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RNA–protein interactions are pervasive. The specificity
of these interactions dictates which RNAs are controlled
by what protein. Here we describe a class of revolutionary new methods that enable global views of RNAbinding specificity in vitro, for both single proteins
and multiprotein complexes. These methods provide
insight into central issues in RNA regulation in living
cells, including understanding the balance between free
and bound components, the basis for exclusion of binding sites, detection of binding events in the absence of
discernible regulatory elements, and new approaches to
targeting endogenous transcripts by design. Comparisons of in vitro and in vivo binding provide a foundation
for comprehensive understanding of the biochemistry of
protein-mediated RNA regulatory networks.
Challenges and opportunities in a genome-wide view of
RNA control
The biological roles of RNA–protein interactions are pervasive. They regulate mRNAs, direct assembly of RNA
machines, and influence nearly every aspect of cellular
function. The immediate challenge is to determine how
proteins are targeted to specific RNAs across the entire
transcriptome and proteome. Understanding the connections between the entire collection of RNA-binding proteins (RBPs) and all RNAs will require analysis of their
interactions in vitro and in the cell. Global analysis of
RNA–protein interactions in vitro will provide a critical
foundation. By ‘global’, we include both the interactions of
a specific protein with a very large set of RNAs and the
comprehensive analysis of all RBPs in a proteome.
Analyses of RNA–protein interactions in test tubes
and cells are complementary. Indeed, the comparison of
data yielded by each approach is essential to understand
the biochemical basis of RNA regulatory networks, as it
has been with DNA-binding proteins. In vivo methods
including RNA immunoprecipitation (RIP)-ChIP, highthroughput sequencing of RNA isolated by crosslinking
and immunoprecipitation (HiTS-CLIP), photoactivatable
ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP), and individual-nucleotide resolution
crosslinking and immunoprecipitation (iCLIP) have helped
reveal the range and importance of RNA regulatory
networks [1–4]. In each of these approaches, RNA–protein
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complexes are purified from cell lysates using antibodies or
other affinity tags. The RNAs in the complexes are identified
by either microarray or deep sequencing. In some cases
(such as HiTS-CLIP, PAR-CLIP, and iCLIP), cells are UV
irradiated before cell lysis to ensure that the RNA and
protein are very close to one another in the cell, often (but
perhaps not always) in direct contact. The tremendous
power of deep sequencing enables transcriptome-wide detection of encounters between protein and RNA molecules
across the entire transcriptome. These experiments require
highly specific antibodies or similar affinity reagents and
provide limited quantitative information due to differences
in RNA abundance and localization. An additional limitation is an inability to discriminate bound sites from functional sites. These methods can be complemented by in vitro
techniques for comprehensive and quantitative assessments of binding interactions.
Here we discuss recently reported methods to analyze
RNA–protein interactions in vitro and consider the new
challenges and opportunities they present. These frontiers
include assessment of RNA–protein affinities for a large
range of RNA sequences and across entire proteomes, the
design of new proteins and small molecules that bind RNA
with high specificity, and in-depth dissection of the biochemical basis of molecular recognition between RNAs and
specific proteins in vivo.
Global approaches in vitro
Traditionally, RNA–protein interactions have been examined using a range of quantitative approaches in vitro,
electrophoretic mobility shift assays (‘gel shifts’), fluorescence anisotropy/polarization, nitrocellulose filter binding,
and RNAse protection assays. These approaches, while
powerful and in some cases quantitative, can analyze only
a few RNA–protein interactions at a time. Recently
reported methods make it possible to examine many
RNA–protein interactions simultaneously in a single experiment (Figure 1) [5–11]. The exact number of RNAs
analyzed varies, as does the mode of detection, which
together dictate the depth to which RNA-binding preferences can be discerned (Tables 1 and 2). In vitro selection,
high-throughput sequencing of RNA, and sequence specificity landscapes (SEQRS) and RNA Bind-n-Seq (RBNS),
which affinity purify a protein bound to members of a large
RNA library, yield information on the most diverse sets of
RNA sequences. Methods that use fluorescent proteins can
in principle detect protein–protein and protein–RNA
interactions simultaneously and so have special strengths
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Figure 1. Methods to analyze RNA–protein interactions. The diagrams for each method use the same color code. Red, RNA – structured (shown as a hairpin) or single
stranded (squiggly lines); black, DNA; pink, RNA-binding proteins (RBPs); blue, affinity matrices; asterisks, fluorescent components. Use of arrays or deep sequencing is
indicated in the diagrams. (A) In RNA mechanically induced trapping of molecular interactions (RNA-MITOMI), protein and RNA variants are analyzed by differential dye
fluorescence for structure/function relationships. Both the RNA and the protein are fluorescent. (B) In high-throughput sequencing RNA affinity profiling (HiTS-RAP), RNA
variants are synthesized on and tethered to an Illumina flow cell and the RBPs are detected by fluorescence at the site of DNA clusters. (C) Quantitative analysis of RNA on a
massively parallel array (RNA-MaP) is similar to HiTS-RAP in that RNA variants are synthesized on a flow cell and incubated with fluorescently labeled proteins. (D) In RNAcompete, RNA–protein interactions are detected by retrieving RNAs bound to a protein of interest followed by detection of these RNAs via a microarray. Fluorescence
intensity reveals binding preferences. (E) In in vitro selection, high-throughput sequencing of RNA, and sequence specificity landscapes (SEQRS), RNA–protein interactions
are detected using iterative selection and high-throughput sequencing. The method is analogous to systematic evolution of ligands by exponential enrichment (SELEX) but
with fewer rounds of selection and assays selection using deep sequencing. (F) RNA Bind-n-Seq (RBNS) is similar to SEQRS in that RNA–protein complexes are retrieved
from a complex library and detected via deep sequencing. However, unlike SEQRS only a single round of selection is used, allowing access to more RNA sequences.
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Table 1. Probes, detection, and types of RNA amenable for study using new methods
Method
RNA-MITOMI
HiTS-RAP
RNA-MaP
RNA-compete
SEQRS
RBNS
Modified 2DCS

