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  Resumen del Trabajo:  

La atrofia muscular espinal es una enfermedad neurodegenerativa autosómica 

recesiva, causada en la mayor parte de los casos por mutaciones en el gen SMN1. Los 

niveles de expresión del gen homólogo, SMN2, no compensan la actividad de la 

proteína SMN. Algunos estudios han descrito que la inestabilidad del gen SMN2 se 

debe a una transición C→T en el exón 7, lo cual produce que la mayoría de los 

tránscritos de SMN2 se produzcan por empalme alternativo, excluyendo el exón 7.  

Sam68 pertenece a la familia de proteínas STAR (transducción de señales y 

activación del ARN), la cual regula el proceso de empalme alternativo en varios genes 

implicados en la neurogénesis. La inhibición de la actividad de Sam68 puede rescatar la 

actividad de SMN, lo que sugiere que esta proteína juega un papel importante en esta 

enfermedad. El desarrollo de péptidos pequeños / moléculas interferentes para modular 

el empalme alternativo del gen SMN2 puede ser efectivo y mejorar la actividad motora. 

Este enfoque requiere resolver la estructura 3D de Sam68, así como el modelado de la 

interacción ARN-proteína.  

En este proyecto se han llevado a cabo estudios estructurales mediante el uso de 

diversas herramientas computacionales para la predicción de estructura de Sam68, así 

como para la predicción de interacciones ARN-proteína. Las puntuaciones obtenidas 

fueron más altas en la región correspondiente al dominio KH (dominio de unión al 

ARN), aunque la fiabilidad de la predicción de los residuos que interaccionan con el 

ARN es más limitada debido a la falta de estudios experimentales disponibles en las 

bases de datos. 
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  Abstract: 

Spinal muscular atrophy (SMA) is an autosomal recessive, and 

neurodegenerative disease, most of the cases caused by mutations in the SMN1 gene. 

The expression levels of the homologue gene, SMN2, do not compensate the activity of 

the SMN protein. A number of studies have described that the instability of the SMN2 

gene is due to a C→T transition in exon 7, which causes that the majority of SMN2 

transcripts are alternatively spliced, excluding exon 7.  

Sam68 is a member of the STAR family of proteins (signal transduction and 

activation of RNA), which regulates the alternative splicing of several genes involved 

in the neurogenesis. Inhibition of Sam68's activity can rescue SMN activity, suggesting 

an important role of this protein in the disease. The development of short interfering 

peptides / molecules to modulate the alternative splicing of the SMN2 gene may be 

effective and improve the motor function. This approach requires the resolution of the 

3D-structure of Sam68, as well as the modeling of the protein-RNA interaction.  

In this project, structural studies Sam68 have been carried out by using different 

computational tools for protein structure prediction, as well as for prediction of RNA-

protein interactions. The scores obtained were greater in the area corresponding to the 

KH domain (RNA-binding domain), although the reliability prediction of RNA-

interacting residues was more limited due to the lack of experimental research available 

in the databases. 
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1. Introduction 
 

 

1.1 Background and motivation for the proposed work 
 

1.1.1. Spinal Muscular Atrophy  

Spinal Muscular Atrophy (SMA) is an autosomal recessive, and 

neurodegenerative disease. It is characterized by degeneration of the α-motoneurons of 

the anterior horn in the spinal cord (Figure 1), which leads to progressive weakness and 

muscular atrophy; in the most severe cases, it could cause paralysis. Currently, it is 

divided into three main subtypes, being the Type I the most severe. There is a fourth 

subtype, Type 0, with onset in the gestational period and death before six months of age.  

On the contrary, Type IV is the mildest form with adult-onset and an average life 

expectancy [1]. A summary of the clinical classification of SMA is shown in Table 1. 

 

Figure 1. Cross section of the spinal cord. The SMA affects α-motoneurons of the 

anterior horn. 

 

Up to date there are only a small number of epidemiological studies, although it 

is commonly cited an incidence of about 1 in 10000 births. For more information about 

epidemiological data of SMA, see the work of Verhaart et al. [2]. 
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SMA Type Natural age of death 

0 < 6 months 

I  

(Werdnig Hoffmann disease) 
< 2 years 

II 
> 2 years 

III  

(Kugelberg Welander disease) 
Adulthood 

IV Adult 

     Table 1. Clinical types of Spinal Muscular Atrophy. 

SMA is an autosomal recessive disease, most of the cases caused by mutations in 

the SMN1 gene, located in the telomeric region of the chromosome 5q13.2 [3]. The 

SMN1 gene encodes the SMN (survival motoneuron) protein, which regulates the 

byosinthesis of the small nuclear riboproteins. A homologue gene, SMN2, is present in 

humans. However, the expression levels of this gene do not compensate the activity of 

the SMN protein. A number of studies have described that the instability of the SMN2 

gene is due to a C→T transition in exon 7, which causes that the majority of SMN2 

transcripts are alternatively spliced, excluding exon 7. As a result, the protein has a 

different C-terminal end, unstable and non-functional (Figure 2), and does not support 

the survival of α-motoneurons [3, 4]. 

 

Figure 2. Schematic representation of the alternative splicing of exon 7 in the SMN2 

gene. 
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1.1.2. Sam68: a member of the STAR family  

RNA-binding proteins (RBP) generally regulate alternative splicing. The work 

of Lukong and Richard [5] showed a potential binding site of the RBP Sam68 (Src-

associated protein in mitosis of 68 kDa) by sequencing of exon 7, located upstream the 

consensus sequence for the heterogeneous nuclear ribonucleoprotein hnRNP A1. Sam68 

(SRC associated in mitosis of 68 kDa) is a member of the STAR family (signal 

transduction and activation of RNA metabolism), which is a family of RNA binding 

proteins (RBP) that link signaling pathways to DNA processing [5], including the 

alternative splicing of several genes involved in the neurogenesis.  

1.1.2.1. Structure of Sam68 

Proteins belonging to the STAR family share common structures. They contain 

the GRP33/SAM68/GLD-1 (GSG) domain for RNA binding, intracellular localization, 

and homodimerization domain. It is formed by a heterogeneous nuclear 

ribonucleoprotein particle K (hnRNP K) homology domain (KH), which is flanked by 

two regulatory regions. The KH RNA binding domain consists of 70-100 amino acids 

and it is a region evolutionarily preserved [6]. Sam68 also contains six proline-rich 

motifs (P0-P5), arginine/glycine/glycine (RGG) and arginine/glycine (RG) boxes, a 

tyrosine rich region at the C-terminal domain, and a nuclear localization signal (NLS). 

Figure 3 shows the structure of Sam68.   

 

Figure 3. Schematic representation of the protein Sam68 and one of the mRNA 

isoforms of Sam68 (taken from Frisone et al. [7]).  
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1.1.2.2. Sam68 and apoptosis 

The RBP Sam68 has been implicated in the regulation of apoptosis [8, 9]. The 

work of Paronetto et al. [10] described that Bcl-x is a target of Sam68. Alternative 

splicing results in the production of either the proapoptotic Bcl-x(L) protein or the 

antiapoptotic Bcl-x(L) protein. They reported that the levels of Sam68 affected the ratio 

between Bcl-x(L) and Bcl-x(s) proteins, by shifting the balance toward the proapoptotic 

isoform when intracellular levels of Sam68 increased. Point mutations or knock-down 

of Sam68 impaired its activity regarding the alternative splicing of Bcl-x. 

Posttranslational modifications differentially regulate Sam68 activity. In the case of Bcl-

x, phosphorylation by Fyn promotes the expression of Bcl-x(L), whereas 

phosphorylation by Erk1/2 does not affect Sam68-mediated alternative splicing of Bcl-

x. 

1.1.2.3. Sam68 and cancer 

Gene expression and post-transcriptional regulation are processes commonly 

modified in cancer cells, accompanied by alterations in alternative splicing and 

translation. Sam68 has been associated with different types of cancer. In prostate cancer 

patients, higher levels of Sam68 were reported and knock-down of Sam68 by RNAi 

affected cell proliferation and survival [11]. High Sam68 expression was also found in 

renal cell carcinoma which, together with its cytoplasmic localization, may be 

associated with prognosis and survival in this disease [12]. Similar findings regarding 

mRNA levels, protein levels and cytoplasmic localization were reported by Li et al. [13] 

in cervical cancer. Moreover, down-regulation of Sam68 by shRNA impaired motility 

and invasiveness of cancer cells. Levels of Sam68 were increased at both transcriptional 

and translational levels in oral tongue cancer and can be related to disease prognosis as 

well [14]. Upregulation of Sam68 was found in colorectal cancer (CRC) cell lines and 

CRC patients, suggesting an oncogenic role of this protein [15]. 

Taken together, these works and others support the hypothesis that Sam68 play 

an oncogenic role and that it can be used as a prognostic tool in several types of cancer. 
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1.1.2.4. Sam68 and spinal muscular atrophy 

Although it has been described the implication of Sam68 in several types of 

cancer, up to date there are only a few studies reporting an association of Sam68 and 

SMA.  

Inhibition of Sam68 activity can rescue SMN activity [16], suggesting an 

important role of this protein in the disease. In addition, several compounds which 

interfere SMN2 splicing have been shown to improve the motor function and to increase 

SMN protein levels in mice [17]. 

 

1.1.3. Sam68 – RNA interactions 

 

As mentioned above, members of the STAR family have a highly conserved 

RNA-binding domain. It consists of a KH domain delimited by the QUA1 and QUA2 

regions, also referred as N-terminal of KH (NK) and the C-terminal of KH (CK) 

regions, respectively [5].   

Sam68 binds to poly(U) [18] and poly(A) [6] ribonucleotide homopolymers. 

Further experiments using SELEX (systematic evolution of ligands by exponential 

enrichment) approaches identified UAAA, UUUA, and a bipartite UAAA-UUAA motif 

as targets for Sam68 [19, 20].  

More recently, interaction of Sam68 with long non-coding RNA (lncRNA) has 

also been described [21]. Specifically with a noncoding RNA activated by DNA 

(NORAD), which binds to RBPs and affects their ability to regulate other targets. This 

work described that the interaction with Sam68 is required for recruitment of the gen 

PUM2 to NORAD, regulation of Pum activity and proper chromosome segregation.  

Regarding the involvement of Sam68 in SMA, an interaction of Sam68 and the 

SMN2 gene was reported [16]. Specifically, an exonic splicing silencer (ESS) in exon 7, 

UUUUA, is a binding site for Sam68. Recently, Feracci et al. [22] provided a high-

resolution structure of Sam68 (and T-STAR protein) bound to its target RNAs and 

showed that the QUA1 region is involved in Sam68 dimerization. Moreover, the 

optimal sequence is a (A/U)AA-N>15- (A/U/AA) bipartite motif, with a linker length of 
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more than 15 nucleotides between the two parts of the motif. The different structures 

from this work, in complex with RNA have been deposited in the PDB database with 

the accession numbers: 5EL3 (T-STAR KH free), 5ELR (T-STAR KH-

QUA2/AAUAAU), 5ELS (T-STAR KH/AAAUAA), 5ELT (T-STAR QUA1-

KH/UAAU) and 5EMO (T-STAR STAR/AUUAAA). It is noteworthy to mention that 

these structures are based on T-STAR (also named SML-2), another member of the 

STAR family which shares around 70% amino acid sequence identity with Sam68. 

To date, this is the only work which has addressed the structural study of the 

protein Sam68 and its interaction with RNA. Since the regulation of the alternative 

splicing in SMN2 gene, in which Sam68 is involved, has emerged as a promising target 

for therapeutic approaches, more structural studies of Sam68 and its interaction with 

RNA are needed. 

 

1.1.4. Current treatments of spinal muscular atrophy  

 

SMA is characterized for the loss of the SMN1 gene, encoding for the SMN 

protein. A duplicate gene SMN2 does not compensate the functional loss of SMN1 in 

SMA patients.  

The SMN protein is ubiquitously expressed and it is localized in the cytoplasm 

or the nucleoplasm (Figure 4). Several functions have been attributed to this protein, 

including the assembly of small nuclear ribonucleoproteins (snRNP) [23], synaptic 

vesicle release [24], mRNA transport [25], or cytoskeleton dynamics [26, 27]. 

Nevertheless, despite the several processes in which SMN is involved, none of them is 

exclusively responsible of the SMA disease. 

