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Abstract:

RNA regulation provides a finely-tuned and highly-coordinated control of gene expression.
Regulation is mediated by hundreds to thousands of multi-functional RNA-binding proteins
which often interact with large sets of RNAs. In this brief review, we focus on recent work that
highlights how the proteins use multiple RNA-binding domains to interact selectively with the
different RNA targets. De-convoluting the molecular complexity of the RNA regulatory
network is essential to understanding cell differentiation and function, and requires accurate
models for protein-RNA recognition and protein target selectivity. We discuss that the
structural and molecular understanding of the key determinant of recognition, together with the
availability of methods to examine protein-RNA interactions at the transcriptome level, may
provide an avenue to establish these models.

Abbreviations list:

CSD, Cold shock domain

dsRBD, Double-stranded RNA-binding domain
KH, hnRNP K-homology

MRNA, Messenger RNA

ncRNA, Non-coding RNA

RBD, RNA-binding domain

RBP, RNA-binding protein

RRM, RNA-recognition motif

ZnF, Zinc finger


mailto:a.ramos@ucl.ac.uk

Introduction

The combined regulation of the various steps in the metabolism and transport of messenger
RNAs (mRNAs) and non-coding RNAs (ncRNAs) multiplies genomic potential, and allows
cellular differentiation and the development of complex organisms. In the cell, functional
RNAs are associated with a fluctuating assortment of multi-domain RNA-binding proteins
(RBPs), forming integrated complexes, whose composition directs the fate of the transcript?2.
Individual RBPs bind multiple targets, and play a number of roles in RNA regulation (Figure
1). RBPs function as chaperonins, as well as regulators of the interactions between mRNAs
and the large cellular machines for RNA processing, editing, transport, degradation,
localisation and (for mRNAs) translation®#°. RBPs also mediate the communication between
RNA regulation and key signalling networks via the post-translational regulatory events®.
Below we discuss that the recognition of different RNA targets by the same protein is achieved
via the target-dependent use of multiple RNA-binding domains. We also briefly discuss the
implication of target-specific recognition for our understanding of protein-RNA regulatory
networks.

RNA regulation is mediated by multi-functional RNA-binding proteins that bind
ensembles of RNA targets

The RNA-binding proteins modulating RNA metabolism and transport bind and regulate many
different RNA targets. Current estimates of the number of mMRNA-binding proteins in the cell
vary between one and two thousand, of which a few hundred have been validated functionally’.
Considering that the majority of proteins known to bind and regulate ncRNAs are also mMRNA-
binding proteins, these estimates likely provide a reliable ballpark figure for the total number
of RNA-binding proteins in a cell. On the contrary, a typical human cell contains ten to twenty
thousand different mMRNAs, each with many recognition sites for different RBPs®. Furthermore,
a cell contains a large number of non-coding, but functional RNA molecules, which are also
bound by proteins. The much larger number of RNA targets implies that many RBPs bind (and
regulate) a large ensemble of RNAs (Figure 1A). This is confirmed both by functional and
biochemical studies of individual protein-RNA interactions and by data on the proteins’
cellular RNA interactomes. Indeed, data reporting on the RNA-binding landscape of RBPs has
confirmed that they physically interact with hundreds, if not thousands of different RNA sites®.

The complexity and stratification of RNA regulation networks stems not only from the
multiplicity of targets (and proteins binding to each target) but also from the multiple functions
exerted by the individual proteins. Results on a number of well-studied, multi-functional RNA
regulators (e.g. TIA-11% hnRNP A1!21314 HyR?>1617 'NF90®1® Nucleolin?®? and many
others) indicate that the protein function is often target-dependent (Figure 1B). How strictly a
function is associated to a set of targets has not yet been systematically investigated, but a
relation has been validated in a small number of cases. For example, the ZBP1/IMP1/IGF2BP1
protein regulates the local translation of f-actin mMRNA in neurons and fibroblasts, but does not
appear to strongly regulate the stability of this MRNAZ?2. Instead, ZBP1 regulates the stability
of mRNAs codifying for the CD44 and c-myc proteins in a range of cells?®>?*. A second
example, among many, is the one of Lin28, a protein that regulates the maturation of Let-7
miRNAZ, Lin28 recruits a non-templated polymerase, TUT4, that adds a polyU tail to the 3’
of the pre-miRNA, directing it to degradation®®. However, Lin28 also plays a much more



