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Abstract
RNA is the pivotal molecule in the central molecular biology dogma that acts as intermediary between
the DNA that carries the hereditary information and the proteins. Therefore, messenger RNA
processing is an important landmark in gene regulation. A plethora of RNA binding proteins control
and modulate its different steps as component of essential ribonucleoparticules such as the
spliceosome or as accessory factors. Thus, understanding the determinants of protein-RNA
interactions is a prerequisite to gain insight in posttranscriptional gene regulation.
In the present work, we investigate the CUG binding protein 2 (CUG-BP2) that is involved in many
aspects of RNA metabolism. It is an alternative splicing factor; it can regulate mRNA stability and
translation but also modulates mRNA editing. CUG-BP2 interacts with multiple targets. It was initially
identified as a CUG triplet binding protein but systematic evolution of ligands by exponential
enrichment (SELEX) experiments showed that it prefers UG repeats and notably the UGUU motif.
Moreover, its interaction with AU-rich sequences has been demonstrated to be essential in mRNA
editing, stability and translation regulation.
CUG-BP2 belongs to the CUG-BP and ELAV like factor (CELF) family. The members have two
RNA recognition motifs (RRM) separated from a third one by a divergent domain. The RRMs are
extremely conserved among the family with over 90% identity between CUG-BP2 and CUG-BP1, its
closest homolog. The solution structure of CUG-BP1 RRM3 in complex with (UG)3 has been solved
by NMR spectroscopy and the structures of CUG-BP1 RRM1 and RRM2 bound to RNAs containing
the UGUU motif by X-ray crystallography. Although these structures provide very detailed insight in
the binding mode to UG rich RNAs, it remains unclear how CUG-BP2 recognizes AU-rich RNAs.
The aim of this study is to characterize structurally and dynamically the interaction of the CUG-BP2
with short AU-rich RNAs by NMR spectroscopy and to understand how the protein discriminates
between different targets. We also focus on gaining insight into the regulation and stabilization of
mRNAs by CUG-BP2 in vivo.
In an attempt to facilitate the NMR investigation, we established simple procedures to obtain short
labeled RNA that could prove useful for obtaining intermolecular restraints between the protein and
the RNA target. We then used a modular approach to characterize the interaction of CUG-BP2 with
AU-rich sequences originating from the 3′ UTR of the COX-2 mRNA, and studied the N-terminal
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tandem RRM12 and the C-terminal RRM3 separately. We obtained a preliminary structure of the
RRM12 bound to 5‘-AUUUAAUU-3′ and established that both RRMs could interact with the RNA
simultaneously and had correlated motion but the RNA was bound in multiple register, which was
detrimental for the complex structure determination by NMR.
However, we solved the structure of the CUG-BP2 RRM3 in complex with 5‘-UUUAA-3′. By
comparison with the structure of CUG-BP1 RRM3 in complex with 5‘-UGUGUG-3′, we could show
that RRM3 used the same binding interface and protein moieties to interact with different targets but
that the conformation of the aromatic residues at the binding interface control the affinity for the
cognate RNA. Using scalar coupling experiments and molecular dynamics, we could establish that
RRM3 used aromatic side chain rearrangement as an original mean to discriminate different RNA
targets.
We also investigated the role of the different domain of CUG-BP2 in the regulation of COX-2 mRNA
translation and performed in cell luciferase gene reported assays. We could establish that interaction
with the RNA was essential for the function and that the divergent domain helped amplifying the
translation inhibition. We also demonstrated that CUG-BP2 was a cargo of the Karyopherin β2 and
that the nuclear localization signal at the C-terminus was a PY-NLS.
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Résumé
L'ARN agit comme intermédiaire entre l'ADN qui porte l'information génétique et les protéines ce
qui en fait la molécule clé du dogme central de la biologie moléculaire. Par conséquent, la maturation
de l'ARN messager est un jalon important dans la régulation de l’expression des gènes dont les
différentes étapes peuvent être contrôlées et modulées par une pléthore de protéines de liaison à
l’ARN. Ces dernières agissent en tant que composantes de particules ribonucléiques essentielles telles
que le splicéosome ou comme facteurs accessoires. Ainsi, une meilleure appréhension des interactions
protéines-ARN est indispensable pour comprendre la régulation post-transcriptionnelle des gènes.
Dans cette thèse, nous nous proposons d’étudier la protéine CUG-BP2 qui est impliquée dans de
nombreux aspects du métabolisme de l'ARN tel que l'épissage alternatif, la stabilisation et la régulation
de la traduction ou encore l’édition. CUG-BP2 interagit avec plusieurs cibles. Elle a été initialement
identifiée comme une protéine de liaison aux triplets CUG mais il a été démontré par évolution
systématique de ligands par enrichissement exponentiel que la protéine a une préférence pour les
répétitions UG et notamment le motif UGUU. De plus, il a été établi que par son interaction avec des
séquences riches en UA, CUG-BP2 régule l'édition, la stabilité et la traduction d'ARNm.
CUG-BP2 appartient à la famille CUG-BP and ELAV like factor (CELF) dont les membres ont trois
motifs de reconnaissance de l'ARN (RRM), le deuxième et le troisième étant séparés par un domaine
divergent. Les RRMs sont extrêmement conservés parmi les membres de la famille avec plus de 90%
d'identité de séquence entre CUG-BP2 et CUG-BP1, son plus proche homologue. La structure du
RRM3 de CUG-BP1 en complexe avec (UG)3 a été résolue par spectroscopie RMN et les structures
des RRM1 et RRM2 de CUG-BP1 liés à des ARNs contenant le motif UGUU par cristallographie aux
rayons X. Bien que ces structures donnent un aperçu très détaillé du mode de liaison aux ARN riches
en UG, on ne sait pas comment CUG-BP2 reconnaît les ARN riches en UA.
Le but de cette étude est de caractériser structurellement et dynamiquement l'interaction de CUG-BP2
avec de courts ARNs riches en UA par spectroscopie RMN afin de comprendre comment la protéine
distingue différentes séquences d’ARN. Nous nous intéressons également à la régulation et la
stabilisation des ARNm par CUG-BP2 in vivo. Dans un premier temps, nous avons établi des procédés
simples pour obtenir de courts ARNs marqués en vue d’obtenir des contraintes intermoléculaires entre
la protéine et l'ARN cible et de faciliter les investigations par RMN. Nous avons ensuite caractérisé
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séparément l'interaction des RRM12 et du RRM3 avec des séquences riches en AU provenant de la
région 3′ non-transcrite de l’ARNm de la cyclooxygénase 2 (COX-2).
Nous avons établi que les RRM1 et 2 peuvent interagir simultanément avec l'ARN et obtenu une
structure préliminaire du RRM12 lié à 5'-AUUUAAUU-3'. Cependant, les RRM1 et RRM2 ont de
multiples surfaces d’interaction avec 5'-AUUUAAUU-3', ce qui exclut toute détermination de la
structure du complexe par RMN.
En revanche, nous avons résolu la structure du RRM3 de CUG-BP2 en complexe avec UUUAA 5'3'. En la comparant avec la structure du complexe du RRM3 de CUG-BP1 avec 5'-UGUGUG-3',
nous avons pu montrer que le RRM3 utilise la même surface d’interaction et les mêmes chaines
latérales pour interagir avec différents ARNs, mais la conformation des résidus aromatiques au niveau
de la surface d’interaction varie en fonction de l'affinité pour l'ARN. En utilisant des expériences de
couplage scalaire et de dynamique moléculaire, nous avons pu établir que le RRM3 utilise la
réorganisation des chaines latérales aromatiques pour distinguer les différents ARN cibles.
Nous avons également étudié le rôle des différents domaines de CUG-BP2 dans la régulation de la
traduction de l'ARNm de COX-2. Nous avons pu établir que l'interaction avec l'ARN des RRM12 et
RRM3 était essentielle et que le domaine divergent aidait à amplifier l'inhibition de la traduction.
L'extrémité C-terminale quant à elle contient un PY-SLN ; un signal de localisation nucléaire qui est
responsable du transport de CUG-BP2 par la karyophérine β2.
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1 Introduction
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1.1 RNA Biology
1.1.1 Brief insight into RNA biology
In the middle of the 1950s, Sir F.H. Crick laid out the central dogma of molecular biology under which
DNA is the heredity molecule that constitutes the storage form of the genetic information[1]. The
messenger RNA (mRNA) is the intermediate that is decoded during protein synthesis by the ribosome,
which is a ribonucleoparticule (RNP) that contains ribosomal RNAs (rRNAs) and RNA binding
proteins (RBPs); and the transfer RNAs (tRNAs) serve as adaptors between the amino acids and the
codons. In the following decades, RNA proved to have many more functions. RNA molecules with
enzymatic activities (ribozyme) were discovered in the early 1980s [2, 3]. rRNAs were shown to not
only scaffold the ribosome but also to catalyze the synthesis of the peptide bonds [4]. Similarly, small
nuclear RNAs (snRNAs) are components of the small nuclear ribonucleic particles (snRNPs) that
form the spliceosome, which participates to the maturation of pre-mRNAs by removing introns and
joining the remaining exons [5]. Variety of RNAs such as the small interfering RNAs (siRNAs), the
microRNAs (miRNA) or the long non-coding RNAs (lncRNAs) have been shown to regulate gene
expression, notably the stability and the translation of mRNAs [6, 7]. Thus, RNA is a versatile molecule
of life and post-transcriptional gene regulation (PTGR) is critical for sustaining cellular metabolism
but also allowing rapid and dynamic adaptation of the cell to its environment.
Generally, RBPs can interfere with all the steps of the PTGR and any misregulation can have severe
consequences. Accordingly, many genetic diseases originate from defective PTGR [8]. For example,
Myotonic Dystrophy is a neuromuscular disorder that is characterized by expanded CUG or CCUG
repeats in the 3′ untranslated region (3′UTR) of DMPK mRNA or in the intron 1 of ZNF9,
respectively [9, 10]. The presence of these expansions leads to the sequestration of muscleblind 1
(MBNL1) and abnormal regulation by the CUG-BP1 and ELAV type RNA binding protein 3 like
factor (CELF) proteins of a subset of genes including, among others, the cardiac troponinT, the insulin
receptor or the N-methyl-D-aspartate receptor (NMDA) mRNAs. Aberrant transcriptional events and
defective PTGR are also common markers of tumorigenesis and cancer cells [11]. Understanding the
rules underlying the interplay between RBPs and RNAs is fundamental for the comprehension of
normal and pathological RNA metabolism and can help the discovery of new therapeutic tools.
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Fig. 1.1
Simplified scheme of RNA post-transcriptional gene regulation pathways in eukaryotes. Design adapted from [12]
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1.1.2 RNA turnover and translation regulation
In eukaryotic cells, pre-mRNAs are transcribed and concomitantly matured through processes such
as the splicing of the introns and joining of exons; or the modifications at the extremities that protect
the transcripts from exonucleases. (Fig. 1.1) At the 5'-end, the capping consists in the addition of a
guanosine nucleotide, which is then methylated. At the 3′ extremity, the template independent poly(A)
polymerase adjoins adenosines to the mRNA after an endonucleolytic cut at the polyadenylation site.
mRNA levels in the cell are not only dependent on the synthesis and processing rates but also on the
decaying rate. In mammalian cells, two mRNA decay pathways coexist [13, 14]. The deadenylationdependent pathway requires the removal of the poly(A) tail by specific exonucleases such as the pan2pan3 and ccr4-not complexes or the PARN deadenylase. Subsequently 3′-exonucleases degrade the
RNA. Alternatively, the 5′ cap can be removed allowing 3′- and 5′- exonucleases to act on the RNA
body. In the deadenylation-independent pathway, the mRNA undergoes an endoribonucleolitic
cleavage before being fully being degraded by 3′- and 5′- exonucleases. In eukaryotes, many
ribonucleases exist and the Xrn1 protein (3′->5′) and the exosome (5′->3′) have been identified as
carrying out the exonucleolitic activities.
mRNA surveillance pathways exert a quality control at different stage of the biogenesis that leads noncompliant mRNAs to degradation. First, in the nucleus, improperly processed mRNA are degraded
before they can be exported. During translation, the encounter between the ribosome and a premature
terminal codon upstream of an exon junction complexes (EJCs) that resides at the exon-exon interface
triggers the nonsense mediated decay. The nonstop mediated decay occurs when the ribosome
translates beyond the coding sequence all the way to the poly(A) tail where it stalls and recruits the
SKY complex and the exosome.
The half-life of the mRNA is also determined by cis-acting elements. These are sequences or structural
elements such as the iron response element (IRE) in the 5′ UTR of the ferritin mRNA [15], the GUrich elements (GREs) which are enriched in short-lived mRNAs of primary human T-cells [16] or the
AU-rich elements (AREs) that are found in 5-8% of all the mRNAs. In particular, AREs are mostly
localized in the 3′ untranslated region (UTR) and promote host mRNAs decay [17, 18]. These 50-150
nucleotides long sequences are composed of AUnA repeats and are divided in three classes. The classes
I and II consist of one or more copies of the AUUUA pentamer nested in U-rich regions and the class
III doesn’t contain regular pentamers. ARE-mediated mRNA decay involves shortening of the poly(A)
tail and degradation of the body of the RNA by 3′- and-5′- exonucleases. It can be modulated by the
5

ARE binding proteins (ARE-BPs). This group is very heterogeneous with proteins containing
different RNA binding motifs that are able to stabilize or destabilize mRNAs. For example, the human
antigen R (HuR) protein or the CELF protein CUG-BP2 are stabilizing ARE-containing RNAs
whereas the tristetrapolin (TTP) or the KH-type splicing regulatory protein (KSRP) destabilize them.
Once again, RBPs prove to be crucial determinants of the mRNA fate and fundamental factors in the
RNA metabolism.

1.1.3 RNA binding proteins

Irrespective of their activities, all RNAs are associated with RBPs that tightly control their maturation,
localization, stability or degradation and these interactions are the determinant of PTGR. The RBPs
represent about 7.5% of the human genome and proteome and come in all shapes and flavors [19].
They often combine domains that have regulatory, oligomerization or enzymatic function with RNA
binding domains (RBDs) [20]. In the crowded cellular context, it is crucial that RBPs successfully
discriminate their target between thousands of transcripts and form reliable interactions with efficient
recognition modes. For that purpose, nature has evolved a large diversity of RNA binding motifs with
different architectures, recognition modes and specificities. Number of RBDs bind their targets on βsheets like the RNA Recognition Motif (RRM), the K Homology (KH) or the Cold-Shock domains
but some are fully α helical such as the SAM or the PUF domains. RBDs can bind single stranded (ss)
RNAs or double stranded (ds) RNAs (e.g. dsRBD). They all present an enrichment in polar residues
at the RNA binding interface and specific interactions are mediated by hydrogen bonds. Moreover,
RBPs often have multiple copies of the same or different RDBs, which increase their affinity and
specificity for their cognate targets.

1.1.4 RNA Recognition motif

The RNA Recognition Motif (RRM) is one of the most abundant RBD. Found through all kingdoms
of life, it is characterized by two conserved consensus sequences RNP1 and RNP2 that are composed
of aromatic and charged residues interspersed by hydrophobic ones [21] (Fig. 1.2A). RRMs are about
6

90 amino acids long and they adopt a βαββαβ secondary structure forming an antiparallel β-sheet
stacked onto two α helices. Canonically, RRMs bind 2-3 nucleotides on the β-sheet through the RNPs
but non-canonical RRMs have developed alternative binding modes (Fig. 1.2B-C). For example, the
quasi RRMs of hnRNPF that have poorly conserved RNPs and are deprived of the canonical aromatic
residues bind 5′-GGG-3′ in the β1-α1, β2-β3 and α2-β4 loops [22]. Similarily, pseudo RRMs also lack
aromatic residues on the β-sheet and the structure of SRSF1 pseudo RRM reveals that the RNA is
bound at the edge of the domain, notably contacting the distinctive heptapeptide, SWQDLKD, on
the α helix 1 [23]. Extra secondary structure elements can also prove to be important for the interaction
like it is the case for CPEB4 RRM1 or PTB RRM3 that have a fifth β-strand [24, 25] (Fig. 1.2D-E).
Although RRMs have a well-conserved fold, the interaction with RNA can cause structural
rearrangement. For example, the N- and C- termini of Tra2-β1 or hnRNP C RRMs fold upon binding
and contact the RNA [26, 27] (Fig. 1.2F-G). Another interesting case is the stabilization of an α helix
at the C-terminus of PTB RRM1 upon binding of a stem-loop (unpublished). Finally, RNA binding
can cause side chain rearrangement between the free and the bound form as observed for CUG-BP1
RRM3 bound to 5′-UGUGUG-3′. Despite the profusion of biochemical and structural information
available on RRMs, the RNA recognition code if it exists is still to be discovered and the impact of
dynamics on the interaction with RNA is poorly understood.
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Fig. 1.2
RRMs: canonical features and alternative structural elements or binding mode. A) A canonical RRM, structure of
hnRNPA1 RRM2 bound to 5′-AG-3′ [28]. B) Solution structure of the hnRNP F qRRM1 bound to 5′-AGGGAU-3′ RNA
[22]. C) Solution structure of SRSF1 pseudo-RRM bound to 5′-GGA-3′ RNA [23]. D) Structure of PTB RRM3 in complex
with the 5′-CUCUCU-3′ RNA [25]. E) Solution structure of CPEB4 RRM1 bound to 5′-CUUUA-3′[24]. F) Solution
structure of Tra2-β1 RRM bound to 5′-AAGAAC-3′ RNA [27]. G) Solution structure of hnRNP C RRM bound to 5′AUUUUU-3′ RNA [26]. The figures A-G are adapted from [29]

1.1.5 CELF family

Human RBPs can be classified in more than a thousand paralogous gene families. Many of those have
members containing one or more RRM domains. The CUG binding protein 1 (CUG-BP1) and the
embryonically lethal abnormal vision-type RNA binding protein 3 (ETR-3) also called CUG-BP2 are
such proteins and they belong to the CELF family. The family count six members. CUG-BP1
(CELF1) and CUG-BP2 (CELF2) were characterized based on their capacity to bind CUG repeats
[30-32] and the other members (CELF3-6) have been identified by sequence similarity [33]. The CELF
family overlaps (5 common members) with the Bruno-like (Brunol) family [34]. These proteins are
orthologous to the Drosophila Bruno protein that represses the translation of oskar mRNA by binding
to the Bruno response elements (BRE) in its 3′UTR and thereby ensures the proper localization of the
mRNA and the translated protein during development [35].
The CELF proteins have three RRMs, two of them are located in the N-terminal region and the
second and the third RRMs are separated by a variable region called the divergent domain, which is
thought to be involved in protein-protein interaction. They are expressed ubiquitously but each one
has a differential expression pattern. In adult female Swiss Webster mice, CELF3 and CELF5 are
restricted to the brain when CUG-BP2, which is also abundant in the brain, is highly expressed in
muscular tissues as well. In mammalian cells, the CELF proteins are shuttling proteins that can be
found in both the nucleus and the cytoplasm. Initial interest for this family was raised by the finding
that CUG-BP1 is overexpressed in Myotonic Dystrophy. It was showed later that all six members
were able to promote the inclusion of the exon5 of the cTNT pre-mRNA, which is one of the
aberrantly processed transcript in Myotonic Dystrophy. Additional investigations brought new
functions of the CELF proteins to light, notably the ability of CUG-BP1 and CUG-BP2 to regulate
mRNA stability in human cells through their interaction with GREs and AREs [16, 36].
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1.1.6 CUG-BP2

CUG-BP2 is one of the best biochemically characterized CELF proteins and it is involved in multiple
aspect of the PTGR targeting various RNAs. It was first identified as a CUG triplet repeats binding
protein by gel shift assay. In vitro, SELEX experiments identified the UG dinucleotide and the UGUU
sequence to be bound preferentially [37]. These motifs are found in several mRNA targets of CUGBP2 and notably in the cystic fibrosis transmembrane conductance regulator mRNA. Finally, UVcross linking and gel shift assays established AU rich RNAs as targets in the regulation of COX-2
mRNA but also in the editing of the apolipoprotein B mRNA [36, 38].
CUG-BP2 is an alternative splicing factor that promotes the inclusion or exclusion of exons in αactinin [39], NMDA receptor [40] or TAU pre-mRNA [41], for example. Like all the CELF proteins,
CUG-BP2 promotes inclusion of exon 5 in cardiac Troponin T (cTNT) pre-mRNA [42-44]. This exon
is included in embryonic cardiac and skeletal muscle cells but excluded in the adult cardiac muscle
cells. In Myotonic Dystrophy, the sequestration of MBNL1 at the CUG repeat expansions in the
3′UTR of DMPK mRNA or ZNF9 intron 1 leads to the missplicing of the cTNT [10]. CELF proteins,
like CUG-BP2, can activate exon 5 inclusion, thus resulting in the translation of the embryonic
isoform, which is not functional in adult cells. As mentioned previously, CUG-BP2 is an ARE-BPs.
It was shown to be involved in the cycloxygenase-2 (COX-2) mRNA stability regulation [36]. This
regulatory enzyme of prostaglandins metabolism is over-expressed in epithelial malignancies where it
plays a role in tumorigenesis and protection against γ-radiations. CUG-BP2 stabilizes the COX-2
mRNA but paradoxically inhibits its translation by interacting with the ARE in the 3′ UTR. In response
to apoptotic stimuli [45], the cytoplasmic concentration of CUG-BP2 increases down-regulating COX2 and thereby favoring apoptosis. Similarly, CUG-BP2 binds in the 3′UTR of MCL1 mRNA, an antiapoptotic factor of the BCL-2 family, stabilizes it and inhibits the translation [46].
Finally, CUG-BP2 can also modulate C to U editing of the apolipoprotein B (ApoB) mRNA by
interacting with AU-rich motifs upstream of the edited cytosine and the protein apolipoprotein B
mRNA editing enzyme, catalytic polypeptide 1 (APOBEC-1) [38]. The editing leads to the creation of
an early termination codon and the translation of the short protein isoform. Understanding the
determinants of RNA recognition and discrimination by CUG-BP2 can bring valuable insight into its
various functions and more generally into protein RNA interaction. NMR spectroscopy is a method
of choice for structural investigation of protein RNA complexes.
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1.2 NMR
1.2.1 NMR principles
Nuclear magnetic resonance (NMR) spectroscopy is a structural biology technique based on
the selective excitation and observation of nuclear spins in large static magnetic fields. In biological
macromolecules, the 1H, 15N, 13C and 31P nuclei are of particular interest and the isotopes can be
naturally abundant (1H, 31P) or they can be enriched through isotope labeling techniques
(15N, 13C). Uniform and segmental isotope labeling of recombinant proteins is relatively
straightforward and well-established [47]. However, if chemical synthesis of unlabeled RNA is
common, the lack of commercially available labeled precursors hampers isotopic labeling. In vitro
transcription of RNAs longer than twenty nucleotides can be done using labeled or unlabeled
ribonucleotides triphosphate (NTPs) but short labeled RNAs or segmentally labeled RNA are
obtained through cleavage and/or ligation of longer transcripts.
In NMR, the signal to noise is proportional to the number of spin observed and to the gyromagnetic
ratio of the excited and detected spins. Owing to its large gyromagnetic ratio and its high abundance
in biological macromolecules, the proton is the most sensitive NMR probe but the high density of 1H
atoms causes severe signal overlap that hampers NMR investigations. Multidimensional
heteronuclear NMR provides more resolution by correlating the proton spins to the heteroatoms
(15N, 13C, 31P) thus enabling the study of systems of up to 100 kDa. Alternatively, cryo-electron
microscopy (cryo-EM) can be applied on systems larger than 300 KDa and X-ray crystallography has
no size limitation. Both methods can also achieve atomic resolution but only NMR can be carried out
in solution, thus allowing thermodynamic and kinetic investigations on dynamic systems by
monitoring processes in time scales ranging from the picoseconds (ps) to years.

1.2.2 NMR parameters
NMR is remarkable by the multiplicity of parameters that can provide structural and dynamic
information. Each spin is characterized by its resonance frequency, its interaction with other spins and
its relaxation properties. The resonance frequency is dependent on the gyromagnetic ratio and the
chemical environment of the nucleus and on the strength of the applied static field. The more
convenient chemical shift is generally used instead of the absolute frequency
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𝛿=

𝜈𝑠𝑝𝑖𝑛 −𝜈𝑟𝑒𝑓
𝜈𝑟𝑒𝑓

[eq. 1.1]

where νspin is the resonance frequency and the νref is the standard reference compound frequency. The
chemical shift is expressed in parts per million (ppm) and is a unit independent of the static field.
NMR can probe two types of spin-spin interactions. The first one is the scalar coupling that is
mediated by the electrons in bonds and the second one is the dipolar coupling that depends on the
distance between two spins and the orientation of the vector connecting them relative to the external
field. In solution, the dipolar coupling is generally averaged out because of molecular motion but in
solid state NMR or in anisotropic liquids, it can be measured. Finally, relaxation is the process that
restores the spins equilibrium after the excitation. It is divided in longitudinal and transverse
relaxations and the corresponding time constants T1 and T2 can be measured. NMR parameters are
sensitive to the environment of the nuclei. Thus, for dynamics systems, they can report on changes
that the spins experiments

1.2.3 Chemical exchange
A fundamental concept in NMR for the study of dynamic systems is the chemical exchange. Let us
assume an exchange between two states A and B with a rate kex.
𝐴⇋𝐵
The nuclei can experience distinct chemical environments in each state resulting in different chemical
shifts, scalar couplings and linewidths (transverse relaxation time). The relation between the exchange
rate kex and the difference between the NMR parameters of the states A and B defines the exchange
regime. If separation between the observables in states A and B is smaller, equal or larger than the
exchange rate, the system is said to be in slow, intermediate or fast exchange regime, respectively (table
1.1). The exchange regime has a direct influence on the NMR signal (Fig.1.3). In slow exchange, two
distinct signals can be observed; one for each A and B states whereas only one collapsed peak exists
in the fast exchange regime. The intermediate regime is characterized by the coalescence where the
signal broadens beyond observation. It is possible to shift from one exchange regime to another by
tempering with the exchange rate. For example increase or decrease in temperature will accelerates or
11

slow down the exchange reaction, respectively. Changes in the static field also influence the exchange
regime; higher static magnetic fields have increased frequency separation and therefore the systems
are driven into the slow exchange.