Currently, the therapeutic options for SMA can mainly be divided into SMN-

dependent or SMN-independent approaches. Due to the aim of this project, we will 

focus on SMN-dependent approaches, although the extended review in SMA 

therapeutics of Bowermann et al. [28] is strongly recommended.  
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Figure 4. An overview of RNA and protein expression of the SMN1 gene and the SMN 

protein, respectively. Data of RNA expression are reported as numbers of transcripts per 

million (TPM). The protein scores are based on a best estimate of the “true” protein 

expression from a knowledge-based annotation. This overview can be accessed through 

https://www.proteinatlas.org.  

As previously mentioned, the instability of the SMN2 gene is due to a CT 

transition in exon 7, which eventually causes the alternative splicing of the transcripts, 

excluding exon 7. Therefore, interfering with this process has become a new therapeutic 

strategy, allowed by the development of the antisense oligonucleotide (ASO) 

technology [29]. 

Singh et al. [30] showed that a sequence in intron 7 of the SMN2 gene (intron 

splicing silence N1, ISS-N1) may favor the exclusion of the exon 7. This finding has led 

to the development of an ASO therapy based on this sequence [31] named nusinersen 

(commercial name Spinraza). The drug was approved in December 2016 by the United 

States Food and Drug Administration (US FDA) for all types of SMA. Nusinersen was 

also recommended for European Union approval by the EMA in April 2017 and given 

marketing authorization in June 2017 [28]. Figure 5 shows the ISS-N1 sequence and the 

site where nusinersen anneals. 

https://www.proteinatlas.org/
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Figure 5. Schematic representation of the region within the ISS-N1 sequence where the 

the nusinersen anneals to prevent the exclusion of exon 7. 

 

1.1.5. Protein structure and modeling in drug discovery and 

design 

Structural Bioinformatics (or Computational Structural Biology) is the branch of 

bioinformatics which is related to the analysis and prediction of the three-dimensional 

structure of biological macromolecules such as proteins, RNA, and DNA. 

In the last years, the number of sequences and structure data of proteins has 

increased exponentially. The improvement in experimental and computational methods 

has contributed to the development of huge Data Banks where the current knowledge 

about protein sequence, structure, function, and interaction is collected. 

This field of expertise has paved the way for a better understanding of protein 

interactions with other molecules, and therefore for new methods of drug design.  

In the case of SMA, several pieces of evidence point to a key role of Sam68 in 

SMA and to consider this protein as an emerging therapeutic target. The development of 

short interfering peptides / molecules to modulate the alternative splicing of the SMN2 

gene may be effective and improve the motor function in SMA patients. This approach 

requires the resolution of the 3D-structure of Sam68, as well as the modeling of the 

protein-RNA interactions. 
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1.2. Objectives 
 

The aims of this project are: 

-Understanding of the role of Sam68 in spinal muscular atrophy. 

-Studying the Sam68 structure. 

-Analysis of currently known experimental structures related to Sam68. 

-Using different computational tools to predict Sam68 3D-structure. 

-Using different computational tools to predict Sam68-RNA interactions. 

 

1.3 Materials and methods 
 
 

1.3.1. Databases 

1.3.1.1. UniProt 

This protein database (http://www.uniprot.org/) provides a large amount of 

annotations in comparison with any other protein databases. This database was used to 

obtain information about protein function, subcellular location, sequence, structure, 

family domains, etc.  

 

1.3.1.2. PDB 

The Protein Bank Database (PDB) is the only international repository of protein 

structures (https://www.rcsb.org/) [32]. It provides information of the experimental data, 

sequence, ligands, etc. In addition, the structural information, coordinate files, FASTA 

sequence files, or Fo-fc / 2Fo-fc electron density maps can be downloaded for further 

analysis. This database was used to collect and study the different PDB structures 

related to Sam68.  

 

1.3.1.3. PDBsum 

Based on the protein structures deposited in the PDB, the PDBsum database 

(www.ebi.ac.uk/pdbsum) provides images of the PDB structures, secondary structure 

http://www.uniprot.org/
https://www.rcsb.org/
www.ebi.ac.uk/pdbsum
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analysis, or diagrams of protein-ligand and protein-nucleic acid interactions [33]. This 

database was used to analyze the residues of the PDB structures related to Sam68 in 

contact with the RNA. 

 

1.3.1.4. InterPro 

This database (https://www.ebi.ac.uk/interpro/) provides an analysis of protein 

sequences, and classifies them into families, domains, and other important sites [34]. 

 

1.3.2. Sequence alignments 

BLAST protein (BLASTp) was used to find homologous proteins of Sam68 by 

local alignments. This tool is provided by the National Center for Biotechnology 

Information (NCBI) at https://blast.ncbi.nlm.nih.gov/Blast.cgi . 

 

1.3.3. Secondary structure prediction 

1.3.3.1. PSIPRED 

PSIPRED (Psi-blast based secondary structure prediction) was used to visualize 

the secondary structure prediction of Sam68. This tool is available at 

http://bioinf.cs.ucl.ac.uk/psipred/. 

 

1.3.3.2. JPRED 

JPRED (http://www.compbio.dundee.ac.uk/jpred/index_up.html) was used for 

secondary structure prediction as well. It uses the algorithm Jnet for the prediction of 

the secondary structure and also coiled-coils regions and solvent accessibility using the 

Lupas method [35]. 

 

1.3.4. Model prediction 

1.3.4.1. Protein disorder prediction 

PrDOS server has been used to study the presence of disordered regions in our 

query protein [36]. This tool scores the disorder probability of each residue and it is 

available at the website http://prdos.hgc.jp/cgi-bin/top.cgi 

 

https://www.ebi.ac.uk/interpro/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://bioinf.cs.ucl.ac.uk/psipred/
http://www.compbio.dundee.ac.uk/jpred/index_up.html
http://prdos.hgc.jp/cgi-bin/top.cgi
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1.3.4.2. Signal peptide prediction 

Signal peptides are 20 – 30 amino acids fragments present in the majority of 

newly translated proteins which are going through the secretory pathway. 

Transmembrane proteins, proteins with subcellular localization (mainly Golgi 

apparatus, Endoplasmic Reticulum, or endosomes), and proteins to be secreted are 

targeted with these signal peptides. The SignalP 4.1. Server was used to identify signal 

peptide cleavage sites (http://www.cbs.dtu.dk/services/SignalP/) [37]. 

 

1.3.4.3. Comparative protein modeling 

-Homology modeling 

It is based on the assumption that homologous proteins have similar structures. 

The search of templates was carried out using HHPred [38, 39], which finds 

homologous proteins (https://toolkit.tuebingen.mpg.de/#/tools/hhpred). Below is a list 

of the servers used for 3D prediction of Sam68: 

 -BhageerathH - http://www.scfbio-iitd.res.in/bhageerathH+/ 

 -Raptor X [40] - http://raptorx.uchicago.edu/ 

 -Phyre2 [41] - www.sbg.bio.ic.ac.uk/~phyre/ 

 -IntFOLD3 [42] - http://www.reading.ac.uk/bioinf/IntFOLD/ 

 -SWISS-MODEL [43] - https://swissmodel.expasy.org/ 

-Protein threading 

It analyzes the primary structure of a protein and relates it to a 3D structure 

based on a database of solved structures. It is also called 3D-1D fold recognition.  

-I-TASSER 

I-TASSER (Iterative Threading ASSEmbly Refinement) [44-46] identifies 

structural models from PDB by multiple threading alignments and constructs atomic 

models by iterative template fragment assembly simulations 

(https://zhanglab.ccmb.med.umich.edu/I-TASSER/).  

 

1.3.4.4. Ab initio structure prediction 

-QUARK 

QUARK builds models by Montecarlo simulations using small fragments (1-20 

residues), and it is suitable for proteins without homologous templates in PDB [47, 48]. 

http://www.cbs.dtu.dk/services/SignalP/
https://toolkit.tuebingen.mpg.de/%23/tools/hhpred
http://www.scfbio-iitd.res.in/bhageerathH+/
http://raptorx.uchicago.edu/
http://www.sbg.bio.ic.ac.uk/~phyre/
http://www.reading.ac.uk/bioinf/IntFOLD/
https://swissmodel.expasy.org/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
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QUARK server leads the rank of free modeling in CASP9 and CASP10 experiments, as 

stated in its website (https://zhanglab.ccmb.med.umich.edu/QUARK/). 

 

1.3.5. RNA-protein interactions 

 

- PPRint (Prediction of Protein Interaction) was used for the prediction of 

residues within the Sam68 sequence which may interact with RNA [49]. This site can 

be accessed at http://webs.iiitd.edu.in/raghava/pprint/index.html. 

 -RNABindRPlus is a web application which also predicts the RNA-interacting 

residues (http://ailab1.ist.psu.edu/RNABindRPlus/).  

-catRAPID is a server developed by Bellucci et al. [50] which estimates the 

propensity of RNA-protein interactions. More catRAPID modules have been developed 

since its creation to accomplish different approaches 

(http://s.tartaglialab.com/page/catrapid_group). 

-The KYG method (http://cib.cf.ocha.ac.jp/KYG/) was used for prediction of 

RNA-binding sites from protein 3D structures [51]. 

 

1.3.6. Software  

1.3.6.1. WinCoot 

This program is used to display atomic models of macromolecules, enable their 

manipulation and validation of these models with the 3D electron density maps obtained 

by X-ray crystallography methods. WinCoot was used to visualize the different PDB 

structures and their electron density maps related to the protein Sam68.  

 

1.3.6.2. PyMOL 

PyMOL is one of the most used computer software to visualize from small 

molecules to macromolecules, and one of the most useful tools in structural biology. It 

was used to visualize the different PDB structures, as well as the different models 

generated by the servers used for 3D structure prediction. 

 

 

https://zhanglab.ccmb.med.umich.edu/QUARK/
http://webs.iiitd.edu.in/raghava/pprint/index.html
http://ailab1.ist.psu.edu/RNABindRPlus/
http://s.tartaglialab.com/page/catrapid_group
http://cib.cf.ocha.ac.jp/KYG/
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1.4. Project scheduling 
 

The main tasks required and their timing to accomplish the aims of this project 

are summarized in the Gantt diagram shown below: 

 

 

 

For each PEC, the specific tasks are detailed according to the initial working 

plan proposed. 

 

-PEC 2 

 Literature review to present and analyse part of the published literature 

which is relevant for the project: spinal muscular atrophy, Sam68 and its 

involvement in the disease, and current treatments. 

 Search solved protein structures submitted in the Protein Data Bank 

which are related to Sam68. 

 Visualization of these structures using two programs: PyMOL and 

WinCoot. 

 

As a result, the Introduction section was written with the most significant 

information found in order to provide a proper background and present the aims of this 

study.  

All the current structural information about Sam68 was also collected together 

with an analysis of the PDB structures available. The program WinCoot was used to 

study these files together with their electron density maps, focusing on those residues in 
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contact with RNA which had lowest scores in the density analysis carried out by the 

program. PyMOL was used to visualize these structures. As a result, the main section 

“Structure of the protein Sam68” was drafted and submitted. 

 

-PEC 3 

 Search for the most convenient software for structure predictions and 

interactions. 

 Predictions of Sam68 and comparison of the results 

 

The rest of the main chapters of this work derived from these tasks. Different 

servers were used for the structural prediction of Sam68, in order to compare the results. 

Homology based predictions and protein threading were the main methods employed 

for this particular case, since the templates found for the protein had good identity 

percentages. Nevertheless, an online facility for ab initio prediction was also used to 

check the differences with the previous ones. A similar approach was employed to study 

RNA-protein interactions.  

Once these tasks were completed, the “Materials and methods” section was 

drafted with all the resources employed to fulfill the purpose of this work. In addition, 

the “Appendices” section was added with supplemental information and submitted 

together with the other chapters mentioned above. 

 

-During the Masters Dissertation semester 

All the figures and tables required for this work were made in their respective 

sections. At the end of PEC 2, the drafting of the dissertation and its layout started, 

including the revision of the “References” and “Glossary” sections. 

 
 

1.5. Summary of the results 
 

Several predictions of the 3D structure of Sam68 were obtained and visualized, 

with high reliability results regarding the RNA-binding domain. The areas outside this 

domain were predicted as highly disordered, and a proper prediction was not achieved.  

Interactions between RNA and Sam68 were predicted. However, the accuracy of 

these predictions is not high enough yet. 
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1.6. Summary of the chapters in the Masters Dissertation 
 
 

Chapter 2 – Structure of the protein Sam68: with the updated information about 

the structure of Sam68 and a review of the experimental structures available related to 

the protein. 

Chapter 3 – Structure predictions of Sam68: description of the different models 

predicted by different methods (homology modeling, protein threading, ab initio 

prediction) and discussion of the results. 