general role as a translational repressor?’. Although the molecular basis for this function is still
to be defined, it seems unlikely the recruitment of TUT4 and the poly-uridilation of the RNA
target is part of this mechanism. These two examples highlight how the interaction of RNA
regulatory proteins with different RNA partners is associated to both a different functional
output, and a different molecular mechanism.

Protein regulators recognise RNA targets using different arrangements of RNA binding
domains

As discussed above, the function of many RNA binding proteins depends on the target they are
bound to. An important first step in understanding how protein-RNA interaction networks
function is to define the molecular basis and the selectivity of the protein-RNA interactions.
Eukaryotic RNA-binding proteins include RNA-binding domains (RBDs) that act as modules
for RNA recognition, and provide a valuable key to decoding selectivity?®. RBDs differ in size
and specificity, and while many different RBDs exist, the most common RNA-binding domains:
the RNA-recognition motif (RRM), hnRNPK-homology (KH) domain, double-stranded RNA-
binding domain (dsRBD), zinc-finger (ZnF) motif, and cold shock domain (CSD) are found in
tens to hundreds of functionally validated RNA binding proteins, representing a large share of
the identified RNA-binding units in a cell’.

Recognised RNA sequences vary in their design: continuous or bipartite, short or extended,
single-stranded or double-stranded, linear or complex e.g. contained within a stem loop. This
generates diversity in target sequences, but also the necessity to be able to discern these
different elements. Typically, RNA-binding proteins contain multiple RBDs, and it is the
cooperation of different RBDs that provides the proteins with a toolkit for the recognition of
these different features in the RNA targets (Figure 2A). For example, while individual
sequence-specific RBDs typically recognise RNA sequences a few nucleotides long, it has been
long established that inter-domain cooperation allows recognition of longer sequences as well
as increasing the affinity of the interaction. Among the many examples, an early study showed
how the two RRM domains of Drosophila Sex-lethal protein create a v-shaped unit to bind a
12-nucleotide long pyrimidine-rich tract”®. It is worth mentioning that cooperativity in the
binding of a longer RNA sequence can occur both in physically separated domains and in
domains associated to form a rigid structure, as well as being associated with novel inter-
domain interactions®3, as in the case of the recognition of a polyU tract by the splicing factor
U2AF?°. The multiple RBDs of a protein may also interact with sequences separated by a few
non-interacting nucleotides, as observed for the RNA-editing enzyme ADAR2, whereby two
independent dsRBDs separated by an 84-amino acid long linker recognise two distinct
locations on a GluR-B mRNA stem loop®! In some cases, the interaction of short RNA
sequences with individual domains of a multi-domain structure re-models the RNA structure.
Examples include the KH3-KH4 di-domain of ZBP1%*, and the RRM3-RRM4 di-domain of
polypyrimidine binding protein, where binding of the two domains to a polypyrimidine stretch
in the proximity of a splice site is coupled to a looping of the RNA molecule that is thought to
mediate alternative splicing events®*. These few examples illustrate how RNA-binding proteins
use multiple RNA-interacting domains in a range of combinatorial arrangements. It is worth
mentioning that, although we describe above domains as stably folded and rigid units, RNA
recognition is often associated to protein folding. This includes the folding of flexible peptide
chains on an RNA structure, as is the case for the BIV Tat peptide binding to the RNA TAR
structure®, but also the rearrangement or stabilisation of secondary structure elements to trap
the RNA target, such as in the UA1-RNA and p65-telomerase RNA complexes*=®, and the



rearrangement or creation of inter-domain units, as observed with U2AF65°7.
The contribution of the individual RBDs to target recognition is often target-dependent

