides by using exposed loops and additional 
secondary structure elements that are not present in the 
canonical structure3,6. This general mechanism of recog-
nition is found in many RRMs, but not in all22,28; some 
of these domains even interact with proteins and not 
with RNA29–35. So, some individual RRMs can bind to 
RNA with great specificity, but multiple domains are often 
needed to define specificity because the number of nucleo-
tides that are recognized by an individual RRM is generally 
too small to define a unique binding sequence3.

K-homology domain. The heterogeneous nuclear 
(hn)RNP K-homology domain (KH domain) is a 
domain that binds to both single-stranded (ss)DNA and 
ssRNA36–42 and is ubiquitous in eukaryotes, eubacteria 
and archaea43. The domain is composed of ~70 amino 
acids with a functionally important signature sequence 
of (I/L/V)IGXXGXX(I/L/V) near the centre of the 
domain. Mutations in this region of the FMR1 protein 
cause fragile-X mental retardation syndrome44. All KH 
domains form a three-stranded β-sheet packed against 
three α-helices, but KH domains can be separated into 
two subfamilies on the basis of their topology45 (type I 
has βααββα topology; type II has αββααβ topology). 
For both classes, four nucleotides are recognized in a cleft 
that is formed by the GXXG loop, the flanking helices, 
the β-strand that follows α2 (type I) or α3 (type II) and the 
variable loop between β2 and β3 (type I) or between α2 
and β2 (type II; FIG. 3b). Unlike the RRM, this binding 
platform is free of aromatic amino acids; recognition 
is achieved instead by hydrogen bonding, electrostatic 
interactions and shape complementarity.

Double-stranded RBD. The double-stranded (ds)RBD 
is another small αβ domain of 70–90 amino acids that is 
found in both bacteria and eukaryotes. However, 
it interacts with dsRNA without making specific contacts 
with the nucleobases. The RNA-binding protein binds 
across two successive minor grooves and the intervening 
major groove on one face of the dsRNA helix46 (FIG. 3c). 
Unlike the RRM or KH domains, the majority of the 
intermolecular contacts are sequence independent and 
involve 2′-OH groups and the phosphate backbone46. 
The presence of multiple dsRBDs can impart specificity 
for certain structures because of their ability to recognize 
certain arrangements of RNA helices47–49. In addition, 
the specificity of at least some dsRBDs is mediated 

Figure 1 | Many RNA-binding proteins have a modular structure. Representative 
examples from some of the most common RNA-binding protein families, as illustrated 
here, demonstrate the variability in the number of copies (as many as 14 in vigilin) and 
arrangements that exist. This variability has direct functional implications. For example, 
Dicer and RNase III both contain an endonuclease catalytic domain followed by a 
double-stranded RNA-binding domain (dsRBD). So, both proteins recognize dsRNA, but 
Dicer has evolved to interact specifically with RNA species that are produced through 
the RNA interference pathway through additional domains that recognize the unique 
structural features of these RNAs. Different domains are represented as coloured boxes. 
These include the RNA-recognition motif (RRM; by far the most common RNA-binding 
protein module), the K-homology (KH) domain (which can bind both single-stranded 
RNA and DNA), the dsRBD (a sequence-independent dsRNA-binding module) and RNA-
binding zinc-finger (ZnF) domains. Enzymatic domains and less common functional 
modules are also shown. PABP, poly(A)-binding protein; PTB, polypyrimidine-tract 
binding; R/S, Arg/Ser-rich domain; SF1, splicing factor-1; TTP, tristetraprolin; U2AF, U2 
auxiliary factor. 
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their canonical structure. For example, splicing factor-1 
(SF1), which binds to the branch-point sequence, has an 
additional Quaking homology-2 (QUA2) domain that 
defines an enlarged KH domain by making extensive 
hydrophobic interactions with the KH domain itself. 
By increasing the recognition surface, SF1 can bind to 
the seven single-stranded nucleotides that define the 
branch-point sequence42 (FIG. 4b).

The structures of the first two quasi-RRMs (qRRMs) 
from hnRNP F demonstrate instead how an RRM 
can use a different surface for RNA recognition when 
the β-sheet surface is occluded79. This member of the 

hnRNP family is involved in the recognition of G-rich 
sequences (G-tracts) that are often found at recognition 
elements that are responsible for 5′-splice-site recog-
nition80–82. In the structure of the hnRNP F protein 
bound to the G-tract in Bcl-x pre-mRNA, each domain 
resembles a canonical RRM despite the absence of the 
RNP1 and RNP2 motifs normally used to bind RNA. 
Furthermore, the β-sheet surface is occluded by the 
presence of a C-terminal α-helix packed against it. So, 
the first two qRRMs of hnRNP F recognize RNA through 
a novel surface that is composed of a small β-hairpin 
between α2 and β4 and the β1–α1 and β2–β3 loops79. 
Perhaps the requirement for binding through a differ-
ent surface in this complex stems from the necessity to 
recognize G-quadruplex RNA and at the same time 
to prevent nonspecific binding to ssRNAs, which are 
normally recognized by RRM proteins.

