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Zusammenfassung
RNA-Bindungsproteine spielen Schlüsselfunktionen bei der
post-transkriptionellen Regulation der Genexpression. Durch Bindung an RNA
steuern sie die RNA-Aufbereitung, den Transport, die Stabilität und die
Translation. In den letzten zehn Jahren wurden bedeutende Fortschritte bei der
Aufklärung bakterieller post-transkriptioneller Mechanismen erzielt. Es wird
immer deutlicher, dass diese Regulierungsebene auch bei der Pathogenese
und Antibiotikaresistenz eine wichtige Rolle spielt. Die Analyse von
RNA-Protein-Komplexen (RNPs) auf Proteomebene wurde durch die
(m)RNA-interactome-capture Technologie vorangetrieben, die den Teil des
Proteoms isoliert, welcher mit polyadenylierter (m)RNA vernetzt ist. Dies hat
zur Identifizierung von Hunderten von neuen RBPs in einer Vielzahl von
eukaryontischen Arten, vom Menschen bis zur Hefe, geführt. Allerdings fehlt
die Poly-Adenylierung in der funktionellen RNA von Bakterien und anderen
Klassen von -eukaryontischen- regulatorischen RNAs. Ziel dieser Arbeit war es,
diese Einschränkung durch die Entwicklung einer neuartigen und
unvoreingenommenen Methode zur Aufreinigung von UV-vernetzten RNPs in
lebenden Zellen zu überwinden: PTex (Phenol-Toluol-Extraktion). Das
Reinigungsprinzip basiert ausschließlich auf den physikalisch-chemischen
Eigenschaften von vernetzten RNPs gegenüber ungebundenen Proteinen oder
RNA; es ist dabei unparteiisch gegenüber spezifischen RNAs oder Proteinen
und ermöglicht somit erstmals eine systemweite Analyse von
nicht-poly-(A)-RNA-interagierenden Proteinen sowohl in eukaryontischen
(HEK293) als auch in prokaryontischen (Salmonella Typhimurium) Zellen.
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Abstract
RNA binding proteins play key functions in post-transcriptional regulation of
gene expression. By binding to RNA, they control RNA editing, transport,
stability and translation. In the last decade, significant advances have been
made in the elucidation of bacterial post-transcriptional mechanisms. It is
becoming increasingly clear that this layer of regulation also plays an important
role in pathogenesis and antibiotic resistance. The analysis of RNA-protein
complexes (RNPs) at the proteome level has been driven by the (m)RNA
interactome capture technology which isolates the proteome cross-linked to
poly-adenylated (m)RNA. This has resulted in the identification of hundreds of
novel RBPs in a diversity of eukaryotic species ranging from humans to yeast.
However, poly-adenylation is absent in functional RNA from bacteria and other
classes of -eukaryotic- regulatory RNAs. This work was aimed to overcome
that limitation by developing a novel and unbiased method for the purification
of UV-cross-linked RNPs in living cells: PTex (Phenol Toluol extraction). The
purification principle is solely based on physicochemical properties of
cross-linked RNPs versus unbound proteins or RNA, and it is impartial towards
specific RNA or proteins; enabling for the first time a system-wide analysis of
non-poly(A) RNA interacting proteins in both eukaryotic (HEK293) and
prokaryotic (Salmonella Typhimurium) cells.
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Glossary
Chaotropic
agent

Chaotropic agents are co-solutes which can disrupt the
hydrogen bonding network between water molecules
and can thereby reduce the stability of the native state
of proteins by weakening the hydrophobic effect [1].

Hydrophobic
effect

Results from the propensity of water molecules to
form many relatively strong hydrogen bonds with each
other. The favorable self-interaction of water produces
a strong tendency for a protein to bury those parts
of its surface that are not sufficiently hydrophilic, i.e.,
that are not themselves polar enough to replace one of
the waters in a water-water hydrogen bond causing the
collapse of the protein backbone into a dense globule
and the burial of hydrophobic amino acid side chains in
the core of the protein [2].

Intensity-
based absolute
quantification
(iBAQ)

The sum of peak intensities of all peptides matching to
a specific protein, divided by the number of theoretically
observable peptides. iBAQ is used as an accurate proxy
for protein levels [3].

pKa Is the negative base 10 logarithmof the acid dissociation
constant (Ka) of a solution; pKa= -Log10Ka (https://
www.thoughtco.com/). This magnitude quantifies the
tendency of molecules to dissociate when in contact
with water.

xv
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Ultraviolet (UV)
radiation

Ultraviolet radiation covers the wavelength range of
100 nanometres (nm) to 400 nm. It is the most
powerful type of optical radiation. UV radiation is not
visible to the human eye and cannot be perceived by
the other senses either. UV radiation is divided into
the following wavelength ranges: UV-A (400-315 nm
wavelength), UV-B (315-280 nm wavelength) and UV-C
(280-100 nmwavelength) http://www.bfs.de/EN/topics/
opt/uv/introduction/introduction_node.html.
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Acronyms
4-SU 4-thiouridine. 8, 9, 36, 58, 74, 88

6-SG 6-thioguanosine. 9

BCP 1,3-bromo-chloro-propane. 13, 45

clHuR cross-linked HuR. xxiii, 42–44, 47, 51, 52

CLIP cross-linking and immunoprecipitation. 7, 9

clRNP UV cross-linked RNA-protein complex. 17, 73

clRNPs UV cross-linked RNA-protein complexes. xx, xxi, xxiv, 12, 19, 34, 41, 42,
44, 45, 47, 49, 51–54, 57, 75, 76

EJC exon junction complex. 1

GO gene ontology. 36

HuR*RNA HuR-RNA complexes. 43, 46, 47

iBAQ intensity-based absolute quantification. 68

IDRs intrinsically disordered regions. 6, 85

LFQ label-free quantification. 35, 36, 54

MS mass spectrometry. xx, 10, 17, 34, 35, 53, 54, 69, 75, 76, 79

pI isoelectric point. 56, 60

PNK T4 polynucleotide kinase assay. 70
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RBD RNA-binding domain. 1, 4

RBDs RNA-binding domains. xxi, xxv, 3, 4, 6, 7, 82, 83, 86

RBP RNA-binding protein. 1, 4, 7, 42, 73, 78

RBPome RNA-bound proteome. 71, 89

RBPomes RNA-bound proteomes. 10

RBPs RNA-binding proteins. xix, 1, 3–7, 10, 41

RIC (m)RNA-interactome capture. 10, 18, 44, 51, 52

RNPs ribonucleoprotein complexes. xxiii–xxv, 3, 7, 8, 12, 44, 57, 60, 74, 80, 89
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Chapter 1
Introduction
1.1 Ribonucleoprotein complexes and their role

within the cell
Cells determine the final protein output of their genetic program by controlling
the transcription, localization, translation and turnover rates of their mRNAs [4].
From transcription to decay, mRNAs are in constant contact with a diversity of
proteins. The eukaryotic cell is the best example to illustrate how the life cycle
of an mRNA is orchestrated by proteins (Fig. 1.1).

Ribonucleoprotein complexes are formed by the interaction of RNA molecules
(mRNA and ncRNA), RNA-binding proteins (RBPs) and in many cases
accessory proteins and/or metabolites with a variety of functions [5; 4]. From
human to bacteria, these complexes are essential for cell processes such as
protein synthesis, RNA stability, transport, localisation, mRNA/ncRNA activity
and RNA decay [6; 7; 8; 4; 9] (Fig. 1.1. The ribosome, spliceosome, the exon
junction complex (EJC), stress granules, RNase P and the exosome are classic
examples of ribonucleoprotein complexes [7; 10; 11].

Conventionally, an RBP is a protein with the capacity of binding RNA molecules
via a well defined RNA-binding domain (RBD), or a modular set of them [12].
RNA-binding proteins play different roles in the RNP by modulating or
stabilizing the RNA structure, e.g. enabling its catalytic conformation during
pre-mRNA editing [13; 5].

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: The life cycle of mRNA is orchestrated by a diversity of proteins. (a)
during transcription by RNA polymerase II, nascent mRNA precursors encounter the
capping machinery, cap which prevents a premature degradation. (b) pre-mRNAs
are then spliced and polyadenylated, requisite for (c) their transport to the cytoplasm
where mRNAs are (d) translated into proteins. Finally, cells can adjust to a changing
environment by regulating the mRNA turnover, e.g. by disassembling mRNPs and
degrading the mRNA. Modified from [4].

Erika C. Urdaneta https://doi.org/10.18452/21318
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1.1. RIBONUCLEOPROTEIN COMPLEXES AND THEIR ROLE WITHIN THE CELL 3

Recent technical advances have allowed the uncovering of hundreds of new
RBPs, many of which exhibit unconventional RNA-binding domains and
functions [14; 15; 16]. Likewise, the study of regulatory RNAs has also
expanded, non-coding RNAs (ncRNAs) might guide the localization of RBPs,
then regulating the translation and epigenetic modulation of genes [6; 17; 18].
These findings open-up the possibility that RBPs not just regulate RNA, but
instead, can been regulated by it [12] (Fig. 1.2).

Figure 1.2: Functional cross-talk between proteins and RNA. (a) An RNA-binding
protein (RBP) can interact with RNA through defined RNA-binding domains to regulate
RNA metabolism and function. (b) Inversely, the RNA can bind to the RBP to affect its
fate and function. Modified from [12].

1.1.1 Ribonucleoprotein complexes in disease and infection
Due the wide range of actions of RNPs, it is not surprising that perturbations on
its functions are being associated with metabolic disorders, hereditary
diseases and cancer [15; 19; 20]. It has been shown that mutations on RBPs
can cause hereditary neuromotor diseases and other neuro-degenerative
disorders, such as the amyotrophic lateral sclerosis (ALS), frontotemporal
dementia, spinal muscular atrophy or Alzeimer’s [21]. In addition, within the
mRNA interactome from HeLa cells, 86 proteins were found to be involved in
human Mendelian’s diseases according to the OMIM database [15].

In the last decade, significant advances have been made in the elucidation of
bacterial post-transcriptional mechanisms. It is becoming increasingly clear

https://doi.org/10.18452/21318 Erika C. Urdaneta
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4 CHAPTER 1. INTRODUCTION

that this layer of regulation also plays an important role in pathogenesis and
antibiotic resistance [22; 23; 24; 9].

Pathogenic bacteria sense and respond to diverse microenvironmental
stresses encountered during the infection process, leading a fine-tuned
expression of virulence-associated genes. They rely on diverse molecular
mechanisms to divert and ultimately highjack the immune response of the host
as well as to resist the harsh intracellular environment.

Recently, an RBP from Listeria monocytogenes (protein Lmo2686 or Zea) has
been found to be involved in modulating the IFN response in the host [25].
During infection of mammalian cells, Zea interacts with RIG-I and modulates
RIG-I-dependent type I interferon (IFN) response. Interestingly, Zea is absent of
any canonical RNA-binding domain (RBD), suggesting a non-canonical mode of
RNA binding [25]. Despite the increasing interest on investigating RBPs in
bacteria, the proteome-wide exploration of the RBP repertoire in bacteria has
proved to be tremendously challenging due to technical difficulties (discussed
later in this chapter).

1.2 RNA-binding proteins and their
RNA-recognizing domains

The defining characteristic for an RNA-binding protein (RBP) is its capacity to
bind RNA. The RNA-binding activity is mediated by an ever increasing variety of
RNA-binding domains (RBDs) [7; 26]; such domains can also mediate
protein-protein interactions and, in many cases, are subject to regulation by
post-translational modification [7].

The specificity of RBPs is determined mainly by the type of the RNA-recognition
domains (Fig. 1.3); combinations in these motifs determine the affinity of the
RBP to its cognate RNA, without limitations in their versatility to assemble and
disassemble in response to the cellular needs [27]. Interestingly, the RBD
composition related to the general RBP architecture and even its localization
has functional implications, e.g. the proteins Dicer and RNase III share the

Erika C. Urdaneta https://doi.org/10.18452/21318

https://doi.org/10.18452/21318


1.2. RNA-BINDING PROTEINS AND THEIR RNA-RECOGNIZING DOMAINS 5

Figure 1.3: Schematic representation of the distribution and increasing variety ofRNA-binding domains. The number and distribution of RNA-binding domains varies
greatly. Repetitions of the same or different motifs can be found within one RBP.
Interestingly, the biological function and RNA specificity/affinity can differ among RBPs
displaying the same RBDs (e.g. HuR, hnRNPL, PTBP1). (*) Although not strictly RBDs,
catalytic domains are in close relationship with RNA-binding sites [26]. Modified from
[27; 7].

display of an endonuclease catalytic domain followed by a double-stranded
RNA-binding domain (dsRBD) (Fig. 1.3). However, although both proteins
recognise dsRNA, only Dicer has evolved to interact specifically with RNA
species that are produced in the RNA interference pathway through additional
domains that recognise the unique structural features of these RNAs [27].

Analysis of the sequences and domain architecture of 120 yeast RBPs, revealed
that these proteins contain an average of 1.9 domains, and a third harbor more
than one [28]. On the other hand, the amount of RBPs in mammal and yeast
cells might be an underestimation since only 40-50% of the RBPs contains well
known RNA binding motifs [15; 28; 5].
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During the analysis of the mRNA-interactome from the human cell lines HeLa
and HEK293, characteristics of new RNA binding domains were established
[14; 15; 19], particularly the double specificity of domains previously annotated
as DNA or protein binders (SAF-A/ B, Acinus, PIAS and WD) and proteins
without recognizable domains but with the common feature of having highly
disordered regions [15].

A comprehensive analysis of RNA-binding domains (RBDmap) identified 1,174
binding sites within 529 HeLa cell RBPs, discovering numerous RNA-binding
domains (RBDs) [26]. The authors reported that catalytic centers or
protein-protein interaction domains are in close relationship with RNA-binding
sites; and that nearly half of the RNA-binding sites map to intrinsically
disordered regions (IDRs). They also found that RGG and YGG boxes are widely
involved in RNA binding [26].

Recently, a comparison of evolutionarily conserved RNA interacting regions
between human and fly applying the CAPRI technique (Crosslinked and
Adjacent Peptides-based RNA-binding domain Identification), resulted in the
confirmation and expansion of the RNA-binding capacity of intrinsically
disordered regions (IDRs), classified as i) positively charged domains RG[G] or
RS motifs, ii) aromatic amino acid-rich pattern with YG or NGF repeats, iii)
single amino acid-repeat motifs containing glutamine, alanine or histidine
stretches; additionally to the discovery of novel RNA-binding domains such as
AAA ATPase, DZF, SPRY and P-loop containing nucleoside triphosphate
hydrolase (Fig. 1.4 ) [29].

Intrinsically disordered regions (IDRs) have been found in conserved RBPs from
yeast to humans, such regions harbor [K]- and [R]-rich tripeptide repeat motifs,
which seem to be conserved across evolution [16]. This feature was used for
the development of a support vector machine (SVM)-based method
(TriPepSVM), for the classification of RBPs and non-RBPs [30]. Among the 990
predicted RNA-binders in humans, we found 200 proteins with ATP-binding
capacity, 13 of which are proteins of the AAA ATPase family [30]. Interestingly, it
has been shown that RNA- and single nucleotide binding overlapping occur in
established RBPs [31]. Another finding was the enrichment in kinases, proteins
harboring WD40 domains and bromodomain folds [30].
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Figure 1.4: Novel RBDs conserved between human and fly. RNA-binding domains
(RBDs) recently identified include AAA ATPase (AAA), domain associated with zinc
fingers (DZF), SPla and RYanodine Receptor (SPRY), P-loop containing nucleoside
triphosphate hydrolase (P-loop) among many other [29].

1.3 Methods to study ribonucleoprotein complexes
The increasing interest in studying the composition and function of
ribonucleoprotein complexes (RNPs) has fostered the development of efficient
protocols for RNPs purification and analysis. Currently, there are two main
strategies to investigate RNPs, one is focused on analysing the transcriptome
associated with a particular RBP (RNA-centric; Fig. 1.5a) and the other is aimed
to purify and identify the repertoire of RNA-binding proteins in a cell-wide
manner (Protein-centric; RNA-bound proteome or RBPome, Fig. 1.5b).

1.3.1 RNA-centric approaches
Tenenbaum and colleagues established a technique consisting in the
immunoprecipitation of RNPs and analysis of the RNA by cDNA chips [33]. This
technique allowed the identification of the RNA binding sites in Pumilo, miRNPs
and AGO proteins [33; 34; 35]. However, the ability of RNA and proteins to
associate non-specifically during cell lysis was reported [36].

To overcome these obstacle, the cross-linking and immunoprecipitation (CLIP)
method [37] introduced the in vivo covalent bond formation between proteins
and RNA by radiating cells with short-waved UV light (λ= 254 nm) [38], followed
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Figure 1.5: Classic methods to purify ribonucleoprotein complexes. Current methods
have as starting point the covalent cross-linking of RNA-protein complexes by UV-
irradiation of living cells. Often nascent RNA in cells are also labelled, e.g. with 4-
thiouridine (4-SU), as in the (a) PAR-CLIP protocol [32] where cells are then lysed,
selected RBP immunoprecipitated, and the bound RNA is radioactively marked to allow
the visualization of the complexes. Complexes are size selected by SDS-PAGE and
Western blot, and the purified RNA transcribed into cDNA for sequencing. T-to-C
conversions in the cDNA serve as beacon to identify cross-linking sites in the RNA with
one nucleotide resolution. While PAR-CLIP (and CLIP methods in general) are RNA-
centric methods, with the (b) mRNA-interactome capture [14; 15] the proteome-wide
identification of RBPs is possible. After UV-cross-linking, cell lysis is performed under
highly denaturing conditions and the cross-linked complexes purified via the polyA-tails
in their boundmRNA. Complexes are then released from the beads, RNase digested and
proteins analysed by mass spectrometry.
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by immunoprecipitation of the RBP and sequencing of the bound RNA (Fig. 1.6).