Chapter 4 – Sam68 – RNA interactions: with the different predictions of RNA-

interacting residues using different tools and discussion of the results. 

Chapter 5 – Conclusions: with the highlights of the work and with certain 

approaches for future work pointed out. 

Chapter 6 – Glossary: a full list of the main terms related to the field of 

expertise, in alphabetical order.  

Chapter 7 – References: the full list of works and websites consulted for this 

work. 

Chapter 8 – Appendices: containing PDB structures used as templates for 

homology modeling in Chapter 3, but not included in Chapter 2. It also contains the four 

transcripts know for the SMN2 gene, and the nomenclature of the amino acids. 
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2. Structure of the protein Sam68 
 

2.1. Primary structure 
 

The data about the current knowledge regarding the structure of Sam68 have 

been consulted in UniProt. 

Sam68 is a protein of 443 amino acids and ca. 48 KDa. The sequence is shown 

in Figure 6. 

 
Figure 6. Primary structure of Sam68. 

 

2.2. Secondary structure 
 

Two helix motifs are reported in UniProt: one between the amino acids 100-113 

(14 amino acids length) and a second between 119-135 residues (16 amino acids 

length). Figure 7 shows the amino acid sequence with the helix motifs indicated. 
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Figure 7. The two helix motifs reported in UniProt are highlighted in red. 

 

 

2.2.1. Prediction of the secondary structure 

  

2.2.1.1. PSIPRED 

PSIPRED (Psi-blast based secondary structure prediction) is one of the best 

secondary structure predictors, available at http://bioinf.cs.ucl.ac.uk/psipred/. 

This tool was used to see a prediction of the secondary structure of Sam68. 

Figure 8 depicts the output of the prediction. Overall, the confidence of the prediction, 

indicated by the blue bars, is good. It predicts six α-helix and three β-strands. As it is 

shown in Figure 8, the α-helix regions indicated in UniProt database are similar to those 

predicted by PSIPRED, with only one or two residues of difference. Table 2 shows a 

summary of the structures predicted and where they are located. 
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Figure 8. Output of the prediction of the secondary structure of the protein Sam68 using 

PSIPRED. 

 

 

 

α-helix 
100-113 

119-132 

183-191 

206-214 

237-255 

263-273 

β-strand 
155-162 

194-198 

228-234 

Table 2. Summary of the alpha-helix and beta-strand motifs predicted using PSIPRED 

and their respective positions in the amino acid sequence. 
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2.2.1.2. JPRED 

JPRED uses the algorithm Jnet for the prediction of the secondary structure and 

coiled-coils regions and solvent accessibility using the Lupas method [35]. A summary 

of the results for prediction of Sam68 secondary structure is shown in Figure 9. Some of 

the structures predicted are identical or similar to PSIPRED prediction, being the α-

helix 118-133 and part of the helix in 240-273 the ones with greatest scores. However, 

JPRED did not predict any coiled-coils regions, as the dashes in Lupas prediction 

indicate less than 50% probability. 
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Figure 9. Output of the secondary prediction using JPRED. Jnet indicates the final 

secondary structure prediction for the sequence. Lupas indicate de Lupas coil 

prediction. Below are shown the Jnet predictions of burial of the amino acid (less than 

25% solvent accessibility, less than 5% or 0% exposure), and Jnet Rel indicates the 

reliability of the prediction accuracy, ranging from 0 to 9 (highlighted in green those 

with good scores). 

 

 

2.3. Experimental structures and models 
 

The Protein Model Portal (PMP, https://www.proteinmodelportal.org/) was used 

to access the different models available of this protein by comparative modeling 

methods. The search of Sam68 in this portal showed two experimental structures and 

four experimental models covering part of the sequence (Table 3). 

 

MODELS 

Provider Templates % Seq. ID From - To 

SWISSMODEL 5ELTA 75 % 100 - 256 

MODBASE 5ELTB 74 % 100 - 256 

SWISSMODEL 2BL5A 52 % 155 - 282 

SWISSMODEL 4JVHA 43 % 98 - 278 

EXPERIMENTAL STRUCTURES 

PDB Description % Seq. ID From - To 

3QHE Crystal structure of the 

complex between the armadillo 

repeat domain of APC and the 

tyrosine-rich domain of Sam68 

100 % 365 - 419 

2XA6 Structural basis for 

homodimerization of the Src-

associated during mitosis 68 kd 

protein (sam68) QUA1 domain 

100 % 97 - 135 

Table 3. Models and experimental structures related to Sam68, obtained in the Protein 

Model Portal. 
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Besides these structures, we have previously mentioned that the work of Feracci 

et al. [22] deposited several PDB data, with the following accession numbers and 

descriptions:  

-5EL3: Structure of the KH domain of T-STAR 

-5ELR: Structure of the KH-QUA2 domain of T-STAR in complex with 

AAUAAU RNA 

-5ELS: Structure of the KH domain of T-STAR in complex with AAAUAA 

RNA 

-5ELT: Structure of the QUA1-KH domain of T-STAR in complex with UAAU 

RNA 

-5EMO: Structure of the star domain of T-STAR in complex with AUUAAA 

RNA 

In order to study the current PDB structures available, WinCoot [52] and 

PyMOL [53] programs were used. With WinCoot, the electron density maps (EDM) of 

the different PDB are displayed and the model deposited can be studied and analyzed 

using different tools in the program. The EDM have two densities: one represented as a 

blue mesh (the 2Fo-Fc map), which depicts the actual electron density of the protein, 

and the green and red density (the Fo-Fc map); green and red blobs show either peaks in 

the map where something is modeled but there is not enough data to support it (the red 

blobs) or where the data suggest there must be something modeled but there is nothing 

in the model at this time (green blobs). The EDM were obtained either using the 

Uppsala Density Server [54] or using the mmCIF data available at PDB website and 

converting the files into .mtz files using CCP4i. Regions corresponding to the RNA-

binding sites were analyzed. The DSSP Secondary Structure available in the PDB 

website was also used to view the secondary structure prediction [55]. 

2.3.1. 3QHE 

 

This structure corresponds to the interaction of the Tyrosine-rich domain of 

Sam68 with the adenomatous polyposis coli protein [56]. This domain is located in the 
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positions 365-419, although with no secondary structure assigned in this experiment 

(Figure 10). 

 
Figure 10. Schematic view of the PDB 3QHE. The tyrosine-rich domains of Sam68 are 

represented in cyan. 

 

2.3.2. 2XA6  

 

This structure represents the homodimerization of the QUA1 domain [57], which 

is next to the KH domain. It is located in positions 99-136, and it is mainly α-helix 

(73%). The schematic view of the secondary structure is shown in Figure 11. 
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Figure 11. Schematic view of the PDB 2XA6. 

 

 

2.3.3. Structures provided by Feracci et al. 

 

The following structures were deposited by Feracci et al. [22]. They used T-

STAR protein and its interaction with RNA instead of Sam68. But these proteins share 

similar KH domains, which is the site for RNA binding. A local alignment for these 

proteins was performed using the NCBI's BLASTp 2.8.0 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins), with the first query Q07666 

(Sam68) and the second query O75525 (T-STAR), and it is shown in Figure 12.  

 

 
Figure 12. Local alignment of the proteins Sam68 (indicated as “Query”) and T-STAR 

(indicated as “Sbjct”). Both proteins share a 70% similarity. 
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2.3.3.1. 5EL3 

This structure corresponds to the KH domain of the T-STAR, located in the 

positions 53-160. Figure 13 shows the 3D structure of the domain and the sequence 

chain view, characterized by a 44% of α-helix and 18% of β-sheet. 

 
Figure 13. View of the tridimensional structure of the KH domain of T-STAR protein 

and its secondary structure predicted by DSSP. 

 

 

2.3.3.2. 5ELR 

This PDB corresponds to the structure of the KH-QUA2 domain of T-STAR in 

complex with AAUAAU RNA, with a length of 136 residues and a 37% alpha-helix and 

15% beta-sheet (Figure 14A). The PDB and UniProt sequences differ at two residue 

positions (48 and 49). The protein-RNA contact sites were consulted using PDBsum 
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(www.ebi.ac.uk/pdbsum) and are shown in Figure 14B; a view of the PDB structure 

with the schematic representation of its secondary structure is shown in Figure 14C. 
 

 

 

 

 

 

 

 

 

 

 

 
Figure 14. (A) Secondary structure of 5ELR predicted by DSSP. (B) Protein-RNA 

contact sites. The pentagon shows backbone sugar and base-number, the P shows the 

phosphate group; the star indicates residue/water on plot more than once, the blue 

dashes show hydrogen bonds, and the red dashes show non-bonded contact to 

DNA/RNA (< 3.35Å).(C) Schematic view of the KH-QUA2 domain, with the RNA 

motif showed in cyan.  

 

Next, the model was analyzed using WinCoot with special attention to the 

regions where the protein-RNA interactions are located. Overall, the scores obtained in 

the density fit analysis are good in the residues in contact with the RNA (Figure 15); the 

lowest score was in the Arg80. 
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Figure 15. Some of the residues in contact with RNA and the EDM of the PDB 5ELR.  

 

 

2.3.3.3. 5ELS  

 

This structure consists of the KH-domain interacting with the RNA motif 

AAAUAA. Figure 16A shows the 3D structure and the secondary structure (46% helix, 

18% beta-sheet), whereas the residues in contact with the RNA motif are shown in 

Figure 16B. Residues at positions 48 and 49 in the PDB differ from the sequence in 

UniProt. A view of the PDB structure with the schematic representation of its secondary 

structure is shown in Figure 16C. 
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Figure 16. (A) Secondary structure of PDB 5ELS predicted by DSSP. (B) Protein-RNA 

contact sites. The pentagon shows backbone sugar and base-number, the P shows the 

phosphate group; the star indicates residue/water on plot more than once, the blue 

dashes show hydrogen bonds, and the red dashes show non-bonded contact to 

DNA/RNA (< 3.35Å). (C) Schematic view of the KH domain, with the RNA motif 

showed in cyan.  

 

 

This structure contains 6 chains of the KH domain (A-F). The density fit graphs 

shown below (Figure 17) indicate that the scores worsen in chains D, E, and F, in 

comparison with chains A-C. However, the residues in contact with ARN have good 

scores, except for the Arg80 in chain C. 
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Figure 17. Density fit graphs for the EDM of 5ELS and a detail of the residue Arg80 in 

chain C. 

 

 

2.3.3.4. 5ELT  

 

This PDB represents the interaction of QUA1-KH domain with the RNA motif 

UAAU and the secondary structure predicted (46% helical, 14% beta-sheets; Figure 

18A). The PDB sequence lacks in this case of the residues located in positions 39-44. 

PDBsum was used to know the residues where the protein-RNA interaction takes place, 

which is shown in Figure 18B. The PDB structure is shown in Figure 18C. 
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Figure 18. (A) Secondary structure of PDB 5ELT predicted by DSSP. (B) Protein-RNA 

contact sites. The pentagon shows backbone sugar and base-number, the P shows the 

phosphate group; the star indicates residue/water on plot more than once, the blue 

dashes show hydrogen bonds, and the red dashes show non-bonded contact to 

DNA/RNA (< 3.35Å). (C) Schematic view of the KH domain, with the RNA motif 

showed in cyan.  
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2.3.3.5. 5EMO 

This structure represents the star domain (QUA1-KH-QUA2) of the T-STAR 

protein in complex with an AUUAAA RNA motif, and its secondary structure predicted 

by DSSP is shown in Figure 19A (37% alpha-helix and 11% beta-sheet). The PDB 

sequence lacks nine residues at positions 36-44 in comparison with the sequence in 

UniProt. The RNA-protein contact sites were determined using PDBsum (Figure 19B), 

and an overview of the tridimensional structure is shown in Figure 19C.  

 

 
Figure 19. (A) Secondary structure of PDB 5EMO predicted by DSSP. (B) Protein-

RNA contact sites. The pentagon shows backbone sugar and base-number, the P shows 

the phosphate group; the star indicates residue/water on plot more than once, the blue 

dashes show hydrogen bonds, and the red dashes show non-bonded contact to 

DNA/RNA (< 3.35Å). (C) Schematic view of the star domain, with the RNA motif 

showed in magenta. 
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Then the RNA-protein contact sites where checked using the EDM in WinCoot, 

and some of them are represented in Figure 20. It is worth mentioning that the lowest 

scores obtained in the density fit analysis were in the Arg80, as in the other PDB 

structures (5ELR and 5ELT). Lys85 in chain A had also a low score, whereas the 

residue Gly78 in chain B had better score. 