Array fabrication
Yes
No
No
Yes
No
No
No

Unstructured RNA a
No
No
No
Yes
Yes
Yes
NA

Structured RNA a
Yes
Yes
Yes
Yes
Yes
No
NA

Fluorescent probe
Protein and RNA
Protein
Protein and RNA
RNA
None
None
yes

a

Demonstrated classes of RNA that have been reported.

in dissecting the roles of protein partnerships (see next
section).
RNA mechanically induced trapping of molecular
interactions (RNA-MITOMI) [8]
RNA-MITOMI uses a high-throughput microfluidic platform (Figure 1A). Fluorescently labeled RNAs are immobilized on an array coated in complementary DNA
oligonucleotides. Proteins labeled with a different fluorophore are incubated with the RNA pool and are used to
quantify the binding of a single protein to hundreds of RNA
species on the array. As currently configured, RNAMITOMI is applicable to cases in which the RNA target
is already known (e.g., histone stem–loop-binding protein).
High-throughput sequencing RNA affinity profiling
(HiTS-RAP) [10] and quantitative analysis of RNA on a
massively parallel array (RNA-MaP) [9]
These two methods repurpose a high-throughput instrument to measure the binding of fluorescently labeled protein (Figure 1B–C). DNA libraries encoding variants of an
RNA-binding site are used as transcription templates on
an Illumina sequencing flow cell. Transcription is stalled in
situ, resulting in the immobilization of nascent RNAs. The
association of fluorescent protein with the RNAs is then
quantified. In RNA-MaP, both the RNA and the protein are
fluorescently labeled, while in HiTS-RAP only the protein
is fluorescent. Both methods enable quantitative measurements of biophysical parameters, including Kd, binding
energy (DG), and off rates, for many sequences in parallel.
The RNA-MaP study reports Kd and DG values for approximately 150 000 RNA variants of the binding site for MS2