CLIP has been combined with in vivo incorporation of photoactivable
nucleotide analogs (4-thiouridine (4-SU) and 6-thioguanosine (6-SG)) into
nascent RNA transcripts, a technique known as PAR-CLIP (photoactivatable
ribonucleoside-enhanced cross-linking and immunoprecipitation) [32].
Crosslinking of photoreactive nucleoside-labeled cellular RNAs to interacting
RBPs is then achieved by UV light radiation at λ= 365 nm. The major feature of
this technique is that the precise position of cross-linking can be identified by
mutations residing in the sequenced cDNA; 4-SU results in a thymidine to
cytidine transition, whereas 6-SG promotes guanosine to adenosine mutations
[32].

Figure 1.6: Classification of methods aimed to study the RNAs bound to a protein.
RNA-protein complexes are stabilised by UV cross-linking [37], or by introducing
functional groups in the RNA (TRIBE [39]; RBP-PUP [40]). (*) variants of CLIP
includes: HITS-CLIP, high-throughput sequencing of RNA isolated by crosslinking
immunoprecipitation [41]; CRAC [42]; iCLIP [43]; eCLIP, enhanced-CLIP [44], among
others; Modified from [45].

Alternative approaches involve the fusion of the RBP of interest to either polyU
polymerase (RBP-PUP [40]), or to the catalytic domain of the ADAR RNA editing
enzyme (TRIBE [39], Fig. 1.6). The main advantage of these methods is that
protein-RNA complexes do not need to be biochemically isolated. However,
these techniques require the construction and expression of chimeric proteins,
and therefore cannot be applied to native RBPs [45].

CLIP and PAR-CLIP have become the most commonly used methods to
analyse the RNAs bound to a protein. Many adaptations of CLIP have been
developed (recently reviewed in [46; 47; 48; 45], Fig. 1.6). However, a requisite
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for all CLIP-like methods is the previous knowledge or validation of the RBP to
be investigated and are limited by i) the number of RBPs which can be
simultaneously investigated, ii) the availability of antibodies with high affinity
and specificity or iii) the efficient and correct expression of affinity-tagged
versions of the protein of interest.

1.3.2 Protein-centric approaches
In the past, RBPs have been characterized using gel electrophoresis of UV
cross-linked nuclear extracts or using RNA affinity purification coupled with
mass spectrometry and/or immunodetection [49; 33; 50]. A breakthrough in the
field was made in 2012 when teams led by Markus Landthaler (MDC-Berlin, DE)
and Matthias Hentze (EMBL-Heidelberg, DE) independently developed a
method to purify mRNA-protein complexes in a proteome-wide manner [14; 15].

The (m)RNA-interactome capture (RIC) technique involves in vivo
UV-cross-linking and cell lysis in highly denaturing conditions followed by
hybridisation and capture of the complexes via the polyadenylated tails present
in the mRNA of the cross-linked complexes with oligo-dT beads. By inducing
covalent bonds between interacting RNA and proteins it is possible to increase
the stringency of washes during the purification process, thereby reducing the
background and enhancing the signal-to-noise ratio in downstream
applications. Cross-linked proteins are then released from the complexes by
RNase treatment and analysed by mass spectrometry (MS). Likewise the
PAR-CLIP method, RIC can be also combined with 4-SU RNA labelling, in this
case the cross-linking efficiency varied in a small subset of RBPs [15] (Fig. 1.5b).

To date, the RNA-bound proteomes (RBPomes) of a wide range of organisms,
covering almost all kingdoms of life, have been discovered. An integration of all
data sets available counted for 1914 RBPs in Mus musculus, 1393 in Homo
sapiens, 1272 in Saccharomyces cerevisiae, Drosophila melanogaster (777),
Arabidopsis thailiana (719), Caenorhabditis elegans (593), Danio rerio (227),
Trypanosoma brucei (155), Leishmania donovani (79), and Plasmodium
falciparum (64) [12]. Despite the extended impact of the technique, its
application is restricted to the presence of long polyadenylated stretches in the
bound-RNA, a feature which is present almost exclusively in the mRNA of
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Figure 1.7: Classification of methods devoted to purify and identify RNA-bindingproteins. Methods to purify proteins bound to specific RNAs include: CHIRP [51], RAP
[52], iDRIP [53] and RAPID [54]. Whereas methods to purify a wider range of RNPs are
based either on affinity purification, e.g. by UV cross-linking and oligo-dT capture, such
as the mRNA-interactome capture technique (RIC, independently developed by [14; 15])
and its variants [55; 29]; Chemical cross-linking, CLICK chemistry or fusion of functional
domains as in RICK [56], CARIC [57] and Prox. CLIP [58]; or a combination of both as
in CAPRI [29], which combines the specificity of UV-cross-linking and the wider cross-
linking effect of formaldehyde to purify not only mRNA-binding proteins but also other
protein partners within the complexes. Phase separation upon organic extractions have
been recently introduced as unbiased approaches to purify RNA-protein complexes:
XRNAX [59], OOPS [60], PTex [61]. Methods marked with (*) are unbiased towards the
type of RNA involved in the complex. (**) combination of UV light and chemical cross-
linking. Modified from [45].
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eukaryotes.

Alternative methods to purify RNPs independently of oligo-dT capture have
been developed (1.7). By incorporating 5-ethynyluridine (EU) into nacent RNA,
followed by cyclo-addition of biotinylated azide and CLICK chemistry in vivo,
the RICK (RNA Interactome using Click Chemistry, [56]) and CARIC (Click
Chemistry-Assisted RNA Interactome Capture [57]), the isolation of a wider,
polyA independent, range of RNPs can be achieved. However, as those
methods require the efficient incorporation of modified nucleotides, the
applicability of these approaches is largely restricted to cell culture [45].

Recently, unbiased methods to purify UV cross-linked RNA-protein complexes
(clRNPs) based on phenol-toluol or acidic-phenol extractions have been
independently developed (1.7): PTex (Phenol Toluol Extraction, [61], this work),
OOPS (Orthogonal Organic Phase Separation, [60]), and XRNAX
(protein-crosslinked RNA extraction, [59]). The purification process is based on
the different physiochemical properties of clRNPs vs. unbound RNA and
proteins, allowing the global recovery of complexes in a cell-wide manner while
bypassing the requirement for in vivo labelling of RNA [45; 62].

1.4 Behind the scenes: the chemistry of phenolic
extractions and UV cross-linking

1.4.1 Phenolic extractions for the purification of nucleic acids
Although purification of nucleic acids by liquid-liquid organic extractions was
established already in 1956 [63], it was only after Chomczynski and Sacchi
introduced the "single step" method that it became the de facto standard for
RNA isolation [64]. Exploiting the differences in solubility of proteins and
nucleic acids in aqueous (polar) and organic (non-polar) solvents, isolation of
RNAs is achieved by phenolic extractions of cellular lysates using guanidinium
thiocyanate under acidic pH [64; 65; 66].

At cellular conditions, the hydrophobic and non-polar amino acids within a
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polypeptide tend to collapse towards the core of the protein (known as the
hydrophobic effect [2]); however, when denatured with organic solvents as
phenol or detergents, the collapse of the protein is reversed and the
hydrophobic amino acids become accessible to the solvent, allowing for the
solubility of the protein [2]. This feature is further enhanced by using a
denaturing solution containing the chaotropic agent guanidinium thiocyanate
[64]. On the contrary, nucleic acids remain polar (depending on the pH of the
solution) and dissolve in the aqueous phase (Fig. 1.8, [62]).

The difference in density between the aqueous and organic phases (Table 1.1)
allows its separation by applying short centrifugations, during which the
protein-containing phenolic phase descends to the bottom of the tube while the
rich in nucleic acids aqueous phase is placed on the top. Chloroform or
1,3-bromo-chloro-propane (BCP) have been introduced to sharpen the phase
separation due to their even higher density (Table 1.1) which reduces carry-over
of one of the two phases when pipetting [65; 62].

Property Chloroform BCP Phenol Toluol
Solubility in water (g/L at 25 °C) 7.95 2.24 82.8 0.52
Relative density (water= 1) 1.48 1.6 1.06 0.87
Information obtained from https://pubchem.ncbi.nlm.nih.gov.

Table 1.1: Physico-chemical properties of chemicals used for RNA isolation. Modified
from [62].

The pH of the organic and aqueous solutions during the phenolic extractions
can determine partitioning of RNA and DNA. At physiological and acidic pH (7.0
and 4.8, respectively), nucleobases are in their neutral form, while the 2′OH
group of RNA is ionised (Fig. 1.8). Only the phosphodiester bond has a pKa of
6.0 - 7.0. Thus, the phosphate group of the backbone of DNA and RNA is
neutral only at pH 4.8 [62]. At pH <5, the DNA shifts from a negatively charged
to a neutral molecule, and the decrease in polarity then promotes its
enrichment in the organic, non-polar phase [62].

On the other hand, RNA has an additional negative charge due to its 2′OH
group with a pKa of 13.0 (Fig. 1.8). Unlike in DNA, the nucleobases of RNA
molecules are not all paired via hydrogen bonds in a double helix, leaving
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Figure 1.8: Protonation of nucleotides pKa and pH.Protonation of sites in RNAand their
respective pKas [69]. In the pH range of buffers used for RNA isolation (and for PTex,
section 2.9), only the phosphodiester backbone is protonated at pH 4.8. Nucleobases
remain in their neutral form and also the 2′OH of the sugar remains ionised throughout
the protocol. Modified from [69; 61].

unpaired bases free to interact with surrounding water molecules, thereby
increasing the overall polarity of RNA and its enrichment in the aqueous
environment [67; 62]. Modifications of the single step method for RNA isolation
have allowed the simultaneous recovery of RNA in the aqueous phase and of
proteins from the organic phase [68; 67].

1.4.2 UV-induced RNA-protein cross-linking
UV-induced covalent cross-linking of RNA and proteins has been in used for
decades [70; 71]. The first example of a uracil covalently bound to cysteine was
reported by Smith and Aplin [72] using NMR spectroscopy and mass
spectrometry, resulting in the formation of the molecule
5-S-cysteine-6-hydrouracil (Fig. 1.9a).
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Figure 1.9: UV cross-linking of RNA-protein complexes. (a) Biophysical and chemical
basis of UV cross-linking: (1) irradiation of RNA directly interacting with proteins using
low energy short wavelength UV light (254 nm). (2) Simplified Jablonski diagram:
excitation of nucleobases of RNA (h*ν) from the ground state S0 to an energetically
elevated singulet (S1) state. Inter-state conversion (isc) to a triplet (T1) state is possible.
The lifetime of S1 or T1 states are 10 ps and 1 µs, respectively before falling back to
the ground state either through thermal relaxation (tr) or by formation of a cross-link to
an adjacent amino acid (orange star). Modified from [73]. (3) Example of a cross-link
between uracil and cysteine by formation of 5-S-cysteine-6-hydrouracil as determined
by [72]. (4) Denaturing of successfully cross-linked RNP results in a hybrid molecule
consisting of a nucleic acid and a polypeptide part. (b) RBPs (green) can directly interact
with RNA in contrast to secondary binders (violet), e.g. protein of RNP complexes
interacting solely via protein:protein interactions or non-RBPs (red). UV irradiation at
254 nm can result in covalent cross-links between RBPs and RNA (denoted by an orange
star). Note however that UV-induced cross-linking is inefficient and that the majority of
the biological sample will remain non-cross-linked. Modified from [62].

https://doi.org/10.18452/21318 Erika C. Urdaneta

https://doi.org/10.18452/21318


16 CHAPTER 1. INTRODUCTION

Many combinations of amino acids/nucleobases cross-links have been
investigated (reviewed in [70]). When cross-linked to poly-U, the most reactive
amino acids are cysteine, tyrosine, phenylalanine, arginine, lysine and
tryptophane [74; 70]. In comparison, RNA is more reactive than DNA, and
pyrimidines more efficiently cross-linked than purines [75] when comparing
nucleobases addition to cysteine (poly rU > poly rC > poly dT > poly rA)
[76; 62].

The chemistry behind UV-induced covalent cross-linking resides in the capacity
of RNA and DNA molecules to absorb energy from short wavelength UV light
(λ= 254 nm). However, when using a low energy UV source, the excitation of
nucleobases to a higher energetic state S1 or T1 is short-lived. The excited state
is then reverted to the ground state in micro- to picoseconds by thermal
relaxation, or, if a suitable amino acid is in direct vicinity, by the formation of a
covalent bond (Fig. 1.9a, [62]). Due to the short time of excitation, cross-links
are most likely to form exclusively between components which are in direct
contact at the time of irradiation ("zero distance cross-linker") [73; 70; 77; 62]
(Fig. 1.9b).

Covalent cross-linking of proteins and RNA by UV radiation has advantages and
disadvantages, all of which we have largely discussed in [62]. In the following
section a summary of the advantages and disadvantages is given.

Advantages

• In-vivo RNA-protein interactions can be "frozen" by directly irradiating
living cells with UV light.

• Unlike other cross-linkers such as formaldehyde [29], UV light will only
cross-link proteins which are in direct contact with RNA; entire
multi-protein complexes are usually not cross-linked (Fig. 1.9b).

• Covalent bonds are thermo-stable and most likely not reversible,
therefore, resistant to denaturing conditions which allows the application
of stringent conditions during purification.
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Disadvantages

• UV cross-linking is an inefficient process as only up to 5% of a given RBP
can be cross-linked to RNA [15; 16; 78; 61].

• Downstream applications, especially mass spectrometry, can be impaired
due to the added molecular mass from the covalently-attached molecule,
requiring RNase or protease digestion prior to assays such as
electrophoresis, mass spectrometry, or cDNA synthesis. Note however
that the additional mass at the cross-linking site serves as a beacon to
map RNA-protein interactions at single nucleotide/amino acid resolution
[32; 6; 29].

• The irreversible nature of covalent bonds can be also a disadvantage.
Although single studies have suggested reversibility of DNA-protein
cross-links by acidic or basic conditions [75], there are no reports that
such events occur in RNA-protein covalent bonds to date.

1.5 Combining UV cross-linking and organic
extractions to investigate RNPs

UV-cross-linking of RNA-protein complexes results in the formation of chimeric
molecules: partially RNA and partially protein. Knowing that RNA and proteins
exhibit well defined and differential physicochemical properties when in
contact with hydrophobic-organic compounds, the immediate question to be
asked is how would a covalent UV cross-linked RNA-protein complex (clRNP)
behave during phenolic extractions?

Displaying physicochemical features of nucleic acid and proteins
simultaneously, it is reasonable to assume that such clRNPs will accumulate at
the phase boundary between the aqueous (polar) upper phase and the organic
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(hydropohobic) lower phase [62], region known as interphase. Accumulation of
clRNPs in the interphase during organic extractions was indeed observed long
ago [71; 79], these reports however, were focused on the analytical investigation
of the efficiency of UV irradiation. In this work however, the differential
behaviour of clRNPs in comparison to free RNA and free protein during organic
extractions are exploited for the unbiased purification of cross-linked RNPs.

1.6 Aim of the Study
Although the implementation of the (m)RNA-interactome capture has resulted
in the identification of hundreds of novel RBPs in several eukaryotic species
[12], it has the limitation of being a mRNA-based purification technique,
therefore, only the RNPs bound to polyadenylated RNAs are recovered.

Polyadenylation is the major feature of mRNA in eukaryotic cells, however it is
absent in other classes of eukaryotic RNA (ncRNAs, tRNAs, pre-mRNAs and
rRNA); meanwhile in bacterial RNA -if present- it is limited to a maximum of 20
residues [80]. Likewise, polyadenylation is also absent in the archaeon
Haloferax vulcanii, while in the hyperthermophile Sulfolobus solfataricus, RNA
polyadenylation is used as a mark for degradation by the archaea exosome
complex [81].

In the last decade, significant advances have been made in the elucidation of
bacterial post-transcriptional mechanisms and the role of regulatory RNAs [9].
It is becoming increasingly clear that this layer of regulation also plays an
important role in pathogenesis and antibiotic resistance [25; 24; 22; 23; 82; 83].
However, because of technical difficulties, exploration of the RBP repertoire in
bacteria has proved to be tremendously challenging. As a result, in the model
organism Salmonella Typhimurium only a limited number of RBPs have been
implicated in pathogenesis [84; 85].

Accordingly, the aim of this work was to establish an alternative protocol for
the purification of covalently cross-linked RNPs, unbiased towards the type of
RNA involved in the complex, and potentially modifiable to be applied in
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prokaryotic cells.

Here I show how the partitioning behaviour of clRNPs among phases depends
on the physicochemical properties of the complexes themselves and of the
composition of the aqueous-organic mix, a composition which was modified
from the original single step method for RNA isolation [64] and which resulted
in the successful development of PTex (phenol-toluol extractions). As this
protocol relies solely on the differential physicochemical properties of RNA and
proteins vs. clRNPs, the unbiased recovery and analysis of RNPs was possible,
not only in mammalian -human and mouse- cultured cells and tissue, but
importantly, for the very first time it allowed the proteome-wide purification of
clRNPs from the human pathogen Salmonella Typhimurium.
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Chapter 2
Methods
2.1 Standard buffers, solutions and culture media
Cross-linking buffer (CLB) 10 mM Tris pH 7.4, 50 mM KCl, 1 mM EDTA,

1 mM DDT.