 

 
Figure 20. Some of the residues in contact with RNA and the EDM of the PDB 5EMO. 

The identity of the chain (A or B) is specified in brackets. 

 

 

2.3.4. Summary of the study of PDB structures 

All these PDB structures presented above provide a large amount of information 

about the structure of Sam68, since most of them are focused on the KH domain, which 

is the RNA-binding domain and therefore, a region of interest. The PDB sequences of 

3QHE and 2XA6 come from Sam68 sequence (Figure 21), whereas the rest of the PDB 

structures use T-STAR sequence, which shares around 70% identity with Sam68. These 

data pave the way for the prediction of the structure of Sam68. Figure 22 shows the 

alignment between these sequences and Sam68 sequence. 
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>3qhe_B mol: protein length:55  KH domain-containing, RNA-binding, 

signal transduction-associated protein 1 

          Length = 55 

 Score =  127 bits (318), Expect = 1e-28 

 Identities = 55/55 (100%), Positives = 55/55 (100%) 

Query: 365 TYEEYGYDDTYAEQSYEGYEGYYSQSQGDSEYYDYGHGEVQDSYEAYGQDDWNGT 419 

           TYEEYGYDDTYAEQSYEGYEGYYSQSQGDSEYYDYGHGEVQDSYEAYGQDDWNGT 

Sbjct: 1   TYEEYGYDDTYAEQSYEGYEGYYSQSQGDSEYYDYGHGEVQDSYEAYGQDDWNGT 55 

 

>2xa6_B mol: protein length:41  KH DOMAIN-CONTAINING,RNA-

BINDING,SIGNAL TRANSDUCTION-ASSOCIATED PROTEIN 1 

          Length = 41 

 Score = 81.3 bits (199), Expect = 7e-15 

 Identities = 39/39 (100%), Positives = 39/39 (100%) 

Query: 97  MEPENKYLPELMAEKDSLDPSFTHAMQLLTAEIEKIQKG 135 

           MEPENKYLPELMAEKDSLDPSFTHAMQLLTAEIEKIQKG 

Sbjct: 3   MEPENKYLPELMAEKDSLDPSFTHAMQLLTAEIEKIQKG 41 

Figure 21. Sequence alignment between Sam68 (Query) and the PDB structures (Sbjct). 

Only one chain is shown. 

>5emo_B mol: protein length:185  KH domain-containing, RNA-binding, 
signal transduction-associated protein 3 

          Length = 185 

 Score =  261 bits (666), Expect = 5e-69 

 Identities = 128/180 (71%), Positives = 150/180 (83%), Gaps = 2/180 

(1%) 

Query:  

100 ENKYLPELMAEKDSLDPSFTHAMQLLTAEIEKIQKGDSKKDDEENYLDLFSHKNMKLKER 159 

    E KYLPELMAEKDSLDPSFTHA++L+  EIEK QKG+ K  DEE Y+D+  +KNMKL ++ 

Sbjct:  

4   EEKYLPELMAEKDSLDPSFTHALRLVNQEIEKFQKGEGK--DEEKYIDVVINKNMKLGQK 61 

Query:  

160 VLIPVKQYPKFNFVGKILGPQGNTIKRLQEETGAKISVLGKGSMRDKAKEEELRKGGDPK 219 

    VLIPVKQ+PKFNFVGK+LGP+GN++KRLQEET  K+S+LGKGSMRDKAKEEELRK G+ K 

Sbjct:  

62  VLIPVKQFPKFNFVGKLLGPRGNSLKRLQEETLTKMSILGKGSMRDKAKEEELRKSGEAK 121 

Query:  

220 YAHLNMDLHVFIEVFGPPCEAYALMAHAMEEVKKFLVPDMMDDICQEQFLELSYLNGVPE 279 

    Y HLN DLHV IEVF PP EAYA M HA+EE+KKFL+PD  D+I Q Q  EL+YLNG  E 

Sbjct:  

122 YFHLNDDLHVLIEVFAPPAEAYARMGHALEEIKKFLIPDYNDEIRQAQLQELTYLNGGSE 181 

 

>5elt_A mol: protein length:162  KH domain-containing, RNA-binding, 
signal transduction-associated protein 3 

          Length = 162 

 Score =  243 bits (619), Expect = 1e-63 

 Identities = 117/159 (73%), Positives = 137/159 (86%), Gaps = 2/159 

(1%) 

Query:  

100 ENKYLPELMAEKDSLDPSFTHAMQLLTAEIEKIQKGDSKKDDEENYLDLFSHKNMKLKER 159 

    E KYLPELMAEKDSLDPSFTHA++L+  EIEK QKG+ K  DEE Y+D+  +KNMKL ++ 

Sbjct:  

4   EEKYLPELMAEKDSLDPSFTHALRLVNQEIEKFQKGEGK--DEEKYIDVVINKNMKLGQK 61 

Query:  

160 VLIPVKQYPKFNFVGKILGPQGNTIKRLQEETGAKISVLGKGSMRDKAKEEELRKGGDPK 219 

    VLIPVKQ+PKFNFVGK+LGP+GN++KRLQEET  K+S+LGKGSMRDKAKEEELRK G+ K 

Sbjct:  

62  VLIPVKQFPKFNFVGKLLGPRGNSLKRLQEETLTKMSILGKGSMRDKAKEEELRKSGEAK 121 

Query: 220 YAHLNMDLHVFIEVFGPPCEAYALMAHAMEEVKKFLVPD 258 

           Y HLN DLHV IEVF PP EAYA M HA+EE+KKFL+PD 
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Sbjct: 122 YFHLNDDLHVLIEVFAPPAEAYARMGHALEEIKKFLIPD 160 

 

>5elr_D mol: protein length:136  KH domain-containing, RNA-binding, 
signal transduction-associated protein 3 

          Length = 136 

 Score =  193 bits (491), Expect = 9e-49 

 Identities = 93/129 (72%), Positives = 109/129 (84%) 

 

Query:  

151 HKNMKLKERVLIPVKQYPKFNFVGKILGPQGNTIKRLQEETGAKISVLGKGSMRDKAKEE 210 

    +KNMKL ++VLIPVKQ+PKFNFVGK+LGP+GN++KRLQEET  K+S+LGKGSMRDKAKEE 

Sbjct:  

4   NKNMKLGQKVLIPVKQFPKFNFVGKLLGPRGNSLKRLQEETLTKMSILGKGSMRDKAKEE 63 

Query:  

211 ELRKGGDPKYAHLNMDLHVFIEVFGPPCEAYALMAHAMEEVKKFLVPDMMDDICQEQFLE 270 

    ELRK G+ KY HLN DLHV IEVF PP EAYA M HA+EE+KKFL+PD  D+I Q Q  E 

Sbjct:  

64  ELRKSGEAKYFHLNDDLHVLIEVFAPPAEAYARMGHALEEIKKFLIPDYNDEIRQAQLQE 123 

Query: 271 LSYLNGVPE 279 

           L+YLNG  E 

Sbjct: 124 LTYLNGGSE 132 

 

>5els_F mol:protein length:113  KH domain-containing, RNA-binding, 

signal transduction-associated protein 3 

          Length = 113 

 Score =  175 bits (444), Expect = 3e-43 

 Identities = 82/108 (75%), Positives = 96/108 (88%) 

Query:  

151 HKNMKLKERVLIPVKQYPKFNFVGKILGPQGNTIKRLQEETGAKISVLGKGSMRDKAKEE 210 

    +KNMKL ++VLIPVKQ+PKFNFVGK+LGP+GN++KRLQEET  K+S+LGKGSMRDKAKEE 

Sbjct:  

4   NKNMKLGQKVLIPVKQFPKFNFVGKLLGPRGNSLKRLQEETLTKMSILGKGSMRDKAKEE 63 

Query: 211 ELRKGGDPKYAHLNMDLHVFIEVFGPPCEAYALMAHAMEEVKKFLVPD 258 

           ELRK G+ KY HLN DLHV IEVF PP EAYA M HA+EE+KKFL+PD 

Sbjct: 64  ELRKSGEAKYFHLNDDLHVLIEVFAPPAEAYARMGHALEEIKKFLIPD 111 

 

>5el3_D mol: protein length:113  KH domain-containing, RNA-binding, 
signal transduction-associated protein 3 

          Length = 113 

 Score =  175 bits (444), Expect = 3e-43 

 Identities = 82/108 (75%), Positives = 96/108 (88%) 

Query:  

151 HKNMKLKERVLIPVKQYPKFNFVGKILGPQGNTIKRLQEETGAKISVLGKGSMRDKAKEE 210 

    +KNMKL ++VLIPVKQ+PKFNFVGK+LGP+GN++KRLQEET  K+S+LGKGSMRDKAKEE 

Sbjct:  

4   NKNMKLGQKVLIPVKQFPKFNFVGKLLGPRGNSLKRLQEETLTKMSILGKGSMRDKAKEE 63 

Query: 211 ELRKGGDPKYAHLNMDLHVFIEVFGPPCEAYALMAHAMEEVKKFLVPD 258 

           ELRK G+ KY HLN DLHV IEVF PP EAYA M HA+EE+KKFL+PD 

Sbjct: 64  ELRKSGEAKYFHLNDDLHVLIEVFAPPAEAYARMGHALEEIKKFLIPD 111 

Figure 22. Sequence alignment between Sam68 (Query) and the PDB structures (Sbjct). 

Only one chain is shown. 
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2.4. Domains of Sam68 

The Sam68 entry in UniProt also contains information about family and 

domains, where the KH can be found in positions 171-197 (Figure 23). 

 

Figure 23. Information about the domains of Sam68 in UniProt. This is the graph view 

of the KH domain, defined at 171-197 positions. 

The InterPro database has also been consulted to identify protein families, 

domains, and functional sites. It identifies the homologous superfamily K Homology 

domain, subtype I (97 – 284 positions). Three domains are reported as well: 

-Qua1 domain: 102 – 155  

-K Homology domain, type I: 154 – 252 

-Sam68, tyrosine rich domain: 366 – 415  
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3. Structure predictions of Sam68 
 

3.1. Preliminary aspects 
 

The well-known nuclear and cytoplasmic location of Sam68 has led us to rule 

out the study of transmembrane regions in its sequence. Disordered regions in the 

sequence have been analyzed using PrDOS server. The output is shown in Figure 24. 

Ordered residues are localized in 97 – 277 amino acids, approximately, which 

correspond to the GSG domain (which contains the KH domain) of Sam68. The rest of 

the residues of the sequence are considered disordered. 

 

 
Figure 24. Output of the disordered residues in the sequence of Sam68. 

 

In addition, the prediction of signal peptides was carried out using the SignalP 

4.1. Server, although Sam68 sequence was unlikely to have a signal peptide. As shown 

in Figure 25, no signal peptide was identified. 
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Figure 25. Output of the signal peptide analysis for the sequence of Sam68. The green 

lines represent the S-score, which is the signal peptide score. 

 

 

3.2. Homology based predictions 
 

3.2.1. HHPRED 

HHPRED was used to search for templates for Sam68. It provides a list of 

homologous proteins and their alignments with the sequence of the target. Figure 26 

shows the first ten hits of the output of this search, together with a schematic graph 

showing where the templates were found aligned with Sam68. The best templates found 

cover the GSG domain region (100 – 281 positions, approximately). 
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Figure 26. List of the closest homologous to the target Sam68. Prob indicates the true 

positive rate of the template; E-value provides the average number of false positives; the 

P-value is the result from dividing the E-value between the number of sequences; the 

Query HMM shows the region in the target sequence where the template is aligned, 

whereas the Template HMM indicates the region in the template where the target is 

aligned. 

 

 

3.2.2. BhageerathH 

This server provided five models, together with other assessments performed in 

order to make the prediction. They were found very similar in the five models proposed, 

therefore only the plots for Model 1 are shown.  

 ProTSAV Quality Assessment of Query Structure (Figure 27): it is 

a server which evaluates the quality of a protein model using several assessment 

tools and shows the results in a color plot. Green color indicates the input 

structure to be in 0-2 Å rmsd (root-mean-square deviation), yellow color 

indicates 2-5 Å, orange color indicates 5-8 Å and red color indicates input 

structure to be beyond 8 Å. The overall quality score is shown as a dot. 

 
Figure 27. Dot plot with the scores for evaluating the quality of the model. 
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 NACCESS (Figure 28): This program calculates the accessibility of a 

molecule. 

 
Figure 28. Accessibility of the residues represented by the accessible surface area. 