An emerging point in the discussion on protein-RNA recognition is how the flexibility and
different RNA-binding modes offered by multiple RBDs may be used by the same RNA-
binding protein to recognise different targets. In the past ten years, a number of studies have
shown that the roles played by individual domains of an RNA-binding protein in RNA
recognition (and their structural arrangement) can vary, depending on the target (Figure 2B).
This allows recognition of different sequences and structures, and for the protein to perform
different molecular functions. For example, the small RNA regulator Lin28, which we
introduced earlier as having functions in both miRNA maturation and translational control,
encompasses two RNA-binding domains with different specificities and roles in recognition.
A double CCHC ZnF motif recognises a GGAG RNA sequence with high sequence
specificity®®, while a CSD has instead has been proposed to recognise a generic RNA hairpin
structure with a moderate nucleobase bias for specific structural positions®®. Lin28 recognition
of the precursor of Let-7 miRNA is mediated by the recognition of a GGAG in the apical loop
of the pre-miRNA by the ZnF di-domain, while the less specific CSD increases the affinity of
the interaction. Unexpectedly, recent data on Lin28 regulation of the maturation of a neuronal
miRNA, miR-9*%* show that in contrast to Let-7, the ZnF-GGAG interaction plays a lesser
role in the interaction with this miRNA precursor. The difference between the two miRNAs
seems to be linked to a different molecular mechanism, as degradation of miR-9 does not
require binding of the TUT4 polymerase. A second example of different RNA binding modes
for the same protein is the one of the splicing regulator PTB. PTB includes four RNA binding
RRM domains, the last two of which, RRM3 and RRM4, create an inter-molecular two-domain
structural unit®. Binding of PTB RRM3-RRM4 to the unstructured poly-pyrimidine tracts
involved in the alternative splicing of GABA, y2 pre-mRNA results in a looping of the RNA
important for the functional mechanism*?. Binding of RRM1 and RRM2 instead is thought to
mainly stabilise the PTB-RNA interaction. However, in addition to regulating splicing, PTB
binds to the highly-structured IRES RNA sequences from the poliovirus, picornavirus and
encephalomyocarditis viruses, regulating viral mRNA translation*>**, Recent structural work
indicates that the RRM domains of the protein recognise stem loops with the IRES complex
RNA structure®. PTB structure and function are different from that of Lin28, and this example
highlights how differential recognition is not limited to one type of RNA recognition module
or cellular role.

These examples illustrate how different RNA recognition modes are associated to different
regulatory processes. However, the domain-based recognition of different RNA targets can also
be used to expand the reach of one regulatory mechanism. Recent work on the cancer factor
RBM10 has shown that the interaction with a set of RNA targets containing a GGA sequence
is mediated by two closely positioned RRM and ZnF domains. In addition, a second RRM
domain selects for C-rich sequences found in a second set of targets, including the cancer-
related Numb mRNA. Recognition of these targets does not mediate, in this case, a different
function: protein binding to both GGA-containing and C-rich targets results in exon
inclusion®®4748_Instead, the two recognition modes of the protein have been proposed to target
regions on opposite sides of the intron-exon boundary with different nucleobase enrichment.

The proteins above are part of a growing ensemble of RNA regulators where multiple
recognition modes expand protein function in RNA regulation. It is worth highlighting that the
few RBDs discussed here include some of the most common RNA binding domains, i.e. RRM,
ZnF, KH and CSD (Figure 2), and are involved in a range of functions including regulating



MRNA localisation and translational control, as well as in the metabolism of mRNAs and
ncRNAs (Figure 1B). Target-dependent contribution of individual domains is widespread in
RNA regulation.