Exchange regime
Slow

Intermediate

fast

Chemical shift

𝑘 ≪ 𝛿𝐴 − 𝛿𝐵

𝑘 = 𝛿𝐴 − 𝛿𝐵

𝑘 ≫ 𝛿𝐴 − 𝛿𝐵

Scalar coupling

𝑘 ≪ 𝐽𝐴 − 𝐽𝐵

𝑘 = 𝐽𝐴 − 𝐽𝐵

𝑘 ≫ 𝐽𝐴 − 𝐽𝐵

Transverse relaxation

𝑘 ≪ 𝑟𝐴 − 𝑟𝐵

𝑘 = 𝑟𝐴 − 𝑟𝐵

𝑘 ≫ 𝑟𝐴 − 𝑟𝐵

Table 1.1
Exchange rate and exchange regime in NMR

Fig. 1.3
Effect of varying exchange rates on NMR spectrum. Adapted from [48]

12

1.2.4 Probing molecular exchange in biomolecular NMR
NMR is a technique that allows the investigation of dynamics processes with atomic resolution. The
different NMR observables give information on processes ranging from the ps to years (Fig.1.4). A
large variety of methods have been developed in the past decades to characterize multi-state systems
and to derive thermodynamic and kinetic information [48]. In the following paragraphs, we will
introduce those of interest in the frame of this thesis.

Fig.1.4
NMR time scales and protein dynamics.
Adapted from : http://casegroup.rutgers.edu/lnotes/NMR_lecture_dynamics.pdf

1.2.4.1

Kd determination by NMR

Ligand binding causes changes in the chemical environment of nuclei, which in turn affects their
resonance frequency, peak intensity and line width. By NMR, it is possible to monitor these three
observables, localize the surface of interaction and derive populations of states, exchange rates and
the dissociation constant. The choice of the method to apply depends on the investigated observable
and on the exchange regime but the experimental setup will always require the acquisition of a series
of spectra with incrementation of one parameter (e.g. relaxation time, ligand concentration). For
protein-ligand complexes in the fast exchange regime, HSQC titrations are often used to determine
dissociation constants (Kd). The law of mass describes the Kd as:
13

𝐾𝑑 =

[𝑃].[𝐿]

[eq.1.2]

[𝐸𝐿]

with P being the protein, L the ligand and PL the complex. In addition, the average chemical shift is
the population-weighted average of the chemical shift of the free and bound states.

𝛿𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝑝𝑓𝑟𝑒𝑒 . 𝛿𝑓𝑟𝑒𝑒 + 𝑝𝑏𝑜𝑢𝑛𝑑 . 𝛿𝑏𝑜𝑢𝑛𝑑

[eq.1.3]

Therefore, the change of chemical shift as a function of the ligand concentration can be formalized
as:

∆𝛿𝑜𝑏𝑠 = ∆𝛿𝑚𝑎𝑥

(𝑘𝑑 +[𝐿]0 +[𝑃]0 )−√(𝑘𝑑 +[𝐿]0 +[𝑃]0 )2 −4[𝐿]0 [𝑃]0
2[𝑃]0

[eq.1.4]

Thus, by fitting the equation 1.4 to the experimental titration data, it is possible to extract the Kd of
the complex and the maximum chemical shift of any resonance. The equation 1.4 can be modified to
account for uncertainties in the protein [eq.1.5] or ligand concentration or to account for the dilution
effect if the final volume is much larger than the initial volume, thus leading to changes in
concentration.

∆𝛿𝑜𝑏𝑠 = ∆𝛿𝑚𝑎𝑥

(𝑘𝑑 +[𝐿]0 +𝑐[𝑃]0 )−√(𝑘𝑑 +[𝐿]0 +𝑐[𝑃]0 )2 −4[𝐿]0 𝑐[𝑃]0
2𝑐[𝑃]0

[eq.1.5]

To avoid using additional parameters when it is unnecessary, the Akaike information criterion (AIC)
[49] can be used to assess the relative quality of the models and allows selecting the model that has
the best goodness of fit with the least number of parameters.
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1.2.4.2

J coupling averaging

1.2.4.2.1 Theory
The scalar coupling is the interaction between two nuclei linked by one or more bonds. It is
noted nJ with n being the number of bonds between the two spins. The size of the scalar coupling
decreases rapidly with the distance and it is also dependent on the angle between the spins. The 3J
coupling between vicinal nuclei reports on the dihedral angle following the Karplus relation [50]:
𝑛

𝐽(𝜙) = 𝐴𝑐𝑜𝑠 2 (𝜙) + 𝐵𝑐𝑜𝑠(𝜙) + 𝐶 [eq.1.6]

With Φ being the dihedral angle and A, B and C being empirically determined parameters
(Fig.1.5A). Accurate parametrization is critical for the precise determination of the dihedral angle and
it is often necessary to test the available parameter sets to select the one that is in the best agreement
with the experimental data. NMR allows to measure J coupling using a great variety of experiments
based on Inphase-Antiphase (IPAP) [51], Exclusive correlation spectroscopy (E-COSY) [52] or
quantitative J coupling (QJ) methods. For example, spin-echo based QJ schemes consist of a reference
and a coupled experiment where changing the position of a 180° (S) pulse from a to b decouples the
I and S spins or allow the JIS coupling to evolve during a 2T period (Fig. 1.5B), respectively. The
magnetization in the reference and the coupled experiment differs only by the coupling contribution,
thus it is possible to calculate the JIS coupling from:
𝑆𝑏
𝑆𝑎

=

𝐴𝑐𝑜𝑠(2𝜋𝐽𝐼𝑆 𝑇)
𝐴

= 𝑐𝑜𝑠(2𝜋𝐽𝐼𝑆 𝑇)

[eq.1.7]

where Sa and Sb denote the signal obtained in the reference and in the coupled experiments,
respectively.
As mentioned in the chapter 1.2.3, chemical exchange affects the scalar coupling. In case of rapid
averaging of the dihedral angle, the measured coupling constant is the population-weighted average
of the coupling constant of the different states.
𝑛

𝐽(𝜙)𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = Σ𝑝𝑎 𝑛𝐽𝑎

[eq.1.8]
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Therefore, if the coupling constant of the different states are known, it is then possible to extract the
population of the different states.

Fig.1.5
J coupling quantification. (A) example of Karplus curves. The Karplus curves for Phenylalanine, Tryptophan, and Tyrosine
residues 3J C′Cγ (red) and 3J NCγ (blue) couplings using the A, B and C parameters determined by Tuttle et al. [53] B) spinecho based QJ scheme. The scheme assumed the presence of a Ix operator at the start of the pulse sequence. The 180°
pulses are depicted by open bars.

1.2.4.2.2 Practical case: χ1 angle rotamer population determination
In modern biomolecular NMR, 3J couplings are measured routinely to determine the ϕ and ψ
backbone dihedral angles in proteins but they can be used to probe dihedral angles of protein side
chains. Those are often at the forefront of biomolecular interactions. They are generally more mobile
than the backbone and their conformational adaptation often underlies recognition processes. For
example, the aromatic residues at the binding surface of canonical RRMs have a prominent role in
RNA recognition. Therefore, knowing their orientation and dynamics can be crucial for understanding
the molecular mechanism of RRM-RNA interaction. The χ1 dihedral angle, defined by the atoms NCα-Cβ-Cγ is a valuable probe, which describes the orientation of the side chain relative to the protein
backbone. It is usually found in three energetically favorable rotameric states, namely gauche plus
(χ1=-60⁰), gauche minus (χ1=+60⁰) and trans (χ1=180⁰) but deviations from this ideal states and
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transitions between the states are possible. Two QJ experiments have been developed that allow
determining the χ1 angles of aromatic residues [54]: the spin-echo difference (sed) 15N-HSQC with
constant-time evolution experiment and the sed-HNCO experiments which allow to measure the 3J
NCγ and 3J C′Cγ coupling constants, respectively. Both experiments take advantage of the narrow range
of the aromatic 13Cγ resonances (~100-140 ppm) and use a selective 180° pulse to either refocus the
coupling of interest or let it evolve. They are implemented as 2D 1H-15N correlation experiments. The
3

J NCγ is reflected in the intensity ratio of the aromatic residue backbone amide but the 3J C′Cγ coupling

is reflected in the intensity ratio of the subsequent residue backbone amide as the magnetization is
transferred from its HN to the aromatic residue C′ through the peptide bond. Three Karplus parameter
sets are available to determine the χ1 angle from the 3J NCγ and 3J C′Cγ couplings. The first two were
derived by self-consistent parametrization using a dataset of nearly 750 3J couplings reporting on the
χ1 angles of the 147 amino acid containing flavodoxin [55, 56]. The third Karplus parameter set was
derived from the comparison of a series of high quality X-ray crystal structures of the dihydrofolate
reductase and the nearly complete set of corresponding 3J NCγ and 3J C′Cγ couplings taking in account
only non-averaging aromatic residues [53]. The latter parameter set is the one used in the present work
as it yielded the best agreement between our experimental 3J NCγ and 3J C′Cγ couplings and the fitted
values.
3

J NCγ

A
His

B

3

J C′Cγ

C

A

B

1.33 -0.84 0.57 3.70 -0.74

C
0.65

Phe, Trp, Tyr 1.33 -0.84 0.47 3.70 -0.74 -0.01
Table 1.2
Karplus parameters from [53]

Under the 3-site rotamer jumping model, the 3J NCγ and 3J C′Cγ scalar coupling constants can be
interpreted in terms of averaging between the gauche plus, gauche minus and trans rotameric states.
Using the Karplus parametrization to determine the expected coupling for the energetically favorable
rotameric states and the equation 1.8, it then is possible to calculate the χ1 rotamer populations.
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1.2.4.3 Relaxation
In NMR, the macroscopic magnetization originates from all the observable spins present. After
excitation, its longitudinal (z) and transverse (x, y) components return to equilibrium with the time
constant T1 and T2, respectively. Global and internal motion generate fluctuating fields that
contribute to the relaxation and lead to the decay of the magnetization. Therefore, the dynamical
behavior of the individual spins influences the macroscopic magnetization and measuring T1 and T2
gives insight into the protein motion. Under the approximation that the macromolecule of interest
has a spherical shape, it is possible to estimate the correlation time (time necessary for 1 radian
rotation; (τc) from the T1 and T2 time constants and obtain a clear sense of the global motion.

1

𝑇1

𝜏𝑐 ≈ 4𝜋𝜈 √6 𝑇2 − 7 [eq.1.9]
𝑁

The nuclear Overhauser effect (NOE) is another relaxation mechanism. It is a dipolar interaction that
consists in magnetization transfer between neighboring spins. The transfer efficiency has a 1/d6
dependency, d being the distance between the spins thus making the NOE a powerful source of
structural information but it can also provide dynamics information as dipolar interactions are
dependent in part on the orientation of the spins in the B0 magnetic field, internal and global motions
influence the NOE. Thus, as the N-H bond distance is well known and the NOE is the dominant
relaxation effect on the nitrogen, 15N heteronuclar NOE experiments are perform routinely to assess
the flexibility of protein backbone. In absence of internal motions, main-chain amides display NOE
value around 0.8. Fast motions in the pico-nanosecond timescale lead to a decrease of the NOE and
amides located in dynamic regions have NOE smaller than 0.5.

1.2.5 Protein/RNA structure determination
Solution state NMR structure determination is based on the assignment of spin systems and on the
obtention of structural restraints. The assignment of the protein spin systems and their connection
within the primary structure is achieved using a standard set of three-dimensional experiments that
rely on the correlation of backbone and sidechain nuclei through their scalar couplings [57]. The
chemical shifts of backbone nuclei (Cα, Hα, Cβ and C′) can provide information about the local
secondary structure and software like Talos [58] can even predict the ϕ and ψ backbone torsion angles.
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The intra-protein distance restraints are derived from NOE spectroscopy (NOESY) that correlate
proton spins through space via dipolar coupling. The spectra are automatically picked and assigned in
an iterative process [59-61].
RNA spin system and intermolecular NOE assignment is commonly done manually using NOESY
and 1H-1H 2D total correlation spectroscopy (TOCSY) that correlate proton spins through their scalar
coupling. The sugar pucker can be inferred from the magnetization transfer efficiency between the
H1’ proton and the H2’, H3′ and H4’ protons in the TOCSYs. The purine base can also be
characterized as Syn or Anti through the relative intensity of the H1’-H8 and H2’-H8 cross-peaks in
the NOESYs In standard NOESYs, NOEs from the RNA, the protein or intermolecular NOEs
cannot be discriminated. To circumvent that problem, “isotope-filtered” NOE methods [62, 63] have
been developed allowing for the alternative selection or suppression of signals stemming from protons
attached to active nuclei on complexes with differential protein/RNA labeling schemes.
The structure calculation includes all the protein, RNA and intermolecular restraints and uses a fast
torsion angle dynamics algorithm. Thereafter, the structure of the protein/RNA complex is refined
using simulated annealing in a force field for molecular dynamics of biomolecules [64] that minimizes
the potential energy of the system and the violation of the NMR restraints. The simulated annealing
consists of a fast heating where the molecules are under the restraints of the force field, followed by
an equilibration where the NMR restraints are introduced and finally a smooth decrease in temperature
to trap the minimal potential energy states.
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1.3 Aim and outline of the thesis
In the past decades, RNA has proven to carry on more functions essential for life than just being a
messenger and hundreds of RBPs have been identify as effectors of RNA metabolism. Many RBPs
perform various functions on multiple RNA targets. Our general aim is to contribute to the
comprehension of the protein/RNA recognition mechanisms and in particular to understand the
determinants of RRMs interaction with their cognate targets. The present dissertation describes our
investigations on the CELF protein CUG-BP2 and our attempt to gain insight on how it interacts
with AU-rich sequences and how it regulates the translation of the pro-inflammatory and cancer
marker, the cyclooxygenase 2 (COX-2). We used NMR spectroscopy to characterize the structures
and dynamics of CUG-BP2 RRMs bound to AU-rich RNAs and additional biomolecular and
biochemical techniques allowed us to study the regulatory mechanisms.
Obtaining short or segmentally labeled RNAs is one of the limitations of the determination of proteinRNA complexes structure by NMR. To address the shortage of simple labeling methods for RNA,
we elaborated a “cut and paste” approach that is presented in chapter 2. We describe original strategies
to produce small (< 10 nucleotides) isotopically labeled RNAs and to ligate them into larger
segmentally isotope and/or spin-labeled RNAs for EPR and NMR structural studies.
The interaction of CUG-BP2 with COX-2 mRNA 3′UTR has been biochemically characterized but
to our knowledge, no structural data is available. To understand the recognition mode of COX-2
mRNA by CUG-BP2, we adopted a modular approach. In chapter 3, we present the solution NMR
structure of the C-terminal RRM in complex with the 5′-UUUAA-3′ RNA and compare it to the CUGBP1 RRM3/ 5′-UGUGUG-3′ complex. Mutational studies in combination with the determination of
sidechains rotamer populations and molecular dynamics simulations indicate that a conformational
switch of the aromatic residues at the binding interface enables RNA discrimination. In chapter 4, we
investigate the role of CUG-BP2 domains in RNA binding and in COX-2 mRNA translation
regulation. We characterize the dynamic behavior the N-terminal tandem RRM12 free or bound to 5‘AUUUAAUU-3′ RNA using 15N relaxation data. We then present a preliminary structure of the
protein in complex, and establish a model of the interaction. Our in vivo functional assay demonstrates
that the RRM domains have redundant activity and that the cytoplasmic localization of the protein is
essential for the function. We also show that the C-terminus of CUG-BP2 contains a PY NLS and is
a cargo of Karyopherin β2 (Kap β2).
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Abstract
RNA is a crucial regulator involved in most molecular processes of life. Understanding its function at
the molecular level requires high-resolution structural information. However, the dynamic nature of
RNA complicates structure determination because crystallization is often not possible or can result
into crystal packing artifacts resulting into non-native structures. To study RNA and its complexes in
solution, we described an approach in which large multi-domain RNA or protein-RNA complex
structures can be determined at high-resolution from isolated domains determined by nuclear
magnetic resonance (NMR) spectroscopy and then constructing the entire macromolecular structure
using electron paramagnetic resonance (EPR) long-range distance constraints. Every step in this
structure determination approach requires different types of isotope or spin-labeled RNAs. Here, we
present a simple modular RNA cut & paste approach including protocols to generate: 1) small
isotopically labeled RNAs (< 10 nucleotides) for NMR structural studies, which cannot be obtained
by standard protocols, 2) large segmentally isotope and/or spin-labeled RNAs for diamagnetic NMR
and paramagnetic relaxation enhancement (PRE) NMR, and 3) large spin-labeled RNAs for pulse
EPR spectroscopy.
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1. Introduction
Despite consisting of only four different building blocks, RNA can form complex three-dimensional
structures, many with catalytic activity. In the ribosome, RNA constitutes the catalytic center
connecting single amino acids into functional polypeptide chains [4]. RNA splicing, a molecular
process which is generating from long precursor RNAs different messenger RNAs thereby
contributing to the huge protein diversity in eukaryotes, is also carried out by a set of different RNA
molecules [5]. In prokaryotes (and also in some eukaryotes), riboswitches are functional RNA
structures, which change their structure upon binding small molecules [65]. These structural changes
often contribute to regulation of gene expression.
Besides having catalytic activity, RNAs can also function as protein scaffolds, can guide
macromolecular machines such as the RISC complex to specific messenger RNAs, and can interfere
with translation and mRNA stability [66, 67]. RNAs have been shown to be able to act as microRNA
sponges in eukaryotes [68] or protein sponges in prokaryotes [69].
Understanding how RNA works at the molecular and atomic level helps to understand the origin of
diseases providing opportunities for therapeutic intervention or provides the basis for designing novel
drugs targeting key molecular processes in pathogenic prokaryotes. However, in stark contrast to
proteins, high-resolution structural information on RNA is much more difficult to obtain.
Crystallographic approaches are often unsuccessful due to the structural flexibility of RNA and
classical nuclear magnetic resonance (NMR) spectroscopy is restricted only to small RNAs with
limited biological relevance.
Compared to proteins, RNA resonances have shorter transverse relaxation times due to the generally
more extended nature of RNA structures resulting in less favorable tumbling properties [70, 71]. Faster
transverse relaxation results into broader line-shapes complicating NMR spectra interpretation.
Because RNAs have only 4 chemically similar nucleosides, RNA spectra show more severe signal
overlap compared to proteins that have 20 chemically more distinct amino acids, further hampering
solution NMR structure determination.
To reduce signal overlap in RNA, we have presented a simple and flexible approach for multiple
segmental isotope labeling of RNA [72, 73]. By isotope labeling of only a few nucleotides within a
large biologically relevant RNA, resonance overlap is drastically reduced and specific atoms can be
used as structural reporters in complex macromolecular assemblies and processes.
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Furthermore, we have developed a combined NMR-EPR (Electron Paramagnetic Resonance) based
approach for determining high-resolution structures of large RNAs and protein-RNA complexes in
solution [69, 74, 75]. In this approach, NMR restraints obtained from isolated structural domains are
combined with long-range distance constraints obtained by site-directed spin-labeling and
measurements with the double-electron-electron-resonance (DEER) EPR spectroscopy technique.
In this chapter, we review how to generate different types of isotope and/or spin-labeled RNAs for
EPR and NMR structural studies using a simple cut & paste approach for RNA. We start by explaining
the principles of the cut & paste approach. In the second part, we present original data on how to
produce small (< 10 nucleotides) isotopically labeled RNAs, which could not be obtained so far using
standard protocols. Then, we provide step-by-step protocols for: 1) spin-labeling 4-thiouridine
modified RNAs, 2) generating unlabeled and isotopically labeled RNA fragments of any size, and 3)
ligation of differently isotope and/or spin-labeled RNA fragments. We conclude this chapter, by
summarizing the chapter and providing an outlook on how these segmental isotope- and spin-labeled
RNAs help in studying structure, dynamics and assembly of large RNA and protein-RNA complexes.

2. Cut & Paste RNA approach
2.1 Principle
Here we propose a versatile and flexible approach for generating different types of isotope and /or
spin-labeled RNAs for NMR and EPR structural studies (Fig. 2.1). In a first step, up to three types of
RNA fragments (building blocks) are generated, namely unlabeled (fragment B1 in Fig. 2.1), isotope
labeled (B2) and spin-labeled (A) RNAs. In a second step, these RNA fragments can be combined at
will and then ligated to generate several types of isotope and/ or spin-labeled RNAs.
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Fig. 1
Principle of Cut & Paste approach to generate RNAs for NMR, PRE NMR and EPR structural studies. Step-by-step
protocols are provided at the end of the chapter for producing small spin-labeled RNA fragments (protocol A), unlabeled
and isotope labeled RNA fragments (protocol B) and how to ligate the different RNA fragments to obtain differently
labeled full-lengths RNAs (protocol C).

2.2 Building blocks

2.2.1 Spin-labeled RNA fragments
Small modified RNAs (< 30 nucleotides) are commercially available. The most commonly used
modified nucleotide that is incorporated into RNA by chemical synthesis is 4-thiouridine. A 3-(2iodoacetamido)-proxyl (IA-proxyl) spin label can be attached to the sulphur of the 4-thiouridine base
using a simple protocol [76] (Fig. 2.2). The attachment efficiency is usually close to 100 %. It has been
shown that the 4-thiouridine substitution within a double-stranded RNA itself and its subsequent
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modification with a nitroxyl spin label does not significantly alter the structure of the RNA [77].
Although upon spin label attachment one hydrogen bond acceptor is lost, the base remains stacked
within the helix. A variety of other spin labels in RNA have also been used and are reviewed elsewhere
[78]. A step-by-step protocol is provided in section 4.

Fig. 2
Spin-labeling of 4-thiouridine modified RNA fragment with 3-(2-iodoacetamido)-proxyl [76].

2.2.2 Unlabeled and isotopically labeled RNA fragments
If the unlabeled RNA fragments are small enough (< ~20-30 nucleotides), they can be obtained by
chemical synthesis and are commercially available. However, larger unlabeled RNAs and isotopically
labeled RNAs (small and large) have to be generated differently.
Longer labeled or unlabeled RNA fragments could be produced by in vitro transcription. To be
compatible for further ligation, the acceptor fragments (fragments 5′ to the site of ligation) require a
3′-hydroxyl group, while the donor fragments (fragments 3′ to the site of ligation) require a 5′monophosphate (Fig. 2.3). The 5′-monophosphate can be obtained by priming the transcription
reaction with GMP. However, GMP priming is not complete. In addition, the fragment obviously has
to start with a guanosine. A 3′-hydroxyl group is generated by in vitro run-off transcription. However
run-off transcription also generates untemplated nucleotides at the 3′-end, resulting into
inhomogeneous RNA fragments.
A more convenient option is the use of multiple chimera-mediated sequence-specific RNase H
cleavage from a precursor RNA obtained by in vitro transcription [72, 73]. Hybridization of an RNA
of interest with a 2′-O-methyl-RNA/DNA chimera in presence of RNase H leads to sequence specific
cleavage [73, 79] (Fig. 2.3 and 2.4). A 5′ hammerhead (HH) ribozyme in cis and 3′ Neurospora Varkud
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satellite (VS) ribozyme for cleavage in trans can be further introduced into the RNA precursor to
obtain homogenous ends and allowing the simultaneous generation of multiple RNA fragments from
a single RNA precursor [72, 73] (Fig. 2.3 and 2.4). Note that sequence-specific RNase H cleavage
generates a 3′-hydroxyl group and a 5′-monophosphate at the cleavage site, which are the termini
required for successful ligation (Fig. 2.3). Thus, using sequence-specific RNase H cleavage, no
modification of the termini is required prior to ligation. Protocols for ribozyme and sequence-specific
RNase H cleavage are provided in section 5.

Fig. 3
Principle of sequence-specific RNase H cleavage to generate RNA fragments with correctly protected termini for
subsequent ligation. The isotope labeled material is highlighted in red, the unlabeled material in black. In the 2’-O-methyl
RNA/DNA chimera, the DNA is in dark blue and the 2’-O-methyl RNA in light blue. The termini of both acceptor and
donor fragments are encircled in green. Scissors indicate RNase H cleavage sites. P-2’/3′ stands for a 2’/3′-cyclic phosphate.
This figure has been taken from O. Duss, C. Maris, C. von Schroetter, and F. H. Allain. 2010. 'A fast, efficient and
sequence-independent method for flexible multiple segmental isotope labeling of RNA using ribozyme and RNase H
cleavage', Nucleic Acids Res, 38,20, e188 by permission of Oxford University Press
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2.3 Combination & ligation
Once the different types of RNA fragments have been obtained, they are combined and then ligated
to generate different types of RNAs for NMR and EPR structural studies. For successful ligation, the
3′-end of the acceptor fragment has to be a free hydroxyl group while the 5′-end of the donor fragment
has to contain a monophosphate (Fig. 2.3). Ligation is usually performed using T4 DNA ligase and
hybridizing a DNA oligonucleotide (DNA splint) to the RNA parts close to the site of ligation. This
splinted ligation prevents ligation of several RNA fragments in the wrong sequential order. We
typically observed ligation efficiencies between 50-75 % for 2-3 fragment ligations [73].
Non-splinted T4 RNA ligation can also be used if the acceptor and donor RNA fragments can be
brought into proximity by base-pairing. Ligation with T4 RNA ligase has high sequence preference
for a purine at the 3′-end of the acceptor fragment and pyrimidine at the 5′-end of the donor fragment
[80]. With favorable nucleotides at the ligation site, the ligation efficiency is higher than with T4 DNA
ligase and can be close to 100 % [73]. T4 RNA ligations are usually only successful for 2-fragment
ligations and if the fragments are protected in such a way that ligation in the wrong sequential order
becomes impossible (Fig. 2.3).
2.3.1 Segmentally labeled RNAs for NMR structural studies
By combining several isotope labeled with unlabeled RNA fragments followed by splinted T4 DNA
ligation, segmentally isotope labeled RNAs can be obtained (Fig. 2.3 and 2.4) [72, 73].
Segmental isotope labeling is absolutely required when studying RNAs of moderate to large size. For
example, it allows verifying if an RNA domain such as a hairpin has the same structure in isolation or
in context of an entire biologically functional RNA or protein-RNA complex. Twenty-nine
nucleotides at the 3′-end of the intact 230 kDa HIV-1 5′-leader RNA dimer (total length of 712
nucleotides) were isotopically labeled, which helped to detect structures that are important for HIV-1
genome packaging [81].
Segmental isotope labeling of RNA can also help to monitor assembly of large protein-RNA
complexes. For example, we separately isotope labeled in the non-coding RNA RsmZ, the eight
binding sites for the homo-dimeric RsmE protein, to monitor the sequential, specific and cooperative
assembly of the RsmZ RNA and five RsmE protein dimers [69].
Labeling only a small part within a larger RNA significantly reduces the number of resonances in 13Cand 15N-edited correlation spectra. This is crucial for the detection of well-resolved resonances in
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order to measure a sufficient amount of residual dipolar couplings for successful structure
determination of intermediate to large size RNAs [70].

