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Resumen 

En esta tesis se presenta un análisis estructural de la proteína 

de unión a ARN HuR y, en particular, se profundiza en el análisis con 

su estructura modular y a su regulación post-traducional mediante 

fosforilación. 

Los resultados obtenidos revelan que los dominios N-

terminales RRM1 y RRM2 de HuR funcionan como una unidad, según 

se deduce de los datos de la estabilidad térmica con las 

construcciones de uno y dos dominios. 

Los mutantes S88D, S100D y S158D que mimetizan 

fosforilación, diseñados sobre la construcción RRM12, muestran 

cambios despreciables en la estructura secundaria respecto a la 

proteína silvestre. La Tm del mutante S100D no cambia respecto a la 

de la proteína silvestre, mientras que el mutante S88D es más estable 

y la especie S158D se desestabiliza ligeramente debido a la mutación 

que mimetiza la fosforilación. En cuanto a las propiedades de unión a 

ARN, las especies RRM12 S88D y RRM12 S100D mostraron KDs 

parecidas a la proteína silvestre, mientras que el mutante S158D 

presenta una afinidad 4 veces mayor que el silvestre por la secuencia 

de ARN 5´-AUUUUUAUUUU-3´ del c-fos.  

El dominio C-terminal de HuR (RRM3) se comporta en 

disolución de forma independiente a la unidad RRM12. Se ha 

desarrollado, por primera vez, una estrategia innovadora basada en 

detergentes para solubilizar el módulo RRM3. Los modelos calculados 

para la proteína silvestre y el mutante fosfomimético S318D basados 

en restricciones de RMN y generados con el servidor CS23D, reflejan 

la topologia canónica de los dominios RRM (β1α1β2β3α2β4). En el sitio 

de unión a ARN de RRM3 se encuentran las dos hebras β centrales β1 

y β3, aunque también se puede extender a toda la lámina β. 
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 Además, la proteína silvestre RRM3 parece unirse al 

oligonucleótido 5´-UUUUU-3´ con una afinidad mayor que al 

5´-AUUUA-3´. La presencia de un residuo cargado negativamente en 

la posición 318 dificulta el reconocimiento por el ARN. 

La región comprendida entre el Trp261 y la Thr271 de HuR 

RRM3 alberga residuos responsables de la dimerización, tanto en 

presencia como en ausencia de ARN. De hecho, la sustitución del Trp 

por Glu en el mutante W261E RRM3 desplaza el equilibrio 

monómero/dímero característico de la proteina HuR RRM3 silvestre 

hacia la forma monomérica. 

Los resultados de esta tesis han dado lugar a la publicación 

de un artículo en una revista de alto impacto y a otro enviado: 

1.           Scheiba RM, Aroca A, Díaz-Moreno I (2012) HuR 

thermal stability is dependent on domain binding and upon 

phosphorylation. Eur Biophys J 41:597-605 

 

2.           Scheiba RM, Ibañez Opakua A, Oyenarte I, Díaz-

Quintana A, Martínez-Chantar ML, Martínez-Cruz LA, Blanco 

FJ and Díaz-Moreno I (2012) Shedding light on the most C-

terminal RNA binding motif of HuR: its role in RNA 

recognition (enviado) 
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Summary 

The thesis reports a structural approach to the RNA binding 

protein HuR, so providing relevant information on its modular 

assembly and phosphorylation. 

Our experimental data demonstrate that the N-terminal 

domains HuR RRM1 and RRM2 work as a functional unit, as inferred 

from the thermal stability analysis of single- and two-domain 

constructs. The phosphorylation mimic mutants S88D, S100D and 

S158D designed on RRM12 di-domain show negligible changes in 

secondary structure with respect to the WT. Thus, the Tm of the 

S100D construct does not change with respect to WT, while S88D is 

stabilized and S158D is slightly destabilized upon phosphorylation 

mimicking. With regard to RNA binding properties, RRM12 S88D and 

RRM12 S100D species showed similar KDs to that of WT, whereas 

RRM12 S158D has a 4-fold higher binding affinity to the c-fos RNA 

5´-AUUUUUAUUUU-3´. 

The C-terminal HuR RRM3 tumbles independently from the 

RRM12 unit. A challenging detergent-based strategy to get HuR 

RRM3 solubilized has been developed for the first time. Structural 

models for RRM3 WT and its phosphomimetic mutant RRM3 S318D 

based on NMR restraints with the CS23D server show the canonical 

RRM topology (β1α1β2β3α2β4). The RNA binding site of RRM3 

comprises the two central β strands (β1 and β3), although it can be 

eventually expanded to the whole β-sheet. Additionally, WT protein 

seems to bind 5´-UUUUU-3´ with a higher affinity than 5´-AUUUA-3´ 

based on NMR chemical-shift perturbations. Negatively-charged 

residue at position 318 impairs the RNA recognition. 

The stretch from Trp261 to Thr271 of HuR RRM3 hosts 

residues responsible for protein dimerization even in absence of RNA. 

In fact, the Trp-by-Glu substitution shifts the monomer/dimer 
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equilibrium characteristic of HuR RRM3 WT towards the monomeric 

form of HuR RRM3 W261E mutant. 

The thesis resulted in one publication in a high impact journal 

and another one submitted: 

1.           Scheiba RM, Aroca A, Díaz-Moreno I (2012) HuR 

thermal stability is dependent on domain binding and upon 

phosphorylation. Eur Biophys J 41:597-605  

 

2.           Scheiba RM, Ibañez Opakua A, Oyenarte I, Díaz-

Quintana A, Martínez-Chantar ML, Martínez-Cruz LA, Blanco 

FJ and Díaz-Moreno I (2012) Shedding light on the most C-

terminal RNA binding motif of HuR: its role in RNA 

recognition (submitted)  
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Introduction 

1.1 Messenger RNA Processing in the 

Eukaryotic Cell  

The information flow for the expression of genes in an 

organism is directed from a DNA sequence to RNA and protein, 

according to the central “dogma” of molecular biology (Crick, 1958 

and 1970). Translation from the messenger RNA (mRNA) to protein 

takes place in the cytoplasm at the ribosomes, whereas transcription 

of DNA to RNA by polymerase II is localized in the cell nucleus. There, 

the pre-mRNAs are co-transcriptionally modified by 5´ end capping, 

splicing, 3´ end cleavage and polyadenylation (for a review see Hirose 

et al., 2000). 

 

 

Transcription and translation events are highly complex 

processes and have a variety of regulation modes. From the 

Figure 1.1: Simplified transcription and translation processes within the eukaryotic 

cell. Abbreviations: RBP: RNA binding protein, hnRNA: heterogeneous nuclear RNA, 
40S, 60S: small (40S) and large (60S) subunits of the ribosome, miRNA: microRNA. 
Figure is adapted from Janga et al., 2011. 
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beginning of transcription, the pre-mRNAs with introns (so-called 

heterogeneous nuclear RNAs, hnRNAs) and mRNAs never appear 

isolated in the cell, but accompanied by RNA binding proteins (RBPs, 

see chapter 1.2, RNA Binding Proteins), which are responsible for 

stabilization or degradation of these RNAs. Then, the mRNA is 

translocated from the nucleus to the cytoplasm, still bound by 

proteins, crossing the nuclear pore complex. By binding to RNAs, 

RBPs and RNA form a RiboNucleoProtein complex (RNP), which 

prevents uncontrolled mRNA degradation and also regulates mRNA 

processing. 

The last step of information flow from DNA to protein is the 

transport of mRNAs from the cell nucleus to the cytoplasm, where 

protein synthesis takes place at the ribosomes (for a simplified 

overview see Figure 1.1). 

MicroRNAs (miRNAs) play an additional role for the 

regulation of gene expression. These small RNAs (about 22 

nucleotides in length) appear in viruses, plants and animals and 

represent nearly 1% of the genome of humans, Drosophila and 

Caenorhapditis (Bartel et al., 2004; Bushati et al., 2007). miRNAs 

repress mRNA translation by binding to 3´ UnTranslated Regions 

(3´ UTRs) of mRNAs. Like other genes, miRNAs are transcribed by 

Polymerase II, then precursor RNAs are cleaved by the Drosha RNAse 

III (Lee et al., 2003) and transported to the cytoplasm (Yi et al., 2003; 

Lund et al., 2004), where they are processed by the Dicer enzyme 

(Lee et al., 2003). 
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1.2 mRNA Stabilization and mRNA Decay 

The thesis deals with the RNA Binding Protein (RBP) HuR that is 

involved in mRNA stabilization, while other RBPs promote a degradation of 

mRNAs. The mRNA processing is essential to understand the role of RBPs in 

the biological context. 

1.2.1 Role of AREs for mRNA Stability 

Many mRNAs contain Adenylate and Uridylate enRiched Elements 

(AREs or AU-rich elements) within their 3´ or 5´ UnTranslated Regions 

(UTRs; for a review, see Barreau et al., 2005). By comparing RNA sequences, 

a total of 5%-8% of human genes contain AREs (Bakheet et al., 2001 and 

2003). These genes code for cell growth factors, interleukins, interferons, 

TNFα and proto-oncogenes (Bakheet et al., 2001). AREs regulate the 

stability of mRNAs coding for proteins that are implicated in processes like 

cell differentiation, cell growth, inflammation, immune responses or cancer 

(Chen and Shyu, 1995; Barreau et al., 2005). 

There are three different classes of AREs (Chen and Shyu, 1995): 

a) Class I: AREs with a multiple repetition of AUUUA 

sequences. 

b) Class II: AREs with two or more overlapping nonamers, 

containing AUUUA sequences. 

c) Class III: AREs with U-rich regions, lacking AUUUA 

sequences. 

Several RBPs interact with AREs promoting either a stabilization or 

degradation of the mRNAs. Certain RBPs recognize AU-rich elements at 

specific sequences, such as for example HuB (Levine et al., 1993), HuD 

(Szabo et al., 1991) or HuR (Ma et al., 1996; Chen et al., 2002; Myer et al., 

1997; Lopez de Silanes et al., 2004). Accompanied by these stabilizing RBPs 

the RNAs are protected against decay, since the degrading machinery 

cannot access the UTRs. In this case a degradation of the mRNAs is 

prevented. On the other hand, a rapid degradation of mRNA can be 

effected by binding to AREs. Some RBPs together with the AU-rich elements 
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interact with the exosome (Chen et al., 2001), whereas distinct reactions for 

different RBPs were observed. Binding of AREs to KH-type Splicing 

Regulatory Protein (KSRP) and Tris-TetraProline (TTP) results in a rapid 

degradation of mRNA, whereas HuR and AU-rich binding Factor 1 (AUF1) 

have stabilizing effects and prevent degradation (Chen et al., 2001). These 

examples demonstrate the multiple ways in how far AREs and RBPs 

regulate stabilization and degradation of mRNAs and expression levels of 

these genes. 

There exist two publicly available web server databases for 

investigation of AREs under the directions: 

http://rna.tbi.univie.ac.at/AREsite. (Gruber et al., 2010) 

http://brp.kfshrc.edu.sa/ARED/ (Bakheet et al., 2001 and 2003) 

1.2.2 RNA Degradation 

RNA degradation depends on trans-regulatory factors (proteins) 

and cis-regulatory elements (mRNA sequences) and occurs in three 

different ways: 3´ exonucleases degrade the transcripts beginning from 3´ 

site, 5´ exonucleases hydrolyze the RNAs beginning from the 5´ site, 

whereas endonucleases can cleave RNA molecules internally (Garneau et 

al., 2007; Houseley and Tollervey, 2009).  

Usually, the Pab1p-dependent Poly(A) Nuclease (PAN2-PAN3) 

complex performs a 3´ deadenylation of mRNA at the beginning of 

degradation. This shortens the polyadenylic tail to a length of about 80 

nucleotides (Brown et al., 1996; Yamashita et al., 2005). Additionally, a 

deadenylation-independent mRNA decay occurs in the cell. Thus, the 

proteins Rps28 (Badis et al., 2004) and the Enhancer of decapping protein 

(Edc1; Muhlrad and Parker, 2005) decap and degrade RNAs without 

previous deadenylation. In the deadenylation-dependent pathway the 

PAN2-PAN3 complex and the Cysteine-cysteinyl Chemokine Receptor 4-NOT 

(CCR4-NOT; Tucker et al., 2001; Yamashita et al., 2005) are involved in 

decapping. Another important protein taking part in deadenylation is the 

Poly(A)-specific RNase (PARN, previously called Deoxyribonucleoside-

Activated Nucleotidase, DAN), as shown by experiments with Xenopus 
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laevis oocytes (Korner et al., 1998) and other Eukaryotes (Dehlin et al., 

2000; Gao et al., 2000; Chiba et al., 2004; Milone et al., 2004; Reverdatto et 

al., 2004; Opyrchal et al., 2005).  

1.2.2.1 RNA Degradation in 5´ to 3´ Direction 

mRNA degradation by exonucleases acting in 5´ to 3´ direction 

considered the major mRNA degradation pathway (Chen et al., 2001). This 

type of degradation depends on the 7 methylguanosine triphosphate 

(m7GTP)-cap at the 5´ ends of mRNAs. The cap protects the nucleic acids 

from 5´ to 3´ exonucleases. Additionally, the Decapping enzyme (Dcp1 and 

Dcp2) complex is involved in this process (Beelmann et al., 1996; Lykke-

Andersen, 2002; Steiger et al., 2003; van Dijk et al., 2002; Wang et al., 2002) 

and other factors are needed, as Sm-like proteins (LSm1-7 complex; Tharun 

et al., 2000 and 2001), LSm14 or RAP55 (Yang et al., 2006) and the 

enhancer of decapping enzyme 3 - Edc3p or Lsm16 (Kshirsagar and Parker, 

2006). When decapped, the RNA is fragmented into two RNA stretches: one 

ending with a 5´ monophosphate and the other with the m7GDP rest. The 

monophosphate does not protect the RNA from exonuclease degradation 

anymore, so the transcripts are continuously degraded by the 

exoribonuclease Xrn1 (Stevens and Maupin, 1986). In bacteria, the process 

is similar but the 5´ end is modified by a triphosphate rest instead of the 

5´ cap. After catalysis to a monophosphate by the RNA 

pyrophosphoHydrolase (RppH; Deana et al., 2008), the degradation can 

take place. 