 

 PROCHECK (Figure 29): Provides a Ramachandran plot; this diagram 

represents the torsion angles phi and psi, which represent the relative permitted 

rotation of the N-Cα and Cα-C bonds in the main chain in a protein, respectively. 

With this plot, energetically allowed regions for a residue, based on these torsion 

angles, can be visualized. The red regions represent the favored areas, mainly alpha-

helix (lower left quadrant) and beta-sheet (upper left quadrant), whereas the yellow 

and light brown regions correspond to allowed and "generously allowed" regions, 

respectively. Upper right quadrant represents a less common conformation, the left-

handed alpha-helix. 

 
Figure 29. Ramachandran plot of the protein Sam68. 
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 VERIFY3D (Figure 30): This tool assesses the compatibility of the 3D 

model with the amino acid sequence (1D). It assigns a structural class based on its 

location and compares the results to good structures.  The graph shown in Figure 30 

represents the 3D-1D scores for each residue, which is a measure of the 

compatibility of a sequence with a protein structure based on three criteria: surface 

accessibility / area of the residue that is buried, the environment polarity (area 

covered by polar atoms), and the local secondary structure. 

 
Figure 30. Dot plot representing the 3D-1D score. The highest scores are found in three 

different regions of the protein, including the KH domain.  

 

 

Figure 31 shows the five models predicted by BhageerathH. The most 

significant helix regions are colored according to their order in the sequence. Three 

beta-sheets are predicted in the five models. The main difference between the models 

lies in the presence or absence of relative small alpha-helix structures (shown in red). 

The arrangement of the coil regions differs in the five models, mainly in the last part of 

the sequence. This can be due to the fact that this is a disordered region, which is not 

suitable for structure prediction.  
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Figure 31. The five models predicted by BhageerathH server. 

 

 

3.2.3. RAPTOR X 

The model predicted by RAPTOR X (Figure 32) has used as templates the PDBs 

5ELT-A and 5EMO-A, and comprises the 87 – 271 positions. It has an alignment score 

of 140 (out of the 443 residues). The unnormalized GDT (global distance test) score and 

the GDT score are used to estimate the model quality. In this case (a protein with >200 

amino acids), an uGDT > 50 is a good indicator. The model predicted has an uGDT 

score of 128. The P-value of the 3D model is 3.25 x 10
-6

, which is also a good indicator. 

These three measures (score, uGDT(GDT), and P-value) must be taken into account in 
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order to judge the quality of the model. In this case, all the indicators point to a high 

quality model.  

 
Figure 32. The 3D model of Sam68 predicted by RAPTOR X server (87 – 271 

position). The helix regions are colored in cyan and the beta-sheets in red. 

 

 

3.2.4. Phyre 2 

The top five models are based on the templates with PDB accession numbers: 

4JVY (chain A), 4JVH (chain A), 5ELT (chain B), 2BL5 (chain A1), and 4WAL (chain 

A). Figure 33 shows the model predicted by this server. The disordered regions shown 

as coils in purple are more compacted in comparison with the previous models, like 

surrounding the central domain.  

 
Figure 33. Predicted model of Sam68 by the Phyre2 server. The helix regions are 

colored in cyan and the beta-sheets in red. The N-terminal and C-terminal regions are 

highlighted in green and red, respectively.  
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3.2.5. IntFOLD3 

 

The 3D structure predicted by IntFOLD3 is based on the PDB structure 4JVY-A. 

It has a global quality score of 0.3758, indicating that, although not incorrect, it is not a 

very confident model. This can be due to the fact that the individual residue errors 

(Figure 34) are high in those regions where no good templates can be found, thus 

lowering the global score. The confidence level assigned to this model is “medium”, 

which is the middle point between certain and poor, and indicates less than a 1/20 

chance that the model is incorrect. Figure 35A shows the predicted model; part of it is 

not shown due to the lineal disposition of the initial and terminal regions, in order to 

better show the central domain. 

Another 3D structure was predicted using IntFOLD server (Figure 35B), this 

time submitting the sequence of Sam68 which contains the GSG domain (81 – 280 

positions). As expected, the global score improved in comparison with the previous 

model (0.665), and so did the p-value and the confidence level. The 3D structures of the 

sequence containing the GSG domain are very similar in both models. 

 

 
Figure 34. Plot of the predicted residue error provided by IntFOLD3 server. 
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Figure 35. Predicted models by IntFOLD3. (A) Using the whole sequence of Sam68. 

(B) Using a region which contains the GSG (and the KH) domain of Sam68. The helix 

regions are colored in cyan and the beta-sheets in red.  

 

3.2.6. SWISS-MODEL 

The models predicted by SWISS-MODEL were based on the PDB structures: 

5ELT-A, 4JVH-A, 5EMO-A. The global model quality estimate (GMQE) ranges 

between 0.25 and 0.28 (the score is expressed as a number between 0 and 1). As in the 

previous case, these low scores are due in part to the fact that the coverage of the 

templates is low in comparison with the total length of the sequence. Thus, the 3D 

structures provided cover the 98 – 280 region of the protein, as it can be shown in 

Figure 36. 

 

3.2.7. Summary of the predicted models of Sam68 

Some of the features that the models predicted by the different servers have in 

common are: 

 

-The templates used by the servers were quite similar. Table 4 shows the PDB 

structures used as templates by the servers, except for BagheerathH, which did not 

provide this information. 

-The global scores were low due to the fact that part of the sequence lacks of 

templates. Moreover, this area corresponds to a disordered region, where good 

predictions cannot be performed. 
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Figure 36. Models predicted by SWISS-MODEL. 

 

 

 

 RAPTOR 

X 

PHYRE 

2 

INTFOLD3 BHAGEERATH-

H 

SWISSMODEL 

Templates 5ELT-A 

5EMO-A 

4JVY-A 

4JVH-A 

5ELT-B 

2BL5-A1 

4WAL-A 

4JVY-A Not available 5ELT-A 

4JVH-A 

5EMO-B 

 

Table 4. Templates used for homology modeling by each server. 

 

-The ~80 – 280 region is the best modeled area of the protein, where most of the 

secondary structures predicted are located. Table 5 shows a summary of the regions 

where alpha-helix and beta-sheet regions are located according to the different servers 

used. 
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               RAPTOR X PHYRE 2 INTFOLD3 BHAGEERATH-

H 

SWISSMODEL 

Helix 

 

7 – 11 

 

 

 

104 – 134 

 

 

183 – 191 

206 – 215 

 

237 – 255 

261 – 275 

8 – 11 

35 – 37  

69 – 72  

74 – 78 

102 – 134  

 

 

181 – 191 

 

 

237 – 255  

262 – 275 

 

346 – 350  

404 – 407   

 

 

 

 

101 – 115  

119 – 137  

172 – 177 

182 – 191   

206 – 212  

220 – 224 

239 – 255  

262 – 276  

279 – 281   

7 – 9  

 

 

 

99 – 111  

117 – 133  

 

183 – 191  

207 – 213  

 

237 – 254  

260 – 274  

 

 

 

 

103 – 113  

119 – 134  

172 – 177  

182 – 191  

206 – 213  

221 – 224  

237 – 254  

 

β-Sheet 155 – 163 

172 – 177 

194 – 198  

228 – 234  

155 – 161  

172 – 176  

194 – 199  

227 – 232  

154 – 161  

 

194 – 198  

228 – 235  

156 – 162  

172 – 177  

194 – 199  

154 – 161 

 

194 – 198  

228 – 235  

Table 5. Summary of the positions within the Sam68 sequence, where the secondary 

structures alpha-helix and beta-sheet were predicted. 

 

In general, the secondary structure prediction was quite similar in the five 

servers used. In the case of Phyre2 four alpha-helix are predicted in the beginning of the 

sequence (between 8 and 78 positions), whereas Raptor X and BhageerathH predict a 

small helix between 7 and 11 positions. The five servers predicted an alpha-helix in the 

region 99/104 – 133/137, although two of them divided this area into two helices 

connected by a loop. In the 181/183 – 191 and 237/239 – 254/255 positions an alpha-

helix was predicted by the five servers as well. Four of them showed this secondary 

structure in 206/207 – 212/215 and 260/261 – 274/276 regions. Again, only Phyre2 

predicted two small helices in the last part of the sequence of Sam68.  

Regarding the beta-sheets, three or four were predicted and two of them were 

present in the five models: 154/156 – 161/163 and 194 – 198/199 regions. A beta-sheet 

in 227/228 – 232/235 was predicted in four out of the five servers consulted.   
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3.3. Protein threading 

 
3.3.1. I-TASSER 

This server predicted five models based on the compatibility analysis between 

the 3D structures and the linear protein sequence (Figure 37).  

 
Figure 37. The five models predicted by I-TASSER using the protein threading method. 

 

In comparison with the predicted secondary structure, the models present more 

alpha-helix regions, some of them of only three amino acids and some of them present 

at the end of the sequence. The beta-sheet regions are more similar to those predicted, 

except for Model 1, which presents two beta-sheets in different positions in comparison 

with the others. A summary of the regions where the secondary structures are found is 

shown in Table 6.  
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 PREDICTED 

SS 

MODEL 

1 

MODEL 

2 

MODEL 

3 

MODEL 

4 

MODEL 

5 

Helix 

 

 

 

 

 

100 – 133 

 

 

 

182 – 191 

 

 

239 – 254 

260 – 274  

 

 

8 - 12 

15 – 19 

50 – 55 

103 – 109  

119 – 136  

148 – 150 

  

 

185 – 194  

 

224 – 232  

241 – 252  

268 – 271 

  

 

 

373 – 380 

  

397 – 407  

 

419 – 426  

9 – 11  

 

 

102 – 113 

120 – 136  

 

164 – 166 

 

182 – 191 

206 – 215 

221 – 224  

237 – 255  

261 – 276 

279 – 281 

 

 

 

395 – 397  

 

408 – 411       

6 – 17  

 

 

102 – 113  

119 – 136  

 

164 – 166 

  

182 – 191  

206 – 213  

221 – 224  

237 – 255  

259 – 276  

 

 

 

 

 

403 – 407  

 

 

 

102 – 113 

119 – 136  

 

164 – 166 

  

182 – 191  

206 – 214  

221 – 224  

237 – 255 

261 – 276 

 

 

 

373 – 380 

 

 

407 – 417  

9 – 11  

 

 

103 – 113 

119 – 136  

 

 

172 – 176  

182 – 191  

206 – 214  

221 – 224  

237 – 255  

260 – 281 

 

311 – 315  

337 – 340  

373 – 385  

β-

Sheet 

156 – 161 

172 – 177  

194 – 199  

 

229 – 232  

 

 

 

 

200 – 202 

 

318 – 321   

154 – 161 

 

194 – 198  

 

228 – 235   

154 – 161  

 

194 – 198  

 

228 – 235  

154 – 161 

 

194 – 198 

 

228 – 235 

 

154 – 161  

 

194 – 198  

 

228 – 235  

Table 6. Summary of the positions within the Sam68 sequence where the secondary 

structures alpha-helix and beta-sheet were predicted by protein threading.  

 

 

3.4. Ab initio predictions 
 

3.4.1. QUARK 

Although this method is not the most appropriate for Sam68 modeling (with 

templates with more than 30% identity, comparative protein model is the best 

approach), it was carried out only for comparative purposes.  

Query proteins without related protein PDB structures are the most complicated 

cases and a successful structure prediction is limited to less than 200 amino acids; 

therefore the region submitted for this work was 81 – 280, which covers the area where 

most of the templates can be found and corresponds to the GSG domain. In addition, the 
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281 – 443 fragment was also submitted but this sequence could not be processed due to 

a low complexity region (more than 60%, colored in red as shown in Figure 38). This 

region corresponds to a high disordered area, as pointed out by other servers used for 

model prediction. 

 

 
Figure 38. Low complexity region detected in the 281 – 443 region of Sam68, making 

it not suitable for ab initio prediction by QUARK.  

 

 

Figure 39 shows the five models predicted by QUARK, with the different 

predicted alpha-helix colored according to its order in the sequences. QUARK predicted 

5 alpha-helix regions, although some of the models predicted include a small one 

(depicted in red). Four beta-strands are predicted in the model with high confidence 

scores (5 or 6 residues length), however these are not present in the models in PDB 

format provided by the server, and some are shown as small alpha-helix regions. The 

regions corresponding to the beta-strands predicted are highlighted in black. Table 7 

summarizes the coordinates in the sequences where the secondary structures were found 

in the five models. Overall, the five models predicted similar secondary structures to 

those predicted by comparative modeling.  