phage coat protein, while HiTS-RAP has been used to
determine the binding parameters of approximately
10 000 variants of RNA aptamers that bind two specific
proteins. Kd values are obtained from millions of RNA
clusters containing many copies of identical RNA molecules. RNA-MaP analysis of pairs of mutations yielded a
plausible evolutionary trajectory for the evolution of an
RNA–protein interaction [9].
RNA-compete [6]
A large pool of known RNA sequences is prepared from an
array (Figure 1D). After incubation with a given RBP,
protein-bound RNAs are fluorescently labeled and hybridized to a microarray. The motifs reported from RNAcompete are often shorter than those previously reported
by multiple methods but generally contain a portion of the
known consensus motifs. The approach has been used to
examine the specificities of 85 human RBPs and to predict
binding in vivo with variable accuracy [12]. The initial
RNA library comprises approximately 200 000 different
RNA species with all sequences of eight or fewer nucleotides and 81% of all possible decamers. The use of microarrays rather than deep sequencing limits the dynamic
range of detection.
SEQRS [7] and RBNS [13]
These approaches select RNAs that bind the protein of
interest from large RNA libraries (Figure 1E,F). SEQRS is
analogous to systematic evolution of ligands by exponential enrichment (SELEX) but uses only a few iterative
rounds of selection so that a wide range of affinities are
determined [7]. In traditional SELEX, 10–20 rounds of

Table 2. Demonstrated applicationsa
Method

RNA-MITOMI
HiTS-RAP
RNA-MaP
RNA-compete
SEQRS
RBNS
Modified 2DCS

Determination of unknown
specificity (reported
motif lengths) b
No
No
No
Yes (7)
Yes (10)
No
No

Measurement of
equilibrium Kd

Measurement
of off rates

Multiprotein
complexes c

Genome-wide
analysis

Direct
Direct
Direct
Correlated
Correlated
Indirect
No

No
No
Yes
No
No
No
No

No
No
No
No
Yes
No
NA

No
No
No
Yes
No
No
NA

a

A comparison of the demonstrated uses of the methods, including the access they provide to the identification of previously unknown binding elements, biophysical
parameters, the specificities of multiprotein complexes, and genome-wide analysis. The table includes published data only; additional developments and applications will
arise.

b

Demonstrated capability of extracting consensus binding elements; where applicable, the maximum lengths analyzed to date are provided in parentheses.