1.2.2.2 RNA Degradation in 3´ to 5´ Direction – the Exosome 

The alternative mRNA degradation pathway in 3´ to 5´ direction is 

carried out by the exosome, consisting of 9 to 11 proteins acting as a 3´ to 

5´ exonuclease. The complex varies in numbers of subunits, depending on 

the organism and localization of the complex (Liu et al., 2006). The human 

exosome is highly similar to the yeast exosome (Chen et al., 2001), but 

differs in enzymatic activites of some complexes (Liu et al., 2006) and has 

also homolog proteins in bacteria, which have Pleckstrin Homology (PH) 

and PolyNucleotide Phosphorylase (PNPase) domains (Symmons et al., 

2002; Lorentzen et al., 2005; Liu et al., 2006). In bacteria, the complex is 
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called degradosome, but the functions are the same: degradation of mRNA 

in 3´ to 5´ direction. 

Before degradation occurs by the exosome, the Trf4-Air1/Air2-Mtr4 

polyadenylation complex (TRAMP; Lacava et al., 2005) marks the RNA 

targets with a poly(A) tail. When the RNAs are degraded, the remaining 

methylated cap is hydrolyzed by the scavenger mRNA decapping enzyme 

(DcpS; Liu et al., 2002). 

1.2.3 RNA Stabilization 

 Although the most frequently described consequence of RBP 

binding to AREs is the degradation of the mRNA targets, some RBPs have a 

stabilizing function upon binding to AREs. Besides the extensively studied 

mRNA stabilizing Hu proteins (see chapter 1.3 - Hu proteins), only few more 

proteins are known to stabilize mRNAs, such as CUG-Binding Protein 2 

(CUG-BP2), Nucleolin, TINO, Poly(A)-binding protein-Interacting Protein 2 

(PAIP2) and AUF1, which has both stabilizing and destabilizing functions 

(Barreau et al., 2005). The well studied Hu family member HuR binds to 

more than 50 RNA targets related to disease (Srikantan and Gorospe, 2012). 

The mayority of these RNAs are stabilized. Thereby, degradation processes 

(see chapter 1.2.2 – RNA degradation) as well as interaction of mRNA with 

miRNAs or other RBPs are prevented. 

 1.3 RNA Binding Proteins 

From the beginning of transcription, RNAs are always accompanied 

by RNA Binding Proteins (RBPs). RBPs are constituted by different types of 

small (30 to 100 amino acids in length) RNA Binding Domains (RBDs), which 

bind specifically to nucleic acid sequences and have diverse functions in the 

processing of the RNAs. In this context, the nucleic acids are described as 

the cis-regulatory elements and proteins as trans-regulatory factors. 

Dreyfuss and coworkers (Dreyfuss et al., 2002) reviewed the various 

functions in which RBPs are involved, such as transcriptional regulation 

(Tomonaga et al., 1995; Michelotti et al., 1996; Du et al., 1998; Miau et al., 

1998), telomere length maintenance (Ishikawa et al., 1993; La Branche et al, 

1998; Eversole et al., 2000; Fiset et al., 2001), immunoglobulin gene 

recombination (Dempsey et al., 1999), splicing (van der Houven van Oordt 
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et al., 2000; Mayeda et al., 1992; Caceres et al., 1994, Yang et al., 1994; Min 

et al., 1995; Chan et al., 1997; Chabot et al., 1997; Ashiya et al., 1997; Chou 

et al., 1999; Del Gatto-Konczak et al., 1999; Chen et al., 1999; Mourelatos et 

al., 2001) pre-ribosomal RNA processing (Russel et al., 1992) and 3’ end 

processing (Kessler et al., 1997; Moreira et al., 1998; Minvielle-Sebastia et 

al., 1998, Bagga et al., 1998). In the same review (Dreyfuss et al., 2002) is 

also reported that, besides these nuclear actions, RBPs have also functions 

in the cytosol and are involved in mRNA transport between nucleus and 

cytoplasm (Lee et al., 1996; Liu et al., 1995; Izzauralde et al, 1997; Gallouzi 

et al., 2001a). Further, RBPs play roles in mRNA localization (Hoek et al., 

1998; Matunis et al., 1994; Cote et al., 1999; Mouland et al., 2001; Carson 

et al., 2001) translation (Habelhah et al., 2001; Ostareck et al., 1997; Collier 

et al., 1998; Silvera et al., 1999; Ostareck et al., 2001) and mRNA stability 

(Kiledjian et al., 1995 and 1997, Rajagopalan et al., 1998; Chkhheidze et al., 

1998; Shih et al., 1999; Loflin et al., 1999; Xu et al., 2001). Different RBPs 

are able to interact specifically with either single-stranded RNA (ssRNA, as 

for example the RRM) or double-stranded RNA (dsRNA, as the double-

stranded RBD), as also with small interfering RNA (siRNA, as PIWI and PAZ 

domains) and even bind to DNA (as zinc finger domains). The modular 

assembly and auxiliary domains in combination with linkers of different 

lengths determine the binding mechanisms and functions of the protein (for 

reviews see Lunde et al., 2007; Glisovic et al., 2008).  

Combination of RBDs results in a big variety of RNPs with different 

RNA sequence specificities (Lunde et al., 2007). Furthermore, the length of 

a linker between RBDs is important for the protein-RNA interaction. A long 

linker (about 50-60 residues; Lunde et al., 2007) allows the RBDs to interact 

with RNA targets, which are separated on the same RNA strand. Also, it 

allows binding to various differently structured RNA molecules, as it is the 

case for the Adenosine Deaminase Acting on RNA-2 protein (ADAR2) that 

can bind dsRNA on differently structured transcripts (Stefl et al., 2006). A 

short linker between RBDs, on the other hand, yields a high specificity to 

distinct RNA sequences, since the RBDs interact with RNA stretches with 

close proximity to each other. This is the case for the HuD protein (see 

chapter 1.4 – Hu proteins), whose N-terminal RRMs - RRM1 and RRM2 - 

work as a tandem domain, with a 310-helix linker (Wang and Tanaka Hall, 

2001). 
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Figure 1.2: RBPs and their composition in RBDs.  

The size of the RBPs can be estimated by the scale of amino acids at the bottom. Abbreviations: 
hnRNP: heterogeneous nuclear RiboNucleoProtein, PABP: PolyAdenylate-Binding Protein, FMR1: 
Fragile X Mental Retardation transcript 1, FXR: Fragile X Related protein, Ars2: Arsenate resistance 
protein 2, ADAR2: Adenosine Deaminase Acting on RNA-2, RRM: RNA Recognition Motif, RGG: Arg-
Gly-Gly box, KH: K-Homology domain, ZnF: Zinc Finger, dsRBD: double stranded RNA-Binding 
Domain, DEAD/DEAH: RNA helicase DEAD/ DEAH box, PAZ: Piwi/Argonaute/Zwille domain. The 
figure is adapted from Glisovic et al., 2008. 

The length of linkers differ from four amino acids (Bj6 protein) to 

122 amino acids (snRNP U1A protein) and can have a strong influence on 

the RNA binding characteristics, affecting sequences and affinities (Shamoo 

et al., 1995; Finger et al., 2004; Lunde et al., 2007). When binding to RNA, a 

flexible disordered linker can change to an ordered structure, as reported 

for the Heterogeneous nuclear ribonucleoprotein 1 (Hrp1; Perez-Cañadillas, 

2006). A short linker increases the affinity of RNA binding by additional RNA 

contacts with the linker. On the other hand, long flexible linkers are 

predicted to be less involved in RNA binding (Lunde et al., 2007). For 

example, the 82 residue linker of nucleolin does not contact RNA. Thus, 

RNA binding is restricted to the RBDs (Stefl et al., 2006). 

In addition, protein-protein-interactions in RBPs occur frequently. 

On one hand, RNA binding proteins can dimerize, such as reported for HuR 
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(Benoit et al., 2010) and the p19 protein (Vargason et al., 2003; Ye et al., 

2003). This dimer formation modulates the protein-RNA interface, resulting 

in different binding characteristics of the protein. 

On the other hand, protein-protein interactions are involved in 

protein shuttling between compartments. For instance, HuR protein has a 

60 amino acid HuR Nucleocytoplasmic Shuttling sequence (HNS) (Fan and 

Steitz, 1998a) between the two C-terminal RRMs. This region is responsible 

for the shuttling of the protein from the nucleus to the cytoplasm and vice 

versa. This mechanism is coupled to protein binding of transportins (TRN) 1 

and 2 (Gallouzi et al., 2001a; Guttinger et al., 2004; Rebane et al., 2004) or 

in association with pp32 and the Acidic Protein Rich In Leucine (APRIL) by 

the Chromosomal Region Maintenance Protein 1 (CRM1; Gallouzi et al., 

2001b; Brennan et al., 2000). Other proteins known to interact with HuR 

are SETalpha, SETbeta and Importin α (Wang et al., 2004). Further examples 

for binding of RBPs to different kind of proteins are well reported by Lunde 

et al., 2007 with important outcomes in mRNA fate. 

RBPs have been extensively explored at the structural level with the 

pioneer techniques x-ray crystallography and Nuclear Magnetic Resonance 

(NMR), although slightly more crystallographic structures (26 in total; 

Daubner et al., 2013) have been published in comparison with NMR 

solution structures (23 in total). Despite the fact that the atomic resolution 

of crystallographic structures gives more structural details about RNA 

bound protein, NMR is able to give information about dynamics and binding 

affinities that makes it an advantageous tool for analysis of RBPs (Cukier 

and Ramos, 2011). 

On the following, the most important RBDs are presented (for 

reviews see Dreyfuss et al., 2002; Lunde et al., 2007; Glisovic et al., 2008, 

Elliott and Ladomery, 2011)  

1.3.1 The RRM Domain 

The RNA Recognition Motif (RRM, also known as RBD or RNP; for 

reviews see Maris et al., 2005, Clery et al., 2008; Muto et al., 2012) is the 

most common RBD and the best characterized one. It is found in viruses, 

bacteria and eukaryotes (Maris et al., 2005). About 1-2% of human genes 



Introduction -1.3 RNA Binding Proteins 

38 

contain sequences coding for RRMs, often in multiple copies in the same 

gene (Venter et al., 2001; Maris et al., 2005). The domain is built up by 

about 90 amino acids, forming the secondary topology of 

β1α1β2β3α2β4 (Nagai et al., 1995). 

In most RRMs, RNA binding takes place at the highly conserved 

RiboNucleoProtein1 (RNP1; Adam, 1986; Swanson et al., 1987; Oubridge et 

al., 1994) and RNP2 motifs (Dreyfuss et al., 1988) at the inner β1 and β3 

strands of the protein, which are constituted by 8 amino acids for the RNP1 

motif (Lys/Arg-Gly-Phe/Tyr-Gly/Ala-Phe/Tyr-Val/Ile/Leu-X-Phe/Tyr) and 6 

amino acids for the RNP2 (Ile/Val/Leu-Phe/Tyr-Ile/Val/Leu-X-Asn-Leu) motif. 

Four residues of these RNPs interact with RNA at distinct positions (Birney 

et al., 1993; Maris et al., 2005). Position 1 of RNP1 contacts the RNA 

phosphodiester backbone by a salt bridge, while stacking interactions 

between aromatic residues and RNA bases are found at position 3 and 5 of 

RNP1 and position 2 of RNP2. However, not always all the four contacts 

contribute together to RNA binding (Ding et al., 1999; Maris et al., 2005). 

An isolated RRM is able to recognize RNA stretches ranging from 

two (RRM2 of nucleolin; Allain et al., 2000; Johansson et al., 2004) to eight 

RNA bases (RRM1 of U2 snRNP-specific B protein, U2B''; Price et al., 1998). 

Interestingly, some exceptional cases of RNA binding by RRMs have been 

described (Muto and Yokoyama, 2012). Instead of binding to RNA at the 

inner β1 and β3 strands, some RRMs bind RNA in a non-classical manner, 

such as the quasi-RNA recognition motif (qRRMs; Dominguez et al., 2010) of 

hnRNP F, xRRM of p65 (Singh et al., 2013) or the bacterial RNA helicase YxiN 

(Wang et al., 2006). For these proteins also α-helices and loops are 

implicated in the RNA binding. 

The RRM domain is involved in many posttranscriptional processes, 

as pre-mRNA processing, splicing, mRNA stability, RNA editing, RNA export 

and pre-mRNA complex formation, translation and degradation. In addition 

to RNA association, RRM domains are also known to interact with other 

proteins (Gallouzi et al., 2001a; Maris et al., 2005; Cho et al., 2010). Well-

studied examples of RRM binding proteins constituted by RRM domains are 

the proteins hnRNP A1 (Ding et al., 1999), Hu proteins (Hinman and Lou, 

2008) or Sex-lethal protein (Handa et al., 1999). 
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1.3.2 The K-homology Domain 

The K-Homology (KH) domain binds to both single-stranded RNA 

(ssRNA) and ssDNA (Backe et al., 2005; Beuth et al., 2005; Braddock et al., 

2002a and b; Du et al., 2005; Lewis et al., 2000; Liu et al., 2001). It is 

ubiquitous in Eukaryotes, Eubacteria and Archaea (Siomi et al., 1993). The 

typical KH domain consists of 70 amino acids and forms two different types 

of topologies: Type 1 has a β1α1α2β2β3α3 constitution, whereas Type 2 is 

arranged according to the α1β1β2α2α3β3   topology. This domain is able to 

bind four nucleotides in a cleft formed by the GXXG loop joining the 

neighboring helices, the strands β2 (Type 1) or β3 (Type 2) and the variable 

loop between β2β3 (Type 1) and β2α2 (Type 2). The interaction between 

nucleic acids and protein is performed by hydrogen bonds and electrostatic 

interactions.  