 

 

3.5. Summary  
 

The GSG domain of the protein, which contains the KH RNA binding domain, 

constitutes the structural core of Sam68, being the most part of the secondary structures 

predicted located in its region.  

It can be noted, from the schematic representation of the Sam68 protein showed 

in Figure 3 and the disorder prediction made, that the disordered residues are located 

mainly out of the GSG domain: proline-rich motifs (P0-P5), arginine/glycine/glycine 

(RGG) and arginine/glycine (RG) boxes, a tyrosine rich region at the C-terminal 

domain, and a nuclear localization signal (NLS).  
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Figure 39. The five models predicted by QUARK. 

 

 PREDICTED 

SS 

MODEL 1 MODEL 2 MODEL 3 MODEL 4 MODEL 5 

Helix 

 

100 – 111 

120 – 133 

 

183 – 191 

237 – 254 

260 – 274 

103 – 109 

118 – 132 

172 – 175  

182 – 190 

237 – 254 

262 – 275 

98 – 111 

118 – 133 

 

182 – 191 

238 – 254  

260 – 275  

99 – 111 

118 – 134 

172 – 177 

182 – 191  

237 – 254  

258 – 275  

99 – 112 

119 – 139  

 

182 – 191 

237 – 254  

257 – 275  

99 – 111 

115 – 137 

 

182 – 191 

237 – 254 

260 – 275  

β-

Sheet 

156 – 161  

172 – 177  

194 – 198  

228 – 233  

     

 

 

Table 7. Summary of the positions within the Sam68 sequence where the secondary 

structures were predicted by ab initio modeling.   
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The proline-rich regions may contribute to the lack of an ordered structure in the 

3D models, as proline enables abrupt changes in the direction of the polypeptide chain. 

In some cases, small helix structures consisting of three amino acids were predicted, 

which are not alpha-helix; the helix 310 could fit in these regions, although this structure 

is less common, tends to appear at the N- or C-terminal, and it has been described in 

channels and membrane proteins. Therefore, this regions predicted should not be taken 

into account, at least with these characteristics.  

Sam68 has a remarkable portion of unstructured regions in its sequence. 

IntFOLD3 server represented them totally linear, whereas I-TASSER, Phyre2, and some 

models of BhageerathH represented the coil regions surrounding the domain and 

decreased the 3D space occupied by the protein. A complete linear arrangement of these 

regions could be ruled out, as this could affect the protein stability and it is probably 

energetically unfavorable.  

The PrDOS server predicted a disordered region in 199 – 221 positions (KH 

domain), where no secondary structures would be expected. All the servers nonetheless, 

except for Phyre2, predicted an alpha-helix in 206 – 215. Similar results were found 

with the models predicted by I-TASSER, where four out of five models predicted the 

alpha-helix in the same region of the sequence. 

The Qua1 domain has at least one predicted alpha-helix, which other servers 

split it into two. The KH domain accumulates the majority of the secondary structure 

predicted, with three or four beta-sheets and at least two alpha-helices (in some cases 

three or four). Two versions of the KH domain were pointed out by Grishin [58]: the 

KH type I (found in eukaryotic proteins) and the KH type II (found in prokaryotic 

proteins). KH domains usually contain a GXXG loop. Figure 40A shows the typical 

KH-I domain fold.  The model predicted by Raptor X was used in this case to depict the 

order of the secondary structures found in KH-I domain. Figure 40B shows the KH 

domain sequence of Sam68, with the predicted secondary structures by Raptor X, and 

the 3D-structure predicted by this server is shown in Figure 40C with the typical 

secondary structures found in a KH type I domain. 
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Figure 40. (A) Scheme of the typical KH-I domain (taken from Valverde et al. [59]). 

(B) Sam68 sequence with the secondary structures predicted by Raptor X within the KH 

domain. (C) Model with the βααβ core highlighted.  

 

Overall, the models predicted tend to keep this minimal KH motif (the βααβ 

core), although most of the cases a beta-sheet is predicted between the two alpha-helix 

motifs, and a GXXG motif within the sequence is not found to be exactly a loop 

between the alpha-helices. It is noteworthy that none of the PDB structures provided by 

Feracci et al. [22] had this canonical structure, although the groove formed by these 

regions is the surface for RNA binding modeled in that work.  
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Figure 41 shows a summary of the predicted 3D structure of Sam68 in relation 

with its schematic structure shown in Figure 3. Red lines represent 

disordered/unstructured regions and blue lines indicate ordered regions. 

 

 
Figure 41. One of the predicted 3D models of Sam68 and its correspondence with its 

linear sequence, where the main regions can be found. 

 

 

 

4. Sam68 – RNA interactions 

 

RNA-binding proteins regulate several cellular processes through their binding 

to mRNA or non-coding RNA. The RBP Sam68 is involved in the SMA disease 

through its regulation of SMN2 expression. Therefore, the study of the RNA-protein 

interactions is of high interest given its recent involvement in the disease. Pedrotti et al. 

[16] previously described that the V229F mutation in the KH domain and mutations in 

the NLS region in Sam68 inhibited the exon-7 skipping mediated by this protein.  

Using PDBsum, the main RNA contact sites in the PDB structures provided by 

Feracci et al. [22] using the protein T-STAR are listed in Table 8. The corresponding 
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amino acid in the Sam68 sequence is also provided after the local alignment of both 

sequences. These residues will be taken into account in the predictions. 

 

T-STAR Sam68 

Gly78 Gly178 

Arg80 Gln180 

Lys85 Lys185 

Gly101 Gly201 

Arg104 Arg204 

Table 8. Main RNA-binding residues found in T-STAR and their correspondence in 

Sam68 sequence. 

 

Some of the computational tools currently available for studying RNA-protein 

interactions were consulted in the reviews of Muppirala et al. [60] and Puton et al. [61].  

 

4.1. Predictions of RNA-binding residues from protein 

sequence 
 

The PPRint (Prediction of Protein Interaction, 

http://webs.iiitd.edu.in/raghava/pprint/index.html) server was used to predict the 

interacting residues in Sam68. This method uses support vector machines (SVM). 

According to the results shown in Figure 42, first 50 residues would be RNA-

interacting; some residues within the Qua1 domain, residues from the KH domain, and 

the NLS region would also be RNA-interacting amino acids. Residues from Table8 are 

all predicted as RNA-binding amino acids. 

 

 

 
Figure 42. Prediction of RNA-interacting residues of Sam68 protein using PPRInt. 
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RNABindRPlus also predicts RNA-binding residues using only the protein 

sequence, but using Naïve Bayes classifier.  Similar to PPRint, scores lower than 0.5 are 

indicated as non RNA-binding residues, whereas scores equal or greater than 0.5 

indicate RNA-binding amino acids. It predicted 78 binding residues, in contrast with the 

115 predicted by SVM. Figure 43 shows the output using this tool, with RNA-

interacting residues highlighted in red and non-interacting residues highlighted in blue, 

in order to compare these results with those obtained using PPRInt. 

 

MQRRDDPAARMSRSSGRSGSMDPSGAHPSVRQTPSRQPPLPHRSRGGGGGSRGGARASPA
TQPPPLLPPSATGPDATVGGPAPTPLLPPSATASVKMEPENKYLPELMAEKDSLDPSFTH 
AMQLLTAEIEKIQKGDSKKDDEENYLDLFSHKNMKLKERVLIPVKQYPKFNFVGKILGPQ 
GNTIKRLQEETGAKISVLGKGSMRDKAKEEELRKGGDPKYAHLNMDLHVFIEVFGPPCEA 
YALMAHAMEEVKKFLVPDMMDDICQEQFLELSYLNGVPEPSRGRGVPVRGRGAAPPPPPV 
PRGRGVGPPRGALVRGTPVRGAITRGATVTRGVPPPPTVRGAPAPRARTAGIQRIPLPPP 
PAPETYEEYGYDDTYAEQSYEGYEGYYSQSQGDSEYYDYGHGEVQDSYEAYGQDDWNGTR 
PSLKAPPARPVKGAYREHPYGRY 

Figure 43. Prediction of RNA-interacting residues of Sam68 protein using 

RNABindRPlus. 

 

The C-terminal region contains RNA-interacting residues, similar to the PPRInt 

prediction. Nevertheless, the main area with RNA-binding amino acids is 284 – 314, 

which is out of the KH domain. Overall, the output of these tools significantly differ. In 

addition, only one of the amino acids from Table 8 (Gln180) was predicted as an RNA-

interacting residue.  

 

 

4.2. Predictions of RNA-binding residues from protein and 

RNA sequences 
 

The catRAPID server provides several modules to study RNA-protein 

interactions; one of its advantages over the previous methods is that it predicts the 

binding sites in both RNA and protein sequences. For proteins less than 750 amino 

acids and RNA sequences up to 1200 nucleotides, the tools catRAPID graphic and 

catRAPID strength are recommended, whereas larger proteins or RNAs require the 

module catRAPID fragment [62].  Sam68 is less than 750 amino acids in length, but the 

transcripts found for the SMN2 gene are larger than 1200 nucleotides.  There are four 
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known transcripts of the SMN2 gene (the complete sequences can be found in the 

“Appendices” section): 

 

NCBI RefSeq: NM_017411  Isoform d; 1634 bp 

NCBI RefSeq: NM_022875.2  Isoform a; 1580 bp (this is thought to be the 

predominant transcript) 

NCBI RefSeq:  NM_022877.2  Isoform c; 1484 bp 

NCBI RefSeq: NM_022876  Isoform b; 1538 bp 

 

The isoform d is the longest transcript, thus encoding the longest isoform. This 

module divides both the protein and the RNA sequence and predicts their interaction 

propensities. The output is shown in Figure 44. The interaction profile represents the 

interaction score along the RNA sequence (Figure 44A). Figure 44B represents the plot 

which shows, as a heat-map, the amino acids and nucleotides predicted to interact. Last, 

Figure 44C is the table summarizing the top 20 interactions. The highest discriminative 

power scores (measurement of the interaction propensity of a protein-RNA pair) were 

obtained in the protein region containing the Qua1 and KH domains interacting with the 

RNA region 130 – 195. 

 

 

4.3. Prediction of RNA-binding sites from protein structures 
 

The KYG method was the only one available online to perform a prediction of 

RNA-binding sites from a structure. The model predicted by Phyre2 (Figure 45A) and 

one of the models predicted by I-TASSER (Figure 45B) were used.  N-terminal and C-

terminal regions obtained good scores in both cases. The regions following, 

approximately, the KH domain also obtained good scores in the two predictions; only 

few residues within this domain had scores greater than 0.08 and were considered RNA-

binding sites. 
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Figure 44. (A) RNA-interaction profiles for Sam68 association with SMN2. (B) 

Interaction map of Sam68 with SMN2 mRNA, with the domains of Sam68 indicated.  

(C) Table with the top 20 interactions predicted. 



 

57 

 
Figure 45. Plot of the RNA interface residue predictions for (A) the Phyre 2 model and 

(B) the model 2 from I-TASSER predictions. 

 

In fact, the greatest scores within the RNA-binding domain were obtained in 

similar regions for both predictions; in the Phyre2 model, it was the 163 – 173 region 

which is located between two beta-sheets according to its secondary structure 

prediction; in the I-TASSER model, it was the 161 – 170 region (together with the 

Lys152 residue), which is located right after a beta-sheet and before an alpha-helix. 

Figure 46 shows the KH domain in both models with their corresponding RNA-

interacting residues highlighted in different colors.   
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Figure 46. RNA-binding residues predicted by KYG in (A) Phyre2 model and (B) I-

TASSER model. Lys residues are colored in red; Val in green; Pro in blue; Gln in 

yellow, Tyr in pink; Leu in orange; Phe in cyan. 

 

The prediction with Phyre2 model obtained good scores for the RNA-binding 

sites (except for Lys185) from Table 8, although not the greatest ones. In contrast, only 

Arg204 was predicted as interacting residue using the I-TASSER model. 
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4.4. Limitations of the study of RNA – protein interactions 
 

Other tools were consulted as well, which were unavailable at the moment the 

study was conducted: 

-PiRaNhA: for prediction RNA-binding residues in a protein sequence. It is 

temporarily unavailable (Figure 47). 

 
Figure 47. 

 

-The Protein Interface Database (PRIDB) contains an exhaustive protein-RNA 

interaction database extracted from PDB structures. As shown in Figure 48, PRIDB is 

not accessible due to a migration to a new server. 

 
Figure 48. 

 
-NPInter is also a database for RNA-protein interactions, which was unavailable 

as well (Figure 49). 