Fig. 4
Principle of multiple segmental isotope labeling using sequence-specific RNase H cleavage to generate RNA fragments (a)
with subsequent ligation of isotope labeled and unlabeled RNA fragments using splinted T4 DNA ligation (b). The RNase
H cleavage and T4 DNA ligation efficiencies are shown; values in brackets are after denaturing anion exchange HPLC
purification. This figure has been taken from O. Duss, C. Maris, C. von Schroetter, and F. H. Allain. 2010. 'A fast, efficient
and sequence-independent method for flexible multiple segmental isotope labeling of RNA using ribozyme and RNase H
cleavage', Nucleic Acids Res, 38,20, e188 by permission of Oxford University Press

2.3.2 Spin-labeled RNAs for pulsed EPR
Site-specific attachment of two spin labels into a large RNAs allows measuring long-range distance
constraints (~20-80 Å) with pulsed EPR [75]. Chemical synthesis is the method of choice for
introducing modified nucleotides into smaller RNAs (< 30-50 nucleotides). However, many
biologically relevant RNAs are significantly larger and cannot be obtained by the same strategy. While
the introduction of spin labels at the 5'- or 3'-ends of larger RNAs have been described and reviewed
[82], internal labeling of larger RNAs is more challenging.
30

Two methods have been introduced by the Hobartner lab. In a first study, they performed ligation of
small RNA fragments containing spin labels using a deoxyribozyme [83]. However, successful ligation
requires no cytosine to be present at the 3′-end of the acceptor fragment and either an AG or an AA
dinucleotide at the 5′-end of the donor fragment. In the second approach, spin-labeled guanosines
were post-transcriptionally attached to the 2’-OH groups of several internal adenosines of in vitro
transcribed RNAs using terbium assisted deoxyribozymes [84]. The evolution of new deoxyribozymes
with relaxed sequence requirements at the site of ligation will broaden the applicability of these
methods for the production of doubly spin-labeled RNAs for DEER measurements.
In contrast, we have obtained spin-labeled RNAs using splinted enzymatic ligation of shorter spinlabeled and unlabeled fragments using T4 DNA ligase [74]. This approach has no sequence
requirements at the ligation site and virtually no upper RNA size limitation. The labeling efficiency
after purification is generally in the range of 85-100 % for all doubly spin labeled RNAs. The ligation
of unlabeled and spin-labeled fragments should also allow different types of spin labels to be
introduced into the same RNA for orthogonal spin labeling techniques [85].
2.3.3 Isotopically- and spin-labeled RNAs for PRE NMR
While two spin labels on a single RNA allow the measurement of long-range distances between the
spin labels with EPR, introduction of a single spin label on a macromolecule results into increased
relaxation of nearby NMR active nuclei providing intermediate-range (~20-25 Å) distance
information. This paramagnetic relaxation effect has been well exploited for studying structure and
dynamics of proteins, protein-protein and protein-DNA complexes [86, 87]. A few studies have also
used paramagnetic resonance enhancement (PRE) effects for studying protein-RNA complexes by
attaching the spin label on the RNA and observing the PREs on the isotopically labeled protein [76].
Later, a short chemically synthesized RNA was labeled at the 5′-end with a 2,2,6,6tetramethylpiperidine 1-oxyl (TEMPO) spin label and the paramagnetic relaxation effect observed on
13

C-labelled nucleotides on the same RNA [88]. Although providing valuable information, observing

the paramagnetic relaxation enhancement on longer isotope labeled RNAs has only recently been
achieved, yet by annealing non-covalently a short spin-labeled RNA fragment to a longer isotope
labeled RNA fragment [89]. However, this approach is limited to specific cases requiring a stable
annealing between the two RNA fragments.
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Using the cut & paste approach (Fig. 2.1), large spin-labeled RNAs in which specific segments are
isotopically labeled could be obtained in high enough quantities for NMR structural studies without
sequence requirements and with minimal restrictions in choosing the spin-labeling sites and parts to
be isotope labelled. Such samples could provide important information on RNA structural changes in
riboswitches or could help characterizing structural dynamics of RNAs. It should be noted that the
intermediate distance range of PRE (< 20-25 Å), might be too short-range to observe an effect
between different RNA structural domains within a larger RNA. Therefore, prior structural
information such as long-range distance information from pulse EPR would be required on such a
system.

3. Production of small (< 10 nts) isotopically labeled RNAs
3.1 Introduction
Uniform or nucleotide specific isotope labeling of RNA is crucial for the success of NMR structural
studies of RNA and protein-RNA complexes, especially when studying systems of molecular weights
greater than 15 kDa [71].
RNAs larger than 18-20 nucleotides can efficiently be transcribed in vitro using isotopically labeled
NTPs [71]. However, the production of isotope-labeled RNAs smaller than ~10 nucleotides cannot
be achieved using the same procedure. In vitro transcription of RNAs smaller than 10 nucleotides is
inefficient or not possible at all. In addition, during in vitro transcription several abortive products of
up to 12 nucleotides [90] can be formed, which makes the separation of the transcript of interest and
the abortive products impossible. Other drawbacks of in vitro transcription are the sequence
requirements at the 5′-end (efficient in vitro transcription using T7 polymerase requires at least one G
at the 5′-end) and the inhomogeneity at the 3′-end (usually one to several additional nucleotides are
added at the 3′-end), which can be deleterious for NMR spectral quality. Additional nucleotides on the
termini of small single-stranded RNAs increase the spectral overlap, can lead to sliding of the RNA
on the protein, to binding in more than one register and to changes in binding affinity (potentially
changing the exchange regime).
Small RNAs (<15 nts) for NMR structural studies are usually produced by chemical synthesis using
phosphoramidites. Unfortunately, isotopically labeled phosphoramidites are not commercially
available.
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One option to produce a small isotopically labeled RNA is to engineer a ribozyme at the 5′-end. A
hammerhead ribozyme placed at the 5′-end cleaves very efficiently co-transcriptionally and has no
sequence requirements. However, this approach does not allow to obtain RNAs smaller than 7-10
nucleotides (specially for AU rich sequences), first, because successful catalysis requires that the 5′end of the target RNA base-pairs efficiently with the hammerhead ribozyme (which is not the case if
the melting temperature of this duplex is too small) and second, because co-transcriptional
hammerhead ribozyme cleavage might prevent separation of the cleaved RNA of interest from
abortive products of unsuccessful transcription initiation (see above) [90].
A more promising option is to exploit the chimera-mediated sequence-specific cleavage of RNA by
RNase H (see section 2.2.2). In the following, we will present two different approaches both supported
with biologically relevant example RNAs. In the first approach, the small RNA of interest is liberated
from the precursor RNA by two sequence-specific RNase H cleavages (Fig. 2.5a). In the second
approach, the 5′-end of the RNA of interest is removed by sequence-specific RNase H cleavage while
the 3′-end is cleaved by a varkud satellite (VS) ribozyme in trans (Fig. 2.5b). In both approaches the 3′end of the RNA of interest is protected by a stem-loop structure during sequence-specific RNase H
cleavage. This is crucial for preventing unspecific RNA degradation by other ribonucleases likely
present in small amounts due to co-purification with recombinant RNase H (see further below).
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Fig. 5:
Production of small isotope labeled RNAs. Small isotope labeled RNAs can be obtained by double RNase H cleavage (a)
or combined RNase H and VS ribozyme cleavage (b) from a larger RNA precursor. (a) Scheme of double RNase H
cleavage of the RsmZ (1-89) precursor RNA into a 5′-product, a 3′-product and the 9nts-GGA(39-41) RNA of interest
(red). This requires two 2′-OMe-RNA/DNA chimeras specifically hybridizing to the desired cleavage sites on the RsmZ
(1-89) RNA (not shown for simplicity). (b) Combined RNase H and VS cleavage: The RNA of interest (green) is flanked
by a well transcribing sequence (grey) at the 5′-end and a minimal VS ribozyme stem-loop (SL) sequence at the 3′-end. The
5′-sequence is cleaved off with an RNase H catalyzed reaction mediated by a 2′-OMe-RNA (cyan)/DNA (blue) chimera.
The VS ribozyme minimal sequence at the 3′-end (black) is cleaved off with the corresponding VS RNA in trans (orange).
(c) 1H-13C HSQC spectra of the aromatic region (left) and aliphatic H1’ and H5 region (right) of the 21 kDa complex of
13C,15N

labeled 9nts-GGA(39-41) RNA bound to the RsmE protein [91]. (d) G40 H1’ and A41 H8 strips of the 3D

filtered-edited-1H-13C HSQC-NOESY spectrum of the same protein-RNA complex as in (c).

3.2 Double RNase H cleavage
The non-coding RNA RsmZ sequesters several RsmE proteins from the ribosome binding sites of
certain mRNAs thereby activating translation initiation [69]. To study the molecular basis of this
sequestration process, we determined the solution structure of the RsmZ RNA bound to three RsmE
protein dimers. The first step in structure determination was to obtain the high-resolution NMR
structures of RsmE bound to the different sites on the RsmZ RNA in isolation. The third RsmE
protein dimer binds to a single-stranded linker region between stem-loop 2 and 3. Therefore, we
determined the solution NMR structure of RsmE bound to two 9 nucleotides RNAs comprising the
linker between SL2 and SL3 of the RsmZ RNA [91].
To isotopically label this 9 nucleotides RNA, we performed from an in vitro transcribed RsmZ
precursor RNA consisting of SL1-SL4 a double RNase H cleavage using two chimeras (see Fig. 2.5a).
The two chimeras for sequence-specific RNase H cleavage could be added in catalytic amounts and
the two cleavages were performed simultaneously. The RNase H cleavage efficiency for this double
cleavage was nearly 80 % (and nearly 70 % after purification). After subsequent purification by high
performance liquid chromatography (HPLC), we could obtain close to 300 nmols of pure isotopically
labeled 9 nucleotides RNA from a 10 ml transcription reaction of the precursor RsmZ RNA. The
identity and purity of the 9 nucleotides RNA could be confirmed by matrix-assisted laser
desorption/ionization mass spectroscopy (MALDI-MS) and acquisition of a 1H-13C heteronuclear
single quantum correlation (HSQC) spectrum of the RNA resonances. The 1H-13C HSQC spectra of
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the isotopically labeled 9 nucleotides RNA in complex with RsmE (21.5 kDa) are shown in Fig. 2.5c.
The possibility of isotopically labeling also the RNA component allowed the measurement of 154
intermolecular nuclear Overhauser enhancements (NOEs) between the RNA and the protein (Fig.
2.5d), which was crucial to solve the solution structure.

3.3 Combined RNase H and VS ribozyme cleavage
CUG-BP 2 and DND1 are two human proteins that regulate gene expression through binding uracil
rich sequences in the 3′UTRs of mRNAs. In tumorous cells, CUG-BP 2 stabilizes COX-2 mRNA and
inhibits its translation by binding to AU-rich sequences [36]. In contrast, DND1 prohibits miRNAmediated gene suppression by sequestering their target sites on mRNAs [92]. To elucidate the
molecular mechanisms underlying these processes, we aim at solving the solution structures of these
two proteins in complex with their target RNA sequences, AUUUAAUU and CUUAUUUG,
respectively. Because only a limited number of intermolecular protein-RNA and intramolecular RNARNA NOEs could be obtained with unlabeled RNAs, we aimed at labeling the RNAs with 13C and
15

N.
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Fig. 6.
Detailed procedure of AUUUAAUU and CUUAUUUG production. a) Scheme of all the different steps. The steps are
described in the upper panel and the corresponding HPLC run are in the lower panel. b) Gels of RNase H site specific
cleavage. The 2’-O-methyl RNA/DNA chimera can diffuse out of the gel during the de-staining process, hence the absence
of the corresponding band in the left and right gel.

To obtain these RNAs, we combined RNase H and VS ribozyme cleavage from a precursor RNA
consisting of a well transcribing 5′ sequence followed by the RNA of interest and a minimal VS
ribozyme substrate sequence at the 3′-end (Fig. 2.5b). There are several advantages to such a design.
First, since it is sufficient that the chimera for site-specific RNase H cleavage is complementary to the
5′ region upstream of the cleavage site, the same chimera can be used for any RNA to be cleaved [79]
(Fig. 2.5b). Secondly, the 3′-VS ribozyme stem-loop protects the RNA from unspecific cleavage, which
likely occurs due to co-purification of ribonucleases during RNase H enzyme purification. For the
AUUUAAUU and CUUAUUUG precursor RNAs, the presence of a 5′ stem loop didn’t protect the
5′ cleavage fragment and did not seem to impact the 3′ fragment, the one of interest. However, the VS

37

stem-loop at the 3′-end was necessary to prevent complete degradation of both cleavage products (Fig.
2.6b).
In principle, the VS ribozyme cleavage step could be done co-transcriptionally as for example
successfully performed for obtaining the structured 72 nucleotides non-coding RNA RsmZ (Fig. 2.3)
[73]. However, for the constructs used in this study, the co-transcriptional ribozyme cleavage was very
inefficient, possibly due to the structural context of the substrate VS stem loop. Furthermore, the VS
ribozyme stem-loop at the 3′-end of the RNA of interest was crucial to protect the unstructured RNA
of interest during subsequent RNase H cleavage (see above). Therefore, we performed three steps:
first, we transcribed and HPLC purified the precursor RNA, second, we performed sequence-specific
RNase H cleavage, and purified the intermediary products and third, we proceeded with the VS
ribozyme cleavage and a final purification (Fig. 2.6a).
The RNase H cleavage efficiency was nearly 100 % but the precursor RNA yielded two intermediary
products and only one of them was a functional substrate for the VS ribozyme. VS ribozyme cleavage
of the functional product resulted into almost 100 % cleavage. After purification by HPLC, we could
obtain close to 30 nmols of pure isotopically labeled AUUUAAUU and of unlabeled CUUUAUUG
RNAs from 100 nmol of precursor RNAs. The identity and purity of the RNAs were confirmed by
MALDI-MS and acquisition of a 1H-13C HSQC spectrum of the RNA resonances (Fig. 2.7). Note that
with this approach the RNAs obtained will have at the 5′-end a 5′ phosphate and at the 3′-end a 2’-3′
cyclic phosphate. The NMR spectra will therefore differ from chemically synthesized RNAs which
often have hydroxyls at both the 5′ and 3′ends.
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Fig. 7:
1H-13C

HSQC spectra of the aliphatic (top panels) and aromatic (bottom panels) regions of 13C, 15N labeled AUUUAAUU

(30 µM, 2 scans at 900 MHz) and unlabeled CUUAUUUG (70 µM, 400 scans at 600 MHz) RNAs.

4 Protocol A: Production of small spin-labeled RNA fragments
1. Small RNAs (10-25 nucleotides) containing a single 4-thiouridine modification at a specific
position are commercially available (e.g. Dharmacon). The RNAs are first deprotected
according to the manufacturer’s instructions.
Attachment of IA-proxyl spin label to modified RNA containing a 4-thiouridine:
2. The 3-(2-iodoacetamido)-proxyl (IA) spin label is attached to the modified RNA according to
an adapted protocol from Ramos et al. [76]: The IA-proxyl spin label is first dissolved in 100
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% methanol at a 100 mM concentration. The modified RNA is resuspended into reaction
buffer containing 100 mM potassium phosphate pH 8.0, 80-110 µM 4-thiouridine modified
RNA, 8-11 mM IA-proxyl spin label (100-fold molar excess over modified RNA). The reaction
mix is incubated for 20-28 h at 25 ˚C in the dark under vigorous shaking.
3. The spin-labeled RNA is purified using a buffer exchange NAP-10 column from GE
healthcare. All the fractions having an absorption ratio A260/230 greater than 1 are collected.
The RNA concentration is determined by UV-spectroscopy. If the RNA is directly used for
EPR measurements without further ligation, the purified RNA is subjected to a second NAP10 column purification step.

5 Protocol B: Production of unlabeled and isotopically labeled RNA
fragments
In-vitro transcription and ribozyme cleavage:
1. For generating the RNA precursor, transcription yields of the RNA precursor are optimized
on 40 μl small scale reactions with changing concentrations of MgCl2, linearized plasmid DNA,
NTPs and T7 polymerase and testing the influence of the addition of pyrophosphatase and/or
GMP.
2. The best condition is scaled-up to a large scale reaction of 5-20 ml. A typical reaction contains
42.5 mM MgCl2, 4.5 mM of each NTP, 33 ng/μl linearized plasmid (possibly containing a
hammerhead ribozyme 5′ to the sequence of interest [73, 93], 10 μM separately transcribed
varkud satellite ribozyme RNA [73, 94] and 1.7 μM in-house produced T7 polymerase [95] in
a transcription buffer containing 40 mM Tris-HCl pH 8.0, 1 mM spermidine, 0.01% Triton
X-100 and 5 mM DTT. After 4-6 h of transcription, the reaction mixture is heated to 65 °C
for 15 min to complete the ribozyme cleavage. However, it might be necessary to perform
several cycles of thermal cycling if the ribozyme cleavage efficiencies are unsatisfactory (for
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example repeating 3 times 5-15 min at 65 °C and 15-60 min at 37 °C). Finally, the reaction is
stopped with the addition of 100 mM EDTA pH 8.0.
Purification by denaturing anion-exchange HPLC:
1. The transcription mixture is filtrated using a 0.22 μm filter and then purified by anionexchange chromatography on a preparative Dionex DNAPac PA-100 column (22 x 250 mm)
at 85 °C. Flow rate: 20 ml/min; eluent A: 12.5 mM Tris-HCl (pH 8.0), 6 M urea; eluent B: 12.5
mM Tris-HCl (pH 8.0), 0.5 M NaClO4, 6 M urea; detection at 260 nm; 30-75 % B gradient
within 18 min or 0-65 % B gradient within 26 min [73].
2. Fractions containing the purified RNA are determined by 6-16 % urea acrylamide gels and
then liberated from urea and desalted either by dialysis against water or by n-butanol extraction
of the aqueous phase until RNA precipitation [96]. The RNA precipitate is redissolved into 1
ml of water and precipitated with a 30-50 ml of n-butanol followed by centrifugation. This
procedure is repeated three times in total. After freeze-drying the pellet, the RNA is dissolved
in water to obtain a concentration of a few hundred micromolar.
Sequence-specific RNase H cleavage

Fig. 8:
Example of a precursor RNA and the corresponding 2′-O-methyl-RNA/DNA chimera required for site-specific cleavage
mediated by RNase H. The sequence of interest is in red letters, the 5′ region complementary to the chimera in grey and
the VS 3′ stem-loop in black. 4 additional nucleotides elongate the VS stem loop and are dispensable. The 2′-O-methylRNA nucleotides are labelled with an “m”

1. The RNA precursor is then subjected to sequence specific RNase H cleavage assisted with a
2′-O-methyl-RNA/DNA chimera hybridized to the site of cleavage (Fig. 2.3 and Fig. 2.8). For
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successful cleavage, the chimera has to be designed such that 4 DNA nucleotides hybridize
directly 5′ to the cleavage site on the RNA and several additional 2’-O-methyl-RNA nucleotides
hybridize further upstream on the RNA to be cleaved (Fig. 2.5b). (Although not required for
cleavage, 2’-O-methyl-RNA nucleotides can also be designed to hybridize to the RNA
downstream of the cleavage site (Fig. 2.3). We found that chimeras that are 14-16 nucleotides
long and hybridize both upstream and downstream of the cleavage sites are typically yielding
the most complete and specific cleavage results (up to 95 % specific cleavage) [72, 73].
2. The best conditions for cleavage are obtained by small scale reactions (typically 500 pmol RNA
in 15 ul reaction volume). The most important optimization parameters are the RNase H
enzyme concentration (NEB, or in-house produced [97]) and the ratio between the RNA and
the 2’-O-methyl-RNA/DNA chimera [73]. Although most RNase H cleavage reactions can be
performed using only 5% stoichiometric amount of 2’-O-methyl-RNA/ DNA chimera
compared to RNA to be cleaved, some reactions are less sensitive to unspecific cleavage when
using stoichiometric amounts of chimera. Generally, the reactions are incubated for 1 h at 37
°C. Some reactions can also be performed at lower temperature (e.g. 4 °C) to minimize
unspecific cleavage.
3. The best conditions are scaled up to a large scale reaction (typically 20-200 nmol). Note that
when the RNase H enzyme concentration is scaled up proportionally like the other reaction
components, this can lead to unspecific cleavage. Therefore, the RNase H concentration
should be reduced around 10-fold in the large scale reaction. The completion of the reaction
should be verified by denaturing polyacrylamide gels. In case of incomplete cleavage, more
RNase H can be added and the reaction proceeded by another hour. A typical reaction to
cleave 200 nmol of RNA is performed in 6 ml volume containing 33 μM RNA, 1.65 μM
chimera, 80 nM in-house produced RNase H in 50 mM Tris-HCl pH 7.5, 100 mM NaCl and
10 mM MgCl2.
4. The reactions are directly loaded onto an anion-exchange HPLC followed by n-butanol
extraction and lyophilization as mentioned above.

VS ribozyme cleavage of purified RNA fragments
1. The concentrations of MgCl2 and separately transcribed VS ribozyme RNA [73, 94] are
optimized in small scale reactions (30 μL).
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2. A large scale VS ribozyme cleavage reaction is performed. A typical 1 ml large scale reaction
contains between 10-50 µM of RNA and VS ribozyme RNA in 50 mM Tris–HCl pH 7.5, 100
mM NaCl and 120 mM MgCl2. The cleavage can be conducted at 37 ⁰C for 45 min follow by
15 min at 65 °C. Depending on the RNA construct, thermal cycling is required to increase VS
ribozyme cleavage efficiency. Thereby, the sample is heated to 65 °C for 5-15 min and then
cooled down to 37 °C for 15-60 min. The cycling is repeated 3 to 4 times. Finally, the reaction
is directly loaded onto an anion-exchange HPLC followed by n-butanol extraction and
lyophilization as mentioned above.
Tips:
1. To facilitate cleavage product separation during HPLC purification, additional nucleotides can
be added 3′ of the VS stem-loop and the 5′ region of the precursor RNA can be designed
longer than the complementary 2′-O-methyl-RNA/DNA chimera.
2. Transcription from chemically synthesized oligonucleotides usually results in RNA precursors
with less homogenous ends compared to transcription from linearized plasmid DNA
templates. We observed that performing RNase H cleavage reactions from RNA precursor
obtained from plasmid DNA templates results into much less unspecific RNA degradation
and cleaner RNase H cleavage patterns.
3. Performing the RNase H cleavage at 20-25 ⁰C instead of 37 ⁰C can help reducing unspecific
degradation.

6 Protocol C: Ligation
Ligations of different unlabeled, isotope and/or spin-labeled fragments are performed using either
DNA splinted ligation using T4 DNA ligase or non-splinted ligation with T4 RNA ligase.
1. Ligation reactions are first performed on small scale reactions:
a. For T4 DNA ligase based ligations: typically reactions with 200 pmol RNA
fragments in 20 ul reaction volume are performed by optimizing the T4 DNA enzyme
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concentration (NEB, fermentas or in-house), the reaction time, the reaction
temperature and testing the influence of PEG-4000. The DNA splints, which are
added in 1-1.2-fold excess in respect to the RNA fragments, are usually annealed to
the RNA fragments prior to ligation. However, we found that depending on the
secondary structure of the RNA, annealing of the DNA splints to the RNA fragments
is not required. The DNA splints should be designed such that they typically hybridize
to 15-20 nucleotides on each side of the ligation site (see also tips below). Furthermore,
the formation of secondary structures within the DNA splint should be minimized if
possible. Alternatively, longer DNA splints can be designed which form longer (more
stable) intermolecular base-pairs with the RNA fragments compared to intramolecular
DNA-DNA base-pairs. For such cases, slow annealing at high RNA fragment and
DNA splint concentrations is crucial to maximize RNA/DNA duplex formation
compared to intramolecular structure formation.
b. For T4 RNA ligase based ligations: typically reactions with 400 pmol RNA
fragments in 10 ul reaction volume are performed by mainly optimizing the T4 RNA
enzyme concentration (NEB) and testing the addition of BSA.
2. The best reaction conditions are scaled up for the large scale reactions.
a. For T4 DNA ligase based ligations: A typical large scale ligation reaction (e.g. 3050 nmol of RNA fragments) is performed for 2-6 h at 37 °C and is 10 μM in RNA
fragments, 10-15 μM in DNA splint oligo, 10 % in PEG-4000, 40 mM Tris-HCl pH
7.8, 0.5 mM ATP, 10 mM MgCl2, 10 mM DTT, 50 U T4 DNA ligase (fermentas) per
nmol of RNA to be ligated or 2 μM final concentration of in-house produced T4 DNA
ligase.
b. For T4 RNA ligase based ligations: A typical large scale ligation reaction (e.g. 100
nmol of RNA fragments) using T4 RNA ligase is 40 μM in both RNA fragments, 1x
in NEB ligation buffer (50 mM Tris-HCl pH=7.8, 1 mM ATP, 10 mM MgCl2, 10 mM
DTT), 1x in BSA using 5U T4 RNA ligase per nmol of RNA to be ligated. The reaction
is performed for 2 h at 37 °C.
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3. The reactions are purified by anion-exchange HPLC followed by n-butanol extraction and
lyophilization as described in section 5. Note that the harsh HPLC purification of spin-labeled
RNA does not lead to cleavage of the spin label.
4. The spin labeling efficiencies are determined by CW EPR and are for most RNAs in the range
85-100 %.
Tips:
1. To maximize the ligation efficiency and reducing the degradation of the RNA (by co-purified
RNases during purification of T4 DNA ligase), long DNA splints covering almost the entire
RNA sequence can be used.
2. For ligation of fragments containing spin labels, to prevent low ligation efficiencies, the spin
label should not be attached to nucleotides closer than 4 nucleotides from the site of ligation.
Nevertheless, ligation efficiencies close to 20 % were obtained for a 4-piece ligation in which
one spin label was attached only 3 nucleotides away from one ligation site [74].
3. For ligation of fragments containing spin labels, the ligation reactions are performed in the
absence of DTT in the ligation buffer to prevent reduction of the spin label. The ligation
efficiency (typically 20-40 %) is not diminished by omitting DTT.