DMEM Dulbecco’s Modified Eagle, glucose 4.5 g/L
(Gibco, 41966–029), supplemented with 10%
bovine serum (Gibco, 10270–106), 100 U/mL
penicillin, 0.1 mg/mL streptomycin (Gibco,
15140–122).

DPBS Phosphate-saline buffer, pH 7.4 (Gibco,
10010–015).

LB Luria-Bertani medium, 10 g/L tryptone, 5 g/L
yeast extract, 5 g/L NaCl.

LPM plus Low phosphate/magnesium medium plus,
5 mM KCL, 7.5 mM (NH4)2SO4, 0.5 mM K2SO4,
38 mM (0.3% v/v) Glycerol, 1% Casaminoacid,
8 µM MgCl2, 1 mM KH2PO4, 1 M Tris to pH 7.6.
Modified from [86].
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NP-T buffer Sodium-phosphate-tween buffer, 50 mM
NaH2PO4, 300 mM NaCl, 0.05% Tween, pH 8.0.

PBST Phosphate-saline buffer supplemented
with Tween 20 (10 mM phosphate, 2.7 mM
potassium chloride, 137 mM sodium chloride,
pH 7.4 0.1% tween 20).

PBST-M PBST with 5% milk.

RNase buffer 50 mM Tris, 1 mM MgCL2, pH 8.0.

Solution D Denaturing solution, 5.85 M guanidine
isothiocyanate, 31.1 mM sodium citrate,
25.6 mM N-lauryosyl-sarcosine, 1% 2-
mercaptoethanol, pH 4.8).

TE Tris-EDTA buffer, 20 mM Tris, 1 mM EDTA, pH
7.6.

TED buffer TE buffer supplemented with 0.03% DDM (n-
Dodecyl β -D-maltoside).

2.2 Mammalian cell culture and in-vivo cross-linking
HeLa and HEK293 cells were grown to 80-90% confluence using DMEM at
37 °C with 5% CO2 on 78 cm2 dishes. Cells were immediately washed with cold
DPBS and irradiated (on-ice) with 0.15–1.5 J/cm2 of UV light (λ= 254 nm;
CL-1000 ultraviolet cross-linker (Ultra-Violet Products Ltd). Cells were detached
with cold DPBS, centrifuged in 2 mL tubes (2-8x106 cells/tube) and stored at
-20 / -80 °C (hereafter +UV). Non-irradiated cells were prepared accordingly for
non cross-link controls (-UV).

RNA was isolated from HEK293 cells before and after exposure with UV light by
phenol extraction [64] and analysed with a Bioanalyzer 2100 using the RNA 6000
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Chip Kit (Agilent, 5067-1513). HEK293 and HeLa cellas were kindly provided by
Prof. Dr.Markus Landthaler (Max-Delbrück Center forMolecularMedicine, Berlin,
DE) and Prof. Dr.Andreas Hermann, (Humboldt-Universität zu Berlin, Berlin, DE),
respectively.

2.3 Bacterial cell culture and in-vivo cross-linking
Salmonella enterica subsp. enterica serovar Typhimurium strain SL1344
Hfq::x3FLAG [85] was grown on LB medium to OD600= 3.0. Fractions of 20 mL
were pelleted (20,000×g, 8 min, 37 °C) and dissolved in 2 mL of water for UV
irradiation. Cells were cross-linked on ice with 5 J/cm2 UV light (λ= 254 nm),
snap-frozen and stored at -80 °C. Bacterial suspensions with a density of
7.5 ODs/mL were used for the experiments shown in Fig. 3.16c.

Salmonella Typhimurium SL1344 used for the mapping of RNA-protein
interactions (Fig. 3.17) was grown in LB medium to OD600 2.0. Half of the
cultures were cross-linked in a Vari-X-linker (UVO3, www.vari-x-link.com), using
UV light (λ= 254 nm) lamps for 90 s (aproximately 1.5 J/cm2). Fractions of
10 mL from each, cross-linked and non-cross-linked cultures, were harvested by
filtration [87] and kept at -80 °C. These samples were kindly prepared and
provided by Stuart McKellar and Prof. Dr. Sander Granneman (Edinburgh
University, UK). Bacteria was detached from filters with cold PBS, followed by
centrifugation at 20,000 xg, 4 °C in 2 mL aliquots (equivalent to 3 ODs), pellets
were snap frozen and kept on dry ice until being used.

Salmonella Typhimurium SL1344 strains FLAG(or HTF)-tagging the proteins
CsrA [85], YigA, ClpX, DnaJ [30], AhpC, SipA, YihI [61] and GpmB were grown in
100 mL of LB medium to OD600= 2.0. Two different cross-linking strategies
were adopted: i) direct irradiation of LB cultures (on Petri dishes, ice-bed) with
5 J/cm2 of UV light (λ= 254 nm), followed by centrifugation at 4 °C for 10 min,
or ii) cultures centrifuged at room temperature for 10 min at 15,000 xg, and
pellets dissolved in 0.1 volumes with water before irradiating with 5 J/cm2

[30; 61]. Cross-linked suspensions were pelleted, snap-frozen and used for
immunoprecipitation and PNK assay (section 2.19). Bacterial culture,
cross-linking and immunoprecipitations shown in Fig. 3.17d-f were performed
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by Davide Figini (Beckmann lab, IRI Life Sciences, Humboldt-Universität zu
Berlin, DE).

Salmonella Typhimurium strain SL1344 Hfq::x3FLAG shown in Fig. 3.16b was
cultivated in LPM plus medium to OD600= 1.2. For UV cross-linking, aliquots of
2.5 mL were placed on the centre of Petri dishes and radiated with 0.25, 0.5 and
1.0 J/cm2 (on ice-pad). Cells were pelleted (1 mL/tube) at 4000 xg, 3 min, 4 °C.
Hot-PTex was done with 1 bacterial pellet per condition (equivalent to 1.2 ODs).

2.4 Construction of bacterial strains
The Salmonella Typhimurium SL1344 strains used in this work were
constructed using the Lambda Red system developed by [88]. The system is
based on two plasmids: pKD46, a temperature-sensitive plasmid that carries
gamma, beta and exo genes (the bacteriophage λ red genes) under the control
of an Arabinose-inducible promoter, and a plasmid carrying either the
3xFLAG::KmR (FLAG) or the 6xHis-TEV-3xFLAG::TetRn (HTF) cassettes, pSUB11
and pJet1.2-Hfq-HTF-TetR [89], respectively, as described in [61; 30]. Briefly:

Salmonella Typhimurium SL1344 transformed with the plasmid pKD46 was
grown in LB containing Ampicillin (100 µg/mL) and L-Arabinose (100 m) at
28-30 °C to an OD600 of 0.8. Cells were incubated on ice for 15 min, and
washed by three cycles of centrifugation (3000 xg, 5 min, 4 °C) and
solubilisation in ice-cold water. Cells were resuspended in 300 µL of water and
electroporated with 200 ng of PCR product.

Cells were let to recover for one hour in LB medium at 37 °C on a tabletop
Thermomixer at 600 rpm, plated on LB agar with Kanamycin (50 µg/mL) or
Tetracyclin (100 µg/mL) overnight. Resulting colonies resuspended in PBS
were struck on plates containing Ampicillin or Kanamycin(or Tetracyclin) and
incubated at 37-40 °C. Colonies that showed resistance to Kanamycin (or
Tetracyclin) but not to Ampicillin were selected for further analysis. Expression
of the FLAG-tag was verified by Western blot. Salmonella Typhimurium SL1344
strains used in this work are listed in Table 2.2.
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Strain name Genotype Study
SL1344* rpsL hisG [85]JVS-04317* SL1344 csrA-3xFLAG KanR [85]AhpC-HTF SL1344 ahpC::6xHis-TEV-3xFLAG::TetRn [61]SipA-HTF SL1344 sipA::6xHis-TEV-3xFLAG::TetRn [61]GpmB-FLAG** SL1344 gpmB::FLAGx3::KanR This studyST-BB-2025** SL1344 clpX::FLAGx3::KanR [30]ST-BB-2024** SL1344 dnaJ::FLAGx3::KanR [30]ST-BB-2004** SL1344 yigA::FLAGx3::KanR [30; 61]YihI-FLAG** SL1344 yihI::FLAGx3::KanR [61]

Table 2.2: Bacterial strains used in this study. Indicated strains were kindly provided
by Prof. Dr. Jörg Vogel* (Würzburg University, DE) or Davide Figini** (Beckmann lab, IRI
Life Sciences, Humboldt-Universität zu Berlin, DE).

Additionally, the T7 promoter and a sxl-target DNA sequence 5-GAT CCG GTC
ATA GGT GTA AAA AAA GTC TCC ATT CCT ATA GTG AGT CGT ATT AA-3 were
cloned into pUC19 using the restriction enzymes BamHI and HindIII. The
resulting plasmid was named pUC19-sxl-target [61].

2.5 Mouse tissue preparation
Mouse-brains were kindly provided by Prof. Dr. Florian Heyd and Dr. Marco
Preussner (FU, Berlin). Tissues (260 mg) were disrupted by cryogenic grinding,
half of it was subjected to UV irradiation with 0.75 J/cm2 (λ= 254 nm).
Samples of 32.5 mg (±UV) were dissolved in 600 µL DPBS for Hot-PTex
extractions (section 2.9).

2.6 mRNA interactome capture
UV cross-linked mRNA-protein complexes were purified by the mRNA
interactome capture (RIC) technique, according to [15] using the in vivo
cross-linked cells prepared before (section 2.2). RIC samples were used with
the aim of quantitatively determine the enrichment of such complexes across
phases during the exploratory and PTex extractions.
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2.7 In vitro transcription of Sxl-RBD4 target RNAs
RNA fragments with lengths from 13 to 191 nucleotides and containing the
poly(U)7 target sequence for the Sxl-RBD4 recombinant protein were
synthesised as described in [61], as follows:

• The 13 nt RNA 5’-GAG UUU UUU UAC A-3’ was synthesised by Biomers
(Ulm, Germany).

• The 30 nt RNA was synthesised by hybridising two complementary
sequences containing the T7 RNA polymerase promoter 5-TAA TAC GAC
TCA CTA TAG-3 and the template sequence 5-GGT CAT AGG TGT AAA
AAA ACT CTC CAT TCC TAT AGT GAG TCG TAT TAA-3 [61], followed by T7
run-off transcription [90].

• RNAs of 87 and 191 nt length were produced by in vitro T7 transcription
using DNA restriction fragments obtained by enzimatic restriction of the
pUC19-sxl-target plasmid (section 2.4) with the enzymes HindIII and
EcoRI (87 bp), or HindIII and PvuI for (191 bp).

T7 RNA polymerase and restriction enzymes were purchased from New
England Biolabs. Plasmids and DNA were purified using the NucleoBond Xtra
Midi kit (Macherey-Nagel, 740410.100), NucleoSpin Gel or PCR clean-up
(Macherey-Nagel, 740609.50). RNAs were isolated by acidic phenol extraction
following the single step method [64].

2.8 Exploratory organic extractions
A series of simplified organic extractions were designed to determine the
individual contribution of the reagents: phenol, toluol, pH, and physiological vs.
denaturing conditions, on the partitioning of the different molecules during
liquid-liquid organic extractions [62]. A schematic representation of the
approach is resumed in the following figure:
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Figure 2.1: Development of the PTex method: exploratory extractions. UV-irradiated
cell pellets (a) ormRNA-interactome samples (b), prepared as in 2.2 and 2.6, weremixed
with either denaturing solution D or neutral buffer (DPBS), and mixed with phenol or
phenol-toluol-BCP, at a ratio 2:2:1. After centrifuging (20,000 xg, 4 °C, 3 min; C in yellow),
the upper aqueous phase (aq 1) was transferred to a new tube for ethanol precipitation
and the inter-organic phases mixed with ethanol and water (1), and centrifuging as
before. (2) The resulting phases (aq 2, inter 2, org 2) were precipitated with ethanol
(as in section 2.11).

2.9 The PTex protocol
PTex (for Phenol-toluol extractions) was designed as a modular protocol
consisting in three consecutive organic extractions [61; 62]:

• Step 1: cellular pellets (2-8×106 cells), as in section 2.2, or RIC samples
(section 2.6), were dissolved in 600 µL of DPBS and mixed with neutral
phenol, toluol, and BCP (200 µL each) for 1 min at 21 °C and 2000 r.p.m
(ThermoMixer), and centrifuged at 20,000 ×g 3 min, 4 °C.

• Step 2: 500 µL of the upper aqueous phase (aq 1) was transferred to a
new 2 mL tube and mixed for 1 min with 300 µL of solution D, 600 µL
neutral phenol and 200 µL BCP, and centrifuged as in Step 1 to allow
phase separation.

• Step 3: With the help of a syringe (blunt-needle), 70% of the aqueous and
organic phases were removed, keeping the resulting interphase (inter 2)
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in the same tube. Water (400 µL), ethanol (200 µL), phenol (400 µL) and
BCP (200 µL), were added, mixed and centrifuged as before. Finally, 70%
from the aqueous and organic phases were removed. Interphase (or all
phases when indicated) was (were) subjected to ethanol precipitation as
in section 2.11.

2.10 Hot-PTex
A modification of the PTex protocol was established to allow the purification of
UV cross-linked RNA-protein complexes from difficult tissues [61], briefly:
mouse-brain tissue (section 2.5) or bacterial pellets (section 2.3) were
dissolved in 400-600 µL of DPBS, mixed with 600 µL of phenol-toluol-BCP
(2:2:1), and 0.5 g of zirconium beads, during 5 min at 65 °C (2.000 r.p.m,
Eppendorf ThermoMixer). Following centrifuging at 20,000 xg, 3 min, 4 °C, the
aqueous phase was transferred to a new tube were subsequent extractions,
steps 2 and 3 as indicated above, were performed at 65 °C.

2.11 Precipitation of PTex samples and evaluation of
intermediary steps

Unless otherwise stated, all PTex samples and intermediary phases were
precipitated with nine volumes of ethanol p.a., at -20 °C for at least 30 min
[61; 62]. Supernatants were carefully decanted and pellets let to dry under the
hood for 10 min. Samples were solubilised with Laemmli buffer, water or the
appropriate buffer according to the downstream application.

2.12 Comparison of protein precipitation methods
With the aim of selecting the most adequate precipitation method in terms of
yield and solubility of the proteins, HEK293 +UV cell pellets were subjected to
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Step 1 of the PTex protocol, the resulting lysates were used as probe for testing
three different precipitation methods (as described in [62]):

• Ethanol precipitation: samples were mixed with 9 volumes of ethanol p.a.,
incubated at -20 °C during 30 min and centrifuged 30 min at 20,000 xg
and 4 °C. Pellets were washed once with cold ethanol 70% followed for
10 min centrifuging.

• 2-propanol precipitation: samples mixed with 3 volumes of 2-propanol
were incubated 10 min at room temperature and centrifuged 20,000 xg,
20 min at 4 °C. Pellets were washed as described above.

• TCA precipitation: cold trichloroacetic acid was added to samples in ratio
0.25:1, followed by 10 min incubation on ice. Samples were centrifuged
during 10 min at 20,000 xg, and pellets washed once with cold acetone
and centrifuged again.

Supernatants were carefully decanted and pellets left to dry under the hood for
∼10 min. Samples were dissolved with 100 µL of one of the following: water, TE
(20 mM Tris, 1 mM EDTA, pH 7.6), or TED buffer (TE supplemented with 0.03%
DDM [n-Dodecyl β -D-maltoside]), at 56 °C during 20 min. Samples were spun
down at 1000 xg, for 2 min to separate soluble from insoluble material. Protein
quantification was determined by measuring the absorbance at λ280 nm in a
Nanodrop 2000. Remaining samples were electrophoresed and HuR protein
detected by Western blot as detailed in section 2.15.

2.13 Analysis of individual PTex steps
Intermediary steps from the individual PTex extractions were analysed to i)
identify the migration pattern of the different molecules across phases during
the extractions, and ii) evaluate the carry-over of free- DNA, RNA or protein in
the PTex samples (interphase 3). Independent PTex extractions were
performed using the following molecules or cells as input:
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• Synthetic RNA: 30-50 nt RNAs 5-labelled with γ32P-ATP (provided by Dr.
Hans-Hermann Wessels and Uwe Ohler (Max-Delbrück Center for
Molecular Medicine, Berlin, DE).

• Linear DNA: 200 ng pUC19 lacZ gene-containing fragment (817 bp,
generated by DrdI, NEB).

• HEK293 cell suspension (2-3x106) spiked-in with 0.25 µg of Sxl-RBD4 per
tube (non UV-cross-linked).

Detection of DNA was performed by PCRs using primers targeting endogenous
chromosomal DNA, il-3 gene (574 bp, forward primer: 5-GAT CGG ATC CTA ATA
CGA CTC ACT ATA GGC GAC ATC CAA TCC ATA TCA AGG A-3 and reverse
primer: 5-GAT CAA GCT TGT TCA GAG TCT AGT TTA TTC TCA CAC-3), or the
lacZ gene present in the pUC19 linear fragment (324 nt, forward 5- AGA GCA
GAT TGT ACT GAG-3and M13-reverse 5-CAG GAA ACA GCT ATG ACC).
Amplificated fragments were resolved in Agarose gels 1.0-1.5%.