 
Figure 49. 
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5. Conclusions 
 

In this work, a comprehensive study about the current knowledge about Sam68 

structure has been carried out. A review of the literature about this protein and its 

involvement in spinal muscular atrophy has been conducted, and a number of 

computational tools have been employed in order to study the structure of this protein 

and its interactions with RNA. 

Sam68 is a ribonucleoprotein which regulates alternative splicing of several 

genes. Impairment of Sam68 activity may rescue the activity of the SMN protein, which 

is affected in spinal muscular atrophy disease.  

The involvement of this protein rests on the fact that the exclusion of exon 7 of 

the SMN2 gene leads to an unstable protein, which cannot compensate the loss of SMN 

activity in SMA. Thus, the interaction between Sam68 and RNA has a potential role in 

the disease. Gaining insight into the 3D structure of Sam68 may contribute to the 

development of future short interfering peptides / molecules to improve the motor 

function. 

The models predicted by several servers obtained good scores in the region of 

the protein corresponding to the KH-domain, which is the area of interest (RNA-binding 

domain). There were slight differences in the predicted secondary structures between 

the different tools used for structure prediction (by homology modeling and protein 

threading). Despite this, there is a significant degree of consensus regarding the 

prediction of secondary structures. The KH domain structure could be found in most of 

the predicted models, although not in its canonical structure described in the literature. 

Therefore, although several homologous proteins with good similarity percentages were 

available as templates for homology modeling, further studies are required.  

The most difficult areas within Sam68 sequence to model were the N- and C-

terminal, since they have been predicted as disordered and low complexity regions. 

Nevertheless, these areas are of great interest due to their length (approximately 100 – 

150 residues) and it is necessary to elucidate / predict their folding, together with the 

KH domain. Unfortunately, this problem is beyond the scope of this work. 

Different tools were also employed for prediction of RNA-protein interactions. 

The predictions based on the protein sequence significantly differ, whereas predictions 

based on both protein and RNA sequences achieved better scores and pointed out to the 

Qua1 and KH domain as the areas of interaction with RNA. The study of RNA-protein 
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interactions had several limitations, due to the fact that some of the online tools were 

not available at the time this work was in progress and to the lack of enough 

experimental data. Nevertheless, the predictions made by KYG method, which is based 

on the protein structure, pointed to ~160 – 173 region within the KH domain as a likely 

area with RNA-interacting residues. These results, together with the protein-RNA 

contact sites consulted in PDBsum for the most recent PDB structures studying Sam68 

and T-STAR proteins represent a good starting point. 

Although the current tools available for the study of the 3D structure of a protein 

are powerful and efficient, experimental methods, such as X-ray crystallography, 

electron microscopy, or nuclear magnetic resonance, would be desirable. Although 

these approaches are costly and time consuming, the relevance of Sam68 in SMA 

disease is remarkable enough to consider it as a research proposal. 
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6. Glossary 
 
 

Alternative splicing: regulated process during gene expression that results in a 

single gene coding for different proteins. 

Amino acids / residues: biomolecules consisting of an amino group, a 

carboxylic group, and an organic group or side chain (usually named R) which is 

specific for each amino acid. 

Domain: any segment of a protein which folds into a structure unit, usually 

having a specific function. 

Electron density maps: these maps are produced as a result of X-ray 

crystallographic experiments.  

Fo-Fc / 2Fo-Fc: types of electron density maps, with the structure factor 

amplitudes calculated from the model (Fc), and the measured structure factors from the 

diffraction patterns (Fo). 

Knock-down: a technique by which expression of one or more genes is reduced. 

PDB: Protein Data Bank 

Primary structure: the amino acid sequence of a protein 

Protein modeling / prediction: the process by which the three-dimensional 

structure of a protein can be inferred.  

RBP: RNA-binding protein 

RNA: ribonucleic acid 

RNAi: RNA interference; a process in which RNA inhibits gene expression or 

translation. 

Secondary structure: local structures stabilized mainly by hydrogen bonds; the 

most common are alpha-helix, beta-sheet and turns. 

shRNA: short/small hairpin RNA is an artificial RNA used to silence target 

genes, 

SMA: Spinal Muscular Atrophy 

SMN: survival motor neuron 

Template: a related homologous protein which is used for structure prediction 

of the protein target. 
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8. Appendices 
 

 

8.1. PDB structures used as templates for homology modeling 

 
This appendix contains four PDB structures which were used as templates for 

homology modeling by different servers. For each PDB, the output of the alignment 

between Sam68 and the PDB sequence is shown. As expected, all the sequences align in 

the KH domain region, ranging from 31% - 52% identity. 

 

8.1.1. 4JVH 

 

This is the structure of the star domain of quaking protein in complex with RNA 

in Homo sapiens [63]. This sequence includes the Qua1 and KH domain of Sam68. The 

alignment between Sam68 sequence and the PBD sequence is shown in Figure S1. The 

quaking protein is also a RNA-binding protein which plays a key role in myelinization, 

regulating mRNA stability, splicing, mRNA export and protein translation. This protein 

binds to this motif: 5'-NACUAAY-N(1, 20)-UAAY-3'. The secondary structure of 4JVH 

is shown in Figure S2A. The RNA contact sites were consulted in PDBsum (Figure 

S2B) and a view of the three-dimensional structure is shown in Figure S2C. 

 

 
Figure S1. Sequence alignment of Sam68 (“Query”) and 4 V  (“Sbjct”) using 

BLASTp. 
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Figure S2. (A) Secondary structure of PDB 4JVH predicted by DSSP. (B) Protein-RNA 

contact sites. The pentagon shows backbone sugar and base-number, the P shows the 

phosphate group; the star indicates residue/water on plot more than once, the blue 

dashes show hydrogen bonds, and the red dashes show non-bonded contact to 

DNA/RNA (< 3.35Å). (C) Schematic view of the star domain of quaking protein, with 

the RNA motif showed in cyan. 
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8.1.2. 4JVY 

 

Structure of the STAR (signal transduction and activation of RNA) domain of 

female germline-specific tumor suppressor GLD-1 bound to RNA in Caenorhabditis 

elegans [63]. This protein binds to 5'-UACUCAU-3' RNA sequence. Figure S3 shows 

the sequence alignment between Sam68 and the PDB sequences, whereas Figure S4 

shows the secondary structure (S4A), the RNA contact sites (S4B) and the 3D structure 

(S4C).  

 

 
Figure S3. Sequence alignment of Sam68 (“Query”) and 4 V  (“Sbjct”) using 

BLASTp. 
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Figure S4. (A) Secondary structure of PDB 4JVY predicted by DSSP. (B) Protein-RNA 

contact sites. The pentagon shows backbone sugar and base-number, the P shows the 

phosphate group; the star indicates residue/water on plot more than once, the blue 

dashes show hydrogen bonds, and the red dashes show non-bonded contact to 

DNA/RNA (< 3.35Å). (C) Schematic view of the STAR domain of GLD-1, with the 

RNA motif showed in cyan. 

 

 

 

 

 



 

74 

8.1.3. 2BL5 

 

Solution structure of the KH-QUA2 region of the Xenopus STAR-GSG Quaking 

protein [64]. This protein binds to the same RNA sequence that quaking protein in H. 

sapiens. The sequence alignment is shown in Figure S5 and the secondary and 3D 

structures are shown in Figure S6.  

 

 

 
Figure S5. Sequence alignment of Sam68 (“Query”) and 2BL5 (“Sbjct”) using 

BLASTp. 
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Figure S6. Secondary structure of PDB 2BL5 and the schematic view of the 3D 

structure.  
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8.1.4. 4WAL 

 

Crystal structure of selenomethionine Msl5 protein in complex with RNA at 2.2 

Å [65]. This is an RNA binding protein also involved in mRNA splicing in 

Saccharomyces cerevisiae. The alignment of this protein with Sam68 is shown in Figure 

S7; this reported the lowest percentage of identity (31%). Figure S8A shows the 

secondary structure of the PDB, Figure S8B illustrates the RNA contact sites consulted 

in PDBsum, and Figure S8C shows the 3D representation of the structure. 

 

 
Figure S7. Sequence alignment of Sam68 (“Query”) and 4 AL (“Sbjct”) using 

BLASTp. 
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Figure S8. (A) Secondary structure of PDB 4WAL predicted by DSSP. (B) Protein-

RNA contact sites. The pentagon shows backbone sugar and base-number, the P shows 

the phosphate group; the star indicates residue/water on plot more than once, the blue 

dashes show hydrogen bonds, and the red dashes show non-bonded contact to 

DNA/RNA (< 3.35Å). (C) Schematic view of Msl5 protein with the RNA motif showed 

in cyan. 
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8.2. SMN2 transcripts 
 

- This variant (d) represents the longest transcript and encodes the longest 

isoform (d). 

 

>NM_017411.3 Homo sapiens survival of motor neuron 2, centromeric 

(SMN2), transcript variant d, mRNA 

CCACAAAUGUGGGAGGGCGAUAACCACUCGUAGAAAGCGUGAGAAGUUACUACAAGCGGUCCUCCCGGCC 

ACCGUACUGUUCCGCUCCCAGAAGCCCCGGGCGGCGGAAGUCGUCACUCUUAAGAAGGGACGGGGCCCCA 

CGCUGCGCACCCGCGGGUUUGCUAUGGCGAUGAGCAGCGGCGGCAGUGGUGGCGGCGUCCCGGAGCAGGA 

GGAUUCCGUGCUGUUCCGGCGCGGCACAGGCCAGAGCGAUGAUUCUGACAUUUGGGAUGAUACAGCACUG 

AUAAAAGCAUAUGAUAAAGCUGUGGCUUCAUUUAAGCAUGCUCUAAAGAAUGGUGACAUUUGUGAAACUU 

CGGGUAAACCAAAAACCACACCUAAAAGAAAACCUGCUAAGAAGAAUAAAAGCCAAAAGAAGAAUACUGC 

AGCUUCCUUACAACAGUGGAAAGUUGGGGACAAAUGUUCUGCCAUUUGGUCAGAAGACGGUUGCAUUUAC 

CCAGCUACCAUUGCUUCAAUUGAUUUUAAGAGAGAAACCUGUGUUGUGGUUUACACUGGAUAUGGAAAUA 

GAGAGGAGCAAAAUCUGUCCGAUCUACUUUCCCCAAUCUGUGAAGUAGCUAAUAAUAUAGAACAAAAUGC 

UCAAGAGAAUGAAAAUGAAAGCCAAGUUUCAACAGAUGAAAGUGAGAACUCCAGGUCUCCUGGAAAUAAA 

UCAGAUAACAUCAAGCCCAAAUCUGCUCCAUGGAACUCUUUUCUCCCUCCACCACCCCCCAUGCCAGGGC 

CAAGACUGGGACCAGGAAAGCCAGGUCUAAAAUUCAAUGGCCCACCACCGCCACCGCCACCACCACCACC 

CCACUUACUAUCAUGCUGGCUGCCUCCAUUUCCUUCUGGACCACCAAUAAUUCCCCCACCACCUCCCAUA 

UGUCCAGAUUCUCUUGAUGAUGCUGAUGCUUUGGGAAGUAUGUUAAUUUCAUGGUACAUGAGUGGCUAUC 

AUACUGGCUAUUAUAUGGGUUUUAGACAAAAUCAAAAAGAAGGAAGGUGCUCACAUUCCUUAAAUUAAGG 

AGAAAUGCUGGCAUAGAGCAGCACUAAAUGACACCACUAAAGAAACGAUCAGACAGAUCUGGAAUGUGAA 

GCGUUAUAGAAGAUAACUGGCCUCAUUUCUUCAAAAUAUCAAGUGUUGGGAAAGAAAAAAGGAAGUGGAA 

UGGGUAACUCUUCUUGAUUAAAAGUUAUGUAAUAACCAAAUGCAAUGUGAAAUAUUUUACUGGACUCUAU 

UUUGAAAAACCAUCUGUAAAAGACUGAGGUGGGGGUGGGAGGCCAGCACGGUGGUGAGGCAGUUGAGAAA 

AUUUGAAUGUGGAUUAGAUUUUGAAUGAUAUUGGAUAAUUAUUGGUAAUUUUAUGAGCUGUGAGAAGGGU 

GUUGUAGUUUAUAAAAGACUGUCUUAAUUUGCAUACUUAAGCAUUUAGGAAUGAAGUGUUAGAGUGUCUU 

AAAAUGUUUCAAAUGGUUUAACAAAAUGUAUGUGAGGCGUAUGUGGCAAAAUGUUACAGAAUCUAACUGG 

UGGACAUGGCUGUUCAUUGUACUGUUUUUUUCUAUCUUCUAUAUGUUUAAAAGUAUAUAAUAAAAAUAUU 

UAAUUUUUUUUUAAAUUAAAAAAA 

 
- This variant (a) lacks an alternate exon in the 3' CDS compared to variant d. 