7 Summary & Outlook
In this article, we present approaches for obtaining different types of isotope- and/ or spin-labeled
RNAs for NMR and EPR structural studies.
For NMR structural studies of protein-RNA complexes consisting of a small RNA in complex with a
protein, we provide a protocol to generate small (< 10 nts) isotope labeled RNAs by sequence-specific
RNase H cleavage or by combining the latter with VS ribozyme cleavage. Both approaches take
advantage of a protective stem-loop at the 3′-end of the RNA of interest, which seems to be important
to protect the small (often unstructured) RNA from degradation by nucleases which co-purify with
the RNase H enzyme. We obtain pure and high amounts of isotope labeled RNAs, which is sufficient
for acquiring 3- or 4-dimensional NMR experiments (>1 mM concentrations). Structure
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determination of such complexes is often rendered difficult because of the difficulty to assign
resonances (especially for the strongly overlapped RNA sugar protons) and the lack of a sufficiently
high number of intermolecular NOEs. By isotope labeling the RNA, resonance overlap can
significantly be reduced and the acquisition of 3-dimensional nuclear Overhauser effect spectroscopy
(NOESY) RNA-edited spectra increases the number of NOEs that can be acquired. Furthermore, by
using different labeling scheme for RNA and protein, a set of filtered and edited spectra can be
recorded to increase the number of intermolecular NOEs between protein and RNA [71].
We also provide a simple cut & paste approach to generate large segmentally isotope- and/or spinlabeled RNAs. First, different types of smaller RNA fragments are produced by sequence-specific
RNase H or ribozyme cleavage from larger fragments or the fragments are commercially available.
These fragments may be unlabeled, isotopically labeled or spin-labeled. In a second step, several of
these fragments are combined at will and ligated to generate large RNAs for NMR and EPR structural
studies.
By combining unlabeled and isotopically labeled fragments, large segmentally labeled RNAs are made.
Segmentally labeled RNAs have reduced resonance overlap which is essential to obtain well-resolved
resonance pairs in two-dimensional heteronuclear correlation spectra for detecting a sufficient amount
of residual dipolar coupling or paramagnetic resonance enhancement data for successful structure
determination. In addition, segmental isotope labeling of RNA helps resonance assignment, allows
detecting structural elements in large biological relevant RNAs [81] or helps monitoring assembly of
multi-component protein-RNA complexes [69].
By combining unlabeled with spin-labeled RNAs, large doubly spin-labeled RNAs are obtained. Using
EPR spectroscopy, long-range distances (20 – 100 Å) between the two spin-labels can be measured
[75]. If sufficient distances can be measured, solution structures of large RNAs or protein-RNA
complexes can be obtained even if present in more than a single conformation in solution [69, 74]. In
contrast to NMR, there is technically no size limitation in EPR spectroscopy and RNAs and proteinRNA complexes with mega-dalton molecular weight should be in principle accessible by EPR [75].
Finally, by combining all three types of fragments – unlabeled, isotope- and spin-labeled – large RNAs
could be obtained containing a site-specifically attached spin-label on one part of the RNA with
another part of the RNA isotopically labeled. If the spin-label is close in space (< 20-25 Å) to the
isotope labeled part, intermediate range distance information within the RNA could be obtained by
PRE.
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While the PRE effect is only intermediate-range and only limited structural information on larger
multi-domain RNAs may be obtained, pseudo contact shifts (PCS) could have a greater potential to
provide rich information on larger RNAs and protein-RNA complexes. PCS arise when the
environment of the unpaired electron is not isotropic like the nitroxide radical. In addition to
information on long range distances (up to 40 Å), PCS also provide orientation information [98].
Overall, using a simple cut & paste approach, various types of large segmental isotope- and/or spinlabeled RNAs can be obtained, which provides the basis to study the structure, dynamics and
mechanism of large RNAs and protein-RNA complexes using NMR and EPR spectroscopy.
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3.1 Introduction
Like many other RNA binding proteins, CUG-BP2 is involved in several regulatory processes and to
perform successfully its various functions, it recognizes numerous RNA targets (e.g. CUG triplets,
AREs, UGUU motif). Studying the binding mode of CUG-BP2 to its multiple cognate RNAs can
help understanding how proteins and particularly RRM containing proteins discriminate various RNA
motifs. Structures of the two N-terminal RRMs of CUG-BP1 bound to UG rich RNAs and of the
third RRM bound to 5’-UGUGUG-3’ have been published [99, 100]. The tandem RRMs crystal
structures fail to provide information on the relative orientation of RRM1 and 2 bound to RNA but
they reveal that the two domains bind the 5’-UGUU-3’ motif similarly. The UG dinucleotide shares
structural features with the left-handed Z-RNA helix and the two following uracils stack with the
conserved phenylalanines of the RRMs ribonucleoprotein (RNP) consensus sequences. All four
nucleotides are specifically recognized by hydrogen bonding to the protein backbone and side-chains.
The solution structure of CUG-BP1 RRM3 in complex with (UG)3 shows that four out of six
nucleotides stack on aromatic residues of the β-sheet surface. A dense network of hydrogen bonds
between RNA moieties and the protein backbone and polar sidechains ensures specific recognition.
The RRMs of CUG-BP1 and 2 share over 90% identity. Thus, the structures of the complexes provide
very detailed insight into the binding mode to UG rich RNAs of both proteins. However, CUG-BP2
is also an ARE-BP and to this date, no structural information is available of a CELF protein bound
to and AU-rich RNA. It is therefore not possible to precisely describe how CUG-BP2 interacts with
AREs and thereby mediated the decay of targets such as the COX-2 mRNA.
In our effort to understand how CUG-BP2 recognizes AU rich RNAs, we focused our investigations
on the C-terminal RRM which in addition to the three conserved aromatic residues of the RNP1 and
2 motifs has two phenylalanines and one histidine exposed on the β-sheet. We determined the
structure of RRM3 bound to 5’-UUUAA-3’ RNA. The complex exhibits similarities to the CUG-BP1
RRM3/ 5’-UGUGUG-3’ complex but differs in affinity and in the conformation of the aromatic
sidechain at the binding interface. Mutational studies reveal an unexpected affinity increase upon
replacement of the non-canonical aromatic residues by alanine. Further investigation demonstrate that
a conformational switch of the aromatic residues at the binding interface provides CUG-BP2 RRM3
with the ability to fine-tune its affinity for different RNA targets.
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3.2 Results:
3.2.1 RRM3 binds to AU rich motifs found in COX-2 mRNA 3’UTR
To elucidate the interaction of CUG-BP2 with the ARE elements, we investigated the interaction
between AU rich RNAs and the C-terminal RRM3. We titrated RRM3 with 5’-AUUUAAUU-3’, a
sequence from the COX-2 mRNA 3’UTR. Upon addition of the oligonucleotide to RRM3 at 40 °C,
we observed large protein chemical shift changes in the 1H-15N 2D-HSQC indicating RNA binding,
albeit in the fast exchange regime relative to the NMR time scale. Analysis of the 2D half-filtered
NOESY of 13C 15N labeled RRM3 in complex with unlabeled 5’-AUUUAAUU-3’ reveals severe
overlap and similar intermolecular NOE patterns for equivalent resonances from consecutive RNA
residues which indicate the presence of several binding registers on the protein and prevented a
structure determination of this complex (Supp. Fig. 2.3.1). To reduce the exchange between multiple
registers, we titrated a shorter oligonucleotide 5’-UUUAA-3’ to RRM3. We also lowered the
temperature to 25 °C to reduce the rates of any remaining exchange phenomena. RRM3 bound to 5’UUUAA-3’ gives rise to chemical shift changes of smaller amplitude than with 5’-AUUUAAUU-3’.
Nonetheless, the same residues are affected and the amide resonances move in similar direction
suggesting a similar binding mode for the two RNAs (fig 3.1). After determining the Kd of RRM3 for
5’-AUUUAAUU-3’and 5’-UUUAA-3’ at 25 °C by NMR titrations, we observed a twofold decrease in
affinity upon RNA shortening. However, considering the improvement of the spectra with the
pentamer where no register exchange is observed, we carried out a structure determination of CUGBP2 RRM3 bound to 5’-UUUAA-3’.
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Fig. 3.1.
Interaction of CUG-BP2 RRM3 with AU rich RNAs a) Schematic representation of full length CUG-BP2. b) Mapping of
the combined chemical shift perturbations (ΔCS) upon saturation with 5’-AUUUAAUU-3’ (open bars) and 5’-UUUAA3’ (blue bars). c) Titration curves of CUG-BP2 RRM3/5’-AUUUAAUU-3’ and CUG-BP2 RRM3/5’-UUUAA-3’
complexes at 25°C. d) Overlaid portions of the 1H-15N 2D-HSQCs of free RRM3 (blue) and saturated with 5’AUUUAAUU-3’ (red) or 5’-UUUAA-3’ (green).

3.2.2 Solution NMR structure of CUG-BP2 RRM3/UUUAA
We adopted an approach previously described for weak affinity complex [101] to solve the structure
of CUG-BP2 RRM3 bound to 5’-UUUAA-3. We derived 2347 protein distance restraints from
NOESY experiments carried out on samples with a 1 to 3 protein/RNA ratio, where 96 % of RRM3
is present in the bound form. Although this ensures that no significant amount of free protein is
detected by NMR, most of the RNA signals arise from the free form. Therefore, the 49 intermolecular
and the 56 RNA intramolecular distance restraints were derived from NOESY spectra measured on
samples with a 1 to 1 ratio. Under these conditions, the free unstructured RNA yields only few NOEs
and the intermolecular NOEs arise from bound RNA. Using this strategy, we could calculate 50
structures satisfying nearly all the input constraints, the 20 with the lowest energy after refinement
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constituting the final ensemble which displayed an RMSD of 0.67 Å (fig. 3.2a) for the heavy atoms in
the structured regions (supplementary table 1). CUG-BP2 RRM3 adopts the typical RRM fold
(βαββαβ) and similarly to CUG-BP1 RRM3 [21], the N-terminus is ordered and lies across the β-sheet
surface.

Fig. 3.2.
Overview of the solution structure of CUGB-BP2 RRM3 bound to 5’-UUUAA-3’ RNA. a) Overlay of the 20 lowest
energy structures of CUG-BP2 RRM3/5’-UUUAA-3’ complex. The N- and C-termini are represented in cyan and
magenta, respectively. b) Van der Waals surface representation of RRM3 with the RNA in sticks. Heavy atoms are colored
according to the electrostatic potential (blue: positive; red: negative; white: neutral). c) Ribbon representation of RRM3
with RNA and interacting residues in stick representation. The protein carbon bonds are colored in green and the RNA
in yellow.

3.2.3 Recognition mode of UUUAA RNA
The 5’-UUUAA-3’ RNA occupies a positively charged cleft that is delimited by the β-sheet, the Nand C-termini and the β2-β3 loop (fig. 3.2b). The aromatic residues exposed at the interface provide
the main binding platform (fig. 3.2c). The Nε2-Hε2 moiety of the protonated His429 is hydrogenbonded to either the base O2 or the ribose O2’ of U1 (fig. 3.3d). The latter H-bond is mostly associated
with the ribose of U1 in a C3’ endo conformation whereas the other sugars have a C2’ endo puckering.
Tyr428 together with the RNP aromatic residues Phe426 and Phe468 are involved in π-π stacking with
the base moiety of U2, U3 and A4, respectively. Phe455 makes hydrophobic contacts with the sugar
moiety of A5. Additional non-specific interactions are provided by the main chain amide of His429
which forms an hydrogen-bond with a phosphate oxygen of U2, the sidechain amino group of Lys464
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which is hydrogen-bonded with A5 O3’, the side-chain of Arg500 with U3 O2’ and the amide of Ile
456 with A5 O2’.
Beside the contacts listed above, each base of the pentanucleotide is recognized by at least one
sequence-specific hydrogen-bond. The sidechain of Lys495 is positioned between the bases of the
two first nucleotides and its amino group is hydrogen-bonded either to U1 O2 or U2 O4. A similar
configuration is observed for the Gln497 side-chain amide and U2 O2 or U3 O4 and also on the other
side of the binding interface where the Lys453 amino group is hydrogen-bonded either to the N3 of
A4 or A5. The recognition of U3 is typical of a uracil binding at this position in RRMs. Its O2 is
hydrogen-bonded with Arg500 main-chain amide which is supported by its distinctive down-field
chemical shift (Supp. Fig. 4). An interesting feature of this complex is the triad formed by the Glu418,
Lys499 and A4. The sidechain carboxyl of the Glu418 forms a salt bridge with the Lys499 sidechain
amine and is hydrogen-bonded to A4 amino (fig. 3.3g). Finally, A5 N1 is hydrogen-bonded to the
Gln416 sidechain amide.

3.2.4 RRM3 plasticity in RNA recognition
The present structure of CUG-BP2 RRM3 in complex with 5’-UUUAA-3’ along with the CUG-BP1
RRM3/5’-UGUGUG-3’ complex solved by Tsuda et al.[100], provide exhaustive structural
information on how RRM3 adapts its binding mode to the two sequences. Indeed, the strict sequence
conservation at the binding interface in the RRMs of the two proteins allows for a direct comparison
of their interactions with 5’-UGUGUG-3’ and 5’-UUUAA-3’. The two RNAs occupy the same
binding interface and the association of aromatic residues and peripheral polar side-chains delimits 5
binding pockets (N-1or N-1’, N0, N1, N2 and N3 using the nomenclature define by Auweter et al
[102], four of which are common (fig. 3.3c-g). The same protein moieties are involved in making
intermolecular contacts, however the aromatic sidechain conformations at the binding interface
strikingly differ between the two complexes (fig. 3.3b). The structure presented here reveals that the
aromatic residues contacting 5’-UUUAA-3’ have conformations which are very similar to those
observed in the structure of the free CUG-BP1 RRM3 (Fig. 3.4.b). The binding interface is in the UP
conformation which we define as the state where the aromatic residues are pointing up relative to the
β-sheet displayed in the standard orientation. The binding of the higher affinity target 5’-UGUGUG3’ induces a rearrangement of the side chains and the interface is then in the DOWN conformation
with the aromatics pointing down.
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N1 can be considered as the strongest binding pocket for the uracil recognition. In both complexes,
U3 stacks with Phe426/404 (CUG-BP2/CUG-BP1) and forms an hydrogen-bond with Arg500/478
backbone amide via U3 O4 in the RRM3/5’-UGUGUG-3’ complex or via U3 O2 in the RRM3/5’UUUAA-3’ complex. Only the hydrogen bond mediated by the O4 is specific for a uracil. The
following pocket, N2, harbors a purine in both complexes. Yet, the guanine has a larger stacking
surface on Phe468/446 than the adenine and it is recognized by more sequence specific hydrogenbonds. The amino moiety of G4 forms hydrogen-bonds with the Ser415/393 and Ser451/429, G4
imino proton is recognized by Ser470/448 and the Lys499/477 is hydrogen-bonded to either OP2 or
N7. In contrast, in the CUG-BP2 RRM3/5’-UUUAA-3’ complex, Lys499/477 is involved in a salt
bridge with Glu418/396 and is the only residue hydrogen-bonded to A4 together with Lys453/431.
The positions N-1 or N-1’, N0 and N3 show more difference in RNA recognition between the two
complexes. In the RRM3/5’-UGUGUG-3’complex, the position N-1 is obstructed by Tyr428/406
that is rotated in order to stack with G2. Therefore U1 is recognized by the the β1-α1 and β2-β3 loops
in the N-1’ pocket. In the RRM3/5’-UUUAA-3’ complex, U1 interacts with His429/407 in N-1 and
U2 stacks on the non-reoriented Tyr428/406 in N0. In the N3 pocket, the bulky A5 in the CUG-BP2
complex cannot stack on the Phe455/433 unlike U5 from the CUG-BP1 complex which also forms
hydrogen-bonds with its Watson-crick edge to I456/434 backbone. It is the sugar moiety of A5 rather
than the base that hydrogen-bonds to the backbone amide in the CUG-BP2 complex.
RRM3 uses the same protein moieties to recognize different RNA bases that are accommodated in
similar positions. This illustrates its adaptability when interacting with uridine rich RNAs of different
sequences. However titration monitored by
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N-HSQCs reveals a Kd of 62 µM for CUG-BP2

RRM3/5’-UUUAA-3’ complex which represents a 33-fold affinity decrease compared to the Kd of
1.9 µM measured by Tsuda et al. for CUG-BP1 RRM3/5’-UGUGUG-3’ complex [100]. Clearly,
despite similarities in interaction with both RNAs, RRM3 has a preference for 5’-UGUGUG-3’. This
can partly be explained by the higher density of the hydrogen-bond network notably in the N2 pocket
where G4 in CUG-BP1 is better recognized than A4 in CUG-BP2.
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Fig. 3.3.
Comparison of CUG-BP2 RRM3/5’-UUUAA-3’ and CUG-BP1 RRM3/5’-UGUGUG-3’ complexes. CUG-BP2 RRM3/5’UUUAA-3’ complex is represented with green protein sidechains and yellow RNA and CUG-BP1 RRM3/5’-UGUGUG-3’
complex with purple protein sidechains and cyan RNA. a) Alignment of CUG-BP2 and CUG-BP1 RRM3 sequences. b)
Schematic representation of the arrangement of the nucleotides of 5’-UUUAA-3’ and 5’-UGUGUG-3’ RNAs in the binding
positions. c) Overlays the complexes. The aromatic sidechains and the RNAs are represented as sticks. For clarity reasons,
the bonds to OP1, OP2 and O4’ are removed and the backbone is colored in yellow or blue. d-h) Detailed view of interaction
between CUG-BP2 RRM3 and 5’-UUUAA-3’ and between CUG-BP1 RRM3 and 5’-UGUGUG-3’.

3.2.5 Replacing non-canonical aromatics of RRM3 by alanines leads to an
increase in affinity.
To assess the significance of the protein-RNA interactions identified in the structure of CUG-BP2
RRM3 in complex with 5’-UUUAA-3’ RNA, we replaced key interacting residues by alanine and
determined the Kd values of these variants with 5’-UUUAA-3’ RNA using NMR (table 1). Mutating
polar residues such as Lys453, Lys495, Gln497 and Lys499 had no effect or caused a little decrease of
the affinity, supporting the predominant contribution of the non-specific π-π stacking to the affinity.
Accordingly, the mutation of Phe426, one of the aromatics of the RNP1 motif, to an alanine led to a
2 fold decrease in affinity. However, surprisingly, substituting any of the non-canonical aromatic,
Tyr428, His429 or Phe455 to alanine had the opposite effect despite the observed interactions with
the U1, U2 and A5, respectively. The affinity of these three mutants for 5’-UUUAA-3’ is two-fold
higher than the WT. In light of these unexpected results, we decided to investigate the effect of the
non-canonical aromatic mutations on the binding of a high affinity UG-rich target. We determined a
Kd of 1 µM for the RRM3 WT/5’-UGUGU-3’ complex by ITC, which was a more suitable method
provided that the quadratic equation used in NMR breaks down for similar and smaller Kd values. For
consistency in comparison, we also used ITC to determine the Kds of non-canonical aromatic mutants
in complex with 5’-UGUGU-3’. Mutations of the non-canonical aromatics Y428 and H429 yielded to
a threefold higher affinity for the RNA than the WT. In contrast, the F455A mutation resulted in a
Kd of 10 µM which is 10-fold decrease in affinity compared to the WT. These surprising and
unexpected results emphasize the key role played by the aromatic residues of CUG-BP2 RRM3 in the
modulation of RNA affinity. Removing the bulky non-canonical aromatic residues seem to have a
beneficial effect on RNA binding which is counterintuitive as one would rather predict that the loss
of π-π stacking or hydrophobic interactions would lead to a decrease in affinity. Despite the relatively
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modest changes in affinity, we set out to understand the nature of this beneficial effect, which might
originate from the aromatic sidechain conformation.

RRM3/UUUAA1)
Protein

Kd (µM)

Kd ratio3)

Resonances5)

WT

62 ± 12

-

13

F32A

139 ± 9

0.4

10

Y34A

27 ± 4

2.3

12

H35A

31 ± 4

2.0

17

K59A

76 ± 12

0.8

9

F61A

41 ± 5

1.5

19

K101A

61 ± 6

1.0

16

Q103A

60 ± 10

1.0

8

K105A

89 ± 10

0.7

10

Protein

Kd (µM)

Kd ratio3)

Resonances5)

WT

33 ± 12

1.9

13

Protein

Kd (µM)

Kd ratio4)

Resonances5)

WT

1 ± 0.04

62.0

-

Y34A

0.3 ± 0.01

206.7

3.3

H35A

0.3 ± 0.05

206.7

3.3

F61A

10.4 ± 0.9

6.0

0.1

RRM3/AUUUAAUU1)

RRM3/UGUGU2)

Table 3.1.
List of Kd determined by NMR 15N-HSQC 1) or ITC 2) titrations
3)

Ratio Kd/Kd RRM3/UUUAA

4)

Ratio Kd/Kd RRM3/UGUGU

5)

Number of resonances in 2D 15N HSQC used to calculate the average Kd
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3.2.6 The increase in affinity is correlated to a rearrangement of the aromatics
residues in RRM3 variants
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Fig. 3.4.
a) 3J NCγ and C′Cγ scalar coupling values for aromatic residues of CUG-BP2 RRM3 WT and Y428A mutant in free forms
and Y428A mutant bound to 5’-UUUAA-3’. Missing 3J values are not available due to exchange broadened resonances or
overlap. b) Illustration of the UP and DOWN conformations. c) Aromatic residues rotamer populations at the binding
interface. The pie chart show the χ1 rotamer populations determined from the 3J NCγ and 3J C′Cγ scalar coupling for aromatic
residues at the binding interface. The population not determined due to lack of 3J coupling data are colored in grey. Mutated
positions are depicted with a grey diamond.

Comparison of the

15

N HSQC spectra of the mutant RRM3 in the free state shows that the

substitutions of Tyr428, His429 and Phe455 to alanine induce large chemical shift perturbations that
originate at the mutation site and propagate through the whole β-sheet and to the β’β” turn (Supp.
Fig. 3.2) suggesting a major structural reorganization of the β-sheet surface. Considering the observed
aromatic sidechain reorientation upon binding to 5’-UGUGU-3’, we hypothesized that a similar
rearrangement might occur in the Y428A, H429A and F455A mutants. The χ1 dihedral angle (defined
by atoms N-Cα-Cβ-Cγ) is a particularly good probe to assess for possible conformational changes, as it
describes the sidechains orientation relative to the protein backbone. The χ1 dihedral angle is usually
found in three rotameric states centered on +60⁰, -60⁰ or 180⁰ and called gauche -, gauche + and trans,
respectively. We measured spin-echo difference 15N-HSQC experiments (adapted from Hu et al., [54])
and extracted aromatic residues 3J NCγ and 3J C′Cγ scalar coupling constants which magnitude are
dependent of χ1. Due to the similarity in the behavior of all three mutants, only the Y428A mutant
will be discussed in details (results for H429A and F455A mutants can be found in supplementary
table 3 and supplementary figure 3.3). We observe that upon substitution Tyr428 by an alanine, the 3J
NCγ and the 3J C′Cγ scalar couplings of aromatic residues exposed on β strands (e.g. Phe426, Phe468)
deviate from the WT values indicating changes in χ1 rotamers (fig. 3.4a) providing evidence that the
aromatic side-chains at the RNA binding interface change their conformations. Moreover, upon
binding of 5’-UUUAA-3 RNA, the deviations become more pronounced indicating that the WT and
the mutant have different aromatic sidechain conformations at the binding interface when both are
bound to 5’-UUUAA-3 RNA.
By assuming a three sites jumping model and interpreting the 3J NCγ and 3J C′Cγ scalar coupling
constants as reporting on the averaging between the three rotamers, it is possible to extract the average
population of each rotameric states and characterize quantitatively the conformational differences.
The major rotamers determined for the aromatic residues of RRM3 WT free or in complex with either
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5’-UUUAA-3’ or 5’-UGUGU-3’ RNAs are mostly in agreement with the conformations observed in
the corresponding structures (fig. 3.4b and 3.4c). In the free form, Phe426, Tyr428, His429 and Phe455
are mostly in a gauche rotamer whereas the trans population of Phe468 is close to 50%. Upon binding
of 5’-UUUAA-3’ RNA, the picture remains unchanged except for Phe468 whose trans population is
reduced. In contrast, the presence of 5’-UGUGU-3’ RNA shifts the Phe426 rotamer from gauche to
mainly trans and the fractions of trans rotamer of Tyr428 and Phe455 also increase. The mutation of
Tyr428 has similar effects on the rotamer population as the binding of 5’-UGUGU-3’ RNA. The trans
population of Phe426 χ1 increases whereas that of Phe468 decreases. The mutant shows more
pronounced shifts in rotamer populations (compare to the WT) upon binding of 5’-UUUAA-3’.
Phe426 χ1 is almost completely in trans rotamer state and the Phe468 in the gauche + state. In addition,
the trans population of Phe455 χ1 increases when Y428A mutant bind 5’-UUUAA-3’. His429 is the
only aromatic residue at the binding interface that is affected neither by the RNA binding nor the
mutations. It stays almost entirely in the gauche+ conformation.
In light of these experimental measurements, it appears clearly that the mutations of the non-canonical
aromatic residues in RRM3 result in a drastic change in the rotamer population of the neighboring
aromatic residues of the RNA binding interface in both free and complexed forms. In the mutants,
the aromatic residues adopt conformations analogous to the ones found in RRM3 WT in complex
with the high affinity target 5’-UGUGU-3’. The analysis of the 3J NCγ and 3J C′Cγ scalar coupling
constants and the estimation of the rotamer populations demonstrate that the increase of RNA
binding affinity of the mutants compare to WT is correlated to a switch of the aromatic sidechains at
the binding interface from the UP conformation (gauche) to the DOWN conformation (trans).
Moreover, these results suggest that removing non-canonical aromatic side-chains helps to shift the
remaining aromatics at the binding interface to a conformation favorable for high affinity binding to
RNA.