Likewise, RNA samples were electrophoresed in TBE-Urea PAGE 12% gels, and
the radioactivity was detected by phosphoimaging in a Life Science FLA-5100
imaging system (Fujifilm); while the proteins Sxl-RBD4, endogenous HuR or
ACTB in HEK293/Sxl-RBD4 spiked-in samples were analysed by Western blot
with its corresponding antibodies as described in section 2.15.

2.14 Electrophoretic mobility shift assay
Electrophoretic mobility shift assays (EMSA) were performed to demonstrate
that the increased molecular mass of proteins corresponded with the presence
of RNA-protein complexes [61; 62]. PTex samples from mRNA-interactome
capture (15 µg, section 2.6), or HEK293 cell pellets (section 2.2), were dissolved
in 150 µL of ultra-pure water or buffer TED, mixed with RNaseA (1-2 ng) and
incubated at 37 °C; aliquots of 20 µL were taken at different time points
between 0 and 60 min. Aliquots were immediately mixed with 5 µL of 6x
Laemmli buffer, heated at 95 °C for 5 min and used for protein electrophoresis
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and Western blotting as in section 2.15.

2.15 Western blot and densitometry analysis
Samples were resolved in SDS-PAGE gradient gels 4–20% (TGX stain free,
BioRad), or Bis-Tris-MOPS 4-12% (NuPAGE, Invitrogen), followed by transfer
onto nitrocellulose membranes 0.2 µ (Turbo-blot, BioRad). Membranes were
blocked during 30 min with PBST-M. Specific proteins were targeted incubating
0.1-2.0 µg/mL of the corresponding antibody by incubation at 4 °C overnight or
during 2 h at room temperature.

Primary antibodies against the following proteins were used: HuR (proteintech,
11910-1-AP), hnRNPL (proteintech 18354-1-AP), ABCF2 (proteintech,
10226-1-AP), CCT7 (15994-1-AP), FUS (abcam, ab124923), GAPDH (proteintech,
10494-1-AP), alpha-enolase (ENO1, proteintech,11204-1-AP), PTBP1 (abcam,
ab133734), PABPC1 (proteintech, 10970-1-AP), ACTB (proteintech, 66009-1-Ig),
Histone H3 (abcam, ab21054), GroEl (abcam, ab90522), FLAG-tag (Sigma,
A8592), or Sxl-RBD4 (DHSB, anti-Sxl hybridome culture supernatant M114, kind
gift from Dr. Jan Medenbach).

Binding was detected using the respective secondary antibodies
anti-mouseHRP (proteintech, SA00001-1), anti-mouse-AlexaFluor680
(Invitrogen, A32729) anti-rabbitHRP (proteintech, SA00001-2), or
anti-rabbit-AlexaFluor488 (Invitrogen, A32731) and Clarity ECL Western blotting
Substrate for chemiluminescence when required (Biorad). Imaging was
performed with a ChemiDocMP imaging system (BioRad).

Densitometry analysis of the images from the HuR and Sxl Western blots were
used to determine the yield of PTex recovery, by comparing the intensity of cross-
linked vs. non-crosslinked bands using ImageJ [91] (Fig.2.2)
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Figure 2.2: PTex quantification by densitometry.(a) PTex was performed with HEK293
cells +/- UV. PTex pellets were electrophoresed and Western blotted against the protein
HuR. (b) Unsaturated images from the Western blots were placed next to each other in
a 8-bit TIF file. Only the PTex +UV, +/- RNaseA were used for the analysis. (c) Cross-
linking efficiency was calculated as the percentage of HuR shifted to the gel pockets in
the inputs (lanes 1,4,7 and 10). PTex enrichment corresponds to the difference between
the cross-linked (upper) signal divided by the total signal of the lane (lanes 2, 5, 8, and
11). PTex yield was calculated as the percentage of total cross-linked protein recovered
(lanes 3, 6, 9, and 12) compared to the input cross-linked signal. Modified from [62].
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2.16 RNase treatment prior PTex
HEK293 cell suspensions (2-3x106 cells/mL, ± UV) were treated with 2000
U/mL benzonase (Merck, 70664) in the recommended buffer (50 mM Tris,
1 mM MgCL2, pH 8.0) during one hour at 37 °C and 1000 r.p.m (ThermoMixer,
Eppendorf), a set of untreated cells were kept as control. After PTex, samples
were analysed by Western blot to detect RBP and non-RBP control proteins as
previously described (sections 2.9 and 2.15).

2.17 In vitro cross-linking assays
In order to asses the limitations of the PTex method, an in vitro assay was
designed to evaluate the minimal length of the RNA within a complex required
to accomplish an efficient purification. In vitro binding was allowed incubating
40 µg of Sxl-RBD4 with in vitro-transcribed RNA (13, 30, 87 and 191 nt,
1.7-10 µM, section 2.7) in 100 µL cross-linking buffer at 4 °C for 30 min.
Samples were cross-linked with 0.25 J/cm2 of UV-254 nm, on ice. Afterwards,
98% of each sample was used for PTex extraction, keeping 2% of the sample
for input control. SDS-PAGE were performed as before and the protein
Sxl-RBD4 detected by Western blot.

Recombinant Drosophila melanoganster Sxl protein fragment (amino acids 122-
301,DmeRBD4)was kindly donated by Prof. Dr. JanMedenbach andDr. Rebecca
Moschall (Regensburg University, DE). Detailed protocol for the preparation and
purification of the Sxl-RBD4 is available in [92].

2.18 Quantification of PTex
mRNA interactome capture samples from +UV HEK293 cells were prepared as
described in section 2.6 (hereafter RIC samples), and used as a pre-purified
"only-clRNPs" starting material for PTex [61]. RIC samples from five biological
replicates were extracted and precipitated using the PTex protocol. PTex pellets
were washed once with 5 mL of cold ethanol to remove traces of phenol which
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could interfere with the quantification, and dissolved in 20-50 µL of water.

RNA and Protein quantification were done by spectroscopy and densitometry
analysis of Western blot images. Absorbance was measure at λ280 nm and
λ260/280 nm in a Nanodrop 2000. For quantification by densitometry, 2% and
45% of RIC and PTex samples, respectively, were digested with RNaseA
(0.1 µg/µL, 37 °C, 40 min), electrophoresed in Bis-Tris-MOPS gels 4-12%
(NuPage, Invitrogen), transferred to nitrocellulose membranes and blotted to
detect HuR (as in section 2.15). Unsaturated TIF 8-bit images were used to
quantify the yield and specific-clRNP enrichment of PTex by densitometry
analysis using ImageJ [91] as described above.

2.19 Immunoprecipitation and RNA labelling by T4
Polynucleotide Kinase (PNK)

The FLAG-tagged proteins, CsrA [85], YigA, ClpX, DnaJ, UbiJ [30], and
HTF-tagged AhpC, SipA, YihI [61] were immunoprecipitated using anti-FLAG
magnetic-beads as described in [85; 61; 30]. Extensively washed beads were
next mixed with 100 µL T4 PNK (0.1 U/µL, in PNK buffer, NEB) and 5.5 µCi
γ32P-ATP, at 37 °C for 30 min. Replicates of the samples were incubated in the
absence of the enzyme as a control for auto-phosphorylation. Beads were
washed twice in PNK buffer, and proteins eluted with loading buffer (using a
magnetic rack), electrophoresed in Bis-Tris-MOPS gels 4-12% (NuPage,
Invitrogen) and transferred to nitrocellulose membranes. Radioactive signal
was detected by phosphoimaging in a Life Science FLA-5100 imaging system
(Fujifilm). Membranes were then blotted with anti-FLAG antibody as a control
to detect the exact position of the proteins.

2.20 Mass spectrometry sample preparation
HEK293 and Salmonella PTex samples were subjected to mass spectrometry
(MS). UV cross-linked RNA-protein complexes from HEK293 cells (8x106 cells
per sample per UV treatment) and Salmonella Typhimurium SL1344 (3 ODs per
sample) were purified with PTex and Hot-PTex, respectively [61]. Samples were
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processed further and subjected to MS by Carlos Vieira and Prof. Dr. Matthias
Selbach (Max-Delbrück Center for Molecular Medicine, Berlin, DE) as described
in [61]: after ethanol precipitation, PTex pellets were dissolved in ABC buffer (2
M urea, 50 mM ammonium bicarbonate) and RNA digested with Benzonase for
30 min at 37 °C. Input controls were prepared from a minor fraction of initial
input material, lysed, denatured in 1% SDS and 0.1 M DTT Phosphate Buffer
Solution (PBS) by boiling for 10 min at 95 °C, and RNA digested with Benzonase
as before. Silver staining was performed as described in [61].

For MS, proteins were precipitated with methanol-chloroform extraction [93]
and resuspended in 8 M urea and 0.1 M Tris pH 8 solution. Proteins were
reduced (10 mM DTT, 30 min), alkylated (55 mM iodoacetamide, 30 min, in the
dark), and digested with lysyl endopeptidase (LysC, Wako) and Trypsin
(Promega). Peptides were desalted with C18 Stage Tips [94] and separated on
monolithic column (100 µm ID x 2,000 mM, MonoCap C18 High Resolution
2000 [GL Sciences], or on an in-house made C18 15 cm microcolumns (75 µm
ID packed with ReproSil-Pur C18-AQ 3 µm resin, Dr. Maisch GmbH). Detailed
columns and instrument operation settings, and gradients run time are
available in [61].

Raw files were analyzed with MaxQuant software (v1.5.1.2) [95] using the label
free quantification (LFQ) algorithm [96] with default parameters and match
between runs option on. Database search was performed against the human
reference proteome (UNIPROT version 2014-10, downloaded in October 2014)
or the Salmonella Typhimurium reference proteome (UNIPROT version 2017,
downloaded in August 2017) with common contaminants. False discovery rate
(FDR) was set to 1% at peptide and protein levels.

2.21 Bioinformatic analysis of PTex-purified
proteins

Bioinformatic analysis of the LC-MS/MS generated data was performed by
Timon Hick and Dr. Benedikt Beckmann (Beckmann lab, IRI Life Sciences,
Humboldt-Universität zu Berlin, DE). The complete analysis is available as an R
notebook in the supplementary information from [61]. In short, after label-free
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quantification (LFQ) intensities were normalised to trypsin (which is constant in
all samples); potential contaminants, reverse and peptides only identified by
modification were excluded from analysis.

Fold changes were calculated by subtraction of the log2 values of LFQ intensity
for proteins from UV cross-linked samples and non-cross-linked samples. Only
proteins which were found in all replicates were processed further [61].
Enrichment (+UV/-UV) was calculated as described before [97]: P-values were
calculated from an Ebayes moderated t-test using the limma package [98]
followed by Benjamini-Hochberg False Discovery Rate (FDR) correction. Only
proteins with an adjusted p-value of 0.01 or smaller in all 3 cross-linking
intensities were considered being enriched. gene ontology (GO) analysis was
performed using PANTHER V.11 [99]. Domain enrichment was done using
DAVID [100] searching the SMART [101] database.

For the analysis of Salmonella, iBAQ-normalised values were used instead.
Similarly, potential contaminants, reverse and peptides only identified by
modification were excluded from the analysis. Fold changes were calculated by
subtraction of the 2 values of iBAQ intensity for proteins from UV cross-linked
samples and non-cross-linked samples [61]. Only proteins which were found in
both replicates were taken into account (258 proteins; 172 with a 2 fold-change
>0). Domain and GO terms were analysed using DAVID [100].

2.22 Using PTex to simplify the PAR-CLIP protocol
(pCLIP)

PAR-CLIP protocol was performed following the methods established by
[32; 102], and described in [61]: HEK293 cells stably expressing FLAG-tagged
HuR (ELAVL1) were grown until 80-90% confluence. For the last 16 h of
incubation, 200 mM 4-thiouridine (4-SU) was added. Living cells were irradiated
with 0.15 J/cm2 365 nm UV light, snap-frozen on dry ice and stored at -80 °C
until use. Cells were collected on different days, representing biological
replicates.
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Cells (∼1.2 x 108 cells/replicate) were lysed on ice for 10 min with 3 mL lysis
buffer (50 mM Tris-Cl pH 7.5 (Life Tech., 15567027), 100 mM NaCl (Life Tech.
AM9760G), 1% (v/v) Nonidet P40 substitute (Sigma 74385), 0.5% (v/v) Sodium
deoxycholate (AppliChem No. A1531) containing 0.04 U/mL RNasin (Promega,
N2515) and 2x Complete Protease Inhibitor (Roche, 11697498001). Lysates
(1.5 mL/replicate) were cleared by centrifugation (20,000 x g, 10 min, 4 °C),
digested with 8 U/mL TURBO DNase (ThermoFisher, AM2238) and 2 U/µL
RNase I (ThermoFisher, AM2294) at 37 °C for 4 min (replicate 1) or 3 min 15 sec
(replicates 2 and 3).

FLAG-tagged HuR was immunoprecipitated with 10 µg of anti-FLAG
monoclonal antibody (Sigma, F1804) bound to 40 µL of Protein G Dynabeads
(Life Tech, 10004D). After extensive washes with high-salt buffer (50 mM
Tris-HCL pH 7.5, 1 mM EDTA, 1% Nonidet P40, 0.1% (v/v) SDS, 1 M NaCl) beads
were incubated with 1 U/µL of T4 polynucleotide kinase (T4-PNK, NEB) and
0.5 µCi/µL of 32P-ATP. After radiolabelling, samples were splitted into four tubes
and underwent three versions of CLIP as described in [61]:

2.22.1 PAR-CLIP classic
Briefly, clHuR-RNA complexes were resolved by 4-12% Nu-PAGE MOPS
(invitrogen) transferred to nitrocellulose and excised at a defined size-range (50
to 60 kDa). Proteins were digested from the membrane with proteinase K, and
the RNA was recovered by acidic phenol/chloroform extraction with
subsequent ethanol precipitation. Resulting RNAs were ligated with 3’ adapter
(5’App-NNN NTG GAA TTC TCG GGT GCC AAG G-3’InvdT) gel-slice isolated,
ligated with the 5adapter (5’-GUU CAG AGU UCU ACA GUC CGA CGA UCN
NNN-3’) and purified by elution from PAGE-Urea gels followed by ethanol
precipitation [32; 102].

2.22.2 PAR-CLIP on-beads
As an alternative, the ligation of the 3′/ 5′ adapters can be achieved directly on
the beads used in the affinity capture of the selected clRNP [103; 104].
On-beads adapters ligation was done by incubating the FLAG-clHuR-RNA
beads with the 3′ adapter in the presence of Rnl2(1–249) K227Q ligase and
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PEG-8000 overnight at 4 °C. After washes, the 5adapter was ligated using the
Rnl1 enzyme, 2 h at 37 °C as described in [104]. Followed by protein
electrophoresis (4-12% Nu-PAGE MOPS, Invitrogen), blotting to nitrocellulose
membranes and band excision at the defined size-range (50 to 60 kDa).
Proteins were digested from the membrane with proteinase K. RNA was then
recovered by acidic phenol/chloroform extraction and ethanol precipitation [61].

2.22.3 pCLIP
Beads capturing clHuR-RNA complexes were subjected to 3′/ 5′ adapters
ligation as above. Immediately after the 5′ adapter ligation beads were
magnetically captured and resuspended in 600 µL solution D. After a short
denaturation (95 °C during 10 min), beads were separated with a magnet and
the clHuR-RNA complexes recovered in the supernatant were subjected to the
last two steps of the PTex protocol (20-25 min). PTex recovered interphases
were precipitated with 9 volumes of ethanol on dry ice during 30 min, followed
by 30 min centrifuging at 20,000 xg, 4 °C. Ethanol-precipitated pellets were
digested with proteinase K and RNA isolated by phenol/chloroform extraction
[61].

2.23 Library preparation and RNA sequencing
RNAs obtained from the three PAR-CLIP procedures (classic, on-beads, and
pCLIP) were retro-transcribed into cDNA with the reverse transcription primer
5′-GCC TTG GCA CCC GAG AAT TCC A-3′ and the minimal PCR cycles were
determined for each case. cDNA libraries were created by PCR using the
forward primer 5′-AAT GAT ACG GCG ACC ACC GAG ATC TAC ACG TTC AGA
GTT CTA CAG TCC GA-3′ and the Illumina adapter index RPI 1-6, 8, 10-11. Bands
obtained at around 150 bp were excised from 2% agarose gels and purified
using the Zymoclean Gel Recovery Kit (Zymo, D4002). DNA concentration and
library quality was determined by Qubit Fluorometer dsDNA HS assay (Life
Tech, Q32854) and BioAnalizer DNA HS Kit (Agilent 2100 Bioanalyzer; Agilent,
5067-4626). Libraries were sequenced in a NextSeq 500 [61].
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2.24 CLIP data processing
The PAR-CLIP data was processed and annotated by Dr.Hans-Herman Wessels
and Prof. Uwe Ohler (MDC-Berlin, DE) using the PARpipe pipeline
(https://github.com/ohlerlab/PARpipe) around the PAR-CLIP data tailored peak
caller PARalyzer [105] as described previously [106]. PAR-CLIP alignments were
visualized using Gviz [107]. the entire procedure is deeply explained in [61].
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Chapter 3
Results
In recent years, methodological advances fostered the discovery of hundreds
of RNA-binding proteins (RBPs) and their RNA-binding sites. However, all those
methods rely on either capturing proteins associated with polydenylated RNAs
[14; 15], or incorporating labels into the RNA (e.g. click chemistry) to allow the
capture of the complexes [56; 57]. Therefore, the identification of RBPs bound
to other RNA classes (pre-mRNA, tRNA, rRNA) and especially, those from
organisms in which polyadenylation of the mRNA is generally restricted, as in
bacteria and archea, has been profoundly neglected.