1.3.3 The Double-Stranded RBD Domain 

The double-stranded RNA Binding Domain (dsRBD or DRBD) is 

constituted by 70 to 90 amino acids and has the topology α1β1β2β3α2. In 

contrast to other RBDs, this motif binds to double-stranded RNA (dsRNA). 

The interaction is not sequence dependent and involves two successive 

minor RNA grooves and the intervening major groove of the dsRNA helix. 

Thus, binding of dsRBDs to dsRNAs depends on the structure of the nucleic 

acids. Binding is performed by hydrogen bonds between the 2´-OH groups 

of the RNA phosphates and the protein backbone (Ryter and Schultz, 1998). 

1.3.4 Zinc Finger Domains 

The Zinc Finger (ZnF) domains are known as classical DNA binding 

motifs, but they are also able to in interact with RNAs (Carballo et al., 1998; 

Picard et al., 1979). These domains consist of ca. 30 residues with a β1β2α1 

topology. The different kinds of metal coordination result in three types of 

ZnFs: Cys Cys His His (CCHH), CCCH and CCHC arrangements. ZnF proteins 

often comprise several ZnF domains, as shown for the 5 S gene-specific 

Transcription initiation Factor (TFIIIA; Clemens et al., 1993; Searles et al., 

2000), which is constituted by nine ZnF domains with different RNA or DNA 

binding preferences. The binding mechanism depends on the structure of 
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the nucleic acid. For instance, TFIIIA ZnFs 4 and 6 are associated with two 

RNA loops by the α-helix of the protein (Clemens et al., 1993). Zif268 is a 

typical example for a protein with CCHH domains and its DNA binding is 

known from the crystal structure (Pavletich et al., 1991; Wolfe et al., 2000). 

Here the major groove of DNA is involved in binding to an α-helix by 

hydrogen bonds. TIS11d is an example of a CCCH-type ZnF protein (Hudson 

et al., 2004) which binds to Adenine and Uridine Rich Elements (AREs) in 3´ 

UnTranslated Regions (UTRs) of RNA molecules. The interaction between 

RNA and TIS11d is based on hydrogen bonds. An example for the CCHC-type 

of ZnF domains is the Human Immunodeficiency Virus type I (HIV-1) 

nucleocapsid protein (De Guzman et al., 1998; D´Souza et al., 2004), which 

follows the same mechanism for RNA binding as the CCCH-type ZnF 

proteins. 

1.3.5 Cold Shock Domains 

Cold Shock Domains (CSD) were primarily identified in bacteria, for 

example the Cold shock protein A (CspA) from E. coli, which is expressed in 

upon temperature changes from 37 ˚C to 10 ˚C (Jones et al., 1987). From 

the structural point of view, this small domain is built up by 70 amino acids 

arranged exclusively in five β strands forming two β-sheets. The protein-

nucleic acid binding mechanism is similar to that of RRM domains: aromatic 

residues form stacking contacts with RNA bases and positively charged 

amino acids maintain contacts with phosphates from RNA and DNA. CSDs 

are also found in eukaryotes, such as the “Upstream of N-Ras” (UNR) 

protein (Chang et al., 2004) and the Y-box protein (Sommerville and 

Ladomery, 1996a and b; Matsumoto and Wolffe, 1998). UNR has a 

repetition of five CSDs, the Y-box protein contains one CSD and is 

accompanied by additional sequences. These domains have additional 

functions related to RNA binding, multimerization and phosphorylation, 

making the eukaryotic proteins behave as multifunctional proteins. On the 

contrary, bacterial CSDs are less specialized with a main function as 

chaperones, synchronizing transcription and translation events.  
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1.3.6 PIWI Domain 

P-element Induced Wimpy testis (PIWI) domains are involved in the 

processing of mRNAs and small interfering RNAs (siRNAs). PIWI topology 

consists of a 5-stranded β-sheet with α−helices at the periphery. The PIWI 

domain appears in the Argonaute protein and has an endonuclease 

cleavage function through binding to the 5’ end of RNA (Ma et al., 2005; 

Yuan et al., 2005; Song et al., 2004; Parker et al., 2004 and 2005). 

Argonaute protein (Song et al., 2004), along with Dicer (Macrae et al., 

2006), is involved in RNA degradation and RNA silencing pathways by 

forming an RNA Induced Silencing Complex (RISC; Hammond et al., 2000; 

Bartel et al., 2004). 

1.3.7 PAZ Domain 

PIWI Argonaute and Zwille (PAZ) domains bind non-coding micro 

RNAs (miRNAs) and small interfering RNAs (siRNAs). The PAZ domain 

comprises 110 amino acids with an α1β1 arrangement and siRNAs bind to a 

hydrophobic pocket by 2 nucleotide overhangs. Stacking interactions and 

hydrogen bonds stabilize the complex (Ma et al., 2004). Examples for 

proteins containing PAZ domains are Argonaute (Song et al., 2004) and 

Dicer proteins (Macrae et al., 2006) which are involved in RNA silencing 

pathways like the PIWI domains by forming RISC that degrades RNAs by 

interaction with siRNAs (Hammond et al., 2000; Bartel et al., 2004). 

1.3.8 Arginine Rich Domains 

Arginine Rich Domains are known as gene expression regulators. 

They were first discovered in bacteria and viruses, such as the TAT (Trans-

AcTivator) domain in Human Immunodeficiency Virus type I (HIV-1; Garcia 

et al., 1988; Frankel et al., 1989; Subramanian et al., 1991) and the 

REgulator of Virion expression (REV) domain from the same virus (Heaphy 

et al., 1990). TAT has a conserved 14 amino acid sequence, rich in arginine 

and lysine residues, which is involved in binding to the TrAnsactivation 

Response RNA sequences (TAR) and regulates the gene expression 

(Dingwall et al., 1989; Weeks et al., 1990). Actually, TAT binds specifically to 

the stem-loop structured TAR RNA by a single arginine (Calnan et al., 1991). 

Positively charged arginine residues also appear in Arg-Gly-Gly (RGG) boxes 
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and Serine/aRginine-rich (SR) proteins. SR proteins function as splicing 

factors and regulators (for a review see Fu, 1995) and they are combined 

with RRM domains, whereas RGG boxes (Kiledjian and Dreyfuss, 1992) not 

only bind to RNA, but also function in protein interactions with ribosomal 

proteins (Bouvet et al., 1998). 

1.3.9 RNA Helicases 

RNA Helicases recognize RNA to unwind the dsRNA, thus allowing 

its process. Additional functions of RNA Helicases are related to splicing, 

RNA export, translation, RNA turnover, mitochondrial RNA metabolism and 

small RNA processing (for review, see Bleichert and Baserga, 2007). 

Helicases are further divided into five superfamilies (SFI to SF5; Gorbalenya 

and Koone, 1993) constituted by other conserved motifs named DEAD box, 

DEAH box and Ski2-like proteins, which are common motifs for the SF2 

subfamily of RNA helicases. 

1.4 Hu Proteins 

Hu proteins belong to a group of RBPs constituted by three RRMs 

(Hinman and Lou, 2008) with the family members HuR (also called HuA, Ma 

et al., 1996), HuB (also known as Hel-N1, Levine et al., 1993), HuC (Szabo et 

al., 1991) and HuD (Szabo et al., 1991). In contrast to the neuronal 

expression of HuC and HuD, HuB is also present in gonads while HuR is 

expressed ubiquitiously (Good et al., 1995; Ma et al., 1996). The sequences 

of all the members of the family of Hu proteins are highly conserved, with 

the highest differences at the level of the linker part between RRM2 and 

RRM3. Hu proteins are homologs to the Drosophila Embryonic Lethal 

Abnormal Vision (ELAV) proteins and are also classified according to the 

ELAV protein family. From the evolutionary point of view, HuR is the most 

related Hu protein to the Drosophila ELAV homolog. HuR is supposed to be 

the ancestral protein in mice, whereas the most recently evolved homologs 

are the neuronal specific proteins HuB and HuD (Okano et al., 1997). Figure 

1.3 shows a protein multiple sequence alignment of the Hu proteins. 
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Figure 1.3: Multiple sequence alignment of Hu family proteins HuB, HuC, HuD and HuR. The 
alignment was built using the ClustalW server and edited by the BioEdit software. RRM1, 
RRM2 and RRM3 are marked in red, blue and green, respectively. HuR Nuclear Shuttling 
sequence (HNS) is colored in gray.Secondary elements α-helix are symbolized as red coils, β 
strands as blue arrows. 
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From the structural point of view, Hu proteins are built up by three 

RRMs (Adam et al., 1986; Sachs et al., 1986,) which show the canonical 

topology β1α1β2β3α2β4, forming a β-sheet of four antiparallel β strands 

packed against two α-helices (Nagai et al., 1990). The most N-terminal 

RRM1 and RRM2 motifs work as a single unit (Wang and Tanaka Hall, 2001; 

Scheiba et al., 2012), only separated by a 310 helix. However, the third RRM 

domain is spaced out by a long linker, containing the HuR 

Nucleocytoplasmic Shuttling sequence (HNS; Fan & Steitz, 1998a). For an 

overview of Hu protein structures the reader is referred to section 1.4 – 

HuR. The HNS within the linker is responsible for the Hu protein shuttling 

between the nucleus and the cytoplasm and the variety of Hu functions are 

very dependent on the cellular compartment where the protein is (for a 

review see Hinman and Lou, 2008). 

In the nucleus Hu proteins play two relevant functions. They are 

involved in the blocking of polyadenylation (Zhu et al., 2007) and 

alternative splicing mechanisms (Zhu et al., 2006 and 2008; Bellavia et al., 

2007. Splicing regulation was demonstrated for a set of mRNAs, such as 

those coding for the Calcitonin/calcitonin Gene-Related Peptide (CGRP), the 

NeuroFibromatosis type 1 (NF1) and the Ikaros protein, a ZnF DNA binding 

protein (Hinman and Lou, 2008). By integration or skipping of exons, the 

alternative splicing results in different protein isoforms. For instance, in the 

case of CGRP an inclusion or exclusion of exon 4 creates differently 

translated forms (Zhu et al., 2006). NF1 has an analog mechanism by 

skipping the exon 23a (Zhu et al., 2008). Such a switch is controlled by an 

outstanding competition between antagonistic RBPs for target-RNA 

binding. In this context, Hu proteins compete with the T-cell-restricted 

Intracellular Antigen 1 (TIA-1) and the TIA-1 Related protein (TIAR). Hu and 

TIA proteins recognize the same RNA targets but at different positions. For 

instance, Hu proteins promote a skipping of the NF1 exon 23a, whereas TIA 

proteins favor its inclusion (Zhu et al., 2003). Furthermore, the binding of 

HuR to RNA prevents its association to TIA1. Lastly, Hu proteins show anti 

apoptotic behavior, while TIA proteins have pro-apoptotic functions (Forch 

and Valcarcel, 2001). 

In the cytoplasm Hu proteins have the main function to stabilize 

mRNAs and regulate their translation by means of AREs in their 3´ UTRs (Ma 
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et al., 1996). In fact, cytoplasmic Hu proteins regulate the lifetime or 

translation of a large set of different mRNAs such as c-fos, c-myc, 

granulocyte macrophage colony-stimulating factor (Levine et al., 1993) TNF-

α (McMullen et al., 2003), p21, cyclin D1 (Lal et al., 2004) or Growth-

Associated Protein-43 (GAP-43; Bolognani et al., 2006). All members 

belonging to the family of Embryonic Lethal Abnormal Vision (ELAV) 

proteins (HuB, HuC, HuD and HuR) bind to all three classes of AREs, but the 

proteins discriminate the targets – not all Hu proteins bind to the same RNA 

sequences (Hinman and Lou, 2008; Levine et al., 1993; Jain et al., 1997, 

Dean et al., 2001). 

1.5  HuR  

Human antigen R (HuR) belongs to the Hu family of RBPs, showing 

the same RRM organization as explained before for Hu proteins in general. 

1.5.1 HuR Functions 

HuR shows all the attributes previously found for neuronal Hu 

proteins, despite HuR being unique in its ubiquitous expression pattern. The 

main function of HuR is binding to AREs in 3´ UTRs and stabilization of these 

mRNAs targets. This prevents mRNA degradation and enhances the protein 

levels of HuR targets (Brennan and Steitz, 2001; Lopez de Silanes et al., 

2004). HuR promotes translation by binding to mRNA targets (Kawai et al., 

2006) and inhibits the repressive effect of translation by miRNAs under 

stress conditions in cells (Bhattacharyya et al., 2006). This function was 

shown for other RBPs, as the Dead End (Dnd1) protein (Kedde et Agami, 

2008; Kundu et al., 2012). 