3.2.7 The aromatic residues at the binding interface have correlated
conformation
Transition from the UP to the DOWN conformation requires a complete re-orientation of the
aromatic sidechains. While the 3J coupling experiments bring to light the dynamic behavior of the
aromatic residues at the binding interface, molecular dynamics (MD) can explain the mechanisms
underlying the rearrangement. We performed simulations of the RRM3 WT and mutants free and of
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the RRM3/5’-UUUAA-3’ and RRM3/5’-UGUGUG-3’ complexes. In all cases, the initial NMR
conformation is mostly retained but the aromatic residues can stochastically change conformation and
rotate about the χ1 angle (supplementary table4). Notably, Phe466, which backbone amide is often
not observable due to exchange broadening freely fluctuates between gauche- and trans on a subnanosecond timescale (fig. 3.5a).
Most interestingly, in the last 100 ns, a simulation of the free RRM3 WT exhibits a complete transition
from the UP conformation of the aromatic residues to the DOWN conformation (Fig. 3.5c). The
flipping of Phe466 is followed by the transition of Phe426 χ1 angle from gauche+ to trans, which
triggers transition of Tyr428 into trans. This allows, the Phe468 sidechain to move into the space
previously vacated by Phe426 and finally, the Phe455 rotates from gauche+ to trans.
In the free protein, the mutations of Tyr428, His429 and Phe455 to alanine don’t affect the behavior
of the aromatic side chain in the simulations. Yet, mutating the Tyr428, His429 and Phe455 to alanine
in the free protein removes steric hindrances and causes the loss of van der Waals interactions between
the aromatic residues. Thus, the mutations are expected to interfere with the transition between the
binding interface conformations. We hypothesize that the aromatic residues at the binding interface
can adopt multiple rotameric states through stochastic transitions but only a limited number of
aromatic conformers can exist concomitantly as steric hindrances prevent the aromatic residues to
move freely. For example, Phe426 cannot be in the trans rotamer when Tyr429 is in gauche+. To further
investigate the correlation between the aromatic residues, we computed the correlation coefficient
between their χ1 angles. In the free WT, it appears that the Phe426, Tyr429, His430 and Phe455 are
correlated but the Phe466 and Phe468 seem decoupled (Fig. 3.5b) from the others. For all three
mutants and RRM3/5’-UUUAA-3’ complex, the correlation pattern is similar to the free RRM3 WT
one. However, in presence of 5’-UGUGUG-3’ RNA, only the χ1 angle of His430, Phe455 and Phe468
are correlated indicating that the high affinity RNA changes the correlation between the aromatic
residues at the binding interface in addition to binding to an alternative conformation.
The MD simulations provide insights on the stabilization forces of the different states. In free RRM3,
the C-terminus (the last ten residues) interferes with the dynamics of the aromatic residues. It can
bend over in its middle (Fig. 3.5c) and transiently contact the aromatic residues at the binding interface,
thereby probably inducing some of the observed χ1 flips. It can also stabilize the positions of some
of the residues by physically obstructing the sidechains and preventing them from flipping into another
original conformation. For example the Lys499 sidechain makes hydrophobic contacts to the edge of
Phe426. It also forms a salt bridge with Glu418 in the N-terminus thus preventing the free rotation
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of the aromatic residue and maintaining it in the gauche + rotamer. Alternatively, the Lys499 can
disengaged from the salt bridge and occasionally stabilize the trans rotamer by stacking on Phe426 and
keeping it down. Removing the C-terminus in the simulation where the free RRM3 transitioned from
the UP to the DOWN conformation further emphasize its stabilizing role as RRM3 quickly revert
back to its initial UP state. Similarly, in the simulation of the RRM3/5’-UGUGUG-3’ complex without
RNA, the binding interface that is initially in the DOWN state revert to the UP state suggesting that
intermolecular contact provided by the RNA are essential for the stabilization of the DOWN
conformation. All results considered, it becomes evident that the RNA binding interface can exist in
multiple states including UP and DOWN and that the aromatic residues have strongly correlated
conformations that can be stabilized by intra- or intermolecular contacts. The in silico results illustrate
that the transition between the UP to the DOWN state is not a ‘global’ event, but rather a multiple
state process where the dynamics and conformation of each aromatic residue influence the
conformation of its neighbor. However, MD simulations that are carried out for 1 µs at most cannot
be quantitatively compared to the NMR experiments results that report on the averaging conformation
for 40 or 65 milliseconds.

Fig. 3.5
RRM3 molecular dynamics simulation a) Phe466 χ1 dihedral angles evolution in free RRM3 MD simulations. b) correlation
of the χ1 dihedral of the aromatic residues at the binding interface c) Snap shot of free RRM3 WT transition from UP to
DOWN conformation. The C-terminus is colored in magenta, aromatic residues in the UP state are colored in yellow and
the ones in the DOWN states in purple. Glu418 and Lys499 are depicted in cyan.
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3.3 Discussion:
In the course of this work, we demonstrated that RRM3 can bind specifically to AU rich RNAs and
thereby participate to the interaction of CUG-BP2 with RNA targets in processes such as editing or
translation regulation. We solved the structure of CUG-BP2 RRM3 in complex with 5’-UUUAA-3’
and along with the CUG-BP1 RRM3/5’-UGUGUG-3’ complex solved by Tsuda et al. [100], these
structures provide exhaustive structural information on RRM3 RNA binding mode and demonstrate
an original mode of adaptability for interacting with various uridine rich RNAs. The same protein
moieties are involved in making specific and non-specific contacts to 5’-UUUAA-3’ and 5’UGUGUG-3’. In both complexes, a uracil is recognized in the pocket N1 and a purine (adenine or
guanine) in the pocket N2. Thus making UR (R is purine) the central motif which is also found in the
CUG triplet. Despite being able to accommodate different bases in the same pockets, RRM3 displays
some preferences. For example, a guanine in the N2 pocket is recognized by a denser hydrogen-bond
network than an adenine and a uracil in the N3 pocket is stacking with Phe455 whereas a bulky adenine
cannot.
5’-UUUAA-3’ and 5’-UGUGUG-3’ have overall a similar binding mode but RRM3 has sixty times
more affinity for the UG-rich RNA. This difference is equivalent to a ΔΔG of about 10 kJ/mol
between the two complexes which is equivalent to the energy provided by one to three H-bonds (310 kJ/mol) or one π-π stacking interaction (13-20 kJ/mol). The difference is quite small and doesn’t
reflect the structures where 4 additional hydrogen-bonds and one additional stacking interaction is
found in CUG-BP1 RRM3/5’-UGUGUG-3’ complex compared to CUG-BP2 RRM3/5’-UUUAA-3’
complex (supplementary table 2). The sidechain rearrangement of the aromatic residues from UP to
DOWN is energetically unfavorable and possibly explains this somewhat small difference of affinity
between the two complexes. In the mutants of non-canonical aromatics, we showed that these RRM
adopt conformations in the free state close to the DOWN conformation and they can bind both
UUUAA and UGUGU with higher affinity than the WT despite the loss of one or more potential
interactions with the RNAs. This illustrates the importance of the conformation of the free state of
the RRM for complex formation. Our data demonstrate that the discrimination between the RNAs is
not only dependent on the nature and the number of the intermolecular contacts, but also on the
conformational states of the aromatic residues and their ability to reorient to adopt the DOWN
conformation which is more favorable for RNA binding.
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The here presented NMR and MD studies show that in the free form, the binding interface exists in
multiple states that are characterized by several aromatic side-chains adopting different conformation
(χ1 rotamers). Two of these states, the “UP” and “DOWN” conformations, are competent for RNA
binding. The UP conformation which is highly populated in the free state is stabilized by
intramolecular interactions and is selected by RNAs (UA-rich for example) with low affinity. On the
contrary, high affinity targets (UG-rich RNAs) can select the scarcely populated DOWN
conformation and stabilize it by providing more favorable intermolecular interactions. In the case of
the non-canonical aromatic mutants, we observe a change of the conformational landscape of the free
protein resulting in a switch of population towards a majority of DOWN conformation which can
now be bound by both weak and high affinity RNAs. This mechanism of conformational selection
allows CUG-BP2 RRM3 to efficiently discriminate between sequences alternating uracils and purines
depending on whether they can or cannot stabilize the DOWN conformation. For example, 5’UUUAA-3’ is bound to the UP conformation. In this configuration, U2 can optimally stack with
Tyr428 in gauche +. However, upon binding of UGUGU, the Tyr428 sidechain must take on the trans
conformation to stack efficiently with G2 and the all binding interface can adopt the DOWN
conformation. This mechanism of side chain re-orientation can be decisive in establishing CUG-BP2
intrinsic specificity but biological specificity also needs to be accounted for. Indeed, it has been showed
that pro-apoptotic signals such as the interleukin-1β [103] or γ-ray [36] can trigger an increase in
concentration of CUG-BP2 in the cytoplasm and thereby increase the fraction of CUG-BP2 bound
to AU-rich targets, thus contributing to the translation inhibition of mRNA targets such as COX-2.
The majority of the RRM structures available in the protein data bank adopt a DOWN conformation
but the transition from the UP to the DOWN conformation between the free and bound forms is not
unique to CUG-BP proteins. (Supplementary table 4). Certain RRMs even show evidence of
conformational averaging in the free form like for example hnRNP A1 RRM1 [104]. The highresolution structure of hnRNP A1 RRM1 in tandem with the RRM2 reveals that the canonical
aromatic residues equivalent to CUG-BP2 RRM3, Phe426 and Phe468, adopt both the UP and
DOWN conformations in two alternative states detected in the electron density. This RRM has also
been crystalized in the DOWN conformation only or in a mixed state. PABP1 and the drosophila
Sex-lethal are additional examples of proteins whose RRM exhibit alternative free conformations in
different structures. RRMs that show aromatic side-chain re-arrangement upon RNA binding share
interesting features. Most of them have moderate affinity (µM range) and bind RNA nucleotides
repeats e.g. polyA, UG repeats, ARE elements. Purines are over-represented in their N1 and N2
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pockets (table 3.2) and finally, like most RRMs, they bind RNA in the DOWN conformation with the
exception of CUG-BP2 RRM3 bound to 5’-UUUAA-3’. In general, the UP conformation might allow
the RRMs to move along the repeat sequences causing a multi-register binding that can increase the
overall affinity [105]. This would be in agreement with the register shift we observed for CUG-BP2
RRM3 bound to 5’-AUUUAAUU-3’. Alternatively, the UP conformation could enable RRMs to
probe rapidly the RNA for high affinity motifs that would be bound in the DOWN conformation.
On the other hand, the predominance of the DOWN conformation can be due to the backbone
dependency of the sidechain rotamers. RRMs have a much conserved core secondary structure that is
characterized by a certain range of φ and ψ angles values and the side-chains rotamers are dependent
on those backbone dihedral angles. Nevertheless, stabilization of alternative conformations can be
achieved by intra-protein interaction such as π-π stacking, hydrogen-bonding, salt bridge formation or
by contact with a binding partner. In presence of RNA, the DOWN conformation allows the optimal
geometry for the interactions. For example, the stacking of G4 on the gauche + rotamer of RRM3
Phe468 (DOWN) is better than the one of A4 on the trans rotamer (UP). In addition, the U3 stacking
on Phe426 is too far away from Gln497 to form a hydrogen-bond.
In the present work, we established that transitions between different sidechain conformations at the
binding interface of RRMs is an effective way to discriminate between different RNAs and fine tune
the affinity for sequences that are otherwise not so different. In the future, it will be crucial to
investigate more systematically how side-chain conformational equilibrium impact RNA
discrimination to further understand the underlying rules of protein- RNA interactions.
N1
A
C
G
U
T
Ø

A
5
3
3
4
1
2

B
33.3
20.0
20.0
26.7

N2
C
31.0
23.0
12.5
33.5

A
6
1
6
2
0
3

B
40.0
6.7
40.0
13.3

C
24.0
5.0
26.0
45.0

Table 3.2
Statistics on N1 and N2 pocket occupancy for RRMs exhibiting aromatic side-chain rearrangement after RNA binding
A

number of occurrence in the rearranged complex

B

percentage of occurrence in the rearranged complexes

C

percentage of occurrence in all complexes [29]
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Fig. 3.6.
CUG-BP2 RRM3 affinity modulation model. a) Representation of the change in conformational landscape between the free
RRM3 WT and the aromatic mutants. b) Four-states model of RRM3 in UP or DOWN conformations free or bound to
RNA. The free states are depicted in yellow, the bound state in UP conformation in green and the bound state in DOWN
conformation in purple. The RNA is symbolized in magenta.

3.4 Materials and Methods
Cloning and purification of CUG-BP2 RRM3 and mutants
CUG-BP2 RRM3 (residues 416-508) was cloned into pET 28a vector (Novagen) between the XhoIBamHI restriction sites. To facilitate further protein quantification, the C-terminal tyrosine was
replaced by a tryptophan by Quick-changeTM Site-Directed Mutagenesis. Other mutants where
obtained using the same method.
The plasmid was transformed in BL21 DE3 Codon+ E. coli cells. Pre-culture and culture were carried
out at 37°C in M9 minimum media containing 1g/L of 15N NH4Cl and 8 g/L of unlabelled glucose
or 4 g/L of of 13C labelled glucose. The media was complemented with kanamycin and
chloramphenicol. At an OD600 of 0.6-0.8, the culture was cooled down to 20°C and induced with
IPTG to a final concentration of 1mM. Cells were harvested after 12-16 hours at 6000 rpm for 30
minutes at 4°C. The protein was purified by Ni-affinity chromatography using an imidazole gradient
on an ÄKTA Prime purification system (Amersham Biosciences) or step-wise by gravity flow. The
protein-containing eluate was concentrated and exchanged into a low salt buffer. Removal of
contaminant nucleic acids was achieved by cation exchange chromatography (HiTrap SP HP, GE
Health care). After another concentration step, the protein was incubated for one hour at room
temperature with Ambion RNAse inhibitor and subsequently purified by size exclusion in NMR
buffer [K2HPO4/KH2PO4 20 mM (pH 5.8), NaCl 10 mM, β-mercaptoethanol 0.1%, DEPC treated]
and concentrated to 0.6-2 mM.
Protein concentration was determined by absorbance measurement at 280 nm wavelength and
application of the Lambert-Beer’s law.
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Oligonucleotides preparation and complex preparation
Oligonucleotides were purchased from Dharmacon, Inc and deprotected with the provided
deprotection buffer at 60°C for 30 min. The RNA was frozen in liquid nitrogen, lyophilized and stored
at -20°C. For NMR studies, the RNA was re-suspended in NMR buffer.
NMR spectroscopy
NMR experiments were performed on AVANCE III (600, 700,750, 900 MHz) and AVANCE III HD
600 MHz Bruker Spectrometers. For NMR measurements with sample volumes below 450 l 5 mm
NMR tubes from Shigemi Inc. were used (Allison Park, USA). For larger samples, 5 mm NMR tubes
from ARMAR AG (Döttingen, Switzerland) were used. Typical NMR protein concentrations were
0.6−2 mM in NMR buffer and 10% D2O (v/v). Data were processed using Topspin 2.1 and 3.0
(Bruker) and analysed using SPARKY 3.113 [106].
The backbone resonance assignments of free CUG-BP2 RRM3 were previously determined by Fred
Damberger and Neel Bavesh. The backbone and side-chain assignments of CUG-BP2 RRM3 in
complex with 5′-AUUUAAUU-3′ were obtained with the following experiments: 2D 15N-1H HSQC,
2D 13C-1H HSQC, 3D HNCA, 3D CBCACONH, 3D 3D (H)C(CCO)NH TOCSY, 3D H(CCCO)NH
TOCSY, 3D NOESY 15N-1H HSQC and 3D NOESY 13C-1H HSQC, all recorded in H2O at 40 °C.
To sequentially assign 5′-AUUUAAUU-3′ unlabeled RNA bound to CUG BP2 RRM3, we recorded
the following experiments in D2O at 40 °: 2D 1H-1H TOCSY, 2D F1 13C-filtered,F2 13C-filtered 1H1

H NOESY and natural abundance 2D 13C-1H HSQC. Intermolecular NOEs of the CUG BP2 RRM3-

RNA complex were obtained from a 2D 1H-1H NOESY, 2D F2 13C-filtered 1H-1H NOESY and 3D
F1 13C-filtered 1H-1H NOESY, all recorded in D2O.
For the CUG-BP2 RRM3 in complex with 5′-UUUAA-3′, we recorded a 3D NOESY 15N-1H HSQC
and two 3D NOESY 13C-1H HSQCs centered on aliphatic or aromatic 13C signals, all recorded in H2O
at 25 °C. Protein backbone and side-chain assignments were derived from the assignments obtained
for the complex with the longer RNA and adapted to the NOESY spectra recorded on CUG-BP2
RRM3 in complex with 5′-UUUAA-3′. To determine the protonation state of the histidines, we
recorded long-range 2D 15N-1H HSQCs [107]. We measured 3D HNHA experiments to quantify the
3

JHN-HA coupling constant and determined ψ dihedral angles [108, 109]. To sequentially assign 5′-

UUUAA-3′ RNA and obtain intermolecular NOEs, we recorded the following experiments in D2O
at 25 °: 2D 1H-1H TOCSY, 2D F2 13C-filtered 1H-1H NOESY and natural abundance 2D 13C-1H
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HSQC. Intermolecular NOEs were obtained by using a 2D 1H-1H NOESY, 2D F2 13C-filtered 1H-1H
NOESY and 3D F1 13C-filtered 1H-1H NOESY 13C-1H HSQC.
Measurements of the aromatic 3JCγN and 3JCγCO coupling constants was carried out by recording
spin-echo difference constant time 15N-HSQC and HN(CO)CG experiments [110], respectively. The
reference and the coupled experiments were interleaved and all the measurements were repeated at
least 3 times.
The coupling constants were calculated from the relationship Ib/Ia = cos (2πJCγτ), where Ia is intensity
of an H-N correlation in the reference spectrum and Ib is the intensity of the same peak in the spectrum
where the relevant coupling was active for either the amide signal of the i+1 residue in the 3JCγCO
experiment or for the i residue in the 3JCγN experiment where i is the residue whose coupling is
determined. τ was set to 40 ms for the 3JCγCO experiments and 65 ms for 3JCγN experiments. The
value of τ was determined empirically which gave the largest intensity for signals of interest when
calculating the difference between reference and coupled spectrum.
Structure calculation
We used ATNOSCANDID 27-29 to perform automated peak picking of the 3D NOESY 15N-1H
HSQC, and the 3D NOESY 13C-1H HSQCs. Automated NOE assignment of intraprotein NOEs
was achieved using the macro NOEASSIGN within CYANA 3.0 30 and manual curation. RNA
intramolecular and intermolecular NOEs were manually assigned and calibrated using a 1/d6
relationship. Structure calculation was carried out using CYANA 3.0 and included distance restraints,
TALOS 31 derived dihedral angle constraints in agreement with the determined 3JHN-HA coupling
constants, intra-protein hydrogen-bond constraints derived from hydrogen–deuterium exchange
experiments on the amide protons and RNA dihedral angle constraints based on 1H1′-1H2′ coupling
efficiency in homonuclear 2D-TOCSYs measured with short TOCSY mixing times. 200 structures
were calculated with 20000 torsion angle dynamics steps per conformer. The best 50 conformers were
subsequently refined in implicit water using the force field rna.ff99SB in the SANDER module of
AMBER 12 32,33. Finally, the 20 conformers with the lowest amber energy were submitted to CING
34 for structure validation.
Dissociation constant determination
ITC experiments
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Isothermal Titration Calorimetry (ITC) was performed using VP-ITC calorimeter (MicroCal LLC).
Protein was injected into the microcalorimeter cell containing the RNA. The protein and RNA
samples were dialysed against the same buffer [KPi 20 mM (pH 5.8), NaCl 10 mM, β-mercaptoethanol
0.1%, DEPC treated]. wild type and mutant RRM3 proteins (0.13-0.47 mM) were titrated by injection
of 6 μL into 2 ml of 8 µM RNA. The experiments were carried out at 25°C. The raw data were analysed
using Microcal Origin 7.0 software with the single binding site model.
NMR titration
Chemical shift changes in 1H−15N HSQC spectra were quantified the following equation:
Δ𝐶𝑆𝑜𝑏𝑠 =

√((𝛿𝐻𝑁)2

𝛿𝑁 2
+(
) )
6.41

Where δHN and δN are the proton and nitrogen chemical shift differences of the same resonance.
Subsequently, the NMR titration data were fit using the following equation in Matlab:
Δ𝐶𝑆𝑜𝑏𝑠 = Δ𝐶𝑆𝑚𝑎𝑥 (

(𝐾𝑑 + [𝐿]0 + 𝑐[𝑃]0 ) − √(𝐾𝑑 + [𝐿]0 + 𝑐[𝑃]0 )2 − 4[𝐿]0 𝑐[𝑃]0
)
2𝑐[𝑃]0

Where [P]0 and [L]0 are the concentrations of total protein and RNA, respectively, KD the
dissociation constant, ΔCS,max the maximum frequency difference, ΔCSobs the observed frequency
at a given titration point and c a correction coefficient for the protein concentration determined by
absorbance measurements with a calculated extinction coefficient..
Χ1 rotamers population determination
The χ1 rotamer populations were determined under the assumption that the values of the 3J-couplings
reflect a population mixture of the three staggered states using the Karplus parametrization published
previously [53]. . Accordingly:
3

𝐽𝑐𝑎𝑙𝑐,𝑁𝐶 𝛾 = 𝑝180 3𝐽𝑡,𝑁𝐶 𝛾 + 𝑝−60 3𝐽𝑔+,𝑁𝐶 𝛾 + 𝑝+60 3𝐽𝑔−,𝑁𝐶 𝛾

3

𝐽𝑐𝑎𝑙𝑐,𝐶′𝐶 𝛾 = 𝑝180 3𝐽𝑡,𝐶′𝐶 𝛾 + 𝑝−60 3𝐽𝑔+,𝐶′𝐶 𝛾 + 𝑝+60 3𝐽𝑔−,𝐶′𝐶 𝛾
1 = 𝑝180 + 𝑝−60 + 𝑝+60

Where 3Jcalc, NCγ and 3Jcalc, C′Cγ are the calculated coupling constants, p180 p−60 and p+60, and are the
populations of the respective χ1 rotamer states trans, gauche+ and gauche- respectively; and Jt, Jg+,
and Jg- for NCγ and C′Cγ are the expected coupling values for the fully populated staggered rotamer
states with χ1 equal to 180°, −60°, and +60°, respectively. Populations were fitted in Mathematica by
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minimization of the squared difference between the experimental and calculated 3J NCγ and/or 3J C′Cγ
coupling constants:
3

2

𝐽𝑐𝑎𝑙𝑐 − 3𝐽𝑒𝑥𝑝
𝜒 = Σ(
)
𝜎𝐽𝑒𝑥𝑝
2

Where σJexp is the standard deviation based on three or more 3J measurement.
Molecular Dynamics simulation

Molecular Dynamics simulation
Structure building and force field selection. We have used the first conformers of the NMR
ensembles of the free CUG-BP1 RRM3 domain structure (PDB: 2rq4)[100] and its complex with
(UG)3 RNA (PDB: 2rqc),[100] and 5′-UUUAA-3′ RNA (this work), respectively, as the starting
structures for our MD simulations. The coordinate and topology files were created using the tleap
module of Amber 14[111]. We have used the ff99bsc0χOL3[112-115] and ff12SB[112, 116, 117] force
fields to describe the RNA and the protein, respectively.
System solvation. The biomolecules were solvated in an octahedral box of SPC/E waters[118] with
a minimal distance of 10 Å between the solute and the edge of the box. The systems were neutralized
by addition of KCl salt[119], achieving a 150 mM excess-salt concentration.
Simulation protocol. Prior to the production simulations, the systems were minimized and
equilibrated using a standard equilibration protocol for protein/RNA systems[120]. We have then
used the initial portions of the production simulations to stabilize the structure using the experimental
NMR restraints[121]. This was followed by free unrestrained simulations.
The particle mesh Ewald was used for calculation of the electrostatic interactions[122, 123]. The cutoff distance for Lennard-Jones interactions was 9 Å. We have used the SHAKE algorithm[124] to
constrain the covalent bonds involving hydrogen along with the HMR scheme[125], allowing a 4 fs
integration step to be used. Berendsen thermostat and barostat[126] were used to maintain the systems
at temperature and pressure of 300 K and 1 bar, respectively.
Simulation analyses. We have used the cpptraj module of Amber14[111] to analyze the simulation
trajectories. The VMD program was used for visualization[127]. To evaluate the simulation agreement
with the experimental data, we have calculated (r-6)(-1/6) weighted averages of the NOE distances in the
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simulation ensembles. These values were then compared with the experimentally measured upper
bound distances of the individual NOEs.
A list of the simulation can be found in the following table:

simulation name

length [ns]

free CUG-BP1 RRM3 domain
2rq4_1

1000

2rq4_2

1000

2rq4_Y34Aa

300

2rq4_H35Aa

300

2rq4_F61Aa

300

2rq4_Cend_removedb

500

CUG-BP1 RRM3/(UG)3 complex
2rqc_1

1000

2rqc_2

1000

2rqc_RNA_removedc

500

CUG-BP1 RRM3/UUAAA complex
U2A3_1

1000

U2A3_2

1000

U2A3_3

500

U2A3_4

500

U2A3_5

500

U2A3_6

500

U2A3_7

500

U2A3_8

500

Table 3.3 List of the simulations
aThe

residue mutation was introduced into the system by molecular modeling.