Proteins and nucleic acids show differences in their mobility when in contact
with organic-aqueous mixtures. That is the foundation of the protocol for RNA
isolation developed by Chomczynski and Sacchi more than thirty years ago
[64; 65], where cells lysed in a highly chaotropic denaturing solution are
subjected to organic extraction with phenol and chloroform. In this context, the
hydrophobic regions of proteins promote their partitioning to the organic phase,
DNA enriches in the interphase (due to the acidic pH of the solution), while the
RNA remains in the aqueous phase [66]. This differential behavior between
proteins and nucleic acids depends only on their physicochemical properties.

Answering the question whether covalently cross-linked RNA-protein complexes
behave as proteins, as RNA, orwhether they adopt a different partitioning pattern
led to the development of phenol-toluol extraction (PTex) as a method for the
unbiased purification of UV cross-linked RNA-protein complexes (clRNPs). In
this chapter, the development of PTex, its scope, limitations and applications
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are presented. Parts of the results here described have been published in our
works [61; 62; 30] (Appendix B).

3.0.1 Phenol vs. phenol-toluol extractions
To start developing the method, I focused on understanding how the different
chemical reagents influence the partitioning of the clRNPs during organic
extractions. Therefore I evaluated protein phase partitioning using either (i)
phenol, or (ii) phenol-toluol as organic phase, with either a neutral buffer (PBS,
pH 7.4), or with a denaturing solution (solution D, pH 4.8, methods 2.1) as for
the aqueous phase (Fig. 3.1a).

In order to trace the mobility of proteins and clRNPs across phases, I selected
two proteins: the protein HuR (ELAVL1, 35 kDa), for being a well established
RNA-binding protein [108] which cross-links efficiently at 254 nm UV light; and
beta-actin (ACTB, 42 kDa) as an example of an abundant protein which does
not bind RNA.

Western blots revealed an accumulation of HuR in the interphase and the
appearance of a strong signal at the upper part of the gel (Fig. 3.1bd, cd, be).
Due to the UV irradiation, the RNA-protein molecules increased its molecular
weight resulting in a reduced mobility when electrophoresed, explaining the
accumulation of HuR signal at the upper end of the gel (pockets). Importantly,
the signal was specifically reversed after RNase digestion with RNase A (Fig.
3.2).

The UV-dependant increase of the molecular weight of clHuR served as a
beacon for tracking the mobility of the clRNPs between phases during the
exploratory extractions. As partially lysed cells, membranes, and other cellular
debris accumulated in the interphase, a major fraction of free and cross-linked
HuR (clHuR) was found in this phase, which in turn masked the real migration
of the clRNPs across phases [62].

Nonetheless, two different behaviours became evident: clHuR appeared in the
aqueous phase only in extractions using the combination of phenol-toluol with
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Figure 3.1: Development of the PTex method. (a) Scheme of the exploratory
extractions: UV-irradiated cell pellets dissolved in either denaturing solution D (pH 4.8)
or neutral buffer (PBS, pH 7.4), weremixedwith phenol or phenol-toluol, respectively, and
centrifuged (20,000 xg, 4°C, 3 min, yellow c letter). Three phases are visible: aqueous-
, inter-, and organic phase (aq1, inter1, org1). Next, the upper aqueous phase was
removed, and the inter- and organic phases were mixed and re-extracted with ethanol
and water (aq2, inter2, org2). (b) Western blotting shows that phase composition alters
the partitioning ofHuR-RNAcomplexes (HuR*RNA) during the extractions: in the context
of cell lysates (b) or RIC samples (c), phenolic extraction carried out under denaturing
conditions at pH 4.8 (d) promotes the migration of HuR*RNA to the interphase 2 (db,dc), while ACTB and unbound-HuR can be detected in the organic phase 2 (db). On the
contrary, when a mixture of phenol-toluol and neutral buffer is used (e), the HuR-RNA
complexes accumulate in the aqueous phase (ec, eb). ACTB and unbound-HuR can
be also detected in this phase (eb). Notice that clHuR has a reduced electrophoretical
mobility (signal at the pockets of the gel) that can be reverse by RNase A treatment (as
shown in Fig. 3.2). Modified from [62].
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Figure 3.2: Electrophoretic mobility shift assay. Western blot detecting the protein
HuR (ELAVL1; 35 kDa). Interphase containing UV cross-linked RNA-protein complexes
obtained by extracting 15 µg of a pre-purified (m)RNA-interactome capture (RIC)
solution with phenol and solution D. Samples were RNA digested with RNase A
and electrophoresed. RNase-dependant restoration of the molecular weight of HuR
indicates that the signal at the pockets corresponds with cross-linked HuR (clHuR).
Modified from [62].

neutral buffer (Fig. 3.1be, ce); whereas during phenolic extractions under
denaturing conditions, clHuR accumulated in the interphase while unbound
HuR and ACTB were detected in the organic phase (Fig. 3.1bd, cd). Importantly,
the finding that clHuR was differentially found in the aqueous- or inter- phase
depending on the composition of the phases was corroborated when
performing the extractions using a pre-purified clRNPs solution (RIC samples,
methods 2.6), (Fig. 3.1cd, ce).

3.0.2 PTex: a three stepmethod to purify UV cross-linked RNA-
protein complexes

Although the presence of RNPs in the interphase of organic extractions was
reported long ago [71], only recently it was exploited for the purification of
clRNPs [59; 60; 61]. However, the high amount of cellular debris accumulated in
the interphase of such extractions interferes with the purification process.

Therefore, I implemented a different approach: taking advantage of the
previous observation that proteins and complexes partitioned to the aqueous
phase (away from cellular debris) upon organic extraction with phenol-toluol at
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Figure 3.3: Schematic of the separation principle of biphasic organic extractions inPTex. Left: a first extraction with phenol-toluol-1,3-bromo-chloro-propane (1:1:1) and a
neutral buffer results in an accumulation of solublemolecules (mainly proteins andRNA)
in the upper aqueous phase (aq) while DNA and lipids are retained at the interphase
(inter). Right: a second extraction with phenol and guanidine thyocianate (pH 4.8)
promotes the shifting of UV cross-linked RNA-protein complexes to the interphase, while
non-cross-linked RNAs remain in the aqueous phase (aq), and non-cross-linked proteins
migrate to the lower organic phase (org). Modified from [61].

neutral pH (Fig. 3.1bd, be), I incorporated this chemical composition as the first
step in the PTex protocol [61; 62] (Fig. 3.3, and 3.4).

The PTex method was then designed combining the different partitioning
behavior of the molecules, as it was determined by the exploratory organic
extraction described in the previous section. When mixing UV-cross-linked cell
suspensions with phenol, toluol, 1,3-bromo-chloro-propane (BCP), and a neutral
buffer, the clRNPs migrated to the aqueous phase (away from cell
contaminants, Fig. 3.3 left). A second extraction with phenol and a highly
denaturing aqueous phase promoted the enrichment of clRNPs in the
interphase, while unbound RNAs remained in the aqueous phase and free-
denatured proteins migrated to the organic phase (Fig. 3.3 right). Finally, a third
extraction with phenol, BCP, ethanol and water further removed the excess of
free proteins and RNA.

This migration pattern was exhibited by HuR, known for its UV cross-linking
efficiency (usually >1% of the cellular protein can be cross-linked to RNA (Fig.
3.4a), and hnRNPL, which is marginally UV cross-liked (Fig. 3.4b) as only up to
0.1% of the cellular protein get cross-linked (Dr. Oliver Rossbach, University
Gießen, DE).
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Figure 3.4: PTex, step-by-step. (a) UV-cross-linked HEK293 cells extracted by PTex
step-by-step where all intermediary phases were precipitated and analysed by Western
blot to detect two well-known RNA-binding proteins, HuR and hnRNPL. ACTB, an
abundant non-RBP protein was used as control. (b) Western blot against HuR (ELAVL1,
35 kDa) shows that UV-cross-linked HuR-RNA complexes (gel pockets) are successfully
enriched by PTex whereas the non-RBP ACTB (42 kDa) is completely removed (step 3,
interphase) (aqueous phase= aq; interphase= inter; organic phase= org). (c) Western
blot of the PTex intermediary steps showing hnRNPL (two isoforms: 64.1 and 50.5 kDa).(d) Quantification of (b) and (c): relative enrichment of cross-linked HuR and hnRNPL by
PTex calculated as described in [62]. Modified from [62].
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PTex succeeded in enriching clRNPs regardless the difference in their
cross-linking efficiency (Fig. 3.4d). Important to notice is the removal of
unbound protein, specially in the case of hnRNPL, where more than 99% of the
protein is not cross-linked, as unbound protein can be considered
contamination or background in downstream applications. PTex-purified
samples were largely depleted in unbound HuR and hnRNPL and consisted of
>80% of RNA-bound protein (Fig. 3.4d, interphase 3 in b and c).

Additionally, Fig. 3.5 corroborates that the accumulation of clRNPs (particularly
clHuR) in the pockets of the gel corresponds with UV-cross-linked HuR-RNA
complexes, and more importantly, that PTex samples can be subjected to
enzymatic digestion of RNA, indicating that the method leaves the enriched
RNPs amenable to downstream applications.

Figure 3.5: Electrophoretic mobility shift assay of PTex-purified cross-linked HuR.
Western blot detecting the protein HuR (ELAVL1; 35 kDa). After UV cross-linking (+UV),
a second band appears at the pocket of the gel (compare input +UVwith -UV). This signal
disappeared when incubating the PTex purified complexes (clHUR) with RNase A. The
shifted complexes are depleted in a RNase-dependentmanner (time-course, right). After
60min incubation with RNaseA, the HuR signal is restored at a slightly higher molecular
weight than unboundHuR. Depending on theRNase, a fewnucleotideswill remain cross-
linked to the protein, causing a slower mobility in SDS-PAGE due to the additional mass
of the leftover RNA. Modified from [61].

3.0.3 PTex performance, scope, and limitations
Migration of clRNPs, free-RNA, DNA, and proteins during PTex
Next, I determined the distribution of the diverse cellular molecules from total
HEK293 cells during the PTex procedure by analysing all phases from the
intermediary steps by Western blotting and PCR (methods 2.13). As shown
before, in the PTex fraction (interphase 3), clHuR was highly enriched. On the
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contrary, unbound HuR and abundant cellular proteins unrelated to
RNA-binding such as beta-actin and histone H3 were not detectable (Fig. 3.6a,
Fig. 3.7a,b).

To further demonstrate the efficient removal of non-cross-linked proteins, a
recombinant RNA-binding domain of the Drosophila melanogaster Sex-lethal
protein (Dme Sxl-RBD4, [92]), was spiked-in into the cell suspension after
UV-cross-linking. PTex efficiently removed ∼99% of the unbound Sxl-RBD4, as
determined by densitometry of the Western blot images compared to the input
(Fig. 3.6).

Similarly, DNA and unbound RNA were efficiently removed as demonstrated by
PTex using 32P-5’ labeled RNA (30 and 50 nt), HEK293 cells, genomic DNA
from HEK293 cells, and linearised pUC19 plasmid as inputs (Fig. 3.6 b-d).
Depletion of DNA was tested by PCR targeting genomic DNA (exon 5 of the IL3
gene) or plasmid DNA (lacz gene). In all cases the PTex samples were >90%
depleted of DNA and RNA when comparing with input controls.

Additionally, PTex enrichment of classic and unconventional RBPs was tested
by Western blot against the proteins: polypyrimidine tract binding protein 1
(PTBP1), fused in sarcoma (FUS), and the more recently identified RNA-binding
enzymes glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and enolase
(Eno1) [16]. Fig. 3.7a shows that all RBPs tested were enriched by PTex in a
UV-irradiation-dependent manner whereas the highly abundant DNA-binding
histone H3 was depleted.

Since faint signals appeared in the non-cross-linked samples when blotting
against RBPs, cell suspensions were subjected to RNase digestion before
applying PTex. Western blots detecting the proteins PTBP1, FUS, ENO1, histone
H3, and ACTB demonstrated that RNase digestion prior to PTex abolished the
enrichment for RBPs (Fig. 3.7b), consistent with the selective enrichment for
RBPs in complex with RNA. It seems that some RNA-protein associations can
withstand the denaturing conditions in the step 2, even in the absence of
covalent bonds, and therefore being captured by PTex.
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Figure 3.6: Phenol-toluol extractions as a fastmethod to purify cross-linkedRNPs. (a)
Schematic of organic extractions used in PTex andWestern blot analysis of intermediary
steps: UV radiation (254 nm) of HEK293 cells induces in vivo covalent bonds between
RNA and proteins in direct contact. Western blot against HuR (ELAVL1, 35 kDa)
demonstrates that UV-cross-linking-stabilised HuR-RNA complexes (signal at the gel
pockets, denoted as HuR*RNA). HuR*RNA is largely enriched after PTex (inter 3), while
the non-RNA-binderbeta-actin (ACTB)was efficiently removed (absence of signal in inter
3). A recombinant protein from D. melanogaster (Dme RBD4, 20 kDa) used as a 100%
non-cross-linked RBP control (spiked-in) was ∼99% removed by PTex. (b-d) DNA and
free-RNA are also efficiently depleted by PTex: DNA carry-over was tested by PCR with
specific primers against exon 5 of the interleukin 3 (IL3) gene, and the LacZ gene present
in the pUC19 plasmid. Efficient removal of genomicDNAwasdetermined as the absence
of PCR product in the interphase 3 of PTex samples derived from either (b) UV-cross-
linked HEK293 cells, or (c) pre-purified genomic or plasmidic DNA. "Contamination" with
unbound-RNA was tested by electrophoresis of 5‘- end radioactive-labeled RNA (35 and
50 nt) subjected to PTex (d) [61]. Modified from [61].

Summarising, PTex highly enriches for cross-linked RNPs while efficiently
depleting non-RBPs, non-cross-linked proteins, and nucleic acids.

PTex: RNA-length requirements and quantification
PTex enriches for UV cross-linked RNA-protein complexes, however, how long
the bound-RNA must be in order to be efficiently purified? And equally
important, what is the efficiency of PTex in terms of RBPs yielded? and which
parts of the procedure affect the recovery of clRNPs?

To determine the minimal RNA length required for RNPs enrichment, a set of in
vitro transcribed RNAs varying between 13 and 191 nucleotides were produced
[109; 61]. The transcribed RNAs contain one copy of an Uracil stretch of seven
nucleotides at their 5’ ends; a sequence which is recognised by Dme Sxl-RBD4
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Figure 3.7: PTex enriches for classical and unconventional RBPs in an RNAdependent-manner. PTex enrichment was tested by Western blotting against
the well-established RBPs polypyrimidine tract binding protein 1 (PTBP1), fused in
sarcoma (FUS), and the more recently identified RNA-binding enzymes glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and enolase (Eno1)[16], and the non-RNA-binders
ACTB and histone H3. RNase treatments were applied after (a) or before (b) PTex.
All RBPs tested were enriched by PTex in a UV/RNA dependent manner whereas the
highly abundant ACTB and DNA-binding histone H3 was depleted. Nuclease treatment
of living cells before PTex abolished the recovery of RBPs (b), demonstrating that clRNP
enrichment by PTex is selective for RBPs complexed with RNA. Modified from [61].
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(20 kDa). After binding and UV cross-linking in vitro (see 2.17), samples were
PTex-purified and analysed by Western blotting (Fig. 3.8a). PTex efficiently
recovered cross-linked Dme Sxl-RBD4 bound to RNA as short as 30 nt.
Interestingly, a signal corresponding to unbound Dme Sxl-RBD4 in the PTex
samples appears only in those samples which were in contact with RNA. The
Western blot signal shows a steady increase dependant of the RNA length, as
larger the RNA as higher the amount of protein detected. Such a signal was
almost undetectable in the non-RNA control (-RNA), (Fig. 3.8a).

Answering the question about the yield rendered by PTex was indeed
challenging: while cross-linked HuR generated a distinctive signal at the height
of the gel pocket (Fig. 3.6a), there is no a priori indication about the amount of
protein which is efficiently cross-linked to RNA by UV light; more over, not all
RBPs are functioning as RBPs in a given time [61; 62]. To tackle this problem,
mRNA interactome capture samples from HEK293 cells were used as a
clRNPs 100% cross-linked to poly-A RNA. Using this samples as input for PTex
allowed the quantification of the purification of HuR by densitometry of
Western blot images (Fig. 3.8b). PTex recovered ∼30% of the initial amount of
cross-linked protein.

Additionally, the recovery of Sxl was also calculated by densitometry of the Fig.
3.8a. Here, PTex yielded ∼50% of the total cross-linked protein. As PTex
purification efficiency varies among individual proteins (Fig. 3.8c-f), protein and
RNA quantification based on its absorption at 260 nm and 280 nm were also
determined by spectroscopy of the PTex samples vs inputs (Fig. 3.8g).
Consistently, PTex recovered 27% of the RNA and 33% of the proteins from
HEK293 RIC samples.