c

Several of the methods provide access to multiprotein complexes through the use of multiple fluorescent proteins, although they have not been used in this way to date
(see text).
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selection are used, leading to potentially large sequence
biases [14]. In SEQRS, fewer than five rounds of selection
are required and the composition of the initial starting
material is used to normalize for compositional biases in
the starting pool [7]. RNA libraries containing on the order
of 1012 members (all possible 20-nt sequences) are incubated with immobilized protein; protein-bound RNAs are
then reverse transcribed, the DNAs amplified and transcribed, and the process repeated. Their relative abundances (relative to the starting pool) are determined by
deep sequencing. The method yields a wide range of RNA
affinities, including low-affinity sites [15,16]. RBNS is
conceptually similar but uses only a single round of selection. RBNS uses a range of protein concentrations to aid in
estimating affinity. Reported SEQRS studies have yielded
the preferences of natural and variant Pumilio/fem-3
mRNA-binding factor (PUF) proteins and guided the design of proteins with new specificities [17]. The reported
RBNS work analyzed the affinities of three splicing factors
and yielded quantitative measurements for six or seven
nucleotide sequences.
Strengths and limitations
Here we consider the strengths and limitations of the
methods, organized by the key challenges in the field.
Determining RNA-binding specificity
A common application of these new methods is to determine the consensus binding element of an uncharacterized
RBP. A key objective here is to determine the affinities of a
wide range of RNA sequences for a protein of interest.
RNA-compete, SEQRS, and RBNS all accomplish this goal,
but with different strengths and limitations. In SEQRS,
two to seven rounds of selection yield high-quality binding
models that include subsets of lower-affinity sites; by
contrast, the single round of selection used in RNA-compete and RBNS yields shorter ‘core sites’ [6,7,12,13]. Similar experiments on DNA-binding proteins demonstrate
that two rounds of selection yield biologically meaningful
motifs for most proteins [18]. Although the core sites of
many RNA-binding motifs are short (often 3–7 nt), longer
sites exist and can have profound effects on binding and
regulation [19–21]. Similarly, weak sites can be vital in
vivo [7,22]. A priori, in analyzing a protein of unknown
specificity one might want to include longer binding
elements and weaker sites [7]. While the sequencing
approaches sample long RNAs, after data processing,
motifs yielded from each of the sequencing methods is
substantially shorter, ranging from six or seven bases in
RBNS and RNA-compete to ten bases in SEQRS. Deepsequencing approaches enable assays of long RNAs
containing diverse sequence permutations.
Obtaining biophysical parameters
A second critical objective lies in dissecting a known RNA–
protein interaction in biochemical depth. With traditional
methods, analysis of the effects of mutations in many
positions on binding for either protein or RNA is painstaking and labor intensive. Parallel measurements enormously accelerate such studies. Understanding binding requires
not only measurements of affinity for a wide array of RNAs,
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but also a quantitative analysis of biochemical constants
such as Kd, DG, and off rate. RNA-MaP, HiTS-RAP, and
RBNS provide quantitative measurements of Kd through
the use of multiple protein concentrations [9,10,13]. These
parameters provide a foundation against which in vivo can
usefully be compared, as has been the case with DNAbinding proteins. For example, discrepancies can help to
identify events that influence on and off rates in vivo, as
can discrepancies between in vitro affinities and in vivo
occupancies.
Revealing the effects of protein–protein interactions
Protein–protein interactions are likely to be critical in the
assembly of larger multiprotein complexes that control
RNAs (see below). Dissecting the effects of the protein
partners on specificity is a major, but largely unexplored,
challenge. In principle, the methods that rely on fluorescent proteins, including RNA-MITOMI, RNA-MaP, and
HiTS-RAP, provide powerful ways forward, in that multiple proteins could be visualized simultaneously [8–
10]. While these approaches have not yet been used for
this purpose (Table 2), they are likely to be adapted to meet
this need. Alternatively, deep-sequencing methods such as
SEQRS have been used to identify the effects of one protein
on another’s specificity [7]. SEQRS does not require advance knowledge about the RNA target being analyzed but
yields limited information regarding the order in which
components bind or the kinetics of their interactions.
The functions of RNA structure
Almost all of these studies are complicated by the diversity
of structures that RNA can adopt. When the structures are
already known, nearly all of the approaches can use RNA
libraries designed to mimic and probe that structure (e.g.,
[8–10,23]). By contrast, when the structure of the RNAbinding site is unknown the problem is far more challenging. In random sequence libraries (as can be used in
SEQRS and RBNS), the fraction of RNAs with stable
higher-order structures is relatively low in the starting
pool [24]. It may be possible to enrich cognate structures
through iterative rounds of selection, as is well documented with conventional SELEX [15,16]. The ability to analyze long, highly structured RNAs, as can presently be
approached with HiTS-RAP and RNA-MaP, will be important in dissecting the contributions of RNA structure but
remains a challenging problem.
The RBPome and protein partnerships
Understanding post-transcriptional regulation on a genome-wide basis requires analysis of all trans-acting RNAs
and proteins. Individual RBPs can bind hundreds to thousands of mRNAs in vivo, often with related functions.
Global approaches can help reveal how these RNA–protein
networks are assembled.
A recent RNA-compete study examined a large collection of RBPs including 85 human proteins [12]. This tremendous effort provided exciting insights into the diversity
of RNA–protein interactions. For instance, the predictive
value of binding occupancy based on biochemical affinity
measurements appears to be extremely variable on a geneby-gene basis [12]. Key challenges remain, including a
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deeper understanding of specificities, identification of differences among family members, characterization of regulatory RNAs [e.g., long noncoding RNAs (lncRNAs), Piwiinteracting RNAs (piRNAs), miRNAs], and analysis of the
remaining 600 or more human RBPs [25,26].
Large networks of RBPs collaborate and compete with
one another to regulate RNA. Many proteins that bind to
and regulate RNAs act in multiprotein complexes. For
example, multiple proteins combine with RNAs to form
functional particles, including small nuclear ribonucleoproteins (snRNPs), telomerase, and ribosomal subunits. 30
Untranslated region (30 -UTR) regulatory complexes often
involve multiple RBPs that interact with one another as
well as with RNA [27].
Protein–protein partnerships can influence specificity
in at least two ways. First, factors bound near one
another on the RNA can promote the use of suboptimal
binding sites. In Xenopus oocytes, the strength and position of binding sites for a pair of interacting proteins
alters regulatory outcomes [28]. In somatic cells, combinatorial binding of AUF1 and Argonaute 2 controls the
decay of selected target mRNAs in vivo [29]. Second, some
interactions may result in cooperative effects on specificity, as has been observed in a PUF/cytoplasmic polyadenylation element-binding (CPEB) protein complex
[7,30,31]. Similar cooperative effects may be widespread
but have escaped detection for want of global methods of
analysis capable of detecting subtle changes in binding
preference.
In principle, RNA-MaP and HiTS-RAP are particularly
well suited to identify ‘partner effects’ on binding, as
multiple proteins labeled with different dyes can be examined across a wide range of RNA sequences. Thus, these
approaches may provide an invaluable entry into combining the analysis of biochemical parameters such as binding
constants and off rates with the effects of protein–protein
interactions. These almost certainly will be important
understanding the biochemical basis of RNA regulation
and processing in the cell.
Excitement at the interface: in vitro meets in vivo
Deep sequencing of RNA following the introduction of
crosslinks to associated proteins provides a way to identify
RNA-binding sites (sequences, structures, or combinations
thereof) in vivo [1–3]. The synergy between studies of
specificity in vitro and in vivo is tremendous and is likely
to be as important in understanding RNA regulation as it
has been in dissecting transcriptional control [32]. At least
three informative outcomes have already been documented
and each category of result raises important, testable
hypotheses (Figure 2).
Predicted sites are occupied in vivo (Figure 2A)
Crosslinked sites in vivo are correlated with sites identified
in vitro by both RNA-compete and SEQRS approaches
[7,12,33]. However, biologically meaningful binding sites
are not always of the highest affinity in vitro [34]. For
instance, the yeast RBP Puf5p binds two distinct motifs of
different lengths and compositions [7,22]. Comparison of
in vitro with in vivo immunopurification data revealed that
lower-affinity modes of recognition are used in vivo [22,35].
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Figure 2. Three classes of binding element (BE) in vivo and their potential
implications. (A) A BE predicted to be functional in vitro is bound in vivo by an
RNA-binding factor (RBF). (B) A BE predicted to be functional in vitro is not bound
in vivo, due to either competition with other factors (purple) or physical
sequestration. (C) RNAs without in vitro binding sites are associated with the
protein in vivo. This situation might be due to recruitment by additional factors
(dark blue circle and box), aggregation (other proteins are shown in brown and
orange), or the consequences of allosteric effectors (light blue circle) that drive
occupancy of latent sites (red triangle).