HuR is essential for the life of mice (Ghosh et al., 2009) and 

supports a variety of functions in vertebrate organisms related to 

proliferation (Wang et al., 2000a; Wang et al., 2001), stress (Abdelmohsen 

et al., 2007b; Mazan-Mamcarcz et al., 2003; Wang et al., 2000b; Gallouzi et 

al., 2000, 2001b), apoptosis (Abdelmohsen et al., 2007a, b; Mazroui et al., 

2008; von Roretz et al., 2012), angiogenesis (Tran et al., 2003), myogenesis 

(von Roretz et al., 2011), differentiation (Figueroa et al., 2003; Cherry et al., 

2006), senescence (Wang et al., 2001; Yi et al., 2010), inflammation 

(Katsanou et al., 2005) and immune stimuli (Atasoy et al., 1998; Mc Mullen 
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et al., 2003; Atasoy et al., 2003). By stabilizing mRNAs that code for 

antiapoptotic proteins, HuR in general has an antiapoptotic function (Lal et 

al., 2005; Wang et al., 2000b; Mazan-Mamczarz et al., 2003). However, the 

protein shows a promoted apoptotic behavior under stress conditions, 

confirmed by the dissociation of HuR from Stress protein SIr2-Related 

Protein Type 1 (SIRT1) RNA (Abdelmohsen et al., 2007b; Mazroui et al., 

2008; von Roretz et al., 2012). 

1.5.2 Regulation of HuR 

HuR is tightly regulated by posttranslational modifications. 

Phosphorylation, Ubiquitination, Methylation and Neddylation are 

described for the protein, as follows (see Figure 1.4). 

Phosphorylation by different kinases changes HuR cellular 

localization and/or its RNA binding. Checkpoint kinase 2 (Chk2) modifies 

Ser88 and Ser100 and is known to increase or decrease the RNA binding, 

respectively (Abdelmohsen et al., 2007b). Protein Kinase Cα (PKCα) 

phosphorylates residues Ser158 and Ser221 favoring the stability of 

cyclooxigenase (COX)-2 mRNA and causing the cytoplasmic localization of 

HuR, respectively (Doller et al., 2007). PKCδ phosphorylates Ser221 and 

Ser318. Phosphorylation of Ser221 leads to the angiotensin II-induced 

export of HuR to the cytoplasm. In its turn, phosphorylation of Ser318 

promotes binding of HuR to COX-2 AREs (Doller et al., 2008a and b, 2010). 

The addition of a phosphate group at Ser242 (kinase not known) is also 

involved in the nuclear/cytoplasmic shuttling of the protein (Kim et al., 

2008). Recently, it has been reported that Cyclin-dependent kinase 5 (Cdk5) 

is able to phosphorylate HuR at Ser202 so as to promote mRNA 

displacement to the centrosome regions of the cell (Filippova et al., 2012). 

Dephosphorylation also seems to play an important role to regulate the 

relocalization of HuR to the cytoplasm after infection of mammalian cells 

with alphaviruses (Dickson et al., 2012). The methylation at Arg217 is 

caused by the Coactivator Associated arRginine Methyltransferase (CARM1) 

(Li et al., 2002) and at Lys283, Lys313, and Lys326 modifications by the 

NEDD protein were reported (Embade et al., 2012). Ubiquitination of HuR 

takes place at Lys182 (Abdelmohsen et al., 2009). 
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Figure 1.4: Regulation scheme of HuR. The positions of RRM1-RRM3 (marked in gray) and HNS 
are indicated. Phosphorylation and methylation sites with the corresponding kinases and 
methyltransferase, respectively, are presented in oval forms. Posttranslational modification by 
NEDD and ubiquitin is presented in gray boxes. Regulation of HuR at the transcriptional and 
translational level is presented in the blue box. For details, the reader is referred to the text. 
Figure is adapted from Doller et al., 2008b. 

 HuR is further regulated at the transcriptional level: the promotor 

of HuR has a binding site for the Nuclear transcription Factor kappa B 

(NFκB), with the function to amplifiy the transcription (Kang et al., 2008) 

when bound to HuR. This process was reported to take place in gastric 

tumors, thereby enhancing HuR levels in the cell (Yi et al., 2010). 

An important regulation mechanism of HuR is repressing of its 

translation by miRNAs. MiR-125a and MiR-519 are able to bind at HuR 

Coding Regions (CRs). The consequence of the repressed HuR translation is 

a decrease in HuR mediated gene expression. Additionally, cell proliferation 

and tumor growth is affected (Abdelmohsen, et al., 2008 and 2010; Marasa 

et al., 2010). 

HuR also has an autoregulative function by binding to its own RNA 

sequences. The protein binds to an ARE bearing 3´ UTR of one of its rare 

mRNAs with a distal poly(A) signal (Al-Ahmadi et al., 2009) and promotes 

the translation of HuR by an enhanced transport of its mRNA to the 

cytoplasm (Yi et al., 2010). 
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1.5.3 HuR Structure 

HuR belongs to the family of Hu proteins (HuR, HuB, HuC and HuD) 

and shows the highest sequence identity in relation to the homolog ELAV 

protein (Okano et al., 1997). All Hu proteins are constituted by three RRMs. 

RRM1 and RRM2 are separated by a 310 helix, whereas the third RRM 

domain is spaced out by a 60 residue spanning linker, containing the HuR 

Nucleocytoplasmic Shuttling sequence (HNS; Fan & Steitz, 1998a). The 

reader is referred to chapter 1.3 – Hu proteins and chapter 1.3.1 – The RRM 

Domain. 

HuR and its homologs have the ability to multimerize (Toba and 

White, 2008, Benoit et al., 2010, David et al., 2007) and additionally to form 

complexes with other RBPs (David et al., 2007). On one hand, HuR builds 

homodimers by disulfide bonds at Cys13 residue (Benoit et al., 2010), on 

the other hand, HuR RRM3 is responsible for protein multimerization 

(Meisner et al., 2007; Toba and White, 2008) and protein-protein 

interactions. Additionally, HuR RRM3 has an Adenosyl Transferase activity 

along with binding sites for Me2+ and ATP (Meisner et al., 2009). 

Crystallographic structures are available for HuC (RRM1: 1D8Z.pdb, 

RRM2: 1D9A.pdb, RRM12: 1FNX.pdb; Inoue et al., 2000) and HuD (RRM12: 

1FXL.pdb; Wang and Tanaka Hall, 2001). Recently the structures of HuR 

(RRM1: 3HI9.pdb; Benoit et al., 2010; RRM12: 4ED5.pdb, 4EGL.pdb; Wang 

et al., 2013) have been published, demonstrating the binding of RNA at the 

molecular level of the N–terminal RRM domains RRM1 and RRM2. Figure 

1.5 shows the Richardson presentation of such structures. 

HuR is a well-characterized protein in vivo, but little information is 

available at the structural level, except for the crystal structures mentioned 

above. Although the structures of individual and tandem RRM domains 

have been resolved, there is no Full Length (FL) structure reported for a 

protein from the Hu family. A previously crystallization report of HuR FL was 

published (Iyaguchy et al., 2009) without further results. In particular, the 

structure and assembly of RRM3 in relation to RRM12 remain to be 

elucidated. Due to the biophysical characteristics and the low solubility of 

RRM3 domain, it explains the relevance of this thesis work. 



Introduction – 1.5 HuR 

49 

 

 

 

 

 

Figure 1.5: Crystallographic structures of Hu proteins. A) HuR RRM1 (3HI9.pdb), left monomer, right 
tetramer B) HuR RRM12, bound to RNA (left, 4ED5.pdb), and free (right, 4EGL.pdb) C) HuC RRM12, 
bound to RNA (1FXN.pdb) D) HuD RRM12 bound to RNA (1FXL.pdb). 
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Objectives 

This thesis work reports a biophysical characterization of the RBP 

HuR so as to explore its main structural features. HuR is well-characterized 

in vivo, but working mechanisms at the molecular level are still unknown. 

As the protein is involved in regulatory mechanisms of human pathologies, 

such as inflammation, cardiovascular diseases and cancer, studying in depth 

its biophysical and structural properties will help to understand and treat 

these diseases in a long term view. 

The first objective is to characterize biophysically the three RRMs of 

HuR with respect to its modular assembly. It is proposed that each RRM has 

certain physical and functional properties, such as specific thermal or 

chemical stabilities. In this context, it is of interest how differently HuR 

domains behave and whether they cooperate with each other. 

Second aim of this work is to perform biophysical characterization 

of isolated HuR RRM3 in solution by means of improving its solubility to 

further explore its structural features.The HuR C-terminal RRM3 domain has 

additional functions in comparison to the N-terminal RRM12 module, since 

it is known to form multimers and actively contributes to RNA modification 

by its adenosyl transferase activity. This domain has a low solubility due to 

its particular biophysical properties. Thus, a challenging protocol is 

necessary to increase RRM3 solubility and, further, to improve the 

purification of this domain. Ongoing analysis of RNA binding, interactions 

with the N-terminal RRM12 and multimerization events are of interest to 

elucidate molecular working mechanisms of HuR.  

The third aim of this thesis is to investigate the effects of 

phosphorylation at the molecular level and its functional consequence by 

the design of phosphorylation mimic mutants. HuR is tightly regulated by 

diverse posttranslational modifications at several residues. The effects of 

phosphorylation of residues Ser88 (RRM1), Ser100 (in between RRM1 and 

RRM2), Ser158 (RRM2) and Ser318 (RRM3) are known at the cellular level. 

These phosphorylations alter mRNA binding and localization of the protein 
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in vivo. In this work, biophysical properties of RRM12 and RRM3 species 

have been explored through a comparison between the phospho-mimic 

species and the wild-type proteins. In vitro experiments get new insights 

into how Ser phosphorylation modulates the RNA binding properties of 

HuR. 
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Materials and Methods 

2.1 Design of HuR Constructs 

pGEX 5X2 vectors containing the sequences coding for HuR full-

length (HuR FL) as well as individual N-terminal RRM domains RRM1 and 

RRM2, the two-domain construct RRM12 and the C-terminal RRM3 module, 

were kindly provided by Dr. M. Gorospe (National Institutes of Health, 

Baltimore, USA) and Dr. J. A. Steitz (Yale University, New Haven, USA). 

RRM1, RRM2 and RRM12 were further cloned into the pGEX-4T2 vector. 

pETM-11 vectors were used for HuR FL and RRM3 using EcoRI and NotI 

restriction sites. The gene corresponding to RRM3 domain comprises the 

amino acid sequence from Trp244 to Lys326. Vectors for RRM12 and HuR FL 

were modified as follows: the GST sequence was substituted by a 6xHis-tag 

using the following primers: 

5´-CATCATCACCACCATCACctggttccgcgtggatccccagg-3´ (forward primer) and 

5´-GTGATGGTGGTGATGATGcatgaatactgtttcctgtgtg-3´ (reverse primer) to 

facilitate protein purification. GST and 6xHis-tags were cleaved with 

thrombine or TEV protease respectively, resulting in a short additional 

amino acid sequence for all constructs ‘‘GSPGIPSNYEDH,’’. 

Further site-directed mutagenesis was performed on the genes 

coding RRM modules to replace serines at positions 88, 100, and 158 of the 

RRM12 construct (Mutagenex, Piscataway, USA). For the RRM3 construct 

serine 318 was replaced by alanine or aspartate so as to mimic the 

phosphorylation of HuR. In addition, Trp261 was replaced by glutamic acid 

at RRM3 (RRM3 W261E) to study HuR oligomerization events. 

 

 



Materials and Methods -2.2 Protein Expression and Purification of HuR Constructs 

60 

2.2 Protein Expression and Purification of HuR 

Constructs 

Recombinant HuR genes were expressed in Escherichia coli BL21-

T1R (SIGMA, St. Louis, USA) cells as follows: competent cells were 

transformed with plasmid DNA and were grown at 37 ˚C in Luria Bertani 

(LB) medium supplemented with ampicillin (50 µg/mL) for pGEX vectors or 

kanamycin (50 µg/mL) for pETM vectors. Gene expression was induced by 

addition of 1 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG) once the 

culture reached OD600 of 0.6–0.8. After 5 h expression in LB medium at 

30 ˚C for RRM3 and HuR FL constructs and at 37 ˚C for RRM1, RRM2 and 

RRM12, cells were harvested by centrifugation at 7,000 g and further 

resuspended in 50 mM Tris buffer (pH 8.0) for storage at -80 ˚C. Isotopically 
15N- and 13C-labeled proteins were expressed in minimal medium (M9) 

supplemented either with 15NH4Cl or 15NH4Cl and 13C-glucose following 

Marley´s protocol (Marley et al., 2010). 

Cells were incubated with protease inhibitors (Complete Protease 

Inhibitor Cocktail Tablets, 0.002% PMSF), 100 µg/mL Lysozyme and 3 mM 

DTT at room temperature for 15 minutes. 0.4 mg/mL DNAse was added 

before treating cells with an S-250 D Cell Disruptor and a fine sonifier tip 

(3 x 30 seconds; Branson Ultrasonic Corporation, Danbury, USA). In the 

particular case of RRM3 and HuR FL constructs, buffers were supplemented 

with 0.1% of the detergent N-Lauroylsarcosine (Sarkosyl, SIGMA, St. Louis, 

USA) and 800 mM NaCl to increase the solubility of both proteins during all 

purification steps. Then, cell material was centrifuged for 20 min at 

30,000 g and the soluble fractions used for chromatography. GST fusion 

proteins were purified using a Glutathione Sepharose High Performance 

Matrix (GE Healthcare, Piscataway, USA), whereas His-tagged constructs 

were purified by Nickel Affinity Chromatography (Ni SepharoseTM Fast Flow 

Matrix; GE Healthcare, Piscataway, USA). All constructs were expressed 

with thrombine-cleavable GST or TEV-cleavable His-tags (GE Healthcare, 

Piscataway, USA). To separate HuR RRM single domains from the cleaved 

GST protein, gel filtration chromatography (Sephadex G-75 matrix; SIGMA, 

St. Louis, USA) was performed. His-tags were eliminated by dialysis. In the 

cases of HuR FL and RRM3, the excess of salt was washed out by dialyzing 

the protein against the buffer devoid of NaCl. Subsequently, the buffer was 
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exchanged in an Amicon® centrifugation device (Merck Millipore, 

Massachusetts, USA) to eliminate traces of Sarkosyl. Protein concentration 

was determined by spectrophotometry using predicted extinction 

coefficients. All molecular weights of the HuR constructs used in this thesis 

were verified by matrix-assisted laser desorption/ionization time of flight 

(MALDI-TOF) spectroscopy. 