Another aspect to consider is, how the precipitation and solubilisation steps
affect the recovery of the complexes? To answer this question, fractions of the
same cell lysate were precipitated using three of the most common
protein/nucleic-acids precipitation methods: ethanol, 2-propanol and
trichloroacetic acid (TCA), then the pellets dissolved in either water, TE or TED
buffers were analysed by spectrophotometry (absorbance at λ280 nm) to
quantify the protein content (see section 2.12).
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Figure 3.8: PTex performance (a) Drosophila melanogaster RBP Sxl RBD4 was in vitro
bound and cross-linked with RNA of different lengths containing the Sxl U7 recognition
site. A minimum of 30 nt are required for an efficient recovery of clRNPs by PTex.(b) (m)RNA-interactome capture (RIC) samples from HEK293 cells were used as 100%
cross-linked input material and the recovery of clHuR vs. unbound HuR by PTex was
assessed. (c)Quantification of a (n=3, error bars represent SD). (d,f)Relative enrichment
of cross-linked Sxl (from 3.8a) and clHuR (from Fig. 2.2); n=3, error bars represent SD.(e) Quantification of b (n=3, error bars represent SD). (g) Protein and RNA quantification
of PTex samples from (b) determined by UV spectroscopy (n=3, error bars represent
SD). (h) Comparison of protein precipitation methods: lysates from HEK293 cells were
precipitated by either ethanol, isopropanol or trichloroacetic acid (see methods section
2.12). Pellets resuspended with 100 µl of water, TE or TED, incubated 20 min at 56 °C
and centrifuged 1000 xg 2min. Supernatant= soluble fraction; pellet= insoluble fraction.
TE= 20mM Tris, 1 mM EDTA, pH 7.8; TED= TE supplemented with 0.03% n-Dodecyl β -D-
maltoside (DDM). Mean from two independent experiments. [62]. Modified from [61; 62].
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Although all three methods yielded similar total protein recovery (Fig. 3.8h),
precipitation by TCA produced a rather insoluble pellet (Fig. 3D in [62]). Even
though the precipitation methods tested yielded a low protein recovery (input
consisted in 5.4 mg of protein), alcoholic precipitations resulted in an easier to
dissolve pellet with a better preserved RNA [62]. Additionally, the precipitation
method and the solubilisation strategy must be carefully considered for the
preparation of PTex samples for mass spectrometry as RNA and traces of the
reagents could compromise the integrity of the LC columns [61].

3.1 Beyond the HEK293 mRNA-bound proteome
3.1.1 Sample preparation for protein mass spectrometry
Once the scope and limitations of the PTex protocol were established, the next
step was to apply PTex to explore the RNA-protein interactions in HEK293 cells.
PTex samples were prepared from HEK293 cells irradiated with 0.015, 0.15, and
1.5 J/cm2 of UV light at 254 nm wavelength (Fig. 3.9a). Mass spectrometry and
label free quantification (LFQ) were performed using non-crosslinked PTex
samples and total protein preparations as input controls (Fig. 3.10, [61]).

The quality of the HEK293 PTex samples used for mass spectrometry (MS)
was assessed by protein electrophoresis and silver staining (Fig. 3.9b).
Additionally, the effects of prolonged UV radiation was also tested by Western
blotting (Fig. 3.9c). Comparing the total protein signal in inputs and whole cell
lysates (Fig. 3.9b and c, respectively), the increased radiation energy used for
UV cross-linking evidently caused an overall decrease of protein content.
Judging by the reduced signals from HuR and hnRNPL at 1.5 J/cm2, sufficiently
high energy radiation can negatively affect the RBP recovery by PTex.

Important to notice is, however, that the shifted clRNPs signal at 1.5 J/cm2 was
resistant to DNase I but not resistant to a subsequent Benzonase treatment
(Fig. 3.9c (gel pockets)). Although UV-induced protein-protein cross-linking is
possible under certain conditions [73; 77; 110; 111] (discussed in [62]), the
aggregates detected after UV radiation are bona fide UV cross-linked
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RNA-protein complexes.

3.1.2 Mass spectrometry data analysis of PTex-purified
clRNPs

A challenging task in biology is to reliably quantify cell-wide differences
between physiological or induced states. In this particular case, the challenge
was to accurately determine the very proteins enriched by PTex in a
UV-dependent fashion. Since LFQ intensities are calculated assuming that all
peptides were present, ionized, and detected with equal efficiency, and are
normalised across samples, the LFQ intensity values were further normalised
against trypsin to establish a base-line for the enrichment analysis (details in
[61]).

Additionally, a stringent criterion for curating the mass spectrometry (MS) data
was applied: proteins which were not identified by MS in all 3 PTex replicates
were removed. Ratios of cross-linked over non-cross-linked (+UV/-UV) LFQ
intensities (from the PTex experiments) were calculated for the remaining
proteins, and a moderated t-test was used for multiple testing
(Benjamini-Hochberg) (Fig. 3.10a, [61]).

As a result, 3037 proteins were identified as significantly enriched in a
UV-dependent manner (FDR 0.01) (Fig. 3.10b). Importantly, PTex enrichment
was unbiased towards protein chemical features or expression levels, such as
cellular abundance, protein molecular mass, isoelectric point, or hydrophobicity
(Fig. 3.10c-e).

As a proxy for the validation of novel RBPs, two proteins identified as RNA
binders by PTex were challenged: the ATP-binding cassette sub-family F
member 2 (ABCF2, member of the AAA+ ATPase family), and the T-complex
protein 1 subunit eta (CCT7, member of the chaperonin CCT/TRiC complex
involved in telomere maintenance [112]). Western blots of PTex samples show
that both proteins are enriched after UV-irradiation in vivo and PTex purification
(Fig. 3.10f).
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Figure 3.9: PTex sample preparation for mass-spectrometry. (a) HEK293 cells UV-
cross-linked using 0 (noCL), 0.015 (dark red), 0.15 (red) and 1.5 (dark yellow) J/cm2

254 nm UV light in triplicates, are purified by PTex and precipitated by ethanol. (b)
SDS-PAGE (silver staining) of PTex pellets as used for mass-spectrometry (details on
PTex sample preparation for MS in [61]. (c) Western blots of RBPs from UV-irradiated
HEK293 cells (hnRNPL and HuR) showing that i) UV-cross-linking is rather inefficient
as the main fraction of tested RBPs remains non-cross-linked. ii) cross-linking induced
a shift in the molecular weight of HuR and hnRNPL due to the covalently bound RNA,
as demonstrated by disappearance of the signal at the pockets after treatment with
Benzonase but not with DNaseI. iii) UV radiation with 1.5 J/cm2 results in a general loss
of protein (gels in the lower panel), evident also in (b) and the Western blot detecting
the non-RBP ACTB (compare 1.5 J/cm2 with lower dosages [61; 62]. However, histone
H3 (used as additional loading control), its relative abundance seems not to be affected
by the UV radiation applied. SDS-PAGE and silver staining in figure b was performed by
Carlos Vieira (Selbach lab, MDC-Berlin). Modified from [62].

https://doi.org/10.18452/21318 Erika C. Urdaneta

https://doi.org/10.18452/21318


56 CHAPTER 3. RESULTS

Figure 3.10: A global snapshot of RNPs in HEK293 cells. (a) Volcano plots of proteins
enriched by PTex (FDR 0.01) of HEK293 cells UV-cross-linked with 0 (noCL), 0.015 (dark
red), 0.15 (red) and 1.5 (dark yellow) J/cm2 254 nm UV light, analysed by label-free
mass spectrometry. (b) Protein abundance (IBAQ intensities of input samples) does not
correlate with PTex enrichment (log2-fold change of intensities [+UV/-UV]). (c) Protein
enrichment by PTex is independent of general features such as molecular weight,
isoelectric point (pI) or hydrophobicity, boxplot centre line represents median, bounds
are first and third quantile, and whiskers extend to 1.5 times the inter-quantile range
[61]. (e) PTex of individual predicted RNA-associated proteins. ATP-binding cassette
sub-family F member 2 (ABCF2) and T-complex protein 1 subunit eta (CCCT7) have not
been reported to bind RNA. Both are enriched after PTex in a UV-irradiation-dependent
fashion, indicating that they indeed associate with RNA in vivo [61]. Modified from [61].
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It has previously been shown that extended UV exposure increases the
likelihood of cross-linking events [16]. Therefore, a gradual increase in
enrichment of RNA-interacting proteins after PTex with higher UV dose was
expected. This was partially true for the energies used in this study: the
enrichment on RNA-associated proteins steadily increased from 0 to 0.15
J/cm2. However, irradiation with 1.5 J/cm2 caused a decrease in recovery (Fig.
3.11a).

Additionally, analysis of the integrity of RNA purified from cells exhibited the
highest RNA degradation in the case of RNA from HEK293 cells irradiated with
1.5 J/cm2 254 nm UV light (Fig. 3.11b). In overall, the results from Figures 3.8a,
3.9, and 3.11, indicate that prolonged UV exposure can trigger breaks in the
RNA and/or induce the degradation of proteins, leading to an impaired recovery
of UV cross-linked RNA-protein complexes by PTex.

Figure 3.11: Effects of prolonged UV exposure on ribonucleoprotein complexesenrichment and RNA integrity. (a) UV exposure vs. enrichment of RNA-associated
proteins in HEK293 cells. Increasing enrichment of RNA-associated proteins was
detected when irradiating cells from 0 to 0.15 J/cm2 of 254 nm UV-light. A higher
exposure (1.5 J/cm2) caused a reduction of the overall enrichment. Boxplot centre line
represents median, bounds are first and third quantile, and whiskers extend to 1.5 times
the inter-quantile range. n = 3 biologically independent experiments. (b) Analysis of RNA
integrity by Agilent Bioanalyzer 2100 Total RNA Pico Chip. Total RNA was purified from
HEK293 non-irradiated cells or cells radiated with 0.015, 0.015, 0.15, or 1.5 J/cm2 254
nm UV light. Ribosomal RNA peaks are used as indicative of RNA integrity.
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3.1.3 HEK293 RNA-interacting proteins
Given that the whole proteome of HEK293 consists on 10,500 proteins [113],
and that the count for well-established and recently identified eukaryotic RBPs
has raised from 700 to around 2000 in the last years (reviewed in [50] and [12]),
finding more than 3000 proteins significantly enriched by PTex was at first
unexpected. However, it is important to consider that, although the majority of
the current methods used to purify clRNPs rely on UV-cross-linking, many only
recover a subset of RNA interactors (e.g. poly-A-binding proteins); therefore,
broadening the spectrum of RNA-associated proteins via an unbiased
approach is not unrealistic.

In order to assess the sensitivity and specificity of PTex, a series of analysis
were performed (Fig. 3.12):

• Gene ontology (GO) analysis: proteins enriched by PTex are involved in
all aspects of RNA biology (Fig. 3.12a), whereas protein unrelated to RNA
biology such as transporters and (trans-)membrane proteins were
depleted (Supplementary Table S2 in [61]).

• Analysis of protein domains: RNA-binding domains were significantly
enriched in PTex-purified proteins (Fig. 3.12b). The domains found cover
a wide range of classic and novel RNA-recognizing motif, e.g. the classic
RNA recognition motifs (RRM), helicase folds (DEXDc, HELICc), and K
homology (KH); and the newly described domains, WD40 fold
[116; 117; 15], AAA ATPase, tetratrico peptide repeat region (TPR) [118], Ski
complex [119], translation terminator Nro1 [120], and the CH domain [16].

• Poly-A-independent enrichment: PTex specifically purified 72/80
ribosomal proteins (42/47 of the large and 30/33 of the small subunits),
and 19/20 tRNA synthetases, demonstrating the poly-A-independent
purification nature of PTex.

• Comparison with the mRNA-interactome of HEK293: although the
mRNA-interactome capture from HEK293 was determined using in vivo
RNA-labelling with 4-thiouridine (4-SU) and 365 nm UV-light for
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Figure 3.12: Features of RNA-interacting proteins found byPTex (a) Top3 enrichedGO
terms (CC, MF, BP). (b) PTex-purified proteins overlap with well-described RBPs but not
with transcription factors. Recovery of Gerstberger RBPs and transcripiton factors (TFs)
reviewed in [50], a recent review on RBPs by [12], HEK293 poly-A binders [14], RBPs found
by RNA interactome using click chemistry (RICK[56]; CARIC[57]), P-body components
[114] and a recent prediction of candidate RBPs (SONAR, [115]). (c) Enriched protein
domains in PTex-purified proteins from HEK293 cells. (d) Selected candidate RBPs
exhibit intrinsically disordered regions and coiled-coils, ATP-binding domains, and the
low complexity characteristic in many novel RBDs [16; 26; 29; 30]. (e) mRNA-binding
proteins display a bimodal isoelectric point (pI) distribution pattern with peaks at pH
5.5 and 9.5 [14; 15]. RNA-interactors in general peak at pI 5-6 as found by PTex and
RICK [56]. (f)Distribution of previously identifiedHEK293mRNA-binding proteins (green;
[14]) in PTex; each bin represents 10% of the 3037 PTex proteins from lowest to highest
enrichment. Modified from [61].
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cross-linking [14], PTex recovered 70% of the poly-A RNA-binding proteins
previously identified in [14] (Fig. 3.12c).

• Overlap with other poly-A independent methods [56; 57]: PTex largely
overlaps with RBPs recently found in HeLa cells by two unbiased
techniques. PTex matches 94% of the high confidence RBPs and 86% of
the non-poly-A RBPs identified by RICK [56] and 84% of the complexes
found in CARIC [57] (Fig. 3.12c).

• DNA-binding proteins: proteins involved in replication and response to
DNA damage (e.g. DDX54 [121]) were found enriched by PTex, however,
transcription factors were underrepresented (Fig. 3.12c), demonstrating
that PTex does not select for DNA-specific binding proteins. Importantly,
the boundaries between RNA- and DNA-binding are blurring since nuclear
DNA-binders have been found to interact with RNA [31].

• Isoelectric point: proteins enriched by the mRNA-interactome capture
exhibit an overal higher isoelectric point (pI) [26; 16]. On the contrary,
proteins identified by poly-A-independent techniques (RICK [56] or PTex
[61]) showed a pI <6 (Fig. 3.12d). At cellular pH, proteins with a low pI have
an negative net charge; therefore, unspecific interactions with negatively
charged RNA are unlikely to occur due to the electrostatic repulsion.

• Comparative distribution of mRNA-binding proteins: the aim of this test
was to rule out that PTex-specific purified proteins are more efficiently
recovered than the established mRNA-binding proteins (indicative of
carry-over of proteins unrelated to RNA interactions). A comparison of
the distribution of the HEK293 mRNA-binding proteins [14] in the PTex
enrichment shows that both groups of RBPs are similarly enriched along
the dynamic range of PTex (from no enrichment to fold change log2= 6,
Fig. 3.12e).

The results above described demonstrate that PTex specifically purifies
ribonucleoprotein complexes.
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3.2 Applications
3.2.1 pCLIP
As described in the introduction, the CLIP methods are the current gold
standard for analysing the transcriptome associated to a particular protein
(reviewed in [47; 48; 46]). However, removal of the unbound RNA remains a
challenging aspect of the method and probably the most time-consuming. As
PTex can efficiently deplete free-RNA and unbound proteins, a modified
PAR-CLIP protocol was designed (Fig. 3.13).

HuR (ELAVL1) was selected as proof-of-concept due to its well known
interactions with mRNA and pre-mRNA in several CLIP studies and its
well-documented binding motif (5’- UUUUUU -3’) [106]. HEK293 cells stably
expressing a FLAG-tag copy of HuR were in vivo labelled with 4-thiouridine
(4SU), followed by UV irradiation at 365 nm.

Three variants of the CLIP method were performed i) classical PAR-CLIP
(PAR-CLIP-classic) [32; 102], ii) PAR-CLIP using ligation of adapters directly on
the beads (PAR-CLIP-on-beads) [103; 104], and iii) a PTex derived CLIP version,
pCLIP [61], in which the second and third steps of PTex were adapted to remove
the unbound RNA instead of PAGE/membrane band excision (Fig. 3.13).

The libraries obtained by pCLIP contained a larger fraction of longer reads than
the PAR-CLIP classic/PAR-CLIP-on-beads libraries (Fig. 3.14a). The three
approaches were able to identify the canonical 5’- UUUUUU -3’ motif and
similar profiles of HuR-bound RNA clusters map to intronic and 3’UTR regions
[106] (Fig. 3.14b-d).