An additional α-helix that is C-terminal to the 
canonical domain is common in RRMs. The C-terminal 
domain of La protein, human cleavage-stimulation 
factor-64 (CSTF64) and U1A all have a helix at the C ter-
minus of the domain12,20,83 (FIG. 3a). Many other domains 
form such a helix when bound to RNA; for example, 
in yeast Hrp1, HuD and PABP14,16,25. The C-terminal 
RRM of La does not interact with RNA at all and, in the 
U1A and CstF64 structures, the helix moves away from 
the β-sheet to allow RNA recognition by the canonical 
site (FIG. 3a), which suggests that these helices primarily 
perform a regulatory role.

Multiple domains specify RNA recognition
Tandem domains. Isolated RBDs generally have limited 
ability to interact with RNA in a sequence-specific man-
ner because their recognition sequences are too short6. 
Multiple domains (most typically two) are therefore teth-
ered together on a single polypeptide to create a much 
larger binding interface that recognizes a longer sequence. 
Perhaps the most extreme example of this concept comes 
from the Pumilio (Puf) family of proteins. Each domain rec-
ognizes a single nucleotide on its own, but by combining 
multiple repeats the protein can bind with high affinity 
and specificity to as many as eight nucleotides84 (TABLE 1; 
FIG. 5a). In fact, the three amino acids that recognize a 
particular nucleotide provide a reasonably predictive 
recognition code that can be exploited to engineer pro-
teins that recognize different RNA sequences from those 
specified by the wild-type proteins84,85.

Interdomain arrangement. Multiple domains associate 
with each other in various ways to generate extended 
RNA-recognition interfaces. The recent structure of 
Hrp1 (FIG. 5b) exemplifies the structural principles that are 
involved in RNA recognition by two RRMs in tandem, 
which are also observed in Sex-lethal (Sxl), PABP, nucleolin 
and HuD proteins13–15,25. In the free protein, both domains 
function as independent, rigid structures separated by a 
short flexible linker. Upon binding, both protein and RNA 
undergo significant changes in structure, with the linker 
forming a short helix and several interdomain contacts, 
which creates a compact surface for the recognition 
of adjacent stretches in the RNA16 (FIG. 5b).

Figure 3 | How RNA-binding modules recognize RNA. a | Structure of the N-terminal 
RNA-recognition motif (RRM) of human U1A bound to RNA18. In this structure, and in 
many other RRM–RNA complexes, single-stranded bases are specifically recognized 
through the protein β-sheet and through two loops that connect the secondary structure 
elements. b | The K-homology-3 (KH3) domain of Nova-2 bound to 5′-AUCAC-3′41. 
KH domains bind to both single-stranded DNA and RNA through a conserved GXXG 
sequence that is located in an exposed loop (light blue). c | The yeast Rnt1 double-
stranded RNA-binding domain (dsRBD) bound to an RNA helix capped by an AGNN 
tetraloop52. A conserved protein loop (left-most part of the structure) interacts with 
2′-OH groups in the RNA minor groove, whereas highly conserved Lys and Arg residues 
at the end of the longer helix recognize the position of phosphate atoms that are 
characteristic of an A-form helix. d | The two zinc fingers of TIS11d bound to an AU-rich 
RNA element57. The identity of the single-stranded RNA is recognized by the protein 
backbone through hydrogen bonds with the Watson–Crick face of each base. In all panels, 
the RNA backbone is represented with an orange ribbon, α-helices are in red and β-sheets 
are in yellow; the zinc atom in the TIS11d structure is in magenta.
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Naive approach for modeling 
ssRNA ligands (fragment-linking)
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Fragment-Based Docking of ssRNA-Protein Complexes

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

Proof of concept: fragment-
based modeling of RNA Ligands

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
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Binding strength & specificity 
in RBPs: RNase A
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POSEVIEW

S1 (3’)
S2 (5’)

H ∆S d(μM)Ligand N ΔH TΔS Kd(μM)

5’-AMP 0.89 -17.1 -11.6 124

5’-GMP 1.14 -10.9 -6.4 568

3’-CMP 0.99 -13.5 -7.5 51.6

3’-TMP 0.99 -14.3 -7.6 15

3’-UMP NA NA NA 9.7

S1: U>C
S2: A>G

Doucet et al., Proteins, 2010



Predict “strong” nucleotide binding sites:
(fragment-growing)
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Predict nucleotide binding 
sites specificity
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Predict nucleotide binding 
preferences in “hotspots”

focusing on high density regions
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Clustering & scoring 
nucleotide binding preferences
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bi
ts |
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 . 

GC
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 . 

GA|S1 (U>C)
cluster S1

S2 (A>G)
cluster S2

Ligand ∆H nclust T∆S ∆G ∆Gexp
5’-AMP -16 15 7.5 -24 -

5’-GMP -19 21 11 -30 -

5’-CMP -18 29 15 -33 -6.0

5’-UMP -21 52 26 -47 -6.7

PDB ID: 1RCN

Ligand ∆H nclust T∆S ∆G ∆Gexp
5’-AMP -23 27 14 -37 -5.5

5’-GMP -24 19 10 -34 -4.5

5’-CMP -18 31 16 -34 -

5’-UMP -20 25 13 -33 -

2424
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