2.3 Circular Dichroism Spectroscopy 

All Circular Dichroism (CD) spectra were recorded in the far-

ultraviolet (UV) range (190–250 nm) at 298 K in a Jasco J-815 

spectropolarimeter, equipped with a Peltier temperature-control system, 

using a 1-mm quartz cuvette. Protein concentration was 12 µM in 10 mM 

sodium phosphate buffer (pH 7.3) supplemented with 0.5 mM DTT. For 

each sample, 20 scans were averaged for further secondary structure 

analysis using CDPRO software (Sreerama and Woody 2000), which includes 

the algorithms CONTIN, SELCON, CDSSTR and the CLSTR option to compare 

the protein folding with a set of similar folded proteins. 

Thermal unfolding experiments were carried out in a range of 

temperatures from 298 to 371 K. For all these assays, the HuR species at 12 

µM final concentration were dissolved in 10 mM sodium phosphate (pH 

7.3) with 0.5 mM DTT. Temperature was increased at a rate of 1 K per min 

with an error within ± 0.1 K. Spectra were recorded at the scan rate, band 

width, and sensitivity of 200 nm min-1, 1.0 nm, and 0.2˚, respectively. 

Protein unfolding was monitored by recording the CD signal at 195, 208 and 

235 nm. The experimental data was fitted to a two-state native-denatured 

model (Privalov, 1979), using the equation of Santoro and Bolen (1988). 

RNA binding was monitored by adding increasing amounts of 

protein to 4 µM AU 11-mer (5´-AUUUUUAUUUU-3´) RNA in 10 mM sodium 

phosphate (pH 7.3) 0.5 mM DTT. A temperature of 298 K was chosen to 

optimize the signal change upon protein binding. Each CD spectrum was the 

average of 10 scans. The integral of this averaged signal between 260 and 

275 nm was fitted against a quadratic, 1:1 binding model (Kannt et al., 

1998). 
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2.4 Differential Scanning Fluorimetry  

Thermal unfolding of HuR constructs was monitored by Differential 

Scanning Fluorimetry (DSF) in the presence of fluorescent SYPRO Orange 

dye (Invitrogen, Carlsbad, CA, USA) by using an IQ5 multicolor real-time PCR 

detection instrument (BioRad; Niesen et al., 2007). The commercial dye 

[5,000x concentrate in dimethyl sulfoxide (DMSO)] was at least ten-fold 

diluted in 10 mM sodium phosphate buffer (pH 7.3) supplemented with 

0.5 mM DTT and the HuR samples (10–40 µg protein) were added at 25 µL 

final volume. The thermal unfolding process was monitored between 293 K 

and 369 K, increasing the temperature at a rate of 1 K per min. The values 

for the midpoint melting temperature (Tm) were calculated from the first 

derivative in Origin 8.0 (Microcal Inc.) and a nonlinear curve-fitting function 

was used (Privalov, 1979), using the equation of Santoro and Bolen (1988).

 

2.5 Fluorescence Measurements 

Emission spectra were monitored using a Perkin-Elmer LS-5 

fluorimeter equipped with an oil-thermostated cell holder at 298 K. 

Excitation wavelength was 280 nm, whereas the emission spectra were 

recorded in a 300-400 nm range. 8 µM of RRM3 WT and RRM3 S318D in 10 

mM sodium phosphate buffer (pH 7.3), 0.5 mM DTT, 0.02% NaN3, were 

supplemented with increasing aliquots of Guanidine Hydrochloride (1.5–5 

M) concentration for 1 h at 298 K before recording the spectra. The 

experiments were performed with a 1 cm quartz cuvette with slits set to 5 

nm for excitation and emission. Each spectrum was the average of two 

scans. The background signal was subtracted from the buffer. 

2.6 Analytical Ultracentrifugation 

Analytical Ultracentrifugation (AU) experiments were performed at 

the Institute of Physical Chemistry "ROCASOLANO" (IQRF), Madrid, under 

supervision of Dr. Menéndez Fernández. 

Sedimentation equilibrium experiments of HuR RRM3 WT domain 

and RRM3 W261E mutant were performed at 20 °C in an Optima XL-A 
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Analytical Ultracentrifuge (AU; Beckman Instruments) with an AN50-Ti 

rotor. 80 μL samples at 27 μM HuR RRM3 were examined in 10 mM 

phosphate buffer (pH 7.3), 50 mM NaCl, 3 mM DTT, 0.02% NaN3, at three 

successive speeds (18,500; 22,000 and 32,000 rpm) and absorbance was 

measured at 280 nm at 12 and 48 h to asses that the equilibrium condition 

was reached. Baseline signals were determined taking a radial scan at 

18,500 rpm after running the samples 8 h at 45,000 rpm. Conservation of 

mass in the cell was checked in all the experiments. The apparent weight-

averaged molecular weights were obtained by fitting individual data sets to 

a sedimentation equilibrium model for single species, using the program 

Heteroanalysis (www.biotech.uconn.edu). The equilibrium dimerization 

constants, K2, were calculated by fitting the experimental data to a 

monomer/dimer sedimentation equilibrium model constraining the 

monomer molecular mass to 14,342 Da. Sedimentation velocity 

experiments were performed at 45,000 rpm and 20 °C with 400-μL samples 

loaded into double sector cells, using the buffer and protein concentrations 

employed in equilibrium experiments. Radial scans at 280 nm were taken 

every 10 min and the sedimentation coefficient distribution was calculated 

by least squares boundary modelling of the sedimentation velocity data 

using the program SEDFIT (Schuck, 2000). The experimental coefficients 

were converted to standard conditions (s20,w). The partial specific volume 

of HuR RRM3 WT (0.728 g/L), calculated from the amino acid composition, 

as well as the buffer density and viscosity were determined with the 

SEDNTERP program (Laue et al., 1992). 

2.7 Nuclear Magnetic Resonance  

Nuclear Magnetic Resonance (NMR) samples of HuR RRM3 WT and 

its RRM3 S318D mutant were prepared in 95% H2O / 5% D2O solutions of 10 

mM sodium phosphate buffer, pH 7.3, 3 mM DTT, 0.02% NaN3, at 

concentrations in a range from 130 to 175 µM. NMR spectra were recorded 

at 298 K on a Bruker Avance III 800 MHz spectrometer with a [1H, 13C, 15N] 

triple resonance cryo-probe equipped with z gradient coil. Standard 2D and 

3D NMR experiments (2D 15N-HSQC, 2D 13C-HSQC, 3D HNCO, 3D HNCA, 3D 

HN(CA)CO, 3D HNCACB, 3D HN(CO)CACB, 3D HN(CO)CA, 3D HN(CA)HA, 3D 

HN(COCA)HA) were used to assign backbone resonances of RRM3 domain. 

The spectra were processed with TopSpin NMR (Bruker) software to be 
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further automatically assigned by MARS server (Jung and Zweckstetter, 

2004). Structural models of RRM3 WT and RRM3 S318D were created using 

the backbone assignment already deposited in BMRB database (entry codes 

are going to be published), along with the amino acid sequences, as input 

files for the CS23D server (Wishart et al., 2008).  

RNA binding of HuR RRM3 WT and RRM3 S318D was monitored by 

acquiring 15N-HSQC spectra at a 500 MHz Bruker spectrometer provided 

with cryo-probe, along titrations of the 5´-AUUUA-3´ and 5´-UUUUU-3´ RNA 

oligonucleotides (IDT, Integrated DNA Technologies) into a sample of 50 μM 
15N-labeled RRM3 in 10 mM sodium phosphate buffer (pH 7.3), 3 mM DTT 

at RNA:protein ratios of 2:1 and 4:1. The pH value of the sample was 

verified after each titration step. Weighted average values of 15N and 1H 

chemical-shift perturbations (∆δavg) of each resonance was calculated as 

follows: ∆δavg = (([∆δH]2 + [∆δN/5]2) / 2)1/2, being ∆δH and ∆δN chemical-shift 

increments of 1H and 15N, respectively. 
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Figure. 3.1: Schematical view of HuR. 

Results 

3.1 HuR RRM12 Domain Adopts a Canonical 

Topology with Negligible Changes in its 

Secondary Structure upon Phosphorylation 

The crystallographic structure of HuR RRM1 – recently published by 

Benoit et al. (2010) – shows that the RRM folding adopts the canonical 

β1α1β2β3α2β4 topology. As shown in Figure 3.1, HuR protein consists of 

three RRMs. 

 

A homology model of HuR RRM12 construct was obtained using the 

crystallographic structure HuD RRM12 as a template (PDB entry 1FXL; Wang 

and Tanaka Hall, 2001). Sequence identity to the target was 75.4%, and the 

model represented in Figure 3.2 was built with the SWISS-MODEL server 

(Arnold et al., 2006; Kiefer et al., 2009; Peitsch, 1995) and graphically 

represented using Chimera software (Pettersen et al., 2004). 

Figure 3.2 shows the superposition of both HuR structures: the 

homology model of RRM12 and the crystallographic structure of RRM1. The 

homology based model is in good agreement with the secondary structure 

contents for HuR constructs. 

Figure 3.3 shows the normalized far-UV CD spectra of isolated 

RRM1 and RRM2 domains, the tandem RRM12, and the HuR-FL protein. 

Notably, all HuR species show similar global secondary structures with 

minor differences, as summarized in Table 3.1. Whereas all constructs share 

similar β strand and turn contents, RRM2 differs from RRM1 and RRM12 in 

its higher α-helix content. 
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Figure 3.3: Far-UV (190–250 nm) CD spectra of different HuR N-terminal domain constructs. 
RRM domains are represented as follows: RRM1 by solid line, RRM2 by dashed line, RRM12 by 
dotted line and HuR-FL protein by dash-dotted line. 

Figure. 3.2: HuR RRM12. Superposition of the crystal structure of HuR RRM1 (PDB entry 3HI9; 
Benoit et al., 2010) and the homology model of HuR RRM12 built as described in ‘‘Materials and 
Methods.’’ The RMSD for backbone atoms of HuR RRM1 domain in both structures is 0.583 Å. 
Side-chains of serine residues to be phosphorylated are included. Quality information: The 
QMEAN Z-Score is 1.33. 
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RRM12 mutants, in which Ser88, Ser100 and Ser158 have been 

substituted by aspartic acid residues to mimic phosphorylation events, 

exhibit a secondary structure similar to that of RRM12 wild-type (RRM12 

WT). In addition, Ser-by-Ala control mutations show similar CD spectra 

(Figure 3.4; Table 3.1). 

 

 

Constructs α-helix (%) β-strand (%) Turn (%) 
Unstructured 

(%)*  

RRM1 6.01 ± 0.57 36.21 ± 1.25 19.49 ± 2.05 37.74 ± 3.95 

RRM2 10.84 ± 0.22 34.11 ± 0.65 19.13 ± 0.90 30.81 ± 1.61 

RRM12 WT 5.72 ± 0.77 39.67 ± 4.39 21.22 ± 1.80 33.03 ± 3.10 

RRM12 S88D 11.03 ± 0.56 33.26 ± 2.05 19.64 ± 2.06 35.76 ± 4.75 

RRM12 S88A 5.87 ± 0.44 39.00 ± 1.68 20.42 ± 1.41 34.25 ± 2.40 

RRM12 S100D 5.34 ± 1.25 42.71 ± 4.30 19.25 ± 2.01 32.16 ± 3.81 

RRM12 S100A 3.18 ± 0.39 40.88 ± 1.34 21.23 ± 1.15 34.78 ± 2.90 

RRM12 S158D 5.14 ± 0.50 40.28 ± 1.58 20.51 ± 1.12 33.81 ± 3.17 

RRM12 S158A 5.16 ± 0.34 39.79 ± 1.40 21.04 ± 1.65 33.75 ± 3.29 

HuR FL 9.18 ± 1.79 34.95 ± 0.83 20.01 ± 2.39 35.23 ± 4.74 

* This section refers to both disordered and flexible and ordered but nonregular 
structured parts of the protein. 
 