The clusters were successfully mapped to the same 3’UTR loci when
comparing HuR binding sites in tubulin and in splicing factor Srsf6 mRNAs (Fig.
3.14e,f). Regardless the low-read-coverage, these results demonstrate that
PTex can be integrated into more complex workflows such as (PAR-)CLIP and
that PTex has the potential to simplify CLIP-type approaches by enriching for
clRNPs or by removing unbound RNA transcripts [61].
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Figure3.13:SchematicoftheincorporationofPTexintothePAR-CLIPprotocolclassicalPAR-CLIP
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Figure 3.14: pCLIP: a fast PAR-CLIP variant employing phenolic extraction. (a)
Read length distribution of uniquely mapping reads utilised for determination of
binding sites (cluster) of HuR (ELAVL1). PAR-CLIP samples were processed using
PARpipe (see methods in [61]). (b) Relative proportion of PARalyzer-derived cluster
annotation. (c) Heatmap of relative positional binding preference for intron-containing
mRNA transcripts for each of the six HuR PAR-CLIP samples. Sample-specific binding
preferences were averaged across selected transcripts (see methods in [61]). The
relative spatial proportion of 5’UTR, coding regions and 3’UTR were averaged across
all selected transcript isoforms. For TES (regions beyond transcription end site), 5’
splice site, and 3’ splice site, fixed windows were chosen (250 nt for TES and 500 nt
for splice sites). For each RBP, meta-coverage was scaled between 5’UTR to TES. The
5’ and 3’ intronic splice site coverage was scaled separately from other regions but
relative to each other. (d) De novo motif discovery for PARalyzer derived clusters using
ZAGROS (left) and DREME (right). For Zagros, a T-rich motif was found. As ZAGROS
does not return E-values, cluster sequences were analysed using DREME. For all but
classic PAR-CLIP R2 a T-rich motif scoring the highest was found. For classic PAR-CLIP
R2 however, the T-rich motif scored second with a similar E-value to a less frequent
primary motif (Supplementary Fig. 16 in [61]). (e,f) Genome browser shots of TUBB and
SRSF6 example genes showing reproducible 3’UTRbinding sites. Track y-axes represent
uniquely mapping read count. Modified from [61].

3.2.2 Purification of RBPs from challenging samples

Tissues in general are challenging samples to process, brain tissue particularly
so due to its high lipidic content. During the organic extractions, the
hydrophobic character of lipids promoted its accumulation at the interphase
during the first step of the PTex protocol, however, the higher load in lipids
contained in the brain sample saturated the system (data not shown). As
solubilisation can be enhanced by temperature, the PTex extractions were
performed at 65°C (Hot-PTex, Fig. 3.15a).

To analyse the efficiency of the extraction, a Western blot against HuR was
performed (Fig. 3.15b). The signal at the pockets/smear, and especially the
restoration of the HuR signal after RNase digestion demonstrate that HuR-RNA
complexes are largely enriched after PTex in a UV-dependant manner (Fig.
3.15b). An important contribution of Hot-PTex is that it allows the unbiased
purification of RNPs from animal tissues without the requirement for RNA
labeling, as it is the case for RICK[56] or CARIC[57] approaches.
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Figure 3.15: PTex purifies clRNPs from mouse-brain tissue. (a) Mouse brain tissue
(obtained from Prof. F. Heyd Lab) was deep-freeze with liquid N2 and pulverised with a
mortar (pestle). Half of the powder (∼130 mg) was irradiated with 0.75 J/cm2. Cross-
linked and non-cross-linked tissue powders were resuspended in 2.4 mL of DPBS. PTex
samples were prepared using 600 µL of the suspension (∼35 mg/sample; two samples
per condition). (b) PTex pellets (-UV/+UV) were resuspended in 20 µL RNase buffer,
adding 0.2 µg of RNaseA in the indicated samples. After incubating 1 h at 37°C, reaction
was stopped by adding 10 µL Lämmli buffer 4x, 95°C 5 min. Samples were then
electrophoresed on SDS-PAGE 4-20%, transferred onto nitrocellulosemembrane 0.2 µm
and incubated with anti-human HuR (1:5000) or anti-human ACTB (1:2500) overnight at
4°C. Antibody binding was developed with the corresponding secondary antibody HRP
and Clarity ECL substrate forWestern blot (BioRad) or anti-mouse Alexa647 (Invitrogen).
Modified from [61].
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3.2.3 Insights into the first RBPome of Salmonella
Typhimurium

Unlike in eukaryotes, polyadenylation of RNA in prokaryotic cells is a rare event
[80], therefore capturing mRNA-protein complexes cannot be performed via
oligo-dT-based methods. The unbiased nature of PTex however, allowed the
purification of RNA-crosslinked complexes from the pathogen Salmonella
Typhimurium (Fig. 3.16).

Salmonella strains harbouring the chromosomally FLAG-tagged proteins Hfq
[85] and GpmB were used to test PTex in bacteria. Hfq was selected as a
positive control since it is an abundant and well known RNA-binder [85; 122]. On
the other hand, GpmB is a putative phosphoglycerate mutase which was
identified as a non-RNA binder by a supported vector machine algorithm for the
de novo prediction of RNA-binding motifs (TripepSVM) [30], and therefore, used
as a non-RNA binder control together with antibodies to detect the chaperone
GroEl, also a non-RNA binder protein.

Application of the modified PTex protocol, Hot-PTex, yielded purified Hfq-RNA
complexes from Salmonella Thyphimurium Hfq-FLAG in an UV-dependent
manner (Fig. 3.16a). One of the major characteristics of Hfq is that it is
physiologically active as a homo-hexamer; a complex that has been shown to
resist highly denaturing conditions, e.g. during SDS-PAGE [85; 61] (Fig. 3.16b,c).
Hfq shifted bands are visible after UV radiation with 0.5 J/cm2 (Fig. 3.16b,c).
Additionally, a band corresponding to the monomer with a slightly higher
molecular mass is attributable to almost-complete RNase digestion of the
bound-RNA (Fig. 3.16c). The physiologically relevant Hfq hexamer was
detected in the Hot-PTex samples from cells radiated with 5 J/cm2, indicating
that the hexamer is still bound to remaining RNA fragments [61] (Fig. 3.16c).

RNA-protein interactions with high affinity and/or stability can resist the
denaturing conditions of the purification steps even in the absence of
UV-cross-linking, leading to an increased signal of the monomeric form of the
RBP in Western blots even in non-UV-radiated samples (Fig. 3.7a); signal which
is otherwise reduced/absent when applying RNase treatment before PTex (Fig.
3.7b). Fig. 3.16 shows an increasing signal from the monomeric form of Hfq
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Figure 3.16: Hot-PTex allows the purification of Hfq-RNA complexes from SalmonellaTyphimurium (a) Salmonella Typhimurium SL1344 Hfq-FLAG was UV-cross-linked with
0.25, 0.5, 1.0 or 5 J/cm2 of UV-light at 254 nm. Hot-PTex was performed to purify
bacterial RNPs. (b) Western blot using an anti-FLAG antibody demonstrates recovery
of Hfq monomers linked to RNA after radiation with 0.5 J/cm2. No bands are detected
when incubating themembrane with antibodies against the chaperone GroEl. (c)Higher
UV dosages increases the cross-linking events, note that the physiologically active Hfq
hexamer partially withstands SDS-PAGE conditions [85] and that this complex is also
enriched after PTex (Hfq 6-mer). Similar to GroEl, the protein GpmB is not enriched after
Hot-PTex.
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after Hot-PTex correlated with the increasing doses of UV-cross-linking applied.
However, Western blots detecting the proteins GroEl and GpmB show the
distinctive depletion in non-RNA binders (Fig. 3.16), demonstrative of the
RNA-dependency of the Hot-PTex purification.

In a different experiment, Hot-PTex samples from Salmonella Typhimurium
SL1344 (wild-type) cross-linked with the vari-x-link for 90 seconds (∼1.5 J/cm2,
section 2.10) were used to map the RNA-associated proteins by mass
spectrometry (Fig. 3.17a). In this case, intensity-based absolute quantification
(iBAQ) intensities were used to compare recovered proteins from UV-irradiated
versus non-radiated cells (biological duplicates).

Here, the overall RBP enrichment was lower in Salmonella compared to
enrichment achieved with PTex from HEK293 cells, even for known bacterial
RBPs as Hfq. Nonetheless, 172 proteins were identified as RBPs
(Supplementary Table S3 in [61]), 59 of which are known RNA-associated
proteins: 33 ribosomal proteins, components of the RNA polymerase complex
(subunit α , σ factor RpoD, DksA) and 4 out of the 5 established mRNA-binding
proteins of Salmonella (Hfq, ProQ, CspC/CspE) [61; 85; 84; 123] (Fig. 3.17b).

Additionally, proteins with known RNA-binding domains (RBDs) were found, e.g.
the oligonucleotide/oligosaccharide-binding fold (OB-fold) present in RpsA,
RpsL, RplB, CspC, CspE, Pnp, RNaseE, Ssb, NusA; and domains which were
also detected in RBPs when screening eukaryotic cells: the afforementioned
AAA ATPase fold in the ATP-dependent protease ATPase subunits HslU, ClpB
and ClpX, or thioredoxin domains as in AhpC, Thiol:disulfide interchange protein
(DsbA) and Bacterioferritin comigratory protein (Bcp) [61; 15; 16]. Similar to
previous reports [16; 124], the glycolytic enzymes Pgk and Pgi were also found
to be associated with RNA (Fig. 3.17b).

Gene ontology terms analysis of the identified proteins (Fig. 3.17c) shows that
the most significant terms are those associated with RNA biology, such as
"translation" and "ribosome". Interestingly, although RNA has been thought not
to localise in the periplasmic space, the term "cell outer membrane" was also
significantly represented as many membrane-associated proteins were
enriched (refer to Table S3 in [61]).
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Figure 3.17: The first RNA-bound proteome from Salmonella Typhimurium (a)
Salmonella Typhimurium SL1344 Hfq-FLAG was UV-cross-linked in a vari-x-link for 90
seconds ( 1.5 J/cm2). Hot-PTexwas performed to purify bacterial RNPswhichwere later
analysed by protein mass spectrometry. (b) 172 proteins are enriched after UV-cross-
linking (PTex +UV). Among the identified proteins are ribosomal proteins (transparent
red), known RBPs (red) and DNA-binders (orange), and proteins not known to associate
with RNA before were selected for validation (in parentheses). (c) RNA-associated GO
terms are significantly enriched among the identified proteins. (d-f) Validation of RBP
candidates: Salmonella strains expressing FLAG- or HTF-tagged proteins were cross-
linked (or not) and immunoprecipitated. RNA-association is confirmed by radioactive
labeling of RNA 5’ ends by polynucleotide kinase (T4 PNK) using phosphoimaging; a
signal is exclusively detectable after UV-cross-linking and radiolabeling of precipitated
RNA. CsrA-FLAG (pos. ctr.), YigA-FLAG (neg. ctr.), AhpC-HTF, SipA-HTF, YihI-FLAG [61],
ClpX and DnaJ [30] bind RNA in vivo. Under the conditions tested, GpmB-FLAG did not
show RNA-binding capacity. Modified from [61; 30].
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Outer membrane proteins were also identified as RNA-binders in Escherichia
coli by a similar method [60]. Here again, distinguishing between RBPs with
canonical functions on RNA and proteins which are associated to RNA for e.g.
structural reasons is not possible ([61]). However, secreted outer membrane
vesicles (OMVs) from Gram-negative bacteria have been shown to contain
RNA, yet the sorting mechanism has not been discovered (reviewed in [125]). It
is reasonable to speculate that, if such a sorting pathway exists, the proteins
involved could get cross-linked and therefore purified by PTex.

From the 172 proteins identified in this experiment, 113 had not yet been
reported to interact with RNA. Thus, in order to validate these indeed as new
RNA-binding proteins , a set of proteins were selected, fused with C-terminus
tags (FLAG or His-TEV-FLAG), UV-crosslinked, immunoprecipitated, and the
bound-RNA radioactively labelled with γ32P-ATP (T4 polynucleotide kinase
assay "PNK" as described in [126], section 2.19).

The selected proteins were: YihI, a putative GTPase-activating protein which
was speculated to play a role in ribosome biogenesis [127], the alkyl
hydroperoxide reductase c22 protein (AhpC) [128], the cell invasion protein SipA
[129; 130]; and the proteins also identified as RNA-binders in [30], the subunit
ClpX from the Clp protease (involve in regulating expression of the flagellum),
the hyperosmotic and heat shock responsive chaperone DnaJ [30], and the
predicted non-RNA-binder GpmB, mentioned before. YigA and CsrA-FLAG
strains were used as negative and positive controls, respectively [30]. As
expected, all of the selected proteins except for GpmB and YigA exhibited
RNA-binding activities in vivo (Fig. 3.17d-f) thus corroborating PTex as a
protocol for the identification of new RBPs.

A recurrent mention in the literature is the removal of the culture medium
before UV cross-linking [14; 26], as excess of medium causes a lower
cross-linking efficiency due to the co-absorption of UV-light (Dr. Benedikt
Beckmann, personal communication). However, the established protocol for
UV-cross-linking of bacterial cells as a preparation for PNK described in [85],
indicates that the UV radiation is performed by directly radiating the cell
cultures (LB medium).
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An experiment comparing two cross-linking strategies, UV radiating cultures vs.
pellets, showed that, at least for the RBPs ClpX and DnaJ (Fig. 3.17f) and UbiG
and CsrA (Fig. 5 in [30]), cross-linking bacterial cells directly in the LB medium
was inefficient and produced near-to-negative results; whereas cross-linking
pellets resulted in clear positive signals. Furthermore, a follow up experiment
where cells were radiated directly on a translucent defined culture medium
(LPM plus), the characteristic UV-dependant shifted signal of Hfq was detected
in Western blot (Fig. 3.16b, methods 2.3, 2.1).

Summarising, whether the low enrichment of Hot-PTex is a consequence of an
inefficient cross-linking or rather of an excessive background, the results
presented here constitute the first RNA-bound proteome (RBPome) ever
described for Salmonella Typhimurium. Although additional modifications in
UV-cross-linking and/or cell lysis can improve the sensitivity, PTex is a suitable
unbiased tool for cell-wide RBP purification in bacteria.
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Chapter 4
Discussion
4.1 Development of the PTex approach
RNA-protein UV cross-linking is a inefficient process: as shown for the RBP
hnRNPL, only 1 out of 1000 molecules can be cross-linked to RNA in vivo (Fig.
3.4c, [62]). Low cross-linking efficiency has also been reported in other human
and yeast cell cultures where even higher UV dosages resulted in only ∼1-10%
of cross-linking events [71; 15; 42; 16; 124; 97]. Likewise, not all of the (m)RNA
molecules are bound to a given RBP, therefore, the excess of free-RNA can
saturate the oligo-dT beads in mRNA interactome capture approaches,
affecting its clRNPs capturing efficiency and elevating the noise-to-signal ratio
when analysing the bound-transcriptome. Consequently, any method aimed to
purify RNPs must overcome the challenge of removing 99.9% of the non
cross-linked background protein.

Exploiting the phase-separation principle [64; 65; 66], PTex overcome those
obstacles by i) introducing the mixture phenol-toluol in the step 1, which allows
the separation of RNA, proteins, and clRNPs from other cellular molecules, and
ii) due to the physicochemical differences between proteins and RNA. In step 2,
by applying denaturing and chaotropic conditions, PTex can remove free RNA
and free proteins from clRNPs in an unbiased manner. PTex is also an easy to
perform modular method which can be completed in less than 3 hours.

Importantly, it has been demonstrated that PTex can be applied in samples
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Method Starting material (cells) StudyPAR-CLIP 2-9x108 [32]RIC 2.85x108 [15]RBR-ID N/A [131]RICK 2x107 [56]CARIC 3.6x108 [57]XRNAX 8-10x107 [59]OOPS 3.2-8.8x106 [60]PTex 2-8x106 this study [61; 62]

Table 4.1: Starting material required by the current RNPs purification methods.
Modified from [61].

UV-radiated with either 254 or 365 nm, native, or in vivo RNA labelling and from
a variety of sources: cell culture, brain tissue, bacterial cells (this work, [61], and
[62]). Additionally, PTex recovers complexes with a cross-linked RNA as short
as 30 nt without requiring any particular sequence specificity, allowing to
investigate RNA-protein interactions involving a wider diversity of RNAs than
what has been possible before.

Similar to PTex, the methods RBR-ID [131], RICK [56] and CARIC [57] also offer
unbiased purification of ribonucleoprotein complexes [45]. However, it is
important to underline that all the aforementioned methods (RBR-ID, RICK and
CARIC) rely on in vivo incorporation of 5-ethynyl uridine (EU) into the RNA,
followed by click-chemistry and affinity capture via streptavidine beads. While
pulse/chase experiments allow to determine newly-transcribed RNA species by
those methods, incorporation of nucleotide analogs into cells can be
challenging [61].

Although PTex can be performed on cells labelled with 4-SU, UV irradiation at
254 nm wavelength is sufficient to interrogate the RBPome of a given cell line,
advantageous when analysing biological material in which uptake of nucleotide
analogs is either insufficient or cost-intensive [61]. Another advantage of PTex
is that it requires lower amounts of input material in comparison with other
methods (Table 4.1). However, since UV radiation is used in all the available
methods to induce RNA-protein cross-links, the possible bias caused by the
different cross-linking efficiencies for individual proteins remains a general
issue among all methods mentioned [61].
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4.1.1 Unbiased purification of UV cross-linked RNA-protein
complexes by liquid-liquid phase separation

At the time of executing this project, two similar approaches to purify clRNPs
employing phenolic extractions were also being developed in the labs of
Kathryn S. Lilley (University of Cambridge, UK, [60]) and Jeroen Krijgsveld
(Heidelberg University, DE, [59]). Conceptual similarities and technical
differences of these methods are discussed in [45] and summarised in Fig. 4.1.

PTex [61], OOPS [60] and XRNAX [59] have as starting point the formation of
covalent cross-links between interacting proteins and RNAs by radiating cells in
vivo with UV light. Additionally, the three methods rely on the physicochemical
properties of the complexes and its distinctive mobility across phases during
organic phenolic extractions to achieve the purification of clRNPs.