These observations provide evidence for a range of
functional binding elements beyond high-affinity sites
but raise fundamental questions regarding the plasticity
of binding in vivo. Over what range of affinities and protein
abundance does in vitro binding directly predict in vivo
occupancy? What gradations of affinity are biologically
relevant? Low-affinity sites may be bound due to high
concentrations of the RBP or because a protein partner
that facilitates binding in vivo is absent from in vitro
experiments.
From the biological perspective, the key parameter is
the cellular output, such as a change in mRNA stability. It
will be critical to understand how affinity and off rates
relate to those outputs, particularly because function does
not inevitably follow in vivo occupancy. For example, approximately 20% of the sites to which Argonaute crosslinks
do not appear to mediate regulatory control in vivo
[36]. Validation of bound sites by global assays of regulatory function such as RNA-seq, ribosome profiling, and
proteomics will be essential to understand how occupancy
relates to function [37]. Perhaps only those sites within a
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certain range of affinities, or within a specific sequence
context, mediate regulation in the cell. If so, the use of
global analysis in vitro should provide a foundation to
distinguish functional sites from decoys.

the formation of amyloid-like polymers [40]. These polymers
could recruit multiple RBPs that do not bind the RNA
directly or without any RNA-intrinsic binding specificity.
Similarly, crosslinking might arise through high concentrations of the RBP and protein in a specific subcellular location, as has been discussed elsewhere [41].

Predicted sites are not occupied in vivo (Figure 2B)
Heterochromatin can mask high-affinity DNA elements
from DNA-binding proteins. It is likely that mRNAs can
be controlled in an analogous fashion, although through
different molecular means. For example, fewer than
half of the predicted sites for human PUM2 in the transcriptome appear to be occupied in vivo [2]. While it is
conceivable that the absence of crosslinking is an experimental artifact, it seems likely that some potential binding sites are masked, perhaps by competing RBPs,
proteins, miRNAs, or secondary structures. Sites also
could be hidden through localization of mRNAs into
P bodies or other granules [38]. More speculatively,
RNA marks, such as N6-methylation of adenine, could
modulate protein binding [39]. These modifications, some
of which are known to lie in UTRs, could be harbingers of
a covalent RNA code that modulates binding of regulatory
proteins.