For comparison of thermal stability data all proteins have to be in a 

monomeric state. Cys13 promotes a homodimer formation for the RRM12 

construct (Meisner et al., 2007; Benoit et al., 2010). For further 

investigation of the thermal stability of RRM12 WT and its mutants, the 

impact of Cys13 on the homodimer formation needs to be evaluated. Figure 

3.5 shows a Sodium Dodecyl Sulfate (SDS) polyacrylamide gel 

Table 3.1 Percentage of secondary structure for the different N-terminal constructs of HuR 
RRM domains and mutant species. 
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Figure 3.4: Far-UV (190–250 nm) CD spectra of RRM12 WT and its phosphomimetic 

mutants. RRM12 WT is shown in blue solid line, RRM12 S88A in green solid line, RRM12 

S88D in green dashed line, RRM12 S100A in black solid line, RRM12 S100D in black dashed 

line, RRM12 S158A in red solid line and RRM12 S158D in red dashed line. 

electrophoresis (PAGE) of RRM12 WT in absence and presence of 

dithiothreitol (DTT) at 0.5 and 5 mM, as reducing agent. RRM12 WT is 

clearly a monomer upon DTT addition, although a monomer–dimer 

equilibrium appears in samples devoid of DTT. These data were recently 

confirmed by AU experiments on RRM12 WT samples containing 0.5 mM 

DTT (data not shown). Thus, RRM12 WT construct, which includes Cys13, 

behaves as a monomer, at least in the experimental conditions used in this 

work. 
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3.2 RRM12 Works as a Functional Unit 

Recently, it has been demonstrated that the thermal stability of 

RBDs reveals interactions between neighboring modules (Aroca et al., 2011; 

Díaz-Moreno et al., 2010). Thermal unfolding studies on the single 

N-terminal RRM segments and the two-domain construct from HuR were 

performed to confirm the assembly between RRM1 and RRM2, as inferred 

from the homology model of HuR RRM12 and the crystal structure of HuD 

RRM12 (Wang and Tanaka Hall, 2001). CD spectroscopy shows that the Tm 

for isolated RRM1 (335 ± 3 K) is slightly lower than that for RRM2 (341 ± 2 

K; Table 3.2). Interestingly, RRM12 is as stable as RRM1 (335 ± 2 K), 

suggesting that interdomain interactions are taking place. Such interaction 

lowers the Tm of RRM2 by ca. 6 K, as previously reported for other RBPs 

(Aroca et al., 2011; Díaz-Moreno et al., 2010). 

 

 

 

Figure 3.5: PAGE electrophoresis of HuR RRM12 WT. Line 1 HuR RRM12 WT sample 

devoid of DTT; lines 2 and 3 protein samples previously incubated with 5 and 0.5 mM DTT, 

respectively, for 90 min before loading into the gel. In each line, 4 µg HuR RRM12 WT was 

loaded onto an 18% SDS-PAGE gel. M: Pro-stain protein molecular weight marker (Intron 

Technologies Inc.). 
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Table 3.2: Tm values of HuR N-terminal RRM domains and their phosphomimetic mutants, as 
calculated by CD and DSF 

 

 
 

In addition, the denaturation curve of RRM12 is not the sum of the 

denaturation curves of the two individual RRM1 and RRM2 domains, 

revealing that only one transition state is observed instead of two. Indeed, 

the cooperativity of the RRM12 denaturation is strongly reduced as 

compared with that of the individual domains. These changes in stability 

between isolated RRM2 and RRM2 in RRM12 construct are confirmed by 

DSF, although ∆Tm is slightly higher (7 K; Table 3.2; Figure 3.6 A). 

Intriguingly, the Tm values calculated by DSF for HuR species are 

always equal to or lower than those estimated by CD, although ∆Tm is quite 

independent of the technique used (Table 3.2) .

Constructs Tm (K) by CD Tm (K) by DSF 

RRM1 335 ± 3 333 ± 1 

RRM2 341 ± 2 339 ± 1 

RRM12 WT 335 ± 2 332 ± 1 

RRM12  S88D 336 ± 1 336 ± 2 

RRM12  S88A 331 ± 1 330 ± 2 

RRM12  S100D 334 ± 2 333 ± 1 

RRM12  S100A 333 ± 1 330 ± 3 

RRM12  S158D 330 ± 2 328 ± 3 

RRM12  S158A 335 ± 1 330 ± 2 
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 3.3 Stability of HuR RRM12 is Regulated by 

Phosphorylation 

To analyze the phosphorylation effect of serine residues on the stability of 

HuR RRM12 construct, this posttranslational modification was mimicked by 

Ser-to-Asp substitutions.  

 

 

 

 

Even though the use of Ser/Asp mutations simulates a constitutively 

phosphorylated protein with only one negative charge, it is herein 

extensively recommended since two out of three serine residues of RRM12 

WT—those at positions 88 and 100—become phosphorylated by the same 

kinase, Chk2, making in vitro kinase assays undesirable.  

Figure 3.6: Effect of phosphomimetic mutations on the thermal stability of HuR. Unfolding thermal 
denaturation of HuR N-terminal RRM species and their mutants was determined by DSF by following the 
fluorescent changes of SYPRO Orange. A) RRM1 is represented by filled squares, RRM2 by filled circles 
and RRM12 WT by open triangles. Ser-by-Asp substitutions are represented as follows: B) RRM12 S88D 
(filled squares), C) RRM12 S158D (filled circles), and D) RRM12 S100D (filled triangles). Fitted unfolding 
curves are presented as solid lines, superimposed on experimental data. The melting points (Tm) of the 
transitions are marked by dashed lines. 
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The nonconserved serine residues, which are localized inside the 

RRM core, play an essential role in the stability of HuR RRM12. It is worth 

mentioning that phosphorylation at Ser88 in RRM1 mimicked by the S88D 

mutant makes the RRM12 construct slightly more stable than its control 

mutant (S88A) and RRM12 WT. Indeed, Tm of RRM12 S88D is increased by 

5 K, using both CD and DSF approaches (Table 3.2; Figure 3.6 B). 

In contrast, the addition of a negatively charged group at position 

158 (mutation S158D) slightly destabilizes HuR RRM12 with regard to the 

S158A mutant and RRM12 WT, despite the discrepancies in ∆Tm between 

CD and DSF. The well-conserved Ser100, which forms part of the short 

linker between RRM1 and RRM2, displays no significant contributions to the 

thermal stability of HuR RRM12 upon mutations (∆Tm < 2.0 K). As expected, 

the nonphosphorylatable Ser-to-Ala RRM12 mutants behave as RRM12 WT 

in terms of thermal stability, suggesting that HuR phosphorylation has 

functional consequences rather than structural effects. 

3.4 RNA Binding of HuR RRM12 is Regulated by 

Phosphorylation 

To understand how the interaction of HuR-RRM12 with c-fos AU-

11-mer RNA may be regulated upon phosphorylation, we assess the affinity 

of RRM12 WT and its phosphomimetic mutants for the RNA target and 

explored whether the phosphorylation could modulate recognition in vitro, 

similarly to in vivo. We used CD to obtain quantitative data over affinities 

which lie in the µM range. Our CD data show that the affinity of the two 

RRM1 and RRM2 domains by the RNA is in the low micromolar range (2.6 ± 

0.2 µM; Table 3.3; Figure 3.7). Next, we investigated the effect of 

phosphorylation at RRM1 and at the RRM12 linker by RRM12 S88D and 

RRM12 S100D mutants, respectively, which show KD values comparable to 

that of RRM12 WT (2.7 ± 0.2 µM for S88D and 2.0 ± 0.1 µM for S100D; Table 

3.3). In contrast, RRM12 S158D favors RNA binding (0.6 ± 0.3 µM; Table 

3.3), in agreement with previously published data in vivo (Doller et al., 

2007). 
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Table 3.3: KD values of the HuR RRM12 construct and its phosphomimetic mutants, as 
calculated by CD titration experiments with c-fos 11-mer RNA (5´-AUUUUUAUUUU-3´) 

 

 

 

 

 

 

 

Constructs KD (µM) 

RRM12 WT 2.6 ± 0.2 

RRM12 S88D 2.7 ± 0.2 

RRM12 S100D 2.0 ± 0.1 

RRM12 S158D 0.6 ± 0.3 

Figure 3.7: RNA binding of HuR RRM12 WT.Changes in the CD signal in the 260–275 nm 
range of the c-fos 11-mer RNA (5´-AUUUUUAUUUU-3´) spectrum during titration with HuR 
RRM12 WT. Dissociation constant is also shown. Fit corresponds to a quadratic, 1:1 binding 
model. 
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3.5 Shedding Light on the HuR C-terminal 

RRM3 Domain 

The most C-terminal HuR-domain RRM3 is of special interest for the 

working mechanism of the protein, because it is an RRM motif with 

substantial distinct biophysical properties in comparison to the well-

characterized RRM1 and RRM2 domains. In contrast to the other two 

modules, RRM3 has a very low solubility that hampers its purification. As a 

consequence, its role in the HuR FL protein is not well-understood 

(schematically view, see Figure 3.1). 

In spite of being the unknown domain, it is reported that RRM3 has 

adenosyl transferase activity (Meisner et al., 2009) and the capability to 

interact with other protein partners (Brennan et al., 2000; Gallouzi et al., 

2001 b; Rebane et al., 2004; David et al., 2007). Moreover, the RRM3 ELAV 

protein from Drosophila melanogaster – a homologue of human HuR - 

forms oligomers, in which both the C-end of the first α-helix and the 

following loop are involved (Toba and White, 2008). Unfortunately, little is 

known concerning the biophysical properties for this domain, even for the 

HuR FL protein, due to their low solubility under in vitro conditions. In this 

work, we shed light on the structure of this domain, as well as its role in 

RNA binding and posttranslational modifications by phosphorylation, for a 

better understanding of the HuR working mechanisms in the context of 

mRNA fate. 

3.5.1 RRM3 Domain Tumbles Independently in 

Solution 

 Taking into account that HuR N-terminal domains - RRM1 and 

RRM2 - are behaving as a functional unit (see section 3.3), we investigated 

whether RRM3 is also part of this domain rearrangement, so as to 

characterize the overall structure of HuR FL. By recording 15N HSQC spectra 

of 15N RRM12 before and after adding 14N RRM3 (Figure 3.8 A) or vice versa 

(15N RRM3 titrated with 14N RRM12; Figure 3.8 B), any RRM-RRM 

interaction with an affinity constant KD in the range from mM to µM would 

be detected by changes in chemical-shifts or in line widths of resonances. 

However, both panels of Figure 3.8 reveal that none of the above NMR 
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parameters changed, so the RRM12 and RRM3 interaction could be 

excluded. This finding indicates that RRM3 works independently or at least 

partially independently of RRM12, meaning that the C-terminal RRM3 

module of HuR tumbles in solution without a fixed orientation with respect 

to the N-terminal ones. This domain rearrangement of HuR could explain 

how RRM3 can be easily isolated from the HuR core by a caspase-mediated 

cleavage, which has been reported as a regulatory step that contributes to 

an amplified apoptotic response (Mazroui et al., 2008; von Roretz et al., 

2012). 

Figure 3.8: 
15

N-HSQC NMR spectra of HuR. A) Superposition of 15N-HSQC spectra of free 15N HuR 
RRM12 (black) and after adding 14N HuR RRM3 (red) at a RRM12:RRM3 ratio of 1:4. 
B) Superposition of 15N-HSQC spectra of free 15N HuR RRM3 (black) and in complex with 14N HuR 
RRM12 complex (red) at the same ratio as in A). 
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3.5.2 NMR Restraint-Based Model of RRM3  

We have established a protocol for expression and purification of 

HuR RRM3 WT and RRM3 S318D. For this purpose we have tested a set of 

buffer conditions with different amounts of detergents and salts (data not 

shown). Best results were achieved using the anionic detergent sarkosyl to 

increase HuR RRM3 solubility. After removing detergent and salt from the 

protein preparations, concentrations of no more than 200 µM were 

reached. Due to this low solubility, we could record 3D NMR spectra based 

on the 13C resonance to assign only backbone atoms, but not those 

experiments with which obtain Nuclear Overhauser Effect (NOE) signals and 

distance information to be further implemented in structure calculations. 

However, automatic assignment worked well using MARS server and most 

of resonances appearing at the 15N HSQC spectrum of RRM3 WT were 

successfully assigned (Figure 3.9). Actually, non-labeled resonances mainly 

correspond to signals from the TEV cleavage site located between the 

6×His-tag and the protein sequence. Using NMR chemical-shifts and protein 

sequences as restraints, both structural models of RRM3 WT and RRM3 

S318D were built up with the CS23D server (see Figure 3.10; Wishart et al., 

2008). 

 
Figure 3.9: HuR RRM3. 

15
N-HSQC spectrum of HuR-RRM3 WT along with the assignment. 

Labels stand for the amino acids of RRM3 following the numbers in the HuR -FL protein. 
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Both models have the conserved structure of two α-helices packed 

against four anti-parallel β strands with the canonical β1α1β2β3α2β4 

topology characteristic of RRM motifs. Comparison between the RRM3 WT 

model with that of the phosphomimetic mutant (RRM3 S318D) reveals 

minor differences mainly found at flexible loop regions. In fact, the RMSD 

for backbone atoms between both models is ca. 1.14 Å. Figure 3.10 shows 

how the side-chain of Ser318 at the β4 strand is well-exposed to solvent in 

order to be accessible to Protein Kinase C δ (PKCδ) and to become 

phosphorylated. 

 

 

 

Intriguingly, the residue stretch ranging between Trp261 and 

Thr271 was not possible to assign in either RRM3 WT or RRM3 S318D, as 

indicated in Figure 3.10. This suggests that the helix/coil element is in a 

conformational intermediate exchange on the NMR time scale. Previously, 

it has been described the importance of RRM3 for ELAV – a homologue to 

HuR in Drosophila – multimerization (Toba and White, 2008). Indeed, 

authors concluded that the non-detectable Trp261 by NMR – Trp419 in 

ELAV sequence - was essential for protein-protein interactions. Thus, we 

suggest that the Trp261-Thr271 stretch form a dimerization epitope that 

involves the C-end of helix α1. Such a case was reported for the interactions 

between HuR RRM1 motifs through helices α1 and α2 (Benoit et al., 2010). 

Figure 3.10: Structural model of HuR RRM3 WT domain built using chemical-shifts of backbone 

atoms as restraints in the CS23D server. The side-chain of Ser318, which becomes phosphorylated, 
is highlighted in yellow. Those residues of RRM3 WT between Trp261 and Thr271, which are in 
intermediate exchange on the NMR timescale for chemical-shift perturbations are marked in green. 
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The Hε of Trp261 from RRM3 WT in the 15N HSQC spectrum was easily 

assigned by comparison with that of RRM3 W261E mutant. It is worth to 

mention that the resonance of Hε (Trp261) was broader than Hε (Trp244) – 

(32.9 Hz in 15N / 55.7 Hz in 1H and 27.7 Hz in 15N / 40.8 Hz in 1H, 

respectively), in agreement with the monomer-dimer exchange proposed 

for this helix/coil element (Figure 3.10). 

