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5.1.
Introduction

Level of expression of an eukaryotic gene can be controlled at its source (i.e. on the DNA), at the gene product itself (on the protein) or at an intermediate level (i.e. on the pre-mRNA or mRNA). The protein-RNA interactions that are taking place to control gene expression at this latter level (posttranscriptional gene regulation) are the subject of this lecture.

Proteins are interacting with RNA as soon as RNA is transcribed, preventing this very ‘sticky’ biopolymer to adopt unwanted stable structure through base-pairing. The first protein to interact with the transcribed RNA is the RNA polymerase but then a multitude of RNA binding proteins are interacting with the RNA to control and regulate an efficient processing. We can divide RNA binding proteins in two classes, the enzymes that act on RNA (synthetasing, cleaving or modifying) and the protein that simply bind RNA (protecting it from degradation, helping it to fold or regulating its processing). Here will be described some of the few structures of protein of this type alone or in complex with RNA that have been determined either by NMR spectroscopy or X-ray diffraction. An overview of what is known to date is presented here, for a more detailed description please use the different references.

5.2.
Protein-RNA complex involved in constitutive RNA processing events

RNA polymerase II

The high resolution of the yeast RNA polymerase II have been determined by R.D.Kornberg and coworkers 1,2 in its free form and in complex with DNA and RNA. The RNA used is base-paired to a complemetary DNA template strand up to ten nucleotides. This RNA strand is in contact with the polymerase (non-sequence-specific interactions to the 2’ hydroxyl group) for the last 4 nucleotides at the 3’end. The structure reveals the role of a key -helix of the polymerase (the ‘bridge helix) for translocation on the DNA that can explain the enzyme processivity 

Capping enzyme and binding proteins


One of the earliest event after transcription of the mRNA is the 5’capping. In Mammals, two enzymes acting on RNA catalyze this reaction, the Capping enzyme (CE) which transforms pppN in GpppN at the 5’end and the Methyl Transferase (MT) that further modify GpppN in m7GpppN. The high resolution structure of the smallest capping enzyme in complex with GTP and GMP were solved 3. The conformational changed observed between the two forms allows the authors to propose the molecular basis for the nucleotidyl transfert by the Capping enzyme. They show that it involves a Lys-GMP intermediate (Fig.1). Very recently, the structure of the capping binding proteins CBP20 and CPB80 bound to RNA were determined at atomic resolution 4(fig.2). It revealed a new mode of cap binding and a new mode of binding for protein with the RRM domain (the most abundant RNA Recognition Motif, see Nucleolin).

Protein-RNA complex of the splicing machinery


In comparison to transcription and translation, still very little is know at atomic resolution of the splicing machinery. Probably the best known subunit of the splicesome in U1snRNP. A 10 Å resolution structure of U1sRNP was recently obtained by single particle reconstruction with cryo-electron-microscopy 5. At atomic resolution, the structure of U1A-U1snRNA 6 and of sm-like proteins-RNA complexes have been determined 7. For U2, the trimolecular complex unique to U2, U2A’-U2B”-U2snRNA complex has been determined at atomic resolution 8. The comparison of this complex with the U1A complex shows how small changes in the RNA or the protein can strongly affect the protein-RNA interface. Finally the structure of SF1 (Splicing factor 1) bound the branch point RNA was determined recently by NMR spectroscopy. SF1 buries the branch point Adenine 9.

3’end processing: structure of the PolyA-polymerase and the polyA binding protein


Very little is known about the structure of the components involved in 3’ end processing. 3’end processing has two steps, first cleavage of the pre-mRNA 3’end and second polyadenylation (addition of the polyA tail by the polyA polymerase). No structures of the protein factors involved is known except the structure of the Yeast polyA polymerase which was recently determined at high resolution alone and in complex with dATP10. The mechanism of this template-independent polymerase could be then elucidated. Also the structure of the polyA binding protein bound to polyA was determined. PAPB extend the polyA tail with its two N-terminal RRMs 11.

5.3 Protein-RNA complex involved in gene regulation 

Alternative-splicing  

About 60% of the human gene have one or several alternative-splicing exons. Alternative-splicing can be extremely powerful as a single pre-mRNA can give rise to possibly more than 38 thousand different isoforms like in the DSCAM gene (fig.3). The splicing of alternative exons is controled by a balance between splicing repression and splicing activation events. Example of a splicing activation event is the sequence specific binding of SR protein to exonic sequences12. Each SR proteins have one or two RNA binding domains (of the RRM type) at their N-terminus followed by a SR domain (Serine and aRginine-rich) which mediate protein-protein interactions. SR proteins enhance splicing of selected alternative-exons by binding specifically at ‘exonic enhancer’ and recruiting via their SR domain either U1snRNP at the 5’ splice-site and/or U2AF35 at the 3’ splice-site (subsequently recruiting U2snRNP). The recruitment of these splicing factors ‘commit’ the spliceosome to the insertion of the exon. No SR protein-RNA complex has been determined. Example of a splicing repression event is the sequence-specific binding of hnRNP proteins to intronic sequences upstream and downstream of an exon. HnRNP A1 and I ( or PTB, polypyrimidine tract binding protein) are such alternative-splicing repressor. The structure of hnRNPA1 and I bound to DNA13 and RNA (F.Allain, unpublished) respectively shed light on how this repression might be taking place.

RNA editing

‘RNA editing’ is a chemical modification (for example by a reaction of deamination) of certain exons. These mRNA posttranscriptional modifications create new codons and therefore new protein variants that can have a different activity than the product of the non-modified RNA (see the examples of the GLU-R mRNA modified by ADAR (Fig.4)). No structure of any protein or RNA components involved in ‘RNA editing’ have so far been determined. 

Gene regulation at the 3’end. 


