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The ribonome interconnects the proteome and the transcriptome. Specific biology is situated at this interface, which can
be studied in bulk using omics approaches. In this entry, we focus on both RNA- and ribonucleoprotein-(RNP) centric
methods. These methods can be used to study the dynamics of the ribonome in response to a stimulus. The purpose of
this entry is to provide and discuss an overview of the currently available RNA- and RNP-centric approaches to study
RNPs.
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| 1. Opening Doors to the RNA-Binding Proteome
1.1. Why Study These Proteins? What New Exciting Insights Can Such Study Reveal?

Ribonucleoprotein complexes (RNPs), composed of both RNA molecule(s) and one or more RNA-binding proteins
(RBPs), are known to play key roles in cell homeostasis and cell fate by controlling post-transcriptional gene regulation
and RNA processing. This can involve gene expression, RNA storage, RNA stability and RNA transport [, Until recently,
RBPs were classified as such by the presence of one or more RNA-binding domains (RBDs), such as an RNA-recognition
motif (RRM), K homology domain (KH), DEAD-box helicase domain, Pumilio/FBF domain, zinc fingers, etc. [2. However,
several research groups have discovered hundreds of RBPs missing such domains, suggesting the limitations of
computational prediction B4l The discovery of RBPs lacking any canonical RBD underscores that the number of RBPs is
likely underestimated B8, |t has been shown that cells adapt to physiological cues through changes in the RBPome,
making the study of the dynamics of the RBPome a starting point for many biological questions B The study of these
RNPs could provide important insights into, for example, the regulation and function of long noncoding RNAs (IncRNAS).
The mechanism of how Xist, one of the most extensively studied IncRNAs, regulates the silencing of the X-chromosome
was recently elucidated by the study of its interacting RBPs AL Fyrthermore, the abnormal functioning or expression of
RBPs can be linked to multiple diseases 12, as was demonstrated for the hereditary hyperferritinemia-cataract syndrome,
arising from a mutated RBP 131, Additionally, the identification of viral susceptibility genes by studying RNPs could provide
new perspectives, as was shown by several research groups EIIZ4IISIGILTIIE]  Opening doors to the RNA-binding
proteome is resulting in exciting new insights into a rapidly evolving scientific field.

1.2. The Study of the Ribonome: Where Are We Now?

Over the last two decades, several techniques have been developed to study the interplay between RNA and their
cognate RBPs. These methods use an RNA-centric or protein-centric approach and target a specific RNP or an entire
group of RNPs. For such a rapidly evolving field, it can be challenging to maintain an overview of the available methods
and more importantly how they can be applied. Additionally, standard ways of analyzing, presenting and visualizing the
resulting data have yet to emerge.

It has become clear that RNA is more than solely a blueprint to be translated into functional proteins, as it can also
function as a scaffold to coordinate and organize protein networks and vice versa. Earlier, protein-centric approaches,
such as Cross-Linking and ImmunoPrecipitation (CLIP), were applied to describe these interactions L220 Although
successful, these approaches are focused on a single species of protein interacting with one or a diverse group of RNA
molecules. However, the question is often complementary but reversed: which proteome interacts with an RNA species?

Despite the recent availability of multiple RNA-centric methodologies discussed in Section 3, only a few specific RNA
molecules have been studied extensively, of which the resulting data did not always yield consistent results. Not only does
each method have its own strengths and weaknesses, but there are some challenges, involving yield, cost and specificity,
common to all. Overcoming these could result in major advances in the field and a better characterization of multiple
RNPs, even the ones difficult to study, such as those associated with low-copy-number RNAs. With the recent publication



of organic phase separation protocols such as Cross-Linked RNA eXtraction (XRNAX) 24, orthogonal organic phase
separation (OOPS) 22 and Phenol-Toluol extraction (PTex) [23, we address these challenges and propose future
experimental strategies that build on these methods.