Tailored specificity: proteins and small molecules
Molecules with tailored RNA-binding preferences will enable the manipulation of RNAs for a wide variety of purposes (Figure 3A,B). For proteins, the strategy is akin to
that of transcription factor-like (TAL) effectors or zinc
fingers. The PUF family scaffold has proven useful for this
purpose. PUF proteins bind to single-stranded RNA using
short repeated a-helical modules, each of which contributes three amino acids that directly contact an RNA base.
By manipulating those amino acids, new PUF proteins
have been created with tailored specificities (Figure 3A).
These ‘neo-PUFs’, linked to effector domains, can modify
the splicing, turnover, and translation of specific mRNAs
(Figure 3B) [42–48]. The specificities of natural and
designed combinations of the three amino acids have been
determined using a large randomized RNA library and
SEQRS, yielding an ‘RNA recognition code’ [17]. This approach, which also revealed off-target effects, provides a
path for the analysis of future designer proteins to control
RNAs in vivo.
The importance of small molecules that bind RNA is
exemplified by antibiotics that bind rRNA, metabolites
that bind riboswitches, and the diverse variety of molecules that bind RNA aptamers [5,49]. SELEX has enabled
the identification of RNAs that each bind specifically
to their own ligand. 2D combinatorial screening (2DCS)
focuses on families of ligands and may provide a route to
identifying organic compounds that bind to RNAs possessing different structural motifs (Figure 3C) [11]. In one

RNAs without sites are bound in vivo (Figure 2C)
Many RNAs that lack binding sites nonetheless appear to
bind in vivo, as judged by crosslinking and immunopurification. Assuming that these are not experimental artifacts,
their in vivo associations with an RBP could arise in three
ways. First, the RBP of interest might associate with the
RNA indirectly, through binding to another RBP that directly contacts the RNA. The hallmark of such events would
be the presence of a completely different binding element in
a subset of the in vivo targets. Alternatively, sequestration
could be mediated by low-complexity regions. These protein
domains, which are present in many RBPs, are implicated in
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Figure 3. Approaches for tailored regulation of RNA in vivo. (A) Mutagenesis of the Pumilio/fem-3 mRNA-binding factor (PUF) scaffold provides a means to target cellular
RNAs [17]. Repeat units (R1–R8) specify recognition of a single RNA base and can be manipulated to change RNA targeting. (B) Fusion of PUF scaffolds to effector domains
results in desired regulatory outcomes. (C) Analysis of RNA–small molecule interactions using 2D combinatorial screening (2DCS) provides a starting place for the
identification of bioactive compounds. (D) Addition of chemical effector domains to compounds should enable a diversity of outcomes for the targeted RNA, as in targeted
PUF design.
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study using 2DCS, a library of structured RNAs was added
to an array carrying a range of ligands and RNAs that bound
specific ligands were identified by sequencing. Computational analysis of the compounds revealed the preferences of
the various small molecules for structure and sequence. This
enabled the prediction of compounds that proved to be
effective in binding specific pre-miRNA targets, disrupting
their processing (Figure 3D, top) [50]. In the future, it may be
possible to attach effector domains to the ligands, as has
been done with designed PUF proteins (Figure 3D, bottom).
While this approach is likely to be difficult with minimally
structured single-stranded sequences, it presents an exciting pathway to identifying small lead compounds that target
structured RNAs.
Whatever the targeting agent, deep global analyses will
be necessary to identify off-target effects, as was critical in
the development of genome modification nucleases [51]. For
this purpose, approaches that exploit deep sequencing are
likely to be critical.
Concluding remarks
Cellular RNAs encounter a vast array of protein partners.
The methods we have discussed promise to reveal how
proteins find their targets, modulate one another’s activity,
and coordinate RNA function. The same approaches will
enable targeting of specific RNAs with designer proteins
and small molecules. Comprehensive analysis of RNAbinding specificity provides vital tools to explore the mechanisms of every process in which RNA molecules participate and to link the biochemistry of their interactions with
their effects in the cell.
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