XRNAX and OOPS consist on 3-4 rounds of acidic guanidinium-thiocyanate
phenol-chloroform (AGPC) extractions, clRNPs accumulate in the interphase
along with DNA due to the low pH of the extraction environment. Interphases
are collected and treated with DNAse or RNase. UV cross-linked RNA-protein
complexes are then purified either by affinity capture on silica columns
(XRNAX), or by subsequent extraction with AGPC (OOPS); and subjected to
mass spectrometry (MS).

PTex instead, applies first a Phenol-Toluol extraction to separate DNA and lipids
from RNA, proteins, and clRNPs, which accumulate in the upper aqueous
phase; the aqueous phase is then extracted with AGPB (acidic
guanidinium-thiocyanate-phenol-BCP) in order to enrich clRNPs in the
interphase away from free proteins and RNAs which migrate to the organic and
aqueous phases, respectively.

As those three methods do not depend neither on the existance of a polyA tail
of the target RNA nor on the deployment of modified nucleotides, all three can
therefore be applied to any cross-linkedmaterial for the identification of proteins
that interact with all classes of RNAs [45].
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4.1.2 Limitations of PTex
In the following, the limitations of PTex will be discussed from a technical and
conceptual point of view:

• Enrichment vs. recovery: PTex recovers 25-30% of the initially
cross-linked RNPs, therefore, considerations have to be taken when
working with scarce material.

• Efficient cell lysis: as the migration of the clRNPs during the first step of
PTex is sensitive to high concentrations of salts and detergents [62], cell
lysis is achieved by dissolving the lipidic membrane of the cells with
phenol and toluol. Therefore, lysis can be impaired when working with
microorganisms with a rigid, non-lipidic cell wall, e.g. fungi (including
yeast), and Gram(+) bacteria.

• Lower RNA-bound limit of 30 nt: PTex might not be suitable for
investigating complexes containing RNA with less than 30 nt in length as
in the case of mature miRNA [133; 134]. A systematic comparison of the
purification efficiency of PTex with different protein masses and RNA
lengths will be required.

• Starting material and saturation: For the current protocol a starting
amount of 2-8x106 (HEK293) cells per tube is recommended, as a higher
input resulted in an impaired purification due to the saturation of the
phases.

• Phase removal and contamination: Phase handling and avoidable
contamination between phases mainly depend on the skills of the
experimenter. Contamination of phases was more likely to happened
when removing individual phases using a pipet tip (1000 or 200 µL). In
contrast, a 1 mL syringe with blunt needle, so far, has rendered the lowest
contamination. However, carry-over of a small percentage of unbound
-RNA and proteins in the interphase is inevitable since the interphase is
indeed the converging volume between the aqueous and organic phases.
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• RNA-binding vs. RNA-associated: It has been previously discussed that
proteins cross-linked to RNA are not automatically RNA-binding proteins
in the classical sense [97]. RNA-binding protein (RBP) is a term
historically used to define proteins with a direct function in RNA biology,
e.g. RNases, helicases, etc. Since UV-induces covalent bonds of RNA and
protein physically close to each other ("zero distance"), independently of
the potential role of the protein, PTex-purified proteins are referred as
"RNA associated" in order to avoid over-interpretation.

These limitations have also been discussed and summarized in our recent work
[62].

4.1.3 Modularity of PTex allows for its improvement
The simplicity and modular architecture of PTex gives space for its
improvement:

• Inefficient protein precipitation can affect the overall yield of PTex. Protein
precipitation can be enhanced by adding a non-related protein into the
precipitation tube, as a higher protein concentration facilitates the
aggregation and sedimentation during the centrifuging step
(Prof. Dr. Fátima Gebauer (CRG, Barcelona, ES), personal
communication).

• The saturation effect mentioned above can be avoided by reducing the
input material and/or increasing the area of the interphase by performing
the extractions in tubes with a wider diameter.

• Impaired lysis of Gram(+) bacteria can be solved with the enzymatic
digestion of the peptidoglycan layer by lysozime or lysostaphin treatment
before applying PTex (Prof. Dr. Sander Granneman, personal
communication).
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• The introduction of RNase treatment prior to PTex can control for
UV-independent complexes. Comparing the fold-change of the different
proteins in -UV, +UV and +UV/+RNase PTex samples could lead to the
identification and classification of RNA-protein complexes according to
its binding affinity.

• Following the same idea, analysis of the mass spectrometry data could
be improved by including a whole cell lysate (input) control.

4.2 Beyond the mRNA-bound proteome of HEK293
cells

As PTex is not restricted to poly-A RNA, the complete RNA-bound proteome of
the HEK293 human cell was successfully determined [61]. PTex-purified
samples from HEK293 cells were analysed and the protein fraction of the
clRNPs determined by mass spectrometry. Following an analysis pipeline
established before [97] and applying a rigorous selection criteria, it was
possible to confidently identify 3037 RNA-associated proteins significantly
enriched upon UV cross-linking [61].

The mRNA-interactome capture previously described for HEK293 [14] counts
790 well established RBPs [14]. PTex successfully covered more than 70% of
them. From the >2000 proteins newly identified by PTex, 729 novel RBPs were
also identified by OOPS, bringing the PTex coverage of OOPS to 83%.
Ultimately, 1722 PTex-exclusive proteins are enriched in RNA-related molecular
functions (Fig. 4.2), yet its biological relevance remains to be elucidated.
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Figure 4.2: PTex covers more than 70% of the well-established and novel RBPs. (left)
Venn diagram shows that PTex covers 73% of the mRNA-RBPs identified in [14] and
shares >700 of the novel RBPs identified by a similar method [60]. (right) Proteins
exclusively identified by PTex are enriched in RNA-related molecular functions. Venn
diagramwas created using the online tool http://www.venndiagrams.net; list of proteins
classified according to their molecular function was retrieved from www.uniprot.org.

The slight differences in the number and identity of the identified proteins can
be attributable to the culture and UV-radiation conditions (notice that RIC of
HEK293 cells applied to 4SU-fed cells radiated with UV at 365 nm),
physiological state of the cells, material loses during the procedure, among
others.

The high number of PTex-purified RBPs rises a question: why have these
proteins not been identified as RNA-interacting before? Until recently, the vast
majority of RBP discoveries were restricted to a specific class of RNA: mRNA
[12]; although heterogeneous in sequence, mRNA only represents ∼5% of the
total RNA within a cell [61].

The RNA exosome from eukaryotes [135; 11] is a strong example to underline
the differences between the proteins recovered by the interactome capture
(poly-A RNPs) and those from PTex (RNA-interactors). The core exosome
complex is built-up from ten protein subunits (Exo-10) and only one of them,
the Rrp44, has a catalytic function over RNA (exo- and endoribonuclease
activity, 4.3a). The remaining nine proteins (Exo-9) form a barrel structure
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Figure 4.3: Proteins of the RNA exosome are prototype PTex proteins. (a) The RNA
exosome core consists of an arrangement of nine structural proteins forming a barrel
(Exo-9), and the catalytic protein Rrp44 (RNase, Exo-10). Modified from [11]. (b) *All
exosome subunits are labeled "RNA-binding" (Uniprot.org); **green = identified via poly-
A selection in [14]; orange = enriched in PTex. (right) Isoelectric points of the human
exosome core proteins. Modified from [61].

through which the RNA is being channelled and ultimately degraded by Rrp44.
Even though the Exo-9 proteins do not have RNA degrading or modifying
activities [136; 11], they are in direct contact with the RNA molecule, as
demonstrated by high resolution structure studies [137; 138; 139; 140].

PTex was able to enrich for 9 out of the 10 subunits (Fig. 4.3b) [61], while in the
interactome capture of HEK293 cells, only Rrp44 was found [14] (Fig. 4.3b).
Additionally, 7 of the Exo-10 protein have an isoelectric point below pH 6 (Fig.
4.3c). Interestingly, RNA of 30-33 nt or 9-10 nt length has been found inside the
central exosome channel in in vitro and CRAC analyses [141]; as showed above,
30 nt is the lower length limit for efficient recovery by PTex (Fig. 3.8a).
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Therefore, since all ten subunits are in direct contact with RNA, they are
susceptible to UV-cross-linking.

The exosome example is also important to highlight that RNA-protein
cross-linking is not a synonym of function. Whether due to structural
arrangements, transient functional states, or stochastic interactions, if an RNA
molecule is in direct contact with a protein in a given time, UV-cross-linking is
possible. Henceforth, using the term "RNA-interacting" or "RNA-associated" to
denote PTex purified proteins can help to disambiguate from "RNA binding
proteins", a term historically used for proteins with known RNA-acting function.

4.2.1 PTex RNA-interacting proteins harbor conventional and
newly identified RNA-binding domains

Proteins identified by PTex are rich in conventional (Fig. 1.3) and newly
discovered RNA-binding domains (RBDs), the latter including domains recently
validated in vivo in human and fly [29] (Fig. 1.4), such as the AAA ATPases or
ATP-binding, as well as the prevalence of low-complexity, disordered and/or
coliled-coil regions in -or near to- RNA-binding sites [29].

As shown in Fig. 3.12d, the PTex identified novel RNA-interacting protein ABCF2
contains AAA domains embedded in two ABC transporter domains (which was
also classified as novel RBD by [29]), in addition to the coiled-coils, disordered
and low complexity regions at its N- and C- ends. The protein CCT7 also
exhibits disordered/low complexity regions at its C- end.

Additionally, RBPs newly validated in vivo by CAPRI [29] were also identified by
PTex, e.g. LARP1, ILF3, HNRNPU, GTPBP4, among others listed in Table 4.2.
Similar domain features were found by the other two methods employing
phenolic extractions which investigated additional cell types and cellular
compartments [60; 59].
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Domain Protein Function
Protein kinase domain SRPK1 Serine/arginine protein kinase specific

for the SR (serine/arginine-rich domain)
family of splicing factors.

Cyclophilin-type peptidyl-
prolyl cis-trans isomerase

PPIA Isomerisation of proline.

Protein phosphatase 2A,
regulatory B subunit

PPP2R5E Regulatory subunit of Protein
phosphatase 2A (PP2A) is a major
intracellular protein phosphatase.

Ars2 SRRT Acts as a mediator between the
cap-binding complex (CBC) and
RNA-mediated gene silencing (RNAi).
Associated with Alagille Syndrome 1.

Pinin/SDK/MemA protein PNN Transcriptional activator binding to
the E-box 1 core sequence, mRNA
surveillance and transport. Associated
with Melanoma Metastasis and
Premenstrual Tension.

Alpha crystallin/Heat
shock protein

HSPB1 Act as chaperones and protect against
heat shock.

Transketolase-like,
pyrimidine-binding
domain

TKT Transketolase EC:2.2.1.1 (TK) catalyzes
the reversible transfer of a two-carbon
ketol unit from xylulose 5-phosphate
to an aldose receptor. This enzyme,
together with transaldolase, provides a
link between the glycolytic and pentose-
phosphate pathway.

Table 4.2: PTex and CAPRI share RBPs with unconventional conserved RNA-bindingdomains. List of some of the recently described conserved RBDs, identified by both
CAPRI and PTex, and their biological importance. Protein names are given only for the
human homologous. Modified from [29].
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4.3 Applications of PTex
4.3.1 pCLIP
PTex is a versatile method with a modular structure which can be customised and
incorporated into complex workflows. In the previous sections, it was demonstrated
that PTex-purified complexes can be subjected to enzymatic digestion of RNA (Fig. 3.2,
3.5) or proteins (data not shown). This is particularly important for conducting
high-throughput approaches as follow-up. PTex was proven helpful in removing the
unbound RNA while enriching for clRNPs all in one. pCLIP reduced the time required to
obtain cDNA libraries from 7 to 3 days when comparing to the classic PAR-CLIP
protocol.

4.3.2 Purification of RBPs from challenging samples
Another challenging aspect of UV induced cross-linking is to penetrate denser material.
The already low efficiency of UV irradiation is further decreased when radiating tissue
samples or liquid cultures such as yeast [16; 124; 97]. We used PTex to directly purify
cross-linked HuR from mouse brain samples [61]. This is of particular interest since in
vivo RNA labeling of whole animals or some unicellular species has not been efficiently
conducted. in vivo RNA labeling however is a prerequisite for other RNP purification
techniques such as PAR-CLIP [32], RBR-ID [131], RICK [56], or CARIC [57].

4.3.3 The first RBPome of Salmonella Typhimurium
The lack of long poly-A streches in RNA of bacteria and archaea, a requirement for
implementing the interactome capture techniques, has delayed the discovery of the
RNA-bound proteome (RBPome) of these domains of life. PTex allowed for the first
time to unbiasedly screen for proteins cross-linked to RNA in Salmonella Typhimurium
[61] while RBPs in E. coli RBPs were purified by OOPS [60].

A comparison of the proteins enriched by the two methods resulted in a core of 109
RNA-associated proteins (Fig. 4.4a); among the expected ribosomal proteins, the here
validated RBPs AhpC, ClpX, DnaJ and YihI are also conserved between S. Typhimurium
and E. coli. The remaining novel RBP SipA is a pathogenicity island 1 effector protein
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Figure 4.4: Conserved RBPs in Salmonella Typhimurium and Escherichia coli a PTex
and OOPS share a core of 109 RBPs. b Similarly, 136 predicted RBPs are conserved
between the two bacteria; c most of which have RNA-related molecular functions. d
Conserved RBPs include the proteins here validated as RNA-binders in vivo, proteins
which harbor mfeatures of the newly identified conserved RBDs [16; 30].

from Salmonella, which is not expected to be found in E. coli.

As mentioned before, intrinsically disordered regions (IDRs) rich in [K]- and [R]-rich
tripeptide repeat motifs have been found in a variety of RBPs from yeast to humans
[16]. This feature was taken upon in a support vector machine (SVM)-based method
(TriPepSVM) for the classification of RBPs and non-RBPs [30]. Trained to recognised
human RNA-binder features in bacterial proteomes, we have found hundreds of RBP
candidates in Salmonella Typhimurium and Escherichia coli [30] (Fig. 4.4b).

Similarly, 136 proteins are conserved between the two bacterial species. The core
RNA-interacting proteins classified theoretically by TriPepSVM, and experimentally by
PTex and OOPS are enriched in GO terms related with RNA biology (Fig. 4.4c).
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Additionally, the validated RBPs also contain some classic and unconventional
RNA-binding domains recently discovered in Eukaryotas, e.g. zinc-finger (Znf), AAA
ATPase (AAA), Glycine repeats (GGG) and disordered regions (Fig. 4.4d).

4.3.4 YihI, an unusual activator of the Double era-like (Der)
GTPase

Der (double era-like GTPase) is an essential GTPase consisting of two GTPase-binding
motifs (GD) followed by a KH-like domain, which becomes active upon interaction with
YihI [127]. YihI over-expression affects cell growth, causing accumulation of rRNA
precursors and an aberrant ribosome profile that was similar to that of Der-depleted
cells, suggesting that Der and YihI are involved in the 50S ribosome assembly [127].

These authors shown that yihI deletion caused a shorter lag phase in the mutant strain
in comparison with the wild-type, indicating that YihI may be a negative regulator for
ribosome assembly, therefore, YihI was proposed as a GAP (GTPase-activating
protein)-like protein that modulates Der function to negatively regulate cell growth at
the beginning of exponential growth [127].

Der and YihI are highly conserved in Eubacteria. YihI from E. coli is a polypeptide of 169
amino acid residues (19 kDa) [127]. YihI from Salmonella contains 171 amino acids and
shares 83% identity. Peculiarly, YihI is a dipolar protein where the N-terminal half
(residues 1–88) contains 25 positively charged residues and only 7 negatively charged
residues, while the C-terminal half (residues 89–169) harbors 28 negatively charged
residues and 9 positively charged residues [127].

Interestingly, there is a sequence of 10 consecutive acidic residues (DDDEEEEEDE,
residues 148-157 in E. coli) conserved among the YihI homologs, consistent with the
tri-peptide RNA-binding motifs, EEE and DDD conserved in Eukaryotes [16] and
predicted in E. coli and S. Typhimurium [30] (Fig. 4.4d). Deletion of this motif has been
proven to disrupt the interaction with Der [127].

Due to its dipolar structure, YihI forms homodimers in vivo, however, it has been proved
that the interaction between Der and YihI follow a stoichiometry of 1:1, and that the
residues 146-169 in YihI and the C-terminal KH domain (or residues 201-297 in the
GD2) in Der are required for the interaction [127]. Additionally, the yihI gene is activated
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only at the initial growth lag-phase and its gene product seems to negatively regulate
the cell growth at this lag phase [127]. Additionally, the KH-like domain in Der was
shown to inhibit the two GTPase domains (GD), and that YihI was able to revert this
inhibitory effect through its interaction with the KH-like domain [127].

The proposed model indicates that, in the presence of YihI at lag phase, newly
synthesized rRNAs and ribosomal proteins form the p50S (a precursor of 50S
ribosome); however, the completion of 50S is inhibited by the GTPase activating
function of YihI on the GTP-bound Der. In the absence of YihI at exponential phase, the
active form of Der completes the 50S ribosome biogenesis [127].

As an extension of this model, it seems plausible that the dimeric state of YihI can be
disrupted by an interaction with RNA (possible its own accumulated mRNA) during the
lag-phase, inducing the association of RNA-YihI complex and Der (via KH and GD2); as
a consequence of the conformational rearrangement of the GD domains, the GTPase
function of Der can be activated.

In this work, YihI was tested for in vivo RNA-binding only during stationary phase.
Stationary phase is characterised, among others, by the decrease in protein synthesis,