As mentioned in Urdaneta et al. (2019) and Beckmann (2017), we have to highlight that the term RBP has a historical role
in functional RNA biology. Since cross-linking an RNP is based on the physical proximity of the RNA and the protein rather
than on the physiological role of the protein, the term RBP becomes broader or a new term has to be introduced, as
suggested by Urdaneta et al. Because of this proximity binding, the question of whether the identified binding proteins are
functional binders or just spatially close to a given RNA molecule during the time of cross-linking can arise. Together with
the fact that a lot is still unknown about the role and importance of numerous transient RNA—protein interactions, it is
advisable to experimentally validate identified targets, no matter how stringent the purification procedure 231241,

| 2. Isolating the RNA-Bound Proteome to Study RNP Dynamics

Multiple techniques are available to target the RBPome. These methods can be categorized into three main groups:

affinity-based-, solid-phase-based and based on organic phase separation. A summary can be found in Table 1.

Table 1. Overview of techniques to isolate the RNA-bound proteome to study RNP dynamics.

Method

RNA Target

Advantage

Disadvantage

Cell Type

Cell Number

Affinity-Based Separation

RIC [El[23]

Poly(A) tailed
RNA

Isolates only mRNA
complexes (if subset is
of interest)
Widely used protocol

Isolates only mRNA
complexes
Low signal-to-noise
ratios
Additionally, co-
purification of non-cross-
linked (free) RNA
Can purify off-target RNA
containing poly(A)
stretches within its
sequence

All poly(A) tailed
containing
organisms

7500 cm? HeLa
cells &
107 cells (28]
108 cells 21

elcRIC [1
91

Poly(A) tailed
RNA

Isolates only mRNA
complexes (if subset is
of interest)
Better signal-to-noise
ratios than RIC

Isolates only mRNA
complexes
Additionally, co-
purification of free RNA
Can purify off-target RNA
containing poly(A)
stretches within its
sequence

All poly(A) tailed
containing
organisms

1-1.3 x 108 cells [1
3 x 15 cm dishes

at 80% confluence
[91

CARIC
[28]

Newly
transcribed
RNA

All RNA types
RNP monitoring
through time

Use of nucleoside
analogs
Potential co-purification
of naturally biotinylated
proteins
Additionally, co-
purification of free RNA

Limited to cell
cultures receptive
for nucleoside
analogs

4 x 107 cells

RICK [22]

Newly
transcribed
RNA

All RNA types
RNP monitoring
through time

Use of nucleoside
analogs
Potential co-purification
of naturally biotinylated
proteins
Additionally, co-
purification of free RNA

Limited to cell
cultures receptive
for nucleoside
analogs

Not specified

Solid Phase Separation

2c

All RNPs

Fast and cost-effective
method

Contamination of both
free protein and free RNA
Dependent on the scale
of the silica columns
A nucleotide size
limitation can occur
inherent to silica
matrices

All cell types and
tissue

Not specified




Method RNA Target Advantage Disadvantage Cell Type Cell Number
DNA is co-eluted
Additionally, co-
(PAR)- . purification of free RNA 750 mL of media
TRAPP All RNPs Coss(t;aj:sretwfo:,it:rd A nucleotide size Al ce::stgs/l;::s and containing cells at
B p limitation can occur an OD600 of 0.5
inherent to silica
matrices
Study of early-stage The current field of
viral infection application is a highl Limited to cell
VIR- Pre- Theoretically adaptable _pp . gny R
. L interesting but small cultures receptive 2
CLASP replicated to every type of in vitro . : 15 cm” of cells
[32] . h niche for nucleoside
viral RNPs transcribed RNA
SPRI beads can have analogs
molecule size-selective artefacts
Cost-effective method
Organic Phase Separation
All RNA types
Little free RNA Glycoproteins and RNA-
Cost-effective method protein adducts cannot
XR,Q“_HAX All RNPs Easily scalable be distinguished All ce::stzszs and 1 x 108 cells
Good starting point for Technically challenging
more specific Crude fraction
techniques
Technically challenging
OOPS Al RNA types Cannot be used as a All cell types and 28.2 cm? of
221 All RNPs Cost-effective method . . .
. starting point for more tissue 90% confluence
Easily scalable e .
specific techniques
All RNA types
Little free RNA Glycoproteins and RNA-
Cost-effective method protein adducts cannot
>
PTex 23 All RE‘: 30 Easily scalable be distinguished All ce::st)s/l[::s and 2 x 10° cells