3.5.3 Oligomerization of HuR RRM3 

To get further insight on HuR oligomerization and the above 

mentioned low solubility of this protein, the formation of HuR RRM3 

multimers was investigated by AU assays and MALDI measurements (Figure 

3.11). By AU experiments (Figure 3.12), we could determine that the 

apparent molecular weight was ca. 19.2 kDa, which differs from the 

expected one for a monomer (14.2 kDa). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Oligomerization of HuR RRM3. MALDI mass spectrometry reveals that RRM3 WT 
is a mixture of monomers (MW of 14047.1 Da) and dimers (28131.2 kDa) at 150 µM of 
protein 
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Figure 3.12: AU 

experiments using HuR 

RRM3 WT and RRM3 

W261A species. 

 

A) AU at sedimentation 
equilibrium conditions. 
The apparent molecular 
weight (MW) is 
determined as 19033 ± 
1425 Da, differing 
slightly from the 
estimated one for a 
monomer (14342.2 Da). 
 

 

 

 

B) The sedimentation 
coefficient of WT 
protein calculated by 
sedimentation velocity 
at 45.000 rpm results in 
1.96 S and 19.2 kDa. A 
small population ( ~ 5%) 
corresponds to 5.08 S 
and 79.8 kDa 
 

 

 

 

 

 

 

 

 

C) The sedimentation 
coefficient of W261E 
mutant at the same 
velocity as the WT 
construct results in 
1.85 S and 14.1 kDa. A 
small population (~ 5%) 
corresponds to 5.4 S and 
70.6 kDa. 
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The results fit in the best way to a fast/intermediate exchange 

model between monomeric and dimeric species, with a KA of about 1.8 x 

104 M-1. Then, about 70% of HuR RRM3 WT is already in the monomeric 

form at protein concentration used in these AU assays. The dimeric 

population may be substantially increased at NMR experiments which 

demand larger protein amounts. In addition, a small fraction of the protein 

(5%) tends to form aggregates with a molecular weight of ca. 79.8 kDa 

(Figure 3.12 B). MALDI experiments on HuR RRM3 WT confirmed the dimer 

formation and even trimers, which must be stable (Figure 3.11). 

In contrast to HuR RRM3 WT, the RRM3 W261E mutant is mainly 

monomeric in AU experiments. Under similar conditions in sedimentation 

velocity experiments, the molecular weight (MW) of this species was 14.1 

kDa, which corresponds to the MW of the monomer state (14.2 kDa). 

Aggregation could be also observed as an additional peak corresponding to 

the molecular weight of 70.6 kDa, as happens for the WT protein (Figure 

3.12 C). Thus, the Trp-261-to-Glu261 mutation impairs dimerization of the 

RRM3 domain. 

3.6 RNA Binding of HuR RRM3 

To test the RNA sequence specificity by HuR RRM3 WT domain, its 

interactions with two short 5-mer RNA oligonucleotides, namely 

5´-AUUUA-3´ and 5´-UUUUU-3´, were studied by NMR titrations (Figure 

3.13 and 3.14). Average chemical-shift perturbations (∆δavg) inferred from 

the titrations of 15N-labeled RRM3 with both RNA oligonucleotides revealed 

that RRM3 binds to 5´-UUUUU-3´ with an apparent higher affinity than 

5´-AUUUA-3´ (Figure 3.15, A and C), which indicates a preferential binding 

for pyrimidine bases than for purine derivates However, as the chemical-

shift perturbations were too small, quantification of the binding was not 

feasible. 

The two RNA molecules lie on the RRM3 canonical platform, which 

comprises aromatic residues mainly localized at the central β strands (β1 

and β3) from β-sheet (Figure 3.15, panels B and D). In fact, backbone amides 

for residues ranging from Phe247 and Leu251 at β1-RNP2 and from Phe287 

and Met292 at β3-RNP1 were all perturbed in titrations with both RNAs, as
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previously reported (Query et al., 1989; Shamoo et al., 1997). Interestingly, 

the protein platform with which HuR RRM3 binds to 5´-UUUUU-3´ RNA is 

extended to involve the whole β-sheet, including most of β2 and few signals 

at β4 signals (Figure 3.15, panels B and D). In addition to ∆δavg, some RRM3 

signals at the protein-nucleic acid interface broadened beyond the 

detection limit independently of the RNA oligonucleotide used. Residues 

such as Ile248, Leu251, Val275 and Lys320 showed this behavior for both 

5´-UUUUU-3´ and 5´-AUUUA-3´ RNAs.   
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Figure 3.15: RNA binding of HuR RRM3 with the 5´-UUUUU-3´ (A,B) and 5´-AUUUA-3´ 

(C,D) oligonucleotides. (A,C) Superposition of 15N-HSQC spectra of HuR RRM3 WT of 
free (black) and bound to RNA oligos in an RNA:RRM3 ratio of 2:1 (blue) and 4:1 (red). A 
subset of four representative resonances is labeled in black. (B,D) Map of HuR RRM3 
interface upon binding to RNA. RRM3 surface is rotated 180˚ around the vertical axis in 

each view. Residues are colored, according to ∆δavg (ppm): blue for values < 0.025, 
yellow for 0.025 ≤ Δδavg ≤ 0.075 and orange for values > 0.075. Resonances broadened 
beyond the detection limit are colored in red. Prolines and unassigned resonances are 
indicated in gray. 
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Figure 3.16: 

HuR RRM3 S318D: 

 A phosphomimetic 

mutant. 

A) Far-UV (190–250 nm) 
CD spectra of HuR RRM3 
domain constructs. RRM3 
WT is presented in blue, 
RRM3 S318A in red and 
RRM3 S318D in black. 
 
 
 
 
 
 

 

 

 

 

 

B) Chemical denaturation 
with guanidine 
hydrochloride (GuaHCl) 
of RRM3 WT (blue) and 
RRM3 S318D (black). 
Fitted unfolding curves 
are presented as solid 
lines, superimposed on 
experimental data in 
squares. The midpoint 
GuaHCl concentrations 
(Cm) of the transitions are 
marked by dashed lines.  

A 

B 

3.7 The Phosphomimetic HuR RRM3 S318D 

Mutant 

Phosphorylation at Ser318 residue of HuR RRM3 domain was 

mimicked by Ser-to-Asp single mutation, which had negligible effects on 

both the secondary structure (Figure 3.16 A and Table 3.4) and the chemical 

stability (Figure 3.16 B) of the protein, as inferred from far-UV CD and 

fluorescence measurements, respectively. 
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Figure 3.17: HuR RRM3 S318D: A phosphomimetic mutant. Superposition of 15N HSQC spectra 
of free HuR RRM3 S318D (black) and bound to 5´-UUUUU-3´ RNA in a RNA:RRM3 ratio of 2:1 
(blue) and 4:1 (red). A subset of four representative resonances is labeled in black. 
 

HuR RRM3 S318D binding to RNA targets was monitored by NMR in 

solution (Figure 3.17). Data suggests that the phosphomimetic mutant 

binds to the 5´-UUUUU-3´ RNA oligonucleotides with slightly less affinity 

than RRM3 WT (Figure 3.18) opposite to previous reports on AU-bearing 

mRNA stretches (Doller et al., 2010). Thus, it is likely that the addition of a 

negatively charged group by site-directed mutagenesis results in 

electrostatic repulsion with respect to phosphate groups from RNA. 

 
 

 

 

 

 

 

 

 

 

 

 

Constructs αααα-helix (%) ββββ-strand (%) Turn (%) 
Unstructured 

(%)* 

RRM3 WT 13.18 ± 1.47 31.49 ± 3.22 21.79 ± 1.79 32.04 ± 3.47 

RRM3 S318A 12.68 ± 0.58 36.09 ± 0.70 20.74 ± 0.84 29.80 ± 1.71 

RRM3 S318D 16.65 ± 0.66 33.73 ± 0.90 20.26 ± 0.86 29.93 ± 2.57 

* This section refers to both disordered and flexible and ordered but nonregular 
structured parts of the protein. 

Table 3.4: Percentage of secondary structure for HuR RRM3 WT and mutant species. 
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Discussion 

4.1 HuR Modular Assembly  

HuR consists of three RRM domains, whose function in RNA binding 

is well-characterized in vivo, despite the global function and working 

mechanisms of HuR FL protein are still not fully understood. 

The most N-terminal RRM1 and RRM2 motifs – only separated by a 

310 helix – work as a compact structural unit. This cooperative assembly 

remains unchanged upon phosphorylation of three Ser residues localized 

inside RRM motifs and at the interdomain linker (see also sections 4.3 and 

4.4, Phosphorylation of HuR). 

The C-terminal RRM domain (RRM3) of HuR is separated from 

RRM12 by a hinge region that includes a sixty residue sequence, called HNS. 

This linker has a transport function shuttling the protein from the nucleus 

to the cytoplasm and vice versa and also has a cleavage site between the 

RRM12 and RRM3 domains. The cleavage takes place under apoptotic 

conditions at residue Asp226 (Mazroui et al., 2008). We demonstrate that 

RRM3 tumbles in vitro independently of RRM12 in conditions and no 

interaction of the domains can be detected. Combining this result with the 

cleavage mechanism of the protein, it seems probable that RRM3 could be 

evolve to play apoptotic functions, although HuR has been traditionally 

identified as an anti-apoptotic protein. The cleavage could be a trigger to let 

RRM3 act in different or additional functions than in context with the FL 

protein. A future working perspective would be to find out whether there 

are distinct working mechanisms of isolated RRM3 and the domain in 

context with the HuR FL. Therefore, during evolution, RRM3 could have 

been adapted to have an apoptotic function, whereas RRM12 is specialized 

in the mainly anti-apoptotic working mechanism of HuR. 
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4.2 RRM12 Works as a Unique Functional Unit 

Thermal stability studies of HuR species indicate the importance of 

the cooperation between the two N-terminal RRM domains of HuR, which 

work as a functional unit. The comparison of Tm values for isolated RRM1 or 

RRM2 and the two-domain construct RRM12 reveals that RRM12 shows the 

same thermal stability as RRM1, while RRM2 is substantially more stable. In 

addition, the fact that the denaturation curve of HuR RRM12 is not the sum 

of those from the two individual RRM1 and RRM2 domains suggests 

cooperativity between both modules. 

It is tempting to speculate that the RRM12 modular interaction is 

essential for RNA recognition activity, similarly to what was previously 

observed for RRM1–RRM2 motifs of the homologous HuD protein upon c-

fos RNA binding (Wang and Tanaka Hall, 2001). Indeed, the preferred 

orientation between RNA binding domains helps to establish a high-affinity 

RNA-binding platform (Vitali et al., 2006; Li et al., 2010) and/or to stabilize a 

suitable conformation that can adapt to the changes in the direction of the 

RNA chain inside the highly structured 3´ UTRs, as previously suggested 

(Díaz-Moreno et al,. 2010). 

Altogether, the results indicate that HuR RRM12 works as a 

functional unit, independently of RRM3. 

4.3 Phosphorylation of HuR RRM12 

To study changes in structure and stability of HuR induced by serine 

phosphorylation, we designed three Ser-by-Asp mutations. Two of them are 

localized at the RRM cores, while the third one is in the interdomain linker 

between RRM1 and RRM2. No significant changes in secondary structure 

were observed for any of these phosphomimetic mutants, unlike what has 

been recently published for other RNA binding domains (Díaz-Moreno et 

al., 2009). Therefore, phosphorylation effects on HuR seem to be essentially 

related to RNA binding properties and/or intermolecular protein 

interactions rather than to changes of the HuR structure, as confirmed by 

our CD RNA binding titrations. CD experiments in the far-UV range 
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confirmed that the secondary structure is not changed significantly by 

phosphorylation. 

4.3.1 Phosphorylation of HuR RRM12 and Thermal 

Stability  

The thermal stability of HuR constructs is regulated by 

phosphorylation. The phosphomimetic mutant S88D slightly stabilizes 

RRM1 in the RRM12 context, which can be explained by the addition of a 

negative charge to the protein loop mainly governed by two positively 

charged residues (Benoit et al., 2010). Thus, Asp88 could minimize the 

electrostatic repulsion between Arg85 and Lys89, which would restrict the 

loop mobility. 

Phosphorylation at the level of the RRM12 linker region at Ser100 

residue also has a negligible effect on HuR stability. A plausible explanation 

is that this solvent-exposed residue does not make many contacts with 

neighbors. Intriguingly, phosphorylation at Ser100 increases RNA binding in 

vivo (Abdelmohsen et al., 2007b), although the equivalent serine in the 

homologous HuD Ser126 is facing away from the RNA in the HuD/c-fos 

mRNA crystal structure (Wang and Tanaka Hall, 2001). 

Slightly destabilizing phosphorylation of Ser158 could be explained 

based on electrostatic repulsion with another nearby negative residue 

Glu162, although the negatively charged Asp158 is added at the N-end of α-

helix 2 of HuR RRM2. 

4.3.2 Phosphorylation of HuR RRM12 and RNA Binding 

In terms of RNA binding, it has been previously reported that in vivo 

HuR phosphorylation at Ser88 increases the docking of RNA targets to the 

RNA binding sites (Abdelmohsen et al., 2007b). Also it is proposed that the 

phosphoserine at position 88 exhibits a Mg2+-ion-mediated interaction with 

a phosphate group from RNA (Benoit et al., 2010). 