The 3’UTR of certain genes is used to regulate their expression. For example, the U1A protein regulates its own expression by binding to its 3’UTR. The 38 kDa protein-RNA complex of U1A bound to its 3’UTR shed light on how this auto regulation can take place. An other example of RNA binding protein regulating gene expression at the 3’end is the Pumilio domain protein family. The recently determined structure of hPUM-RNA complex shows a very novel mode of single-strand RNA binding 14(Fig5).

5.4.
RNA binding specificity: the RNA recognition motif

Modular composition of RNA binding proteins

Most RNA binding proteins have a modular composition, one region being the RNA binding domain, an other region being a protein binding domain and sometime a domain with an enzymatic activity like in the case of ADAR for example. The RNA binding domain often is composed of at least one of the following RNA binding modules: RNP/RRM/RBD, KH, dsRBD, Arginine-rich, Zinc knuckle or zinc finger. A good example of such RNA binding protein and their effect on gene regulation is the family of SR proteins.  

The RNP/RRM/RBD domain: the most common RNA binding domain

The RNP (Ribonucleoprotein) also called RRM (RNA Recognition Motif) or RBD (RNA binding Domain) is the most common RNA binding module, present in 224 human proteins (0.5 to 1% of the human genes). The module fold into a 4-stranded -sheet packed against two -helices. 6 protein-RNA complex of an RNP domain protein have been determined by either NMR spectroscopy or X-ray crystallography 6,8,11,15-18 (Fig.6). In all these complexes the -sheet of the RBD is the primary surface of interaction with the RNA. Generally the bound RNA is single strand with very little intra-RNA interactions. Stacking between the RNA bases and the phenyl rings of tyrosine (Y) and phenyl-alanine (F) are a key type in intermolecular interaction in this family of complexes. Such interactions provides affinity for the RNA but not sequence specificity. The sequence-specific recognition comes from the interactions between the protein side-chains or main-chains and the base functional groups of the RNA 18 (Fig.7). The comparison between the different complexes also shed light on the role of the intermodule linker which in the case of Nucleolin 18 is critical for the RNA recognition while in U1A the linker mediates dimerisation 19. Intermodule interactions and intramolecular RNA contacts are additional elements contributing to the RNP protein-RNA recognition.

Other RNA binding domains: KH, dsRBD, Arginine-rich, Zinc knuckle

Structures of several other type of RNA binding modules have been determined in recent years. The KH domain ( hnRNP K homology domain) is a module found in about 40 human proteins. Its fold is a 3-stranded -sheet packed against 2 -helices (see the SF1-RNA complex). The two structures of the KH domain in complex with RNA have shown that KH-domain protein interact like the RNP domain with single stranded RNA but this interaction is mediated by the loops and the helices rather than by the -sheet 20 

The dsRBD (double-stranded RNA binding domain) module also adopts a fold composed of a 3-stranded -sheet packed against two helices. The structure of a dsRBD in complex with RNA showed that for this module as well, the interactions are mediated by the loops and the helices of the protein 21. The RNA binding is structure-specific by recognition of the A-form RNA helix and of several 2’ hydroxyl groups (which distinguish RNA from DNA). Interestingly, many protein-RNA contacts are mediated by water molecules (Fig.8).

An other RNA-binding domain of interest is the Arginine-rich motif which is found in several regulatory proteins of viruses. Several structures of peptides containing an arginine-rich motif have been determined by NMR spectroscopy. The peptides in its free form is always unfolded but bound to its target RNA it can adopt a wide variety of structures. The peptide always bind the RNA in the major groove but it can adopt an helical fold 22,23 or a -turn 24 depending on the RNA target and the sequence of the peptide. In the case of Arginine-rich motif, the peptide is folding on the RNA whereas in the RNP domain and KH domain, the opposite happens with the RNA folding on the protein .


Finally this month has seen the first structure of a zinc-finger (the most abundant protein module) containing protein with RNA25 (TFIIIA zinc finger 4, 5 and 6 with 5S RNA, fig.9). Quite surprisingly the mode of binding to RNA is totally different from how the same protein fragment binds DNA26. While in the DNA complex, finger 4 and 6 bind non-sequence specifically and finger 5 binds sequence-specifically, in the RNA complex the opposite is situation is true (fig.10). This work also shows the versatility and adaptability of zinc-fingers.

5.5.
Conclusion

Although the recent years have brought a vast amount of knowledge on the molecular basis of post-transcriptionnal gene regulation a lot of biochemical and structural work need to be done to understand how gene expression is regulated at this level. Even the simplest case of alternative-splicing (the c-src N-exon inclusion) is still not clearly understood 27 and no structural data on any ‘RNA editing’ enzyme is available. These two RNA processing when combined can create millions of different isoforms from a single pre-mRNA, thus a detailed knowledge of these reactions could reveal how biological mechanism as complex as cell differentiation or inter-neuron interactions are controlled.
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5.7.
Questions

1- Cite two examples of posttranscriptional gene regulation at the RNA level and the mechanism implicated.

2- If a gene has 3 alternative exons (with one with 2 possibilities, one with 3 and one with 5) and 3 sites of editing by ADAR, how many protein isoforms can be made from that single gene ?

3- How the genes must be organized in the DSCAM pre-mRNA so that only one (among 48 for exon 6) of the alternative exons is included (fig.3)?

4- In the structure of Nucleolin in complex with RNA, for the interactions with U9 and C12, classify which protein-RNA contact are sequence-specific and which are non-sequence specific (fig.7).

5- In the Pumilio-RNA complex, how will you change the protein side chains in order to recognize specifically a Cytosine and a Guanine (fig.5).

6- What is in common between the different RRM-RNA complexes of figure6 but is different in the CPB20-RNA complex (figure2).