Good starting point for
more specific

Technically challenging
25-30% recovery

techniques

2.1. Affinity-Based Separation
(Enhanced/Comparative) RNA Interactome Capture ((e/c) RIC)

RNA Interactome Capture (RIC) was the first RNA-centric approach developed to address the limitations of in vitro, bio-
informatic and protein-centric approaches to identify the mRNA interactome without prior knowledge of the RNA
interacting proteins. Cellular RNPs are UV cross-linked, after which the mRNA-bound proteome is purified using oligo(dT)
beads and identified using quantitative mass spectrometry B4, Once a protein is enriched in an irradiated sample
compared to the non-cross-linked control sample, it is defined as an RBP. Data obtained using this methodology reveal
that the eukaryotic mMRNA-binding proteome is substantially larger than anticipated. Although RIC is an important
technique to identify the mRNA interactome, it also has several drawbacks. Only proteins interacting with poly(A) tailed
RNA are captured, and thereby they represent only a part of the whole RBPome, leaving out rRNA-, tRNA-, ncRNA-,
IncRNA-, snoRNA- and snRNA-interacting proteins. Consequently, RBPomes of prokaryotes lacking abundant poly(A)
tails cannot be isolated using RIC. In addition, the technical noise and experimental variability of RIC still limit the utility of
the technique to study the function and dynamics of the RBPome upon environmental and pharmacological stimuli. To
deal with these variation issues, enhanced RIC (eRIC) using Locked Nucleic Acid (LNA)-modified probes, allowing the use
of more stringent washing conditions, was designed. This optimized protocol reduces the material requirement, improves
signal-to-noise ratios (10 times less rRNA and DNA contamination was observed) and enables studying the dynamics of
the mMRNA interactome upon different experimental conditions 4. In addition, Garcia-Moreno et al. (2019) developed
comparative RIC (cRIC), by altering the existing RIC protocol with the use of SILAC (stable isotope labelling by amino
acids in cell culture), enabling the study of the dynamics of the mRNA interactome upon sindbis viral infection. It was
shown that a quarter of the mRNA interactome changes upon sindbis infection, of which a few were proven to play a vital
role in viral virulence. This research clearly shows the usefulness of RNP capture methods in studying physiologically
important systems and cues 2.

RNA Interactome Using Click Chemistry (RICK) and Click Chemistry-Assisted RNA-Interactome Capture (CARIC)



To complement the shortcomings of RIC to capture RNA molecules not harboring a poly(A) tail, multiple methods were
designed. Of these, click chemistry-assisted RNA-interactome capture (CARIC) and RNA interactome using click
chemistry (RICK) were among the first 23], RICK and CARIC share a similar approach, only differing in the addition of the
photoactivatable 4-thiouridine (4SU) nucleotide analogs and, consequently, also the wavelength of UV cross-linking by
CARIC. Instead of targeting a specific RNA sequence or motif, a hucleoside analog (5-ethynyluridine (EU)) is built into the
RNA and chemically linked with biotin after a UV cross-linking step 31, The biotin-linked RNPs can now be isolated using
streptavidin-coated magnetic or agarose beads. Since the nucleoside analog is incorporated in all newly transcribed RNA
species, a more complete set of the total RBPome is captured in comparison with RIC, which only gathers the poly(A)
tailed fraction of the RBPome. Since nucleoside analogs can only be built into newly transcribed RNA from the moment
they are administered to the cell culture, one can selectively study the newly transcribed fraction of RNP interaction upon
a certain stimulus over time. This feature distinguishes the click chemistry RNA interactome from all other strategies.
However, since click chemistry requires the efficient in vivo labelling of RNA, its application may be limited to suitable cell
cultures, thereby narrowing its scope. Besides, it should be noted that the streptavidin-based purification can result in the
co-purification of rare naturally biotinylated proteins, affecting the reliability of the output.