bThe

C-end chain residues of the protein (a.a. 105-118) were removed by molecular modeling. The simulation was

started from the final structure of the 2rq4_2 simulation.
cThe

RNA molecule was removed by molecular modeling.
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4 Role of CUG-BP2 domains required for RNA
binding and COX-2 mRNA translation regulation

D.d.K.N. , A.F.H designed the project
D.d.K.N. prepared the protein and RNA sample for structural studies
D.d.K.N. analyzed the NMR data
D.d.K.N. conducted the in vivo assays, the ITC measurement and the biochemical assays
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4.1 Introduction
CUG-BP2 is a RNA binding protein with various functions and multiple targets. It binds notably
AREs in COX-2 mRNA 3′UTR thereby stabilizing the transcript but unexpectedly also inhibiting its
translation [36]. COX-2 expression is associated with many chronic inflammatory diseases and cancers
which makes CUG-BP2 an interesting effector as it can downregulate COX-2 activity and thereby
have an anti-inflammatory and antitumor effect [128]. To understand the determinants of translation
regulation of COX-2 by CUG-BP2 it is essential to comprehend the contribution of the different
domains to the binding of AU-rich RNA. In the previous chapter, we focused on CUG-BP2 RRM3,
whose binding interface harbors additional aromatics allowing for the accommodation of five
nucleotides when RRMs generally bind two to four. We measured relatively moderate Kd for RRM3
bound to 5′-AUUUAAUU-3′ and 5′-UUUAA-3′ RNAs. However, we observed that mutation of the
non-canonical aromatics to alanine led to an increase in affinity that was concomitant with an aromatic
side chain rearrangement at the binding interface. Unlike RRM3, the N-terminal RRM1 and RRM2 of
CUG-BP2 only harbor canonical aromatics but they are tethered by ten amino acids which can cause
them to have increased affinities and specificity for AU-rich RNAs compare to RRM3. RRM1 and
RRM2 share less than 35 % identity and their RNP1 and RNP2 sequences present differences (table
4.1). Yet, the crystal structures of the closely related CUG-BP1 tandem RRM12 and single RRM1(over
90% identity with CUG-BP2 RRM12) bound to various UG-rich targets show that RRM1 and RRM2
recognize the UGUU/G motif similarly [99]. In the structures of the tandem RRM12 bound to the
UG-rich RNAs, only the RRM2 is contacting the RNA as the RRM1 is involved in crystal packing
contacts. Ultimately, these structures provide no information on the recognition mode of the AU-rich
RNAs and on the orientation of the domains when bound to RNA
Next to the structural investigations, in cell assays are necessary to gain insight into the functional role
of the different domains of CUG-BP2. In the context of alternative splicing, it was shown that RRM12
and the 70 adjacent residues of the divergent domain or RRM3 and the last 119 residues of the
divergent domain are functionally redundant and can enhance the inclusion of the chicken
cardiac troponin T exon5 similarly to the full-length protein [129, 130]. Yet, these truncated CUGBP2 proteins cannot promote NMDA receptor exon 21 inclusion or insulin receptor exon 11
skipping showing that the functionality of the domains is context dependent. Moreover, multiple
studies have shown that pro-apoptotic signals can increase CUG-BP2 expression, who in turn
represses COX-2 and there are evidences that the repression is concomitant with the relocation of the
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mostly nuclear CUG-BP2 into the cytoplasm [45, 103]. These results suggest that the cytoplasmic
localization is crucial for the translation repression of COX-2 mRNA thus making the transport of
CUG-BP2 another interesting field of investigation.
In the following chapter, we investigate the interaction of CUG-BP2 RRM12 with 5′-AUUUAAUU3′ from the COX-2 mRNA 3′ UTR and address the question of the mechanism of action of CUGBP2 in vivo.
RNP2
consensus

[ILV]

[FY]

[ILV]

X

N

L

RRM1

M

F

V

G

Q

I

RRM2

L

F

I

G

M

V

RRM3

L

F

I

Y

H

L

RNP1
consensus

[RK]

G

[FY]

[GA]

[FY]

[ILV]

X

[FY]

RRM1

K

G

C

C

F

V

T

F

RRM2

R

G

C

A

F

V

T

F

RRM3

K

C

F

G

F

V

S

Y

Table 4.1
CUG-BP2 RRMs RNPs sequences
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4.2 Results
4.2.1 RRM12, two semi-independent RRMs that become correlated upon
RNA binding
4.2.1.1

Free RRM12 dynamics
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Fig. 4.1
Structural characterization of free CUG-BP2 RRM12 A) Schematic representation of full length CUG-BP2 and shorter
constructs. B) Mapping of the combined chemical shift perturbations (ΔCS) between the single and tandem RRMs at
40°C. C) 15N-HSQC overlay of RRM12, RRM1 and RRM2 free protein at 40°C. The spectra were recorded with different
sweep-width thus some backbone amide signals of RRM2 are folded. The largest shift are indicated by arrows and the
amide resonances of the C-terminus are circled in green

We sub-cloned and expressed RRM1 and RRM2 in tandem or separately to investigate their behavior
in the free form. The 1H-15N HSQC of the tandem RRM12 overlays very well with the ones of the
isolated domains with the exception of the C-terminus of RRM1 and the N- and C-terminus of RRM2
(Fig. 4.1B-C). This shows that in the single domain constructs, the chemical environment of the RRMs
does not change significantly except for the residues close to the truncated linker. The latter strongly
sense the absence of the neighboring amino acids in the tandem construct. The C-terminus of RRM2
also shows moderate chemical shift perturbation indicating that it may contact the RRM1. We
performed 15N relaxation experiments to investigate the dynamic behavior of the tandem RRM12.
Both RRMs are mostly rigid as indicated by the high 1H-15N heteronuclear NOE values (≈0.8) (Fig.
4.3). In contrast, RRM1 β2-β3 loop that contains two consecutive prolines, the termini and the linker
are flexible with smaller heteronuclear NOE values. We measured longitudinal (T1) and transversal
(T2) relaxation times of the domains. RRM1 and RRM2 have different T1 over T2 ratio in both the
single and tandem constructs (Table 4.2). However, these ratio increase when the domains are
linked indicating a slower tumbling in the tandem form. These results suggest only a semiindependence of the tandem RRM1 and RRM2. The two domains have little or no interactions but
they restrict each other’s motion.
RRM1

RRM2

T1

T2

T1/T2

T1

T2

T1/T2

single RRMs

604.8 ± 44.2

102.4 ± 8.0

5.9 ± 0.6

547.3 ± 21.2

132.0 ± 6.6

4.1 ± 0.6

RRM12

942.7 ± 43.1

61.3 ± 3.3

15.4 ± 1.1

865.1 ± 73.7

69.6 ± 11.3

12.4 ± 2.3

RRM12/5'-AUUUAAUU-3'

966.9 ± 86.8

43.0 ± 3.0

22.5 ± 2.6

946.1 ± 70.7

48.6 ± 2.9

19.5 ± 1.0

Table 4.2
Relaxation times T1 and T2 of CUG-BP2 RRM12 single domain, tandem domains and in complex with 5'-AUUUAAUU3'. All data were collected on a BRUKER AVANCE-III 750 spectrometer at the transmitter frequency of 750.13 MHz for
the proton and 76.01 MHz for the 15N. The listed averages are based on resonances with backbone 1H-15N heteronuclear
NOE values higher than 0.6 excluding those that are affected by the RNA binding.

80

4.2.1.2

Titration and dynamics of CUG-BP2 RRM12 in complex with 5′-AUUUAAUU-3′

Fig. 4.2
RRM12 binding to 5′-AUUUAAUU-3′ A) ITC binding isotherm of 5′-AUUUAAUU-3′ titrated into RRM12 at 25°C. The
upper panel shows the raw data. The lower panel represents the integral heat versus protein/RNA molar ratio.
Experimental data points (▪) Best fit (—). B) Mapping of the combined chemical shift perturbations (ΔCS) upon saturation
of RRM12 with 5′-AUUUAAUU-3′. C) 1H-15N 2D-HSQCs titration of CUG-BP2 RRM12 with 5′-AUUUAAUU-3′ at
40°C. Data were collected on a BRUKER AVANCE-III 750 MHz spectrometer. All experiments were carried out in the
standard NMR buffer (K2HPO4/KH2PO4 20 mM (pH 5.8), NaCl 10 mM, β-mercaptoethanol 0.1%, DEPC treated).
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Despite being semi-independent in the free form, RRM1 and RRM2 are relatively close, with only ten
amino acids separating them; the two domains can eventually interact when bound to RNA. Therefore,
we characterized the binding of the tandem RRM12 to 5′-AUUUAAUU-3′ RNA from COX-2 mRNA
3′UTR. Isothermal Titration Calorimetry (ITC) data were fitted assuming a single set of binding sites
and yielded a Kd of 0.47 µM (Fig. 4.2A) and a stoichiometry close to one (N=0.99). We also monitored
titration of RRM12 by 5′-AUUUAAUU-3′ using 1H-15N HSQCs. As the RNA concentration increased,
we could observe a gradual shifting of protein resonances and no significant linewidth changes,
indicating that the exchange between the free and RNA-bound RRM12 was fast in comparison to the
chemical shift difference. The protein was saturated at a 1:1 protein : RNA ratio which in combination
with the ITC results suggest that both RRM1 and 2 bind simultaneously to 5′-AUUUAAUU-3′.
Indeed, the amide resonances of residues at the canonical binding interface of both RRM1 and RRM2
displayed large chemical shift changes. Interestingly, the linker and the C-terminus are also perturbed
upon RNA binding. We established previously that these two regions are flexible in the free form. 15N
relaxation experiments on RRM12 in complex with 5′-AUUUAAUU-3′ revealed that the linker and
the C-terminus remained dynamic indicating that the RNA does not cause their rigidification. Thus,
the chemical shift changes of residues in those regions can reflect transient interactions with the RNA
or conformational changes. We measured T1 and T2 relaxation times of the complex but the
assumption of a spherical shape was probably no longer valid therefore the estimated correlation time
was not reliable. Nonetheless, the T2 values of RRM1 and RRM2 bound to RNA were significantly
larger than the ones of the free tandem RRMs (Table 4.1) indicating an increase in molecular size that
suggested an association of the RRMs or their simultaneous binding to the RNA. In summary, our
results indicate that RRM12 has a higher affinity for 5′-AUUUAAUU-3′ than RRM3 and that both
RRMs interact through their canonical binding site with the RNA. Moreover, the increase in T2 of
both RRM1 and 2 and the chemical shift perturbations in the linker and the C-terminus upon binding
of 5′-AUUUAAUU-3′ suggest a structural rearrangement. We therefore carried out a structure
determination of CUG-BP2 RRM12 bound to 5′-AUUUAAUU-3′.
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Fig. 4.3
Backbone 15N-1H heteronuclear NOE of RRM12 free (blue) and bound to 5′-AUUUAAUU-3′ (orange). Values above 0.6
indicate structured regions. Data were collected on a BRUKER AVANCE-III 750 MHz spectrometer at the transmitter
frequency of 750.13 MHz for the proton and 76.01 MHz for the 15N. All experiments were carried out in the standard
NMR buffer (K2HPO4/KH2PO4 20 mM (pH 5.8), NaCl 10 mM, β-mercaptoethanol 0.1%, DEPC treated) at 40°C.

4.2.2 Structural characterization of RRM12 bound to AU8mer
4.2.2.1

Preliminary structure of the bound form protein

To determine the structure of CUG-BP2 RRM12 bound to 5′-AUUUAAUU-3′, we performed
sequential assignment of the protein backbone amides using standard triple resonance experiments
(HNCA, HNCACB, CBCACONH) that correlate backbone resonances of neighboring residues
through scalar coupling. We obtain side chain assignment using the proton and carbon versions of the
HC(C)(CO)NH-TOCSY triple resonance experiment. Overall, we assigned 90% of the protein
resonances. The missing assignments mostly clustered in the termini and in RRM1 loop α2-β4. We
calculated the structure of the bound form of the protein using 4228 NOE derived restraints and 54
H-bond restraints. CUG-BP2 RRM1 and RRM2 adopt the typical βαββαβ RRM fold. They are
individually well defined which is reflected by the RMSD of 0.56Å and 0.63Å for RRM1 and RRM2,
respectively. However, no inter-domain contacts are observed and the two RRMs are not associated.
The linker and the long β2-β3 loop are not structured, which is in agreement with the low
heteronuclear NOE value we measure for these regions (Fig. 4.3). The flexibility of the β2-β3 loop
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can be explained by the presence of two consecutive prolines, namely Pro55 and Pro56. Interestingly,
the first proline is in the cis conformation which is supported by its characteristic Cβ-Cγ chemical
shifts (appendix). Regarding the aromatic side chain conformation at the binding interface, the
canonical aromatic residues are in the DOWN conformation when bound to 5′-AUUUAAUU-3′ RNA
unlike RRM3 aromatic side chain that remain in the UP conformation (Fig. 4.4).

Fig. 4.4
Overview of the preliminary structure of CUGB-BP2 RRM12 bound to 5′-AUUUAAUU-3′ RNA. A) Alignment of CUGBP2 RRMs. The secondary structure elements are signaled by pink arrows (β strands) and green lines (α helices). The RNP
motifs are boxes in black and residues interacting with the RNA are colored in red (aromatics) or in yellow (others). B)
Overlay of the 20 lowest energy structures of CUG-BP2 RRM12 align on RRM1 (blue ensemble) or RRM2 (red ensemble)
bound to 5′-AUUUAAUU-3′ and ribbon representation with interacting residues in stick representation RRM1 (blue
sticks) and RRM2 (red sticks)

4.2.2.2 Analysis of the intra-RNA and intermolecular NOE CUG-BP2 RRM12 bound to
5′-AUUUAAUU-3′ RNA
We carried on our investigation with the assignment of the bound 5′-AUUUAAUU-3′ RNA. We
assigned 90% of the proton resonances using a 2D NOESY 13C filtered in both dimensions. It
appeared that the H8 aromatic proton resonances of A5 and A6 were overlapped and the H6/H1’
resonances of A4, A3 and A7 as well. Intensities of the NOE between the base and the sugar protons
indicated that the first adenine was syn whereas the remaining two were anti. The sugar puckers of all
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the nucleotides were defined as being 2’-endo owing to the magnetization transfer efficiency between
the H1′ proton and the H2′, H3′ and H4′ protons in the homonuclear 2D TOCSYs.

Fig. 4.5:
NMR spectra and multiple register binding. A) 2D F2 13C filtered (1H-1H) NOESY of CUGB BP2 RRM12 in complex
with 5′-AUUUAAUU-3′ recorded on a BRUKER AVANCE-III 900 MHz spectrometer (Tmix=100ms). B) 1H-13C
aromatic HSQC of RRM12 in complex with 5′-AUUUAAUU-3′. All experiments were carried out in the standard NMR
buffer (K2HPO4/KH2PO4 20 mM (pH 5.8), NaCl 10 mM, β-mercaptoethanol 0.1%, DEPC treated) at 40°C. For
readability, the RNA nucleotides are labelled in small characters.

After the RNA resonances, we proceeded and assigned the intermolecular NOEs using a 2D F2 13C
filtered (1H-1H) NOESY and aromatic and aliphatic 3D F1 13C filtered F2 13C edited (1H-1H) NOESYs
recorded on a sample with 13C 15N labeled protein and unlabeled RNA. We noted that equivalent
residues on RRM1 and RRM2 have similar intermolecular NOE patterns (Supp. Fig 4.1). For example,
we observed NOE cross-peaks between each H2 protons of the three adenines with both A97 and
A186 belonging to RRM1 and RRM2, respectively (Fig. 4.5A). However, it is structurally impossible
that all three protons are simultaneously in the vicinity of the two residues. Instead, the NOEs reflect
the occupancy by the same nucleotide of two distinct binding pockets, one on each RRM, during the
mixing period. This is indicative of a multiple registers binding of the RNA. Concurrently, Phe19 and
Phe111 or Phe63 and Phe152 have degenerate aromatic resonances indicating that the chemical
environment at the RNA binding interface of both RRM1 and RRM2 are similar. 5′-AUUUAAUU-3′
being a degenerated RNA with the AUU motif appearing twice, it is plausible that RRM1 and RRM2
bind simultaneously to one molecule of RNA and have restricted motion. However, they can also
bind separately and tumble semi-independently. Thus, the intermediate values of the relaxation times
that we measured reflect the presence of multiple complexes in solution.
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4.2.2.3 CUG-BP2 RRM12 binding model to 5′-AUUUAAUU-3′ RNA

Fig. 4.6:
Structures and model of RRM1 and RRM2. A) Structures of CUG-BP1 RRM1 and RRM2 free or bound to UGUU and
of CUG-BP1 RRM12 bound to 5′-AUUUAAUU-3′. In the complex, only the GUU trinucleotide is represented in yellow.
B) Model of AUU motif recognition by RRM1 and RRM2.

In this context, it is not possible to solve the structure of CUG-BP2 RRM12 in complex with 5′AUUUAAUU-3′ as the intermolecular NOEs arise from exchanging states. However, elaborating a
model of the interaction of the two RRMs independently is feasible. It was shown that CUG-BP1
RRM1 and RRM2 recognize 5′-UGUU/G-3′ with the first guanine being in the syn conformation and
the 5′-UU/G-3′ dinucleotide stacking on the RNP aromatics. We observe that for CUG-BP2 RRM12
in complex with 5′-AUUUAAUU-3′, protons belonging to uracils mediate the majority of the
intermolecular NOEs to aromatic residues suggesting that these are the nucleotides stacking over the
aromatic residues (Appendix). Moreover, the first adenine of 5′-AUUUAAUU-3′ is in the syn
conformation. Finally, the aromatic side chains of CUG-BP2 RRM12 bound to 5′-AUUUAAUU-3′
have the same orientation as the aromatic side chains in CUG-BP1 RRM1 and RRM2 bound to the
UGUU/G motif. All these data suggest that RRM1 and RRM2 recognize the AUU motif, which
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appears twice in the 5′-AUUUAAUU-3′ in a similar manner as the GUU/G (Fig. 4.6). Thus making
the RUU motif the central motif recognized by RRM1 and RRM2.

4.2.3 Characterization of CUG-BP2: domain function and protein localization
4.2.3.1

The N- and the C-terminal RRMs have redundant activities in the translation
inhibition of COX-2 mRNA.

We have established that RRM12 and RRM3 can bind to AU-rich motifs from the 3′ UTR of COX-2
mRNA. Thus, they can contribute to the translation regulation of COX-2 mRNA in vivo. To determine
the role of the different domains of CUG-BP2 in ARE-mediated translation inhibition, we adapted a
luciferase reporter gene assay previously published [36]. In that experiment, the reporter gene was
constructed by fusing the coding sequence of the luciferase with fragments or the totality of the COX2 mRNA 3′UTR. The different constructs were co-transfected with CUG-BP2 in HT-29 human
colorectal adenocarcinoma cells. Translation of the reporter gene produces luminescent luciferase,
which levels will decrease upon negative regulation by CUG-BP2. Thus the authors could establish
that the first 60 ARE containing nucleotides of the COX-2 mRNA 3′UTR are responsible for
translation inhibition by CUG-BP2. In our assay, we transfected HEK-293T cells with truncated
and/or mutated versions of CUG-BP2 and the luciferase reporter gene carrying the first sixty
nucleotides of COX-2 3′UTR (Fig. 4.7A-B). We observed that CUG-BP2 full length causes a 32 %
decrease in the translation of the luciferase mRNA (Fig. 4.7C) which is less than the activity reported
in HT-29 cells but is still significant (p<0.05). Deleting the N-terminal RRMs does not affect the
efficiency of the regulation indicating that the divergent domain and the RRM3 are sufficient for
translation inhibition. Moreover, the construct lacking the C-terminus RRM3 has more inhibitory
effect than the full length CUG-BP2 and brings the translation down by 60%. These results are
surprising. As the tandem RRM12 and the RRM3 contribute to the RNA binding, it is expected that
their deletion leads to a decrease in activity which is not what we observe. Therefore, we hypothesized
that our results may reflect a difference in cellular localization rather than a difference in binding
affinity. Indeed, two nuclear localization signals (NLS) have been identified in the regions flanking
RRM3 and a nuclear export signal has been identified in the divergent domain [131]. Thus, deleting
RRM3 is likely to abolish partially or totally, the nuclear localization and lead to an increased translation
repression activity in the cytoplasm. On the contrary, RRM3 alone will be predominantly found in the
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nucleus and will be unable to perform its function, which is exactly what we see in our assay. We tested
the effect of weakening the RNA binding in constructs lacking RRM3 by mutating the leucine 140 at
the binding interface of RRM2 or by deleting RRM1. This led to a loss of activity suggesting that the
RNA binding is crucial for the function. To assess the contribution of the divergent domain, we cotransfected the reported gene with RRM12 or RRM3. We observed that removing the divergent
domain diminishes the activity revealing its importance in the translation inhibition mediated by CUGBP2. Our results demonstrate the functional redundancy between the RRM12 and the RRM3 when
they are associated to the divergent domain. The latter contributes to the translation inhibition. I may
harbor a RNA binding activity that stabilizes the interaction of CUG-BP2 with AU-rich RNAs or can
be involved in recruiting additional factors that contributes to the translation inhibition in addition to
carrying the export signal. Our results also suggest that the cellular localization is crucial for the
efficient translation inhibition to occur which triggered our interest in better understanding the
determinants of CUG-BP2 shuttling between the nucleus and the cytoplasm.

Fig. 4.7: Translation inhibition of COX-2 mRNA by CUG-BP2. A) CUG-BP2 constructs B) Luciferase reporter gene. The
coding sequence of the firefly luciferase is fused to the first sixty nucleotides of COX-2 mRNA 3′UTRC) Translation
inhibition of COX-2 mRNA by CUG-BP2 in luciferase reporter assay. All the values are normalized to the negative
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control, which is the empty vector. The blotting of the α-tubulin control was not efficient and needs to be repeated. a =
significantly different from control, p < 0.05; b = significantly different from WT, p < 0.05.

4.2.3.2 CUG-BP2 interacts with the karyopherin β2 through a PY-NLS
Nucleocytoplasmic trafficking of cargo proteins requires their association with transport factors
like karyopherins β (Kap β) which can import or export macromolecules from the nucleus in
a RanGTP/RanGDP dependent manner [132]. To be recognized and transported, the cargo must
bear a nuclear localization signal (NLS) or a nuclear localization export signal (NES). The bestcharacterized pathways involve the Kap β1 or Kap β2. The first forms a heterodimer with
the importin-α that recognizes the well-defined cNLS, while the latter interacts directly with the more
loosely conserved PY-NLS. The PY-NLS is an intrinsically disordered 15-30 residues long peptide
that has an overall basic character and features such as a proline-tyrosine (PY) dipeptide and a stretch
of basic or hydrophobic residues. It was shown that the C-terminus of CUG-BP2 is essential for
nuclear localization [131]. The last ten amino acids are disordered and harbor a PY motif preceded by
a lysine five residues before. To confirm that this region is indeed a PY NLS and that CUG-BP2 is a
cargo of Kap β2, we tested the binding of RRM3 to the transporter using the
Bacterial Adenylate Cyclase-based Two Hybrid (BACTH) system. Each protein was fused to one of
the two complementary fragments of the catalytic domain of adenylate cyclase. Upon interaction, the
hybrid proteins form a functional enzyme that can synthesize Cyclic AMP (cAMP) that in turn will
activate genes of the lac operon involved in lactose catabolism. This allows the bacteria to utilize
lactose as the unique carbon source and to be distinguished on indicator media. We transformed E.
coli BGH1 bacteria with plasmids encoding for fusion proteins of CUG-BP2 RRM3 and Kap β2 (Fig.
4.8B). The colonies were blue on an X-gal complemented plate, indicating that Kap β2 and RRM3
interact. However, upon deletion of the C-terminus or mutation of the PY motif to
an alanine dipeptide, the interaction is lost and the bacteria remained white. These results demonstrate
that CUG-BP2 indeed has a PY-NLS in its C-terminus and that it is one of the numerous RBPs that
are cargo of Kap β2.
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Fig. 4.8: CUG-BP2 interacts with the karyopherins β2 A) Sequence alignment of the PY-NLSs and the consensus
sequences B) Bacterial 2 hybrid assay.