The resulting protein (isoform a) is shorter and has a distinct C-terminus compared to 

isoform d. This variant is thought to be the predominant transcript produced by this 

copy of the gene. 

 

>NM_022875.2 Homo sapiens survival of motor neuron 2, centromeric 

(SMN2), transcript variant a, mRNA 

CCACAAAUGUGGGAGGGCGAUAACCACUCGUAGAAAGCGUGAGAAGUUACUACAAGCGGUCCUCCCGGCC 

ACCGUACUGUUCCGCUCCCAGAAGCCCCGGGCGGCGGAAGUCGUCACUCUUAAGAAGGGACGGGGCCCCA 

CGCUGCGCACCCGCGGGUUUGCUAUGGCGAUGAGCAGCGGCGGCAGUGGUGGCGGCGUCCCGGAGCAGGA 

GGAUUCCGUGCUGUUCCGGCGCGGCACAGGCCAGAGCGAUGAUUCUGACAUUUGGGAUGAUACAGCACUG 

AUAAAAGCAUAUGAUAAAGCUGUGGCUUCAUUUAAGCAUGCUCUAAAGAAUGGUGACAUUUGUGAAACUU 

CGGGUAAACCAAAAACCACACCUAAAAGAAAACCUGCUAAGAAGAAUAAAAGCCAAAAGAAGAAUACUGC 

AGCUUCCUUACAACAGUGGAAAGUUGGGGACAAAUGUUCUGCCAUUUGGUCAGAAGACGGUUGCAUUUAC 

CCAGCUACCAUUGCUUCAAUUGAUUUUAAGAGAGAAACCUGUGUUGUGGUUUACACUGGAUAUGGAAAUA 

GAGAGGAGCAAAAUCUGUCCGAUCUACUUUCCCCAAUCUGUGAAGUAGCUAAUAAUAUAGAACAAAAUGC 

UCAAGAGAAUGAAAAUGAAAGCCAAGUUUCAACAGAUGAAAGUGAGAACUCCAGGUCUCCUGGAAAUAAA 

UCAGAUAACAUCAAGCCCAAAUCUGCUCCAUGGAACUCUUUUCUCCCUCCACCACCCCCCAUGCCAGGGC 

CAAGACUGGGACCAGGAAAGCCAGGUCUAAAAUUCAAUGGCCCACCACCGCCACCGCCACCACCACCACC 

CCACUUACUAUCAUGCUGGCUGCCUCCAUUUCCUUCUGGACCACCAAUAAUUCCCCCACCACCUCCCAUA 

UGUCCAGAUUCUCUUGAUGAUGCUGAUGCUUUGGGAAGUAUGUUAAUUUCAUGGUACAUGAGUGGCUAUC 

AUACUGGCUAUUAUAUGGAAAUGCUGGCAUAGAGCAGCACUAAAUGACACCACUAAAGAAACGAUCAGAC 
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AGAUCUGGAAUGUGAAGCGUUAUAGAAGAUAACUGGCCUCAUUUCUUCAAAAUAUCAAGUGUUGGGAAAG 

AAAAAAGGAAGUGGAAUGGGUAACUCUUCUUGAUUAAAAGUUAUGUAAUAACCAAAUGCAAUGUGAAAUA 

UUUUACUGGACUCUAUUUUGAAAAACCAUCUGUAAAAGACUGAGGUGGGGGUGGGAGGCCAGCACGGUGG 

UGAGGCAGUUGAGAAAAUUUGAAUGUGGAUUAGAUUUUGAAUGAUAUUGGAUAAUUAUUGGUAAUUUUAU 

GAGCUGUGAGAAGGGUGUUGUAGUUUAUAAAAGACUGUCUUAAUUUGCAUACUUAAGCAUUUAGGAAUGA 

AGUGUUAGAGUGUCUUAAAAUGUUUCAAAUGGUUUAACAAAAUGUAUGUGAGGCGUAUGUGGCAAAAUGU 

UACAGAAUCUAACUGGUGGACAUGGCUGUUCAUUGUACUGUUUUUUUCUAUCUUCUAUAUGUUUAAAAGU 

AUAUAAUAAAAAUAUUUAAUUUUUUUUUAAAUUAAAAAAA 

 
- This variant (c) lacks two alternate exons in the 3' CDS compared to variant d. 

The resulting protein (isoform c) is shorter and has a distinct C-terminus compared to 

isoform d. 

 

>NM_022877.2 Homo sapiens survival of motor neuron 2, centromeric 

(SMN2), transcript variant c, mRNA 

CCACAAAUGUGGGAGGGCGAUAACCACUCGUAGAAAGCGUGAGAAGUUACUACAAGCGGUCCUCCCGGCC 

ACCGUACUGUUCCGCUCCCAGAAGCCCCGGGCGGCGGAAGUCGUCACUCUUAAGAAGGGACGGGGCCCCA 

CGCUGCGCACCCGCGGGUUUGCUAUGGCGAUGAGCAGCGGCGGCAGUGGUGGCGGCGUCCCGGAGCAGGA 

GGAUUCCGUGCUGUUCCGGCGCGGCACAGGCCAGAGCGAUGAUUCUGACAUUUGGGAUGAUACAGCACUG 

AUAAAAGCAUAUGAUAAAGCUGUGGCUUCAUUUAAGCAUGCUCUAAAGAAUGGUGACAUUUGUGAAACUU 

CGGGUAAACCAAAAACCACACCUAAAAGAAAACCUGCUAAGAAGAAUAAAAGCCAAAAGAAGAAUACUGC 

AGCUUCCUUACAACAGUGGAAAGUUGGGGACAAAUGUUCUGCCAUUUGGUCAGAAGACGGUUGCAUUUAC 

CCAGCUACCAUUGCUUCAAUUGAUUUUAAGAGAGAAACCUGUGUUGUGGUUUACACUGGAUAUGGAAAUA 

GAGAGGAGCAAAAUCUGUCCGAUCUACUUUCCCCAAUCUGUGAAGUAGCUAAUAAUAUAGAACAAAAUGC 

UCAAGAGAAUGAAAAUGAAAGCCAAGUUUCAACAGAUGAAAGUGAGAACUCCAGGUCUCCUGGAAAUAAA 

UCAGAUAACAUCAAGCCCAAAUCUGCUCCAUGGAACUCUUUUCUCCCUCCACCACCCCCCAUGCCAGGGC 

CAAGACUGGGACCAGGAAAGAUAAUUCCCCCACCACCUCCCAUAUGUCCAGAUUCUCUUGAUGAUGCUGA 

UGCUUUGGGAAGUAUGUUAAUUUCAUGGUACAUGAGUGGCUAUCAUACUGGCUAUUAUAUGGAAAUGCUG 

GCAUAGAGCAGCACUAAAUGACACCACUAAAGAAACGAUCAGACAGAUCUGGAAUGUGAAGCGUUAUAGA 

AGAUAACUGGCCUCAUUUCUUCAAAAUAUCAAGUGUUGGGAAAGAAAAAAGGAAGUGGAAUGGGUAACUC 

UUCUUGAUUAAAAGUUAUGUAAUAACCAAAUGCAAUGUGAAAUAUUUUACUGGACUCUAUUUUGAAAAAC 

CAUCUGUAAAAGACUGAGGUGGGGGUGGGAGGCCAGCACGGUGGUGAGGCAGUUGAGAAAAUUUGAAUGU 

GGAUUAGAUUUUGAAUGAUAUUGGAUAAUUAUUGGUAAUUUUAUGAGCUGUGAGAAGGGUGUUGUAGUUU 

AUAAAAGACUGUCUUAAUUUGCAUACUUAAGCAUUUAGGAAUGAAGUGUUAGAGUGUCUUAAAAUGUUUC 

AAAUGGUUUAACAAAAUGUAUGUGAGGCGUAUGUGGCAAAAUGUUACAGAAUCUAACUGGUGGACAUGGC 

UGUUCAUUGUACUGUUUUUUUCUAUCUUCUAUAUGUUUAAAAGUAUAUAAUAAAAAUAUUUAAUUUUUUU 

UUAAAUUAAAAAAA 

 
- This variant (b) lacks an alternate in-frame exon in the 3' CDS compared to 

variant d. The resulting protein (isoform b) is shorter but has the same N- and C- termini 

compared to isoform d. 

 

>NM_022876.2 Homo sapiens survival of motor neuron 2, centromeric 

(SMN2), transcript variant b, mRNA 

CCACAAAUGUGGGAGGGCGAUAACCACUCGUAGAAAGCGUGAGAAGUUACUACAAGCGGUCCUCCCGGCC 

ACCGUACUGUUCCGCUCCCAGAAGCCCCGGGCGGCGGAAGUCGUCACUCUUAAGAAGGGACGGGGCCCCA 

CGCUGCGCACCCGCGGGUUUGCUAUGGCGAUGAGCAGCGGCGGCAGUGGUGGCGGCGUCCCGGAGCAGGA 

GGAUUCCGUGCUGUUCCGGCGCGGCACAGGCCAGAGCGAUGAUUCUGACAUUUGGGAUGAUACAGCACUG 

AUAAAAGCAUAUGAUAAAGCUGUGGCUUCAUUUAAGCAUGCUCUAAAGAAUGGUGACAUUUGUGAAACUU 

CGGGUAAACCAAAAACCACACCUAAAAGAAAACCUGCUAAGAAGAAUAAAAGCCAAAAGAAGAAUACUGC 

AGCUUCCUUACAACAGUGGAAAGUUGGGGACAAAUGUUCUGCCAUUUGGUCAGAAGACGGUUGCAUUUAC 

CCAGCUACCAUUGCUUCAAUUGAUUUUAAGAGAGAAACCUGUGUUGUGGUUUACACUGGAUAUGGAAAUA 

GAGAGGAGCAAAAUCUGUCCGAUCUACUUUCCCCAAUCUGUGAAGUAGCUAAUAAUAUAGAACAAAAUGC 

UCAAGAGAAUGAAAAUGAAAGCCAAGUUUCAACAGAUGAAAGUGAGAACUCCAGGUCUCCUGGAAAUAAA 
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UCAGAUAACAUCAAGCCCAAAUCUGCUCCAUGGAACUCUUUUCUCCCUCCACCACCCCCCAUGCCAGGGC 

CAAGACUGGGACCAGGAAAGAUAAUUCCCCCACCACCUCCCAUAUGUCCAGAUUCUCUUGAUGAUGCUGA 

UGCUUUGGGAAGUAUGUUAAUUUCAUGGUACAUGAGUGGCUAUCAUACUGGCUAUUAUAUGGGUUUUAGA 

CAAAAUCAAAAAGAAGGAAGGUGCUCACAUUCCUUAAAUUAAGGAGAAAUGCUGGCAUAGAGCAGCACUA 

AAUGACACCACUAAAGAAACGAUCAGACAGAUCUGGAAUGUGAAGCGUUAUAGAAGAUAACUGGCCUCAU 

UUCUUCAAAAUAUCAAGUGUUGGGAAAGAAAAAAGGAAGUGGAAUGGGUAACUCUUCUUGAUUAAAAGUU 

AUGUAAUAACCAAAUGCAAUGUGAAAUAUUUUACUGGACUCUAUUUUGAAAAACCAUCUGUAAAAGACUG 

AGGUGGGGGUGGGAGGCCAGCACGGUGGUGAGGCAGUUGAGAAAAUUUGAAUGUGGAUUAGAUUUUGAAU 

GAUAUUGGAUAAUUAUUGGUAAUUUUAUGAGCUGUGAGAAGGGUGUUGUAGUUUAUAAAAGACUGUCUUA 

AUUUGCAUACUUAAGCAUUUAGGAAUGAAGUGUUAGAGUGUCUUAAAAUGUUUCAAAUGGUUUAACAAAA 

UGUAUGUGAGGCGUAUGUGGCAAAAUGUUACAGAAUCUAACUGGUGGACAUGGCUGUUCAUUGUACUGUU 

UUUUUCUAUCUUCUAUAUGUUUAAAAGUAUAUAAUAAAAAUAUUUAAUUUUUUUUUAAAUUAAAAAAA 

 

 

8.3. Amino acid nomenclature 
 

 


