
Breaking the protein-RNA recognition code
Janosch Hennig1,2, Fatima Gebauer3,4,*, and Michael Sattler1,2

1Institute of Structural Biology; Helmholtz Zentrum M€unchen; Germany; 2Center for Integrated Protein Science Munich at Biomolecular NMR Spectroscopy;

Chemistry Department; Technische Universit€at M€unchen; Garching, Germany; 3Centre for Genomic Regulation (CRG), Gene Regulation;

Stem Cells and Cancer Programme; Barcelona, Spain; 4University Pompeu Fabra (UPF); Barcelona, Spain

Recognition of mRNA transcripts by
RNA binding proteins plays essential roles
at various steps of gene expression, includ-
ing splicing, translation, stability and gen-
eral mRNA metabolism. Also the
biogenesis and activity of non-coding
RNAs (miRNAs, siRNAs, lncRNAs) and
other regulatory RNA molecules depends
on protein interactions. Cis elements, i.e.
short RNA sequence motifs, in the
mRNA are often degenerate and of low
sequence complexity, for example, poly-
(U) motifs that consist of a stretch of uri-
dines.1 Recent genome-wide studies start
to provide a catalog of cis regulatory ele-
ments to which RNA binding proteins
(RBPs) are bound.2 In parallel, the reper-
toire of trans-acting factors, i.e., RNA
binding proteins is being established using
high-throughput approaches.3 Although it
has been found that many so far unknown
RNA binding proteins (RBPs) may exist,
most RNA interactions rely on a limited
number of RNA binding domains
(RBDs).3 It is still poorly understood how
this limited set of RBDs can achieve suffi-
cient specificity to unambiguously identify
and bind to specific cis elements within
the RNA and thereby regulate distinct
processes (Fig. 1).

Structural biology has provided unique
and detailed insight into protein-RNA
interactions. However, much of our struc-
tural knowledge about the recognition of
cis RNA elements is based on structures of
single domains bound to short oligonu-
cleotides comprising 3–7 nucleotides
(Fig. 1). These structures are useful to
confirm and identify the cis element con-
sensus motifs, but cannot explain how a
given cis element is discriminated from
others. Structural studies of tandem RNA

binding domains bound to longer RNA
sequences have shown how the code of
RNA recognition can be expanded by
combining multiple RNA binding
domains (RBD). By recognizing longer
(6–10 nucleotides) RNA sequences, tan-
dem domains can achieve enhanced bind-
ing specificity and selectivity4 (Fig. 1).
When combining 2 or more RBDs, coop-
erative effects and structural arrangements
can be exploited for RNA recognition.
For example, tandem domains may inter-
act and present an extended RNA binding
surface to induce a specific conformation
in the single-stranded RNA ligand, as has
been suggested for the looping-out of
exons after RNA binding by PTB5

(Fig. 1). Alternatively, tandem domains
may adopt an inactive closed arrangement
where binding to a cognate RNA ligand
induces an active, open domain arrange-
ment6 (Fig. 1). The rearrangement can
thus function as a rheostat that measures
RNA binding affinity and avoid non-pro-
ductive binding to non-cognate RNA
motifs.6

Different arrangements of tandem
RBDs (e.g. RNA recognition motifs –
RRMs, or KH domains) have been found
to bind to similar target sequences. For
instance, trans-acting RNA binding pro-
teins such as U2AF65, TIA-1, SXL,
CPEB, and hnRNP C, are all able to rec-
ognize poly-(U) sequences of similar
length and composition.1 In order to
achieve specific recognition and func-
tional readouts more complex and
extended RNA sequence motifs need to
be recognized. One possibility is to com-
bine multiple RNA binding motifs to rec-
ognize an extended RNA sequence and
form a specific cooperative complex

(Fig. 1). We recently reported an example
where extraordinary RNA binding coop-
erativity is achieved by combination of
multiple RBDs. This complex plays a cru-
cial role in translational regulation of dos-
age compensation in Drosophila. Two
RRM domains of Sex-lethal (SXL), and
the first of 5 cold shock domains (CSD1)
of Upstream-of-N-Ras (UNR) sandwich
the msl2 mRNA and form a specific com-
plex to prevent translation of the tran-
script.7 Altogether 16 nucleotides of the
mRNA are involved in ternary complex
formation, and the affinity of both pro-
teins for the RNA dramatically increases
in the complex: fold10- for Sxl and
»1000-fold for CSD1. Interestingly, Sxl
alone has been shown previously to bind
to a poly-(U) stretch in the transformer
pre-mRNA where this interaction is
involved in regulation of pre-mRNA
splicing. Thus, depending on the pres-
ence of an additional component (UNR),
recognition of poly-(U) stretches by SXL
has distinct biological outcomes. The
extended 16 nt RNA sequence recog-
nized by SXL and UNR is present only
twice within the complete 50 and 30

UTRs of msl2 mRNA, compared to the
abundant presence of poly-(U) motifs in
this transcript. In fact, the UNR CSD1
by itself is rather promiscuous and binds
various short RNA sequences with similar
affinities. Rather, SXL confers RNA bind-
ing specificity to CSD1. The cooperative
RNA recognition by SXL-UNR also
depends on unique protein-protein con-
tacts within the ternary complex, which
involve residues that are not present in all
RRM and CSD domains. These residues
are highly conserved throughout different
phyla and are likely to mediate similar
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interactions in proteins of other species,
even though these other species may not
share the dosage compensation system of
fruit flies.

The combination and cooperative
RNA recognition by multiple RBDs rep-
resents a paradigm for how general and

abundant RNA binding proteins may spe-
cifically identify their cis elements in
extended single-stranded RNAs and thus
regulate specific processes. Structural biol-
ogy will continue to uncover the molecu-
lar principles underlying the code of
protein-RNA recognition, an essential

undertaking to decipher the regulation of
gene expression.
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Figure 1. Recognition of mRNA by RNA binding proteins (RBPs). Top: A schematic view of a pre-mRNA indicating introns, exons, the poly(A)-tail, the
untranslated regions (UTRs), and cis elements (pink). Bottom: Different binding modes how regulatory RBPs can bind to poly(U) cis elements. A combina-
tion of these modes yields the highest binding specificity.
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