In this thesis, no substantial differences in binding affinities were 

observed between RRM12 WT and the phosphomimetic RRM12 S88D 

mutant by performing in vitro CD titrations using c-fos RNA. 
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Posttranslational modification of Ser158 at RRM2 domain mimicked 

by the RRM12 S158D mutation tightly regulates the binding of HuR RRM12 

with c-fos RNA in vitro. Actually, the RNA binding affinity of RRM12 S158D is 

four times larger than that of RRM12 WT, in agreement with previous data 

in vivo (Doller et al,. 2007). 

Additionally, in vitro CD RNA-RRM12 titrations reveal no effect of 

the S100D mutation on RNA recognition with respect to RRM12 WT. 

Therefore, phosphorylation at this site would influence RRM2– interdomain 

linker interactions and the rearrangement between RRM domains, rather 

than directly repulsing RNA (Benoit et al., 2010). 

Perturbations in HuR stability upon posttranslational modifications 

such as phosphorylation may explain the HuR behavior in binding RNA 

molecules, as well as in determining their lifetime and translation rate. 

4.4 HuR RRM3 

To shed light on the most C-terminal HuR RRM3 domain, which has 

been the HuR unknown module up to date from the structural point of 

view, a novel expression and purification protocol to improve its solubility 

has been developed. 

HuR RRM3 is the domain of HuR that is of special interest due to its 

differences to the N-terminal RRM domains RRM1 and RRM2. This domain 

is separated from the N-terminal RRM1 and RRM2 by a sixty residue linker 

that is cleaved at residue Asp226 to separate the protein under apoptotic 

conditions (Mazroui et al., 2008). The biophysical properties of the RRM3 

are distinct to the N-terminal ones, resulting in low aquaeous solubility. 

This thesis reports how HuR RRM3 domain tumbles independently 

in solution with respect to the RRM12 tandem. This might make the HNS 

linker accessible ― in parpcular its Ser226 ― for caspase-dependent 

cleavage, as previously reported by Mazroui et al., 2008. Thus, the finding 

that RRM3 behaves as an autonomous working module within HuR FL can 

provide the protein with additional functions like adenosyl transferase 

activity (Meisner et al., 2009) and HuR-protein molecular recognition 

processes, as was shown for the homolog Drosophila protein (Toba and 
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White, 2008) that enables more alternatives for HuR in RNA binding and 

processing. In addition, the RRM3-containing cleavage product acquires 

new functions in triggering apoptosis because it selectively binds to and 

stabilizes caspase-9 mRNA in an ARE-dependent manner (von Roretz et al., 

2012). This agrees with our NMR titrations that demonstrate a binding of 

cleaved RRM3 to AREs, although previous studies suggested that the HuR 

RRM3 role ― as part of HuR FL ― in binding to single-stranded ARE-bearing 

mRNAs was negligible (Chung et al., 1996; Yeap et al., 2002, Fialcowitz-

White et al., 2007, Barker et al., 2012). Actually, HuR RRM3 associates with 

the poly(A) tails of mRNAs (Ma et al., 1997; Anderson et al., 2000), which is 

crucial for effective mRNA stabilization by HuR (Fan and Steitz, 1998b). 

4.4.1 Multimerization of HuR RRM3 

On an intermediate NMR time scale, isolated RRM3 is in a 

monomer/multimer exchange that makes the resonances belonging to the 

Trp261-Thr271 stretch at the C-end of helix α1 non-detectable. Thus, we 

suggest that RRM3 dimerization involves its α1-helix placed at the surface 

opposite to the RNA-binding platform, as previously proposed for 

homologous proteins such as ELAV in Drosophila upon mutating Trp419 

(Trp261 in HuR; Toba and White, 2008). 

Toba and colleagues reported that multimerization of the homolog 

ELAV protein from Drosophila is dependent on RRM3 and the linker part 

(Toba and White, 2008). In this work it could be demonstrated that also the 

isolated domain of the human homolog HuR is able to form such multimers. 

This is especially interesting due to the cleavage of RRM3 and that it 

appears isolated within the cell under apoptotic conditions (Mazroui et al., 

2008). It could be the case that, despite multimerization, the protein 

transports distinct Uracile-rich RNA targets and accumulates them by 

multimerization in form of stress granules (Gallouzi et al., 2000). 

Furthermore we can speculate that HuR RRM3 may be involved in 

degradation pathways, as it is already reported that certain RBPs, such as 

KSRP or AUF1, interact with the exosome (Chen et al., 2001). 

Our AU- and MALDI analysis confirm the oligomerization of RRM3, 

and that RRM3 W261E mutant shifts the monomer/dimer equilibrium 

towards the monomeric RRM3 form. Therefore, RRM-RRM interactions 
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often take place through their α-helices. For instance, RRM3 and RRM4 

from Polypyrimidine Tract Binding protein (PTB) mainly contact through 

helix α2 of RRM4 and helix α1 and α2 of RRM3, resulting in the 

perpendicular positioning of both RRM (Oberstrass et al., 2005). On the 

other hand, in FBP-Interacting Repressor (FIR) protein, the α-helix face of 

RRM1 packs onto the β-sheet face of RRM2, creating a stable interface 

(Crichlow et al., 2008; Cukier et al., 2010). Interestingly enough is the 

crystallographic structure of HuR RRM1 motif, which reveals a homodimer 

assembled through helices α 1 and α 2 (Benoit et al., 2010).  

Multimerization of Hu protein family is then dependent on RRM3 

motif and more especially on its well-conserved Trp261 (Toba and White, 

2008). In fact, the whole Trp261-Thr271 stretch is highly conserved among 

Hu proteins. Our structural studies on HuR RRM3 also demonstrate that the 

monomer/dimer exchange of HuR RRM3 takes place even in absence of 

RNA, in contrast to previous reports suggesting that RNA promotes HuR FL 

multimerization (David et al., 2007; Fialcowitz-White et al., 2007). 

Importantly, no additional resonances corresponding to the Trp261-Thr271 

gap appear on the 15N-HSQC NMR spectra upon binding to short single-

stranded 5-mer RNA oligonucleotides, from which it follows that the 

oligomerization exchange remains unaltered. The fact that HuR FL forms 

stable oligomeric complexes in presence of long RNA fragments suggests 

that additional experiments are necessary to explain how far the 

oligomerization of isolated RRM3 would change by long and highly-

structured ARE-bearing RNAs. On the other hand, the multimerization of 

HuR could be prevented by the W216E mutation, as already showed for the 

homolog Drosophila protein (Toba and White, 2008). For this mutant, the 

AU experiments demonstrate a unique monomeric protein population, also 

independent of RNA interactions. For future investigation, it would be of 

interest what consequences this mutation has at the cellular level. 

4.4.2 RNA Binding of HuR RRM3 

RRM-comprising RBPs are usually known to bind single-stranded 

nucleic acids by stacking with aromatic residues placed at the central β-

strands (β1 and β3) of the β-sheet, although a high variety of RNA binding 

mechanisms have been described for RRM modules (for a review, see Clery 
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et al., 2008). By NMR experiments we confirm the RNA binding to these 

secondary structure elements of RRM3 for both 5´-AUUUA-3´ and 5´-

UUUUU-3´ oligonucleotides. In addition, we found out that the HuR RRM3 

protein platform to interact with 5´-UUUUU-3´ RNA is extended and 

involves the whole β-sheet. This agrees with a preferential binding of RRM3 

to pyrimidine bases rather than to purine derivates, based on chemical-shift 

perturbations data. 

Preferences by 5-mer U-rich elements over AU-rich motifs were 

already observed for the heterogeneous nuclear RiboNucleoprotein C 

protein (hnRNP1; Sokolowski et al., 2001) and HuR FL (Sokolowski et al., 

1999; López de Silanes et al., 2004). More recently, it has been also 

demonstrated that HuR FL recognizes mRNAs containing U-richness and 

single-strandedness, where a substitution of U by A or C has a moderate 

effect on HuR binding affinity, whereas an exchange by G has a drastic 

effect (Barker et al., 2012). The interruption of U-rich sequences with Cs to 

result UC-rich motifs is also recognized by HuR FL, although its RRM3 

module does not bind this RNA probe at all (Yeap et al., 2002). Meriting 

particular interest, the RRM3-containing cleavage product specifically binds 

ARE1 of caspase-9 mRNA, which lacks of 5´-AUUUA-3´ sequences but 

contains a U-rich region (von Roretz et al., 2012). Thus, ARE1 of caspase-9 

mRNA is classified as a Class III ARE, according to the categories defined by 

Chen and coworkers (Chen et al., 1995). 

Ongoing experiments would be necessary to find out which 

sequence specificity and number of nucleotides are preferred for distinct 

RRM domains not only from HuR protein but also from other RBPs. This 

observation is a small contribution to the complex field of the interaction 

between proteins and RNA inside the cell, where we have a sum of many 

more factors, as competition with other RBPs by RNA sequences and 

cellular conditions. Indeed, the complex network of elements acting in cis- 

and trans-factors within the cell makes it difficult to predict those exact 

working mechanisms for controlling mRNA fate. 

4.4.3 Phosphorylation of HuR RRM3 

The RBPs which act as trans-factors are often upper-

regulated by posttranslational modifications, such as 
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phosphorylation. In HuR, phosphorylation at RRM3 Ser318 residue 

implies an important mode in its regulation, with consequences in 

colon carcinoma cells due to HuR dysregulation (Doller et al., 2011). 

The Ser318 residue of HuR RRM3, which is phosphorylated by PKCδ 

(Doller et al., 2008a), was mutated by an aspartate to mimic 

phosphorylation events.  

Both RRM3 WT and RRM3 S318D models agree on the 

secondary structure and the chemical stability. The major difference 

was found at the level of RNA recognition, since RRM3 S318D binds 

U-rich stretches with an apparent lower affinity than RRM3 WT, 

although RNA docks on both RRM3 species using similar platforms. 

This result can be explained by an electrostatic repulsion effect 

between Asp318 and the negatively charged RNA (Barker et al., 

2012). Indeed, the backbone amide of Asp318 is physically in contact 

with RNA, as inferred from chemical-shift data. 

In contrast to our findings, Doller and coworkers (Doller et 

al., 2010) reported a higher binding affinity of phosphorylated HuR FL 

with AU-bearing mRNA stretches (Doller et al., 2010). Plausible 

explanations arise from: i) differences in length, degree of structure 

and sequence of AU-containing long mRNAs and 5´-UUUUU-3´ short 

RNA molecules; ii) differences in number of RRMs making up HuR FL 

and RRM3 S318D species; iii) differences on how Ser318 residue is 

modified by PKCδ-dependent phosphorylation of HuR FL or by 

Ser318-by-Asp318 substitution on isolated HuR RRM3. 

Our study underlines the exceptional properties of HuR RRM3 

as a multi-functional domain which may lead to HuR oligomerization 

and binding to U-rich RNA targets at once, using two opposite RRM 

surfaces. 
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Conclusions 

1. The three RNA Recognitionn Motifs (RRM) of the HuR protein 

are arranged in two different functional complexes, namely 

the the N-terminal di-domain RRM12 and the C-terminal 

domain RRM3. In the absence of RNA, RRM12 and RRM3 

tumble independently from each other. 

 

2. When forming the RRM12 di-domain, the thermal stability of 

RRM1 is not affected but RRM2 is significantly destabilized. 

This finding suggests that RRM12 forms a tandem unit. 

 

3. Phosphorylation-mimicking mutations have negligible effects 

on the secondary structure of the HuR RRM domains. 

 

4. Phosphorylation-mimicking mutations of the RRM12 

construct have diverse effects on the thermal stability of the 

protein, depending on the position of the mutated serine. 

The RRM12 di-domain is slightly destabilized by the S88D 

mutation in RRM1, significantly destabilized by the S158D 

mutation in RRM3 and is not affected by the S100D mutation 

in the linker between RRM1 and RRM2. 

 

 

 

 



Conclusions 

108 
 

5. The binding affinity of the RRM12 S158D phosphorylation-

mimicking mutant to the c-fos mRNA oligomer 

5´-AUUUUAUUUUA-3´ is 4–fold higher than that of RRM12 

WT. On the other hand, no differences in the RNA affinities of 

the RRM12 S88D and S100D species with respect to the WT 

are observed. 

 

6. A successful detergent-based strategy to get the HuR RRM3 

solubilized has been developed for the first time. 

 

7. An NMR restraint-based model of HuR RRM3 has been 

created using the CS23D server. The model reveals the 

canonical β1α1β2β3α2β4 topology of HuR RRM3. 

 

8. A conserved binding surface patch on the β−sheet of HuR 

RRM3 interacts with both 5´-mer AU-rich and U-rich RNA 

stretches. Interestingly, the domain seems to bind to 

5´-UUUUU-3´ RNA with higher affinity than to 5´-AUUUA-3´ 

oligonucleotides. Binding to the U-rich stretches involves the 

whole β−sheet, whereas the interaction of RRM3 with 

AU-rich oligonucleotides is restricted to β1 and β3 strands. 

 

9. Posttranslational modification of HuR RRM3 by 

phosphorylation has negligible effects on both, the structure 

and stability, of the protein. However, the RRM3 S318D 

phosphomimetic mutant binds to the 5´-mer RNA oligomer 

5´-UUUUU-3´ with less affinity than the WT protein.  

 



Conclusions 

 

 

10. HuR RRM3 WT is in a monomer/dimer equilibrium even in 

absence of RNA. The dimerization epitope spans the residues 

from Trp261 to Thr271, which are located on the surface of 

α1-helix and its C-terminal nearby loop at the opposite site of 

the RNA binding platform. 
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