2.2. Solid-Phase Separation

Complex Capture or 2C Method

The power of the 2C method lies in its simplicity. The method is based on the well-established principle of silica matrices
to strongly and specifically retain nucleic acids B4, Asencio et al. (2018) observed that the silica—RNA interaction is
sufficiently strong to also retain UV cross-linked RNA—protein complexes BY. Since the silica matrix interacts with the RNA
molecule in a sequence-independent manner, the whole RBPome is purified. Although no mass spectrometry
identification was performed, the bioanalyzer and silver staining results of the retained, washed and eluted RNP fraction
points to an enriched level of good integrity RNA—protein complexes. Despite the silver staining showing that large protein
bands (range 250 kDa) are co-eluted, more investigation is necessary to elucidate whether all size and/or sorts of
biochemically different RNPs are purified with the same efficiency. The XRNAX protocol (discussed later) circumvents this
potential problem by pre-treating the complexes with partial trypsin digestion, degrading parts of the protein 24, The
resulting smaller RNPs are probably retained more efficiently and in a more quantitative way, which is essential for the
study of RBPome dynamics. Asencio et al. (2018) envisage the use of 2C beyond the validation of RBPs but also to
simplify multiple downstream applications to study RNA—protein interactions. By introducing multiple additional purification
steps, the RNA-binding domain map (RBDmap), RBPome, RNA binding protein footprint (RBP footprint), RNA interactome
and a targeted RBDmap of a single protein could be studied further, as discussed in Section 4.

Total RNA-Associated Protein Purification (TRAPP) and iTRAPP

Similar to the 2C method, TRAPP also makes use of a silica solid phase to retain the RBPome in a non-sequence-specific
manner B, Instead of silica columns, silicon dioxide particles of 0.5-10 pm are used. The identification of the RBPome of
Escherichia coli and S. cerevisiae was successful and, in addition, Shchepachev et al. could map the dynamics of the
RBPome of S. cerevisiae upon weak acidic stress using this technique. Silica matrices are known to also retain DNA,
possibly giving rise to DNA-interacting contaminants. The combination of the low DNA-protein linking capacity of UV light,
denaturing conditions and an extra washing step with a low salt buffer containing 80% ethanol reduces the recovery of
contaminating proteins bound to DNA, as clearly shown by the authors. For S. cerevisiae samples, different UV types and
doses (400/800/1360 mJ/cm? at 254 nm and 7200 mJ/cm? at 360 nm) were compared for both RNP recovery and for the
pathways in which identified proteins function (GO analysis). The quantitative mass spectrometry results clearly show a
UV dose-dependent enrichment of RNPs (573/694/1434 proteins) using 245 nm with an overlapping core of 482 proteins
in the three UV conditions (400/800/1360 mJ/cm?). The authors also investigated the RBPome composition using 254 nm
(TRAPP) and 365 nm (PAR-TRAPP) UV cross-linking light. Interestingly, GO analysis shows a clear difference for proteins
lacking known functions in RNA metabolism/binding, which were more abundant in TRAPP compared to PAR-TRAPP,
highlighting the complementary linking character of both UV approaches, as discussed in Section 2.2. Additionally, they
could also pinpoint the precise interaction site of 524 RNA-peptide cross-links belonging to 178 proteins using an adapted
version of the Xi search engine software 5], coining this approach, iTRAPP.
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