Nine x-ray crystallography structures of the Kap β2 in complex with various cognate peptides
are available [133-140]. In all cases, the peptide is bound in an extended conformation in the Cterminal arch and the PY motif as well as the preceding positively charged residue is contacting the
protein (Fig. 4.9). The flexible part of CUG-BP2 PY-NLS is relatively short, only ten amino acids
Moreover, it contains two residues that are involved in RNA recognition, namely Lys499 and Arg500.
Therefore, the interaction with RNA and the transport by Kap β2 are likely to be in competition. As
the RNA recognition as already been characterized, we carried out a modeling of Kap β2 and RRM3
interaction. Two binding mode can be envisaged. First, the β4 strand of the β-sheet of RRM3 may
unfold which would bring the number of disordered residues to fifteen and provide an additional
patch of basic amino acids. Alternatively, RRM3 as a whole could be accommodated in the binding
pocket with the PY motif and the Lys502 forming the canonical contacts. To test both models, we
manually docked CUG-BP2 RRM3 in the structures of Kap β2 deposited in the PDB. We attempted
to align the C-terminal peptide on the other NLS but that proved impossible without disrupting the
β4 strand. We then only align the PY motif and rotated rest of the peptide and the RRM to minimize
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the steric clashes. This approach was successful with only a subset of the Kap β2 structures. Because
of size variation of the C-terminal cavity, it was not always possible to dock RRM3. These changes
suggest an adaptability of the carrier to the size and shape of the cargo. To assess if the complex is
stable, we performed a very short MD simulation without any restraints of one of the successfully
docked complex. After one ns, RRM3 remains in the cavity (Fig. 4.9B). Moreover, the contacts of the
PY motif with the side-chains A380, D384 and W460 of the Kap β2 are preserved (Fig. 4.9D-E).
Interestingly, the CUG-BP2 Lys502 orients itself such that it can recapitulate the polar contact to
E509. Our docking and MD results suggest that RRM3 can be accommodated as a folded domain in
the C-terminal arch and that ten disordered residues are enough for the Kap β2 to recognize its target
albeit with a different peptide conformation than the one seen in the complexes. On the other hand,
we cannot exclude that the β4 strand becomes disordered leading to the unfolding of RRM3. In the
conformation we observe at the end of the simulation, there is enough space in the cavity for RRM3
to bind RNA at the same time as it is transported.
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Fig. 4.9:
Structures and modeling of Kap β2 bound to its cognate peptides. A) Overlay of the Kap β2 complexes with cognate
peptides [133-140]. B) Results of the MD simulation of RRM3 bound to Kap β2. The simulation lasted 1 ns. C) Model
of ADAR2 dsRBD bound to Kap β2 [141]. D-E) Close up view of the comparison between RRM3 PY-NLS and hnRNPD
PY NLS.

4.3 Discussion
In the present chapter, we have shown that like RRM3, RRM12 can bind 5′-AUUUAAUU-3′ and
thereby contribute to the interaction of CUG-BP2 with ARE in COX-2 3′UTR. We determined that
the complex has a K d of 0.47 µM at 40 °C, which is in the same range as the Kd of 0.65 µM at 25 °C
determined by Teplova et al. for the CUG-BP1 RRM12/5′-GUUGUUUUGUUU-3′ [99]. However,
they did not detect any binding to 5′-GUUAUUUUUAUU-3′ by nitrocellulose filter-binding assay
suggesting a Kd higher than 10 µM. Similarly, another study detected no interaction between CUGBP1 RRM12 and 5′-UAUUUAUUUAUUUAU-3′ by gel retardation assay [142]. This absence of
detected interaction can originate from the salt concentration of the buffers used for the various
studies. The RRM RNA complex formation is driven by long-range electrostatic interactions [102]
that can be shielded by salt ions. We performed our ITC and NMR measurements in low salt buffer
(10 mM NaCl) whereas the aforementioned studies where carried out in buffers containing a minimum
of 80 mM salt. However, the differences observed between the different targets can reflect a real
sequence specificity where the spacing between adenines and uracils stretches is crucial. In 5′GUUAUUUUUAUU-3′ and 5′-UAUUUAUUUAUUUAU-3′, the two adenines are interspersed by
five and three uracils, respectively. In 5′-AUUUAAUU-3′, A1 is separated from A5 and A6 by three
or four nucleotides. The latter spacer that is unique to our RNA sequence can be the optimal one for
the tandem RRM12 to recognize and AU-rich RNA.
We obtained a preliminary structure of the bound RRM12 at 40 °C but the multiple-registers binding
of the 5′-AUUUAAUU-3′ on the protein prevented the unambiguous assignment of the observed
intermolecular NOEs. Therefore, the specific interactions with the RNA and the orientation of the
two domains remain elusive. Nevertheless, our data allowed to establish a structural model of the AUrich RNA recognition by RRM12 with the AUU trinucleotide being the central motif. Concerning the
orientation of the domains, the structures of HUD and HUR tandem RRM12 bound to 5′UUUUAUUU-3′ are reasonable models [143, 144]. These two ARE-BPs are ELAV like proteins that
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have relatively low sequence similarity with CUG-BP2 but share the same architecture, consisting of
two N-terminal RRMs separated from a third RRM by a hinge region. In both complexes, RRM1 and
2 are laying side by side with the 5′ extremity of the RNA bound to RRM2, the 3′ extremity bound to
RRM1 and the linker contacting the RNA. We have demonstrated that the linker of CUG-BP2 RRM12
exhibits some of the largest chemical shift perturbation in complex but remains flexible, strongly
suggesting a transient interaction. In our model, the platform formed by CUG-BP2 RRM12 exposes
four aromatic residues that likely accommodate six nucleotides, which is comparable with the binding
capacity of the single RRM3 that has six aromatic residues at the binding interface and accommodates
five nucleotides.
We have shown that RRM12 has about 70 fold higher affinity for 5′-AUUUAAUU-3′ than RRM3 but
the difference in affinity does not translate in a difference in activity in vivo as both RRM12 and the
RRM3 associated to the divergent domain exhibit functional redundancy and repress COX-2 mRNA
translation as well as or better than full length CUG-BP2. Moreover, despite being detrimental for
structure determination by NMR, the dynamic binding of CUG-BP2 RRMs on AU-rich RNAs may
reflect important mechanistic aspects. The multiple-register binding of both RRM12 and RRM3 is not
restricted to AU-rich RNAs and has also been observed for UG-rich RNAs (data not shown). The
multiple-register binding of CUG-BP2 RRMs can be a favorable behavior to interact with degenerated
sequences such as the AREs, the CUG triplet repeats or the UG repeats. It can be speculated that
RRM12 act as an anchor able to bind the RNA with the high affinity DOWN conformation while
RRM3 can probe for a cognate sequence by binding in the low affinity conformation, UP and stall
when it encounters a high affinity motif.
Our results highlight the prominent role of the divergent domain in COX-2 mRNA translation
regulation. First, the isolated RRM domains have less or no activity. Moreover, the divergent domain
is the least conserved region between CUG-BP2 and CUG-BP1, the latter mediating rapid mRNA
decay by interacting with GRE in 3′UTRs [16]. Given the high sequence similarity between the RRMs,
the opposite function of the two proteins is likely to be mediated by the divergent domain.
Accordingly, several hypotheses can be drawn regarding the mode of action of the divergent domain.
It can be involved in RNA binding and modulate the specificity of the neighboring RRMs. It can also
be involved in interactions with the mRNA decay machinery and thereby negatively affect its function.
Finally, the divergent domain carries two localization signal, one for the export and one for the import
[131] which makes it a key element in CUG-BP2 localization. We showed that CUG-BP2 is a KapB2
cargo and that the C-terminal localization signal is a PY-NLS. It can not be excluded that the protein
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uses alternative pathways to enter the nucleus through the NLS located in the last 50 residues of the
divergent domain but this region could be a segment a bi-partite PY-NLS. Such a configuration has
been observed for the dsRBD of the adenosine deaminase acting on RNA 1 (Fig. 4.9C) [141]. The
domain positions the N- and C-termini extremities such that they can rightly interact with the Kap β2.
Interestingly, CUG-P2 RRM3 termini emerge from neighboring strands. They could eventually be
arranged such that the two regions important for nuclear localization are positioned optimally for
interactions with KapB2 and thus they may form a bi-partite PY-NLS. Regardless of the nature of the
NLS, it would be interesting to undestand whether CUG-BP2 shuttles while being bound to RNA or
if the transport is in competition with RRM3 RNA binding. Our model of CUG-BP2 RRM3
interacting with Kap β2 indicates that there is enough space in the C-terminal cavity to accommodate
single ssRNA raising the possibility of a Protein-RNA transport by the Kap β2.

4.4 Material and methods
Cloning and purification of CUG-BP2 RRM3 and mutants
CUG-BP2 RRM12 (residues 1-199) was cloned into pET 28a vector (Novagen) between the NdeIXhoI restriction sites. The plasmid was transformed in BL21 DE3 Codon+ E. coli cells (Agilent
Technologies). The purification protocol was the same as for CUG-BP2 RRM3
Oligonucleotides preparation
Oligonucleotides were purchased at Dharmacon, Inc and deprotected with the provided deprotection
buffer at 60°C for 30 minutes. The RNA was frozen in liquid nitrogen, lyophilized and stored at 20°C. For NMR studies, the RNA was re-suspended in NMR buffer.
NMR spectroscopy
NMR experiments were performed on AVANCE III (600, 700,750, 900 MHz) and AVANCE III HD
600 MHz Bruker Spectrometers. The NMR tubes used for less than 450 µl samples were obtained
from Shigemi Inc. (Allison Park, USA). For larger samples, 178 mm tubes from ARMAR AG
(Döttingen, Switzerland) were used. Typical NMR protein samples were 0.6−2 mM in NMR buffer
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and 10% D2O (v/v). Data were processed using Topspin 2.1 and 3.0 (Bruker) and analysed using
SPARKY 3.113 [106].
CUG-BP2 RRM1 free backbone resonance were assigned form: 2D (15N-1H) HSQC, 2D (13C-1H)
HSQC, 3D HNCA, 3D CBCACONH and 3D HNCACB at 35 °C.
CUG-BP2 RRM2 free backbone resonances were derived from the assignments of
RRM2/GGUGUG complex. The latter were obtain from: 2D (15N-1H) HSQC, 2D (13C-1H) HSQC,
3D HNCA, 3D CBCACONH and 3D HNCACB, all recorded in H2O at 40 °C.
CUG-BP2 RRM12 free backbone resonance were assigned form: 2D (15N-1H) HSQC, 2D (13C-1H)
HSQC, 3D HNCA, 3D CBCACONH and 3D HNCACB at 40 °C.
CUG-BP2 RRM12/5′-AUUUAAUU-3′ complex backbone and side chain resonances were assigned
form: 2D (15N-1H) HSQC, 2D (13C-1H) HSQC, 3D HNCA, 3D HNCACB, 3D HcccoNH TOCSY,
3D hCccoNH TOCSY, 3D NOESY (15N-1H) HSQC and 3D NOESY (13C-1H) HSQC aliphatic and
aromatic, all recorded in H2O at 40 °C.
Unlabeled AUUUAAUU RNA was assigned using 2D (1H-1H) TOCSY, 2D F2-filtered F1-filtered
(1H-1H) NOESY and natural abundance 2D (13C-1H) HSQC recorded in D2O at 40 °. Intermolecular
NOEs were obtained by using a 2D (1H-1H) NOESY, 2D F2-filtered (1H-1H) NOESY and 3D F1filtered F2-edited (1H-1H) NOESY, all recorded in D2O.
Backbone 1H-15N heteronuclear NOE experiments were measured on a BRUKER AVANCE-III 750
spectrometer at the transmitter frequency of 750.13 MHz for the proton and 76.01 MHz for the 15N
[145] The relaxation delay was 2 s and a watergate solvent suppression was used. Longitudinal (T1)
experiments were collected with relaxation delays of 100, 250, 500, 750, 1000, 1500, 2000 ms for the
single RRMs,250, 500, 750, 1000, 1500, 2000, 2500 ms for the free tandem RRM12 and 250, 500, 750,
1000, 1500, 2000, 2500, 3000 ms for the tandem RRM12 bound to AUUUAAUU RNA. while
transverse (T2) experiments were measured with delays of 12, 24, 49, 74, 123, 320 ms for the single
RRMs, 12, 24, 49, 74, 123, 200, 300 ms for the free tandem RRM12 and 12, 24, 49, 74, 123, 320 ms
with at least one delay being duplicated. Spectra were processed in topspin and relaxation curves were
fitted using the relaxation height extension in Sparky. Overall correlation times (τc) were derived from
the equation 1.7.
Structure calculation
We used AtnosCandid [59, 60] to perform automated picking peaking of the 3D NOESY (15N-1H)
HSQC, the 3D NOESY (13C-1H) HSQCs aliphatic and aromatic. Protein automated NOE assignment
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was achieved using the macro NOEassign of Cyana 3.0 [61] and manual curation. 54 intra-protein
hydrogen bond constraints were derived from hydrogen–deuterium exchange experiments on the
amide protons 200 structures were calculated with 20000 torsion angle dynamics steps per conformer.
Dissociation constant determination by ITC experiments
Isothermal Titration Calorimetry (ITC) was performed using VP-ITC calorimeter (MicroCal LLC).
Protein was injected into the microcalorimeter cell containing the RNA. The protein and RNA
samples were dialysed against the same buffer [KPi 20 mM (pH 5.8), NaCl 10 mM, β-mercaptoethanol
0.1%, DEPC treated]. RRM12 protein (0.36-0.17 mM) was titrated by injection of 6 μL into 1.4 ml of
0.01 µM RNA. The experiments were carried out at 25°C. The raw data were analysed using Microcal
Origin 7.0 software under the one set of binding site assumption.

Plasmid Constructs, Cell Culture and Luciferase Reporter Gene Assay
N-terminal FLAG CUG-BP2 full length and deletion constructs were generated by cloning the coding
regions into the pcDNA3.1+ vector plasmid at the Hind III and Xho1 restriction sites. The L140A
mutant was obtained by site directed mutagenesis. The first 60 nucleotides of the COX-2 3′UTR
cloned in the pGL3 basic vector was a generous gift from Aubrey Morrison. [146].
HEK-293T cells were grown in Gibco D-MEM medium supplemented with GlutamaxTM, 10% fetal
bovine serum and 100 U/mL of penicillin-streptomycin in a humidified chamber at 37°C with 5%
CO2.
For the luciferase reporter gene assay, HEK-293T cells were seeded in 24 wells plates at day0. At day1,
they were transfected transiently using lipofectamine 2000 (Invitrogen) with 0.5 µg of the luciferase
reporter gene and 0.5 µg of the relevant CUG-BP2 construct. After 24 hours, cell lysis and luciferase
activity determination were done as per the manufacturer’s instructions (Dual-Luciferase Reporter
Assay System; Promega) using a Berthold MicrolumatPlus luminometer. The activity, normalized to
the total cellular RNA concentration, is presented as relative luciferase units relative to control with ±
the standard error of the mean (SEM) values. The significance of the differences between the samples
was tested by a t-test. Assays were performed in four replicates and experiments were repeated 3 times.
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Bacterial adenylate cyclase two-hybrid (BACTH) analysis.
Kap β2 (residues 9-898) was cloned between XbaI and Acc65I in pKT25 plasmid and CUG-BP2
constructs were cloned into pUT18C plasmid between XbaI and Acc65I. Plasmids were sequenced
and co-transformed into E. coli strain BTH101 by electroporation (50 ng per plasmid). The bacteria
were incubated one hour in 1 ml Luria broth (LB). 100 µl of culture were supplemented with 40 µl of
IPTG and 40 µl of X-gal and plated on LB-agar supplemented with ampicillin and kanamycin. Cells
were grown at 25°C for 4 days before images were taken.

Docking and Molecular Dynamics of CUG-BP2 RM3/Kap β2 complex.
In a first step, we aligned all the stuctures of Kap β2 in complex. We then perform the manual docking
of CUG-BP2 RRM3 onto the human Kap β2 by aligning the PY dipeptide of CUG-BP2 with the
equivalent motifs in the NLS sequences and then rotate the RRM to minimize the steric clashes. We
carried out molecular dynamics simulation on one of the successfully docked complexes at a
temperature of 300 K using the sander module of the AMBER9 package. The system (65281 water
molecules, 210807 atoms from the proteins, 24 sodium ions) was simulated in periodic boundary
conditions within a truncated octahedral cell using the ff99SB force field [116] and the TIP3P water
model. All bond lengths, involving hydrogen atoms, were restrained using the SHAKE algorithm
[124]. The complex was neutralized with 24 sodium ions using the Leap module. In the first stage
solvent atoms were minimized (1000 steps) then temperature was linearly increased from 0 to 300 K
for 50 ps with 2 kcal/mol/Å2 restraints applied to the complex and the pressure was stabilized for an
additional 50 ps. The MD production phase of each double A-site model was 1ns.
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5 Concluding remarks
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In this work, we have presented our “cut and paste” approach to isotope or spin label RNA offering
a simple procedure for NMR and EPR sample production. Moreover, our investigations on CUGBP2 interaction with AU-rich RNAs revealed that all three RRM domains recognized the 5′AUUUAAUU-3′ RNA derived from the 3’ UTR of COX-2 mRNA. However, they bind the RNA in
multiple registers, which precluded any further structure determination with that sequence. We
nevertheless solved the structure of RRM3 in complex with the 5′-UUUAA-3′ RNA and elaborated a
model of the tandem RRM12 binding. We have also investigated the translation regulation of the
COX-2 mRNA by CUG-BP2 in vivo and characterized the role of the different domains in the
regulation of the translation. It appeared that the N-terminal and the C-terminal RRMs had redundant
activities and that the nuclear localization was strongly influenced by the C-terminus PY-NLS thus
making CUG-BP2 a cargo of the Kap β2 nuclear transporter.
Here, we have presented our investigations on CUG-BP2 protein bound to AU-rich RNAs using
solution NMR. We have obtained a high-resolution structure of the low affinity of the RRM3 bound
to 5′-UUUAA-3′. Despite the size limitation, NMR is an appropriate method for the study of moderate
to low affinity protein RNA complexes. However, the quality of the structure is contingent to the
number of intermolecular restraints commonly obtained using isotope-filtered experiments. Thus
having the possibility to label both binding partners is highly valuable because more differentially label
samples can be prepared and experiments filtering alternatively signal from the protein or the RNA
can be recorded. Our “cut and paste” method allows for simple, cost, and time effective RNA labeling.
It enables the acquisition of more experimental data, and potentially increases the number of available
restraints. While we originally developed this method for the preparation of NMR and EPR samples,
other techniques that require isotope labeling (e.g. Mass Spectroscopy) or labeling with tags (e.g. single
molecule spectroscopy or Förster resonance energy transfer (FRET)) can benefit from this method as
well.
The correlation between the aromatic side chain conformation and the affinity modulation is a
prominent observation of this study. Here, we have characterized the binding mode of the distinctive
CUG-BP2 RRM3 to various RNAs. The singularity of the domain lies in the unusually high number
of aromatic residues at its binding surface. Despite the additional contacts they provide, their presence
however, does not necessarily translate in more affinity. We have identified two binding conformations
of RRM3; the weak affinity UP conformation and the high affinity DOWN conformation which
occurrence depends on the nature of the RNA bound or the removal of the non-canonical aromatic
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residues that otherwise maintain the RRM3 in the UP conformation. Our investigations have shown
that side chain rearrangement is a process common to multiple RRMs that it is not restricted to RRMs
with a high density of aromatics at the binding interface. Knowing that RRMs and OB-fold domains
are the only RDBs for which aromatic residues provide the main interaction with RNA, we can
hypothesize that the selection of aromatics residues at the binding surface of RRMs does not only
contribute to a gain in affinity but also provide a unique and efficient way to discriminate between
different RNA sequences. The bulky aromatics are likely to interact with other side chains and stabilize
conformations that would fine tune RNA binding. This could be a general mechanism of affinity
modulation as the side chain rearrangement is common among RRMs even those without noncanonical aromatics.
Protein-ligand recognition is a multidimensional phenomenon. The primary sequence of the protein
defines the targets and the chemical interactions. The secondary and the tertiary structures decide the
spatial arrangement of the recognition site and motions in the protein and the ligand add to the
complexity of the system. Several models describe the mechanisms governing biomolecular
interactions. In the late 50’s, the induced-fit model was elaborated by Koshland [147] which postulates
a conformational rearrangement of the protein prompted by the binding of the ligand. Later, Monod,
Wyman and Changeux introduced the conformational selection model[148]. It supposes that the free
protein exists in multiple conformations, one of which is selected by the binding partner. Both models
can be applied to RNA as well. Indeed, upon complex formation, both the RNA and the protein can
be subjected to conformational rearrangement. In practice, it can prove difficult to distinguish between
the induced-fit and conformational selection and it is probable that most of the biomolecular
recognition processes display intermediary or combinatorial behaviors. For CUG-BP2 RRM3, our
data indicate the pre-existence of multiple aromatic conformations, which would be consistent with a
conformational selection of the RNA. However, we cannot exclude that high affinity RNAs can
induce conformational changes. To obtain a profound understanding of the underlying rules of
protein-RNA interaction, it is essential to investigate the dynamics of complex formation and not to
focus solely on domain or backbone rearrangements but on the side chain motions as well. Continuous
progress in the development of NMR techniques and structure determination methods have paved
the way for such studies. For example, it is possible to gain information about the exchange rate or
the structure of lowly populated intermediate states if they contribute to the NMR signal [149, 150].
Moreover, one can extract precise distances from NOEs by measuring NOE build-up curves as a
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function of NOESY mixing time and thus obtain structural and dynamic information. Finally,
methods that allow multi-state ensemble structure determination have been developed [151]. All these
advances should allow us soon to solve the structures of multi-state protein-RNA complexes. This
can be advantageous for the rationalization of the protein-RNA interaction or even structure-driven
drug design as one will be able to account for the dynamics at the binding interface.
Our study illustrates that affinity in vitro does not necessarily correlate with the biological relevance.
Indeed, in SELEX experiments, UG rich motifs have been selected as the preferred targets of CUGBP2 [37]. Moreover, the RRMs have lower affinity for AU-rich RNAs compared to UG-rich RNA
[99, 100, 142]. However, we have shown that RRM12 and the RRM3 can bind 5′-AUUUAAUU-3′
RNA in multiple registers, which can increase the overall affinity. Therefore, the strength of the
interaction of CUG-BP2 with the 60 nucleotides long degenerated ARE of COX-2 mRNA is sufficient
for translation regulation to occur. We have observed a 100 fold difference in affinity between the
CUG-BP2 RRM12 and RRM3 for the 5′-AUUUAAUU-3′. However, the tandem RRMs and the single
RRM have better or similar activity, respectively, as the full-length protein in ARE dependent
translation inhibition. Thus suggesting that affinity for RNA is not the only determinant for translation
regulation by CUG-BP2. We have shown that the localization is important but it is possible for
protein-protein interaction to also play a role. For example, the ARE-BP HUR is able to stabilize
COX-2 mRNA and to activate its translation. However, when it interacts with CUG-BP2, it inhibits
the translation. This clearly illustrates that in addition to the RNA interaction, the association with
binding partners infers an additional level of regulation. Finally, the multi-modular structure of CUGBP2 combined with the moderate affinities of the individual RRMs can be advantageous for rapidly
probing multiple RNAs without forming unwanted stable complexes. One can envisage that CUGBP2 forms multiple transient interactions with low specificity targets but only when it encounters
cognate RNAs is the binding stabilized long enough for the function to be carried out. This could be
even more important when intracellular concentration of CUG-BP2 are increased upon pro-apoptotic
stimuli [36, 45, 46, 103] and translation inhibition must be really tightly regulated and restricted to antiapoptotic genes (e.g. COX-2, MCL-1).
We have investigated the determinants of CUG-BP2 interaction with AU-rich RNAs and we identified
the domains that are important for COX-2 mRNA stabilization and translation inhibition. However,
we still do not know how the regulation is achieved and which decay machinery components can
interact with CUG-BP2. Some clues can be found in published experimental data. First, it was shown
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that the association of COX-2 mRNA with CUG-BP2 prevents its efficient loading onto polysomes
in human colorectal adenocarcinoma cells [36]. Second, Interleukin-2 stimulation of cells originating
from embryonic rat ventricular tissue leads to shuttling of CUG-BP2 and its co-localization with
COX-2 mRNA in cytoplasmic stress granules[103]. From these two pieces of evidence, one can
hypothesize that it is the sequestration of the COX-2 mRNA/CUG-BP2 particles in stress granules
that prevents translation but also protects the mRNA from being degraded. The localization of CUGBP2 has proven to be fundamental for the function. We have classified the C-terminal NLS as a PYNLS and we have shown that CUG-BP2 can interact with the Kap β2. The proximity of the PY-NLS
to the RNA binding interface of RRM3 and our docking model raise the question of the competition
between RNA-binding and localization. Moreover, it is not clear, whether CUG-BP2 binds the COX2 mRNA already in the nucleus and export ensues together or whether the interaction occurs in the
cytoplasm.
To conclude, CUG-BP2, which binding patterns, localization, and function vary depending on the
state of the cell is a remarkable example of protein adaptability. Using NMR, MD, biochemistry and
cellular assays allowed us to decipher partly the structural and cellular determinants of translation
regulation by CUG-BP2. At this point, combining the molecular insight we gained using structural
biology with whole transcriptome or high-through methods is appealing. It would be interesting to
compare our data with cross-linking and immunoprecipitation assay in living cells like previously
reported [26] to investigate the tradeoff between intrinsic and biological specificity. Also, using highthroughput methods to investigate the affinity and specificity of CUG-BP2 for thousands of RNAs
in parallel and establishing the correlation between different RNA motifs and the protein
conformation in complex can be of great interest notably for RRM3.
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6.1 Supplementary tables chapter 3

Supplementary table 1: Structural statistics for CUG-BP2 RRM3/5′-UUUAA-3′ complex
NMR Restraints
Distance Restraints
RRM3
intramolecular
intraresidual
sequential (|i-j|=1)
medium range (1<|i-j|<5)
long range (|i-j|>=5)
hydrogen bondsa

2452
2347
473
654
462
736
22

UUUAA

intramolecular
intraresidual
sequential (|i-j|=1)
medium range (1<|i-j|<5)
long range (|i-j|>=5)
hydrogen bondsa

56
34
22
0
0
0

Complex

intermolecular
long range (|i-j|>=5)
hydrogen bondsa

49
49
0

Torsion Angles
RRM3
backbone
UUUAA
sugar pucker (DELTA)

135
130
5

Energy Statistics b
Average number of distance constraint violations
0.1-0.2 Å
0.2-0.3 Å
0.3-0.4 Å
>0.4 Å
Maximal distance violation (Å)

45.0 ± 5.1
10.1 ± 3.1
1.9 ± 1.2
0.6 ± 0.6
0.41 ± 0.06

Average angle constraint violations
<5 °
>5 °
Maximal angle violation (°)

6.2 ±1.0
0.6 ± 0.5
7.02 ± 4.74

Mean AMBER Violation Energy
Constraint (kcal.mol-1)
Distance (kcal.mol-1)

45.8 ± 3.3
43.7 ± 3.4
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Torsion (kcal.mol-1)
Mean AMBER Energy (kcal.mol-1)