Isolating the contribution of individual RNA binding domains to the selection of the RNA
targets is important to understanding the recognition of different targets

The examples above challenge a model, whereby each protein and RNA-binding domain
recognise the same recognition motif, or zipcode, on all of its physiological RNA targets, and
explain that a target-specific use of the RBDs allows recognition of a diverse range of RNAs.
Understanding the complexity of target recognition is necessary to relate the different
regulatory functions performed by the protein, and to interpret global data on protein-RNA
interaction and the functional output (e.g. on splicing and mRNA stability). However,
evaluating the contribution of individual domains to the selection of the cellular targets is
challenging. It requires both a structural understanding of the different binding modes to create
accurate models of interaction, and a set of observables that report on RNA-binding of the
protein in the cell, and ideally on protein function. Importantly, it also requires molecular tools
to connect the different types of data.

Structure-informed conservative mutations that alter the affinity and specificity of individual
RNA-binding domains can be used, at least in some cases, to de-convolute the contributions of
the domains, and therefore the different RNA binding modes of an RBP. Point mutations have
long been used to eliminate catalysis or RNA binding in helicases***°. The recent structural
insight into RNA recognition by a number of RNA-binding domains has helped extend this
approach to investigate multi-domain protein-RNA recognition. The substantial body of
knowledge available on the interaction of domains such as KH or RRM with RNA has
identified residues that can be used to perturb RNA binding without changing structure,
stability or, in principle, protein-protein interactions. For example, the roles of the individual
domains of the protein KSRP in the interaction with mRNA and pre-miRNA have been
examined using conservative point mutations in a RNA-interacting GXXG loop®!. KSRP is a
multi-functional protein that regulates different steps of mMRNA metabolism, as well as the
maturation of a small subset of miRNA. By testing the RNA binding of individual mutants, it
was shown that the same domain plays a different role in the functional recognition of an AU-
rich and in the recognition of the pre-miRNA targets®253%*, Interestingly, it was also found that
a point mutation that changes the specificity, rather than the affinity of the interaction, impaired
function and recognition - presumably because of competition with other RNA targets. That is,
while the same domain can recognise different sequences in different targets, this does not
reflect a lack of sequence preference at the structural level.

The same mutations that have been used to investigate the roles of individual domains in the
recognition of individual targets can, in principle, be used in a more wide-range analysis of
protein-RNA interactions. High-throughput sequencing has enabled a new generation of tools
for the transcriptome-wide analysis of the interactions between a protein and the RNA targets
both in vitro and in vivo®, including the powerful set of CLIP methods®*°%°" °8, The results
have revolutionised our understanding of RNA biology, revealing previously unknown protein
functions and cell-specific complexities. However, these RNAseq-based methods have been
less successful in resolving the ensembles of RNA targets that derive from different binding
modes. A comparative analysis of CLIP data obtained from protein mutants with knocked out
RNA binding in individual domains may allow us to directly relate the RNA-binding properties



of a domain to target selection in the cell, and provide a powerful tool to de-convolute the
different components of RNA binding, as well as extracting realistic binding modes that can be
used in a broad set of analyses.
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Figure Legend:

Figure 1 — RNA-binding proteins recognise multiple RNA targets, and exert multiple functions
in a target-dependent manner. (A) Simple diagram highlighting that RBPs frequently have
numerous, and sometimes overlapping, RNA targets.(B) The multiple functions of a
representative group of well-studied of RNA degradation is summarised here.

Figure 2 — Combinatorial usage of RBDs allows for multiple RNA-binding modes, expanding
an RBPs target repertoire. (A) From top to bottom: RBDs cooperate to recognise the target
RNAs. They are also capable of recognising sequences separated by multiple non-interacting
nucleotides, or belonging to different RNA molecules entirely. RBDs can recruit additional
proteins to an RNA. Lastly, RBDs can interact with multiple sequences within a target to
remodel the bound RNA.(B) RBDs can use their multiple domains in a target-dependent
fashion. Here we summarise the contribution of the individual domains of six representative of
RBDs to the overall binding of each protein. Straight lines indicate marginal or unclear
contributions, and the width of the triangle represents the relative importance of the
contributions with respect to overall binding.
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