2.1 ± 1.3
-3206.7 ± 8.1

Mean Deviation from ideal covalent geometry
Bond Length (Å)
Bond Angle (°)

0.0037 ± 0.0001
1.976 ± 0.014

Ramachandran plot Statistics b,c,d
Residues in most favored regions (%)
Residues in additionally allowed regions (%)
Residues in generously allowed regions (%)
Residues in disallowed regions (%)

91.8 ± 1.5
8.2 ± 1.5
0.0 ± 0.0
0.0 ± 0.0

RMSD to mean structure Statistics b,c,
RRM3
Backbone atoms
Heavy atoms
UUUAA
Backbone atoms
Heavy atoms
Complex
Backbone atoms
Heavy atoms

0.28 ±0.04
0.58 ±0.05
0.77 ±0.19
0.90 ±0.17
0.43 ±0.06
0.67 ±0.06

a

Each hydrogen bond is defined by two restraints (H - Acceptor and Donor - Acceptor).
Statistics calculated for the deposited bundle of 20 structures. Values are reported as mean ± SD.
c
Residue range: 24 – 105 for RRM3 and 1 – 5 for RNA.
d
Ramachandran statistics evaluated by Procheck. ref
b

Supplementary table 2: List of intermolecular hydrogen bonds observed in the bundle of 20 structures
RRM3/UUUAA
Donor-H

Acceptor

%

His429 N-HE2 1)

U1 O2'

50

His429 N-HE2 1)

U1 O2

35

Lys495 N-HZ3+ 2)

U1 O2

65

His429 N-H

U2 OP1

35

Lys495 N-HZ3+ 2)

U2 O4

35

U3 N-H3 3)

Leu498 O

40

108

Arg500 N-H

U3 O2

75

Arg500 N-HE

U3 O2' 4)

35

Arg500 N-HH*

U3 O2' 4)

25

U3 N-H3 3)

Arg500 N

45

A4 N-H61

Glu418 OE1/OE2

50

Lys453 N-HZ3+ 5)

A4 N3

35

Gln416 N-HE22

A5 N1

30

Ile456 N-H

A5 O2'

90

Ile456 N-H

A5 O3′ 6)

70

Lys464 N-HZ3+

A5 O3′ 6)

70

Lys453 N-HZ3+ 5)

A5 N3

40

Donor-H

Acceptor

%

Gln410 N-HE22

U1 O4

30

U1 N-H3

Ser441 O

25

Lys442 N-HZ3+

U1 O4'

75

Lys473 N-HZ3+

G2 N7

35

Arg478 N-HH*

G2 O3′

40

Gln475 N-HE22

U3 O4

35

Arg478 N-H

U3 O2

100

Arg478 N-HH*

U3 OP2

100

G4 N-H22

Ser393 O

85

G4 N-H21

Ser429 OG

75

G4 N-H21

Ser429 O

30

G4 N-H1

Ser448 OG

80

Lys477 N-HZ3+

G4 OP2

40

Lys477 N-HZ3+

G4 N7

60

Gln394 N-HE22

U5 OP2

80

Ile434 N-H

U5 O4

100

U5 N-H3

Ile434 O

100

RRM3/UGUGUG
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Lys436 N-HZ3+

U5 O3′

40

Lys431 N-HZ3+

G6 O6

70

Lys431 N-HZ3+

G6 N7

25

Lys436 N-HZ3+

G6 OP1

25

Lys436 N-HZ3+

G6 O5′

35

G6 N-H22

Asn439 OD1

35

H-bond donors or acceptors that can form alternative H-bonds are marked with the same superscript number
Analyzed by MOLMOL; distance (H – Acceptor) ≤3.0 Å, angle (H – Donor – Acceptor) ≤ 45.0°, occurrence ≥ 25%.
N-HH*= N-HH12/N-HH22

Supplementary table 3: 5′-UUUAA-3′ RNA assignments
Residue Atom Shift ± SDev

U1

A2

C1'

91.650 ± 0.000

C2'

75.621 ± 0.000

C3'

76.136 ± 0.000

C5

104.85 ± 0.000

C5'

63.115 ± 0.005

C6

144.177 ± 0.000

H1'

5.817 ± 0.003

H2'

4.390 ± 0.004

H3'

4.538 ± 0.007

H4'

4.234 ± 0.004

H5

5.729 ± 0.005

H5'

3.772 ± 0.005

H5''

3.815 ± 0.002

H6

7.776 ± 0.004

C4'

85.360 ± 0.000

C1'

90.516 ± 0.000

C2'

75.777 ± 0.000
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U3

A4

C3'

77.087 ± 0.000

C5

105.23 ± 0.000

C5'

67.641 ± 0.008

C6

143.777 ± 0.000

H1'

5.851 ± 0.002

H2'

4.323 ± 0.005

H3'

4.628 ± 0.004

H4'

4.287 ± 0.002

H5

5.742 ± 0.002

H5'

4.135 ± 0.003

H5''

4.067 ± 0.008

H6

7.736 ± 0.002

C4'

85.360 ± 0.000

C1'

90.466 ± 0.000

C2'

75.813 ± 0.000

C3'

77.258 ± 0.000

C5

105.23 ± 0.000

C5'

67.813 ± 0.008

C6

143.648 ± 0.000

H1'

5.818 ± 0.002

H2'

4.279 ± 0.009

H3'

4.597 ± 0.006

H4'

4.289 ± 0.000

H5

5.744 ± 0.003

H5'

4.018 ± 0.005

H5''

4.055 ± 0.006

H6

7.672 ± 0.002

C1'

90.461 ± 0.000

C2

154.998 ± 0.000

C2'

76.171 ± 0.000

C3'

76.423 ± 0.000

C4'

84.728 ± 0.000

C5'

67.383 ± 0.000
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A5

C8

141.671 ± 0.000

H1'

5.913 ± 0.004

H2

7.994 ± 0.004

H2'

4.647 ± 0.002

H3'

4.768 ± 0.006

H4'

4.448 ± 0.002

H8

8.213 ± 0.003

Q5'

4.142 ± 0.002

C1'

90.307 ± 0.000

C2

155.374 ± 0.000

C2'

77.256 ± 0.000

C3'

72.287 ± 0.000

C4'

85.777 ± 0.000

C5'

67.227 ± 0.010

C8

141.689 ± 0.000

H1'

5.978 ± 0.002

H2

8.124 ± 0.003

H2'

4.514 ± 0.001

H3'

4.450 ± 0.004

H4'

4.325 ± 0.002

H5"

4.281 ± 0.001

H5'

4.150 ± 0.006

H8

8.280 ± 0.003

Supplementary table 4: List of NOE based intermolecular upper distance restraints
RNA
Residue
U1

Protein
Atom

Residue

Atom distance

H5

LYS492

QD

6.3
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U2

U3

A4

H1'

LYS492

QE

4.3

H4'

LYS492

QE

5.2

H1'

LYS495

QE

4.4

H1'

LYS495

QD

5.3

H1'

PHE426

QE

4.9

H5

TYR428

QD

5.5

H5

TYR428

QE

5.7

H5

HIS429

HD2

5.8

H1'

PHE466

QE

5.1

Q5'

PHE466

QD

5.7

H4'

PHE466

HZ

4.9

H4'

PHE466

QD

4.6

H4'

PHE466

QE

4.4

Q5'

PHE466

HZ

5.8

Q5'

PHE466

QE

5.6

H5

LYS495

QD

6.4

Q5'

LYS495

QE

5.2

H2'

PHE426

QE

4.8

H4'

PHE426

QE

4.4

H1'

PHE426

QD

5.2

H5

PHE426

QE

5.5

H1'

PHE426

QE

4.4

H5

PHE426

QB

5.6

H4'

TYR428

QE

5.6

H5

ARG500 QD

6.4

H5

ARG500 QG

6

H1'

ARG500 QD

5.3

H1'

ARG500 QG

5.5

H2'

ARG500 QD

5.6

H1'

LYS453

QD

6

H2

LYS453

QG

5.9

H2

LYS453

QE

5.3

H2

LYS453

QB

4.8
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A5

H4'

PHE455

QD

5.5

Q5'

PHE455

QE

5.3

H4'

PHE455

QE

4.9

H1'

PHE455

QE

5.5

H1'

PHE468

QD

5.2

H8

PHE468

QD

6.3

H2

LYS453

QB

5.5

H2

LYS453

QE

5.7

H1'

PHE455

QE

5.1

H2'

PHE455

QE

5.6

H2

PHE455

HA

5.4

H4'

PHE455

QE

5.2

Q5'

PHE455

QD

6

Q5'

PHE455

QE

6.1

H8

PHE455

QD

6.1

Supplementary table 5: 3J couplings and χ1 rotamer populations
WT
3J

NCγ

Y34A
3J

NCγ

H35A
3J

NCγ

F61A
3J

NCγ

F32N-H

0.62±0.19 2.16±0.04 0.81±0.05 1.35±0.04

Y34N-H

0.33±0.15

0.36±0.11 0.44±0.07

H35N-H 0.60±0.06 0.46±0.08

0.44±0.05

F40N-H

0.56±0.16 0.53±0.03 0.47±0.11 0.38±0.05

F49N-H

0.22±0.11 0.18±0.06

F52N-H

0.54±0.09 0.56±0.04 0.52±0.09 0.59±0.04

n.d.

F61N-H

n.d.

n.d.

0.69±0.12

F72N-H

no peak

no peak

no peak

n.d.

0.49±0.14

F74N-H

1.45±0.06 0.43±0.16 1.12±0.03 0.67±0.05

Y77N-H

0.51±0.16 0.21±0.10 0.36±0.02 0.21±0.07

F93N-H

2.65±0.11 2.31±0.05 2.24±0.16 1.97±0.21
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WT
3J

C'Cγ

Y34A
3J

H35A

C'Cγ

3J

C'Cγ

F32N-H

3.26±0.46 0.87±0.37 0.94±0.14

Y34N-H

3.89±0.20

F61A
3J

C'Cγ
n.d.

2.78±0.23 2.44±0.27

H35N-H 5.09±0.05 4.95±0.09

5.06±0.17

F40N-H

3.23±0.38 3.54±0.72 3.41±0.16 3.51±0.40

F49N-H

4.57±0.12 4.23±0.03 4.13±0.03 4.16±0.17

F52N-H

3.91±0.15 3.87±0.06 3.87±0.05 3.87±0.09

F61N-H

3.85±0.38 1.79±0.74 3.71±0.27

F72N-H

1.88±0.45 1.32±0.31 1.28±0.24 1.56±0.74

F74N-H

1.49±0.55 3.20±0.18 0.90±0.18 3.03±0.28

Y77N-H

4.17±0.13 3.24±0.07 3.79±0.14 3.73±0.12

F93N-H

0.74±0.30 0.55±0.16 1.01±0.24 0.79±0.17

WT/UGUGU WT/UUUAA Y34A/UUUAA H35A/UUUAA F61A/UUUAA
3J

NCγ

3J

NCγ

3J

NCγ

2.46±0.02

3J

NCγ

3J

NCγ

F32N-H

2.49±0.06

1.00±0.18

1.87±0.10

2.09±0.04

Y34N-H

1.13±0.25

0.52±0.19

1.12±0.05

0.60±0.19

H35N-H

no peak

0.79±0.33

0.59±0.10

F40N-H

0.28±0.13

0.56±0.11

0.37±0.11

0.34±0.11

0.36±0.10

F49N-H

0.31±0.13

0.43±0.08

0.19±0.15

0.24±0.06

n.d.

F52N-H

0.53±0.03

0.53±0.14

0.58±0.06

0.58±0.09

0.51±0.09

F61N-H

2.65±0.32

0.92±0.10

1.35±0.14

1.31±0.18

F72N-H

0.38±0.21

n.d.

no peak

2.70±0.23

0.46±0.13

F74H-N

0.19±0.04

0.92±0.10

n.d.

0.54±0.38

0.44±0.12

Y77N-H

0.35±0.10

n.d.

0.31±0.10

0.30±0.08

0.37±0.10

F93N-H

2.53±0.06

2.23±0.04

n.d.

2.45±0.01

1.97±0.01

0.50±0.09

WT/UGUGU WT/UUUAA Y34A/UUUAA H35A/UUUAA F61A/UUUAA
3J

F32N-H

C'Cγ

1.93±0.66

3J

C'Cγ
n.d.

3J

C'Cγ

1.70±0.35

3J

C'Cγ

1.07±0.47

3J

C'Cγ

1.32±0.46
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Y34N-H

no peak

2.45±0.87

no peak

2.27±0.53

H35N-H

5.13±0.10

5.03±0.09

5.35±0.19

F40N-H

3.55±0.15

3.56±0.25

3.61±0.27

3.51±0.18

3.44±0.20

F49N-H

4.12±0.05

4.05±0.07

3.97±0.10

3.87±0.11

4.13±0.09

F52N-H

3.83±0.24

3.92±0.06

4.00±0.11

3.95±0.07

3.85±0.13

F61N-H

2.47±1.18

3.16±0.15

1.10±0.38

n.d.

F72N-H

1.69±0.50

2.44±0.61

2.13±0.56

1.06±0.42

2.09±1.01

F74N-H

no peak

1.29±0.24

3.77±0.3

2.98±0.36

3.20±0.14

Y77N-H

3.49±0.11

3.68±0.12

2.81±0.16

3.59±0.24

2.53±0.21

F93N-H

1.02±0.32

0.60±0.10

0.97±0.48

1.27±0.21

0.91±0.36

4.71±0.19

Supplementary table 6: χ1 populations across MD simulations
chi1
2rq4_ff12_1

2rq4_ff12_2

2rqc_ff12_1

2rqc_ff12_2

2rq4_ff12_F61A

His35 Phe32 Phe61 Phe72 Phe74 Tyr34

gauche(-)

95.3

99.1

100.0

0.0

0.0

97.5

trans

4.7

0.1

0.0

95.9

100.0

2.5

gauche(+)

0.0

0.8

0.0

4.1

0.0

0.0

gauche(-)

97.7

60.9

76.5

0.0

12.1

59.2

trans

2.3

39.1

23.5

57.8

65.9

40.8

gauche(+)

0.0

0.0

0.0

42.2

22.0

0.0

gauche(-)

68.5

0.0

14.4

0.0

99.9

0.0

trans

31.5

100.0

85.7

0.1

0.0

100.0

gauche(+)

0.0

0.0

0.0

99.9

0.0

0.0

gauche(-)

84.5

0.0

2.1

0.0

100.0

0.0

trans

15.5

100.0

97.9

0.0

0.0

100.0

gauche(+)

0.0

0.0

0.0

100.0

0.0

0.0

gauche(-)

89.0

99.8

-

0.0

0.0

100

trans

10.9

0.2

-

82.4

100.0

0.0

gauche(+)

0.0

0.0

-

17.6

0.0

0.0
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2rq4_ff12_Y34A

2rq4_ff12_H35A

2rqc_ff12_F61A

2rq4_Cend_removed

2rqc_RNA_removed

UUUAA_ff12_1

UUUAA_ff12_2

UUUAA_ff12_r1

UUUAA_ff12_r2

UUUAA_ff12_r3

gauche(-)

97.9

100

100

0.7

0

-

trans

2.1

0

0

94.7

100

-

gauche(+)

0

0

0

4.6

0

-

gauche(-)

-

100

100

0

0

100

trans

-

0

0

96.3

100

0

gauche(+)

-

0

0

3.7

0

0

gauche(-)

79.2

0

-

0

100

0

trans

20.8

100

-

0

0

100

gauche(+)

0

0

-

100

0

0

gauche(-)

97.4

85.1

99.8

0.7

1.4

84.1

trans

2.6

14.9

0.2

76.9

98.5

15.9

gauche(+)

0

0

0

22.4

0.1

0

gauche(-)

99.0

89.9

99.95

0

0

90.8

trans

1.0

10.1

0.04

85.1

99.3

9.2

gauche(+)

0

0

0

14.9

0.6

0

gauche(-)

96.7

100

100

0

0

19.8

trans

3.3

0

0

97.1

100

0

gauche(+)

0

0

0

2.9

0

80.2

gauche(-)

98.0

99.9

100

0

0

100

trans

1.9

0.1

0

94.2

100

0

gauche(+)

0.1

0

0

5.8

0

0

gauche(-)

98.8

100

100

0

0

100

trans

1.2

0

0

98.9

100

0

gauche(+)

0

0

0

1.1

0

0

gauche(-)

98.9

100

100

0

0

100

trans

0.7

0

0

81.3

100

0

gauche(+)

0.5

0

0

18.7

0

0

gauche(-)

98.8

100

100

0

0

100

trans

0.3

0

0

95.6

100

0

gauche(+)

0.9

0

0

4.4

0

0
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UUUAA_ff12_r4

UUUAA_ff12_r5

UUUAA_ff12_r6

gauche(-)

98.6

100

100

0

0

85.7

trans

1.4

0

0

94.8

100

0

gauche(+)

0

0

0

5.2

0

14.3

gauche(-)

98.7

100

100

0

0

100

trans

1.3

0

0

98.4

100

0

gauche(+)

0

0

0

1.6

0

0

gauche(-)

98.6

100

37.4

0

0

100

trans

1.3

0

62.6

99.9

100

0

gauche(+)

0

0

0

0.1

0

0

Supplementary table 7: List of RRMs exhibiting aromatic side-chain rearrangement after RNA binding
Protein

domain

PDB ID free

PDB ID bound

TAD BP

RRM2

1WFO

4BS2, 3D2W1

RNA15

RRM

2X1Bc, 2X1Ac

2X1F c, 2KM8 n

NAB3 yeast

RRM

2XNQ

2XNR

PABPC1 RRM2

RRM2

4F25c, 4F26c

1CVJ, 4F02

UP1

RRM1

1HA1c, 1L3K, 1UP1

unpublished data

SRSF2/SC35

RRM

2LEA

2LEB, 2LEC

hnRNPG

RRM

2MKS

2MBO

hnRNPL RRM4

RRM4

2MQN, 3TO8c,

unpublished data

4QPTc, 3TYTc,1,
3S01c,1
CUG BP1

RRM1

2DHS

3NNHc

CUG BP1

RRM3

2RQ4

2RQC, UUUAA

Fus

RRM

2LCW, 2LA6

unpublished data

KIAA0430

RRM

2DIU

Prp24

RRM2

2GO9

2KH9, 4N0T

1: mouse homolog
c: X-ray structure
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Supplementary table 8: ITC experiments conditions
Protein

Protein

RNA conc

Vol 1st inj

Vol inj (µl)

spacing (s)

stirring

conc (µM)

(µM)

(µl)

WT 15N

159

8.9

2

6

300

307

Y428A 15N

150

8.9

2

6

300

307

H429A 15N

138

8.9

2

6

300

307

F455A mix

136

8.9

2

6

300

307

F455A mix

136

8.9

2

6

300

307

Y428A 13C

133

8.9

2

6

300

307

H429A 13C

192

8.2

2

6

300

307

F455A mix

446

8.2

2

6

300

307

F455A mix

446

8.2

2

6

300

307

WT 15N

212

8.2

2

6

300

307

(rpm)

6.2 Supplementary tables chapter 4
Supplementary table 1: Structural statistics for CUG-BP2 RRM12/5′-AUUUAAUU-3′ complex
NMR restraints
Distance restraints
Intraresidue (|i-j|=0)

4228
902

Sequential (|i-j|=1)

1170

Short-range (|i-j|<=1)

2072

Medium-range (1<|i-j|<5)
Long-range (|i-j|>=5)
hydrogen bonds

752
1404
27
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structure statistics
number of violated distance
restraints.
maximal distance violation

17
0.61

Ramachandran statistics
Residues in most favored regions

60.90%

Residues in additionally allowed
regions

37.30%

Residues in generously allowed
regions

1.20%

Residues in disallowed regions

0.50%

pairwise RMSD to mean
structure
RRM12 (18..97, 111..186)
backbone

8.93 +/- 1.27 Å

heavy atom

9.07 +/- 1.29 Å

RRM1 (17..48,61..97)
backbone

0.56 +/- 0.13 Å

heavy atom

1.14 +/- 0.13 Å

RRM2 (109..186)
backbone

0.63 +/- 0.15 Å

heavy atom

1.16 +/- 0.14 Å

* from NOEassign calc 160127
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Supplementary table 2: 5′-AUUUAAUU-3′ RNA assignments
Residue Atom Shift ± SDev

A1

U2

U3

U4

H1'

6.025 ± 0.001

H2

8.160 ± 0.017

H2'

4.854 ± 0.001

H3'

4.765 ± 0.001

H4'

4.444 ± 0.001

H5"

3.925 ± 0.002

H5'

3.850 ± 0.003

H8

8.287 ± 0.001

H1'

5.954 ± 0.002

H2'

4.371 ± 0.001

H3'

4.707 ± 0.001

H4'

4.449 ± 0.001

H5

5.719 ± 0.001

H5"

4.224 ± 0.003

H5'

4.172 ± 0.002

H6

7.766 ± 0.001

H1'

5.913 ± 0.001

H2'

4.339 ± 0.001

H3'

4.657 ± 0.003

H4'

4.405 ± 0.001

H5

5.717 ± 0.001

H5"

4.138 ± 0.000

H5'

4.174 ± 0.000

H6

7.712 ± 0.002

H1'

5.902 ± 0.002

H2'

4.298 ± 0.000

H3'

4.639 ± 0.003

H4'

4.356 ± 0.001

H5

5.734 ± 0.002
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A5

A6

U7

U8

H6

7.696 ± 0.001

Q5'

4.095 ± 0.003

H1'

5.946 ± 0.001

H2

8.052 ± 0.001

H2'

4.763 ± 0.000

H3'

4.788 ± 0.002

H4'

4.479 ± 0.001

H5"

4.212 ± 0.002

H5'

4.155 ± 0.001

H8

8.329 ± 0.001

H1'

6.007 ± 0.001

H2

8.133 ± 0.001

H2'

4.735 ± 0.002

H3'

4.814 ± 0.002

H4'

4.538 ± 0.001

H5"

4.221 ± 0.001

H5'

4.336 ± 0.001

H8

8.326 ± 0.001

H1'

5.896 ± 0.001

H2'

4.338 ± 0.001

H3'

4.614 ± 0.000

H4'

4.422 ± 0.001

H5

5.663 ± 0.001

H5"

4.244 ± 0.000

H5'

4.155 ± 0.001

H6

7.694 ± 0.001

H1'

5.875 ± 0.001

H2'

4.226 ± 0.003

H3'

4.269 ± 0.001

H4'

4.197 ± 0.002

H5

5.781 ± 0.000

H6

7.772 ± 0.001

Q5'

4.098 ± 0.002
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Supplementary table 3: P55 and P56 Cβ and Cγ chemical shifts and Δβγ chemical shift differences
Cβ

Cγ

Δβγ

P55

32.9

25.1

7.8

P56

32.8

27.8

5.0

Δβγ = δ[13Cβ] − δ[13Cγ]
Supplementary table 4: List of Kap β2 structure tried out for manual docking
DOCKING worked

DOCKING failed

4FQ3

2Z5J

2Z5M

2Z5K

2Z5O

2Z5V

2QMR

2OT8

4JLQ

2H4M
4FDD
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6.3 Supplementary Figures chapter 3
a)
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b)
Supplementary figure 3.1: Comparison of 2D F2 filtered NOESYs of CUGB BP2 RRM3 in complex with AUUUAAUU
recorded on a BRUKER AVANCE-III 900 MHz spectrometer at 40°C (Tmix=150 ms) and 2D F2 filtered NOESYs of
CUGB BP2 RRM3 in complex with UUUAA RNAs recorded on a BRUKER AVANCE-III 900 MHz spectrometer at 40°C
(Tmix=150 ms). a) NOESY strips from H1’ protons (Tmix=120 ms). b) NOESY strips of H6, H2 and H8 protons. CUGB
BP2 RRM3/AUUUAAUU spectra is red and CUGB BP2 RRM3/UUUAA spectra is in purple. All experiments were carried
out in the standard NMR buffer (K2HPO4/KH2PO4 20 mM (pH 5.8), NaCl 10 mM, β-mercaptoethanol 0.1%, DEPC
treated) at 40°C.
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Δ CS 15N-1H (ppm)
Supplementary figure 3.2: Mapping of the combined chemical shift perturbations (CSP) upon aromatic to alanine mutation.
Y428A, H429A and F455A CSP are plotted in the upper, middle and lower panel respectively. The position of the secondary
structure elements is shown below the panel. The mutated residues are indicated. Prolines are labeled with a P and residues
that could not be assigned in the mutants are designated by an asterisk.
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Supplementary figure 3.3: Aromatic residues rotamer populations at the binding interface. RRM3 WT and Y34A, H35A and
F61A mutants free and bound are schematically represented with pie charts showing the χ1 rotamer populations determined
from the 3J NCγ and 3J C′Cγ scalar coupling for aromatic residues at the binding interface.
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Supplementary figure 3.4: 1H-15N 2D-HSQCs titrations of CUG-BP2 RRM3 with 5′-AUUUAAUU-3′ recorded at 40°C on
a BRUKER AVANCE-III 750 MHz spectrometer (upper panel) and 1H-15N 2D-HSQCs titrations of CUG-BP2 RRM3 with
5′-UUUAA-3′ recorded at 25°C on a BRUKER AVANCE-III 700 MHz spectrometer (lower panel). All experiments were
carried out in the standard NMR buffer (K2HPO4/KH2PO4 20 mM (pH 5.8), NaCl 10 mM, β-mercaptoethanol 0.1%, DEPC
treated). The spectra of the different titration points are overlaid and colored according to the legend in the figures.

6.4 Supplementary Figures chapter 4

Supplementary figure 4.1: Intermolecular NOE assignement in 3D F3 filtered F2 edited NOESYs of CUGB BP2 RRM12
in complex with 5′-AUUUAAUU-3′ recorded on a BRUKER AVANCE-III 700 MHz spectrometer (Tmix=110ms). The
experiments were carried out in the standard NMR buffer (K2HPO4/KH2PO4 20 mM (pH 5.8), NaCl 10 mM, βmercaptoethanol 0.1%, DEPC treated) at 40°C. For readability, the RNA nucleotides are labelled in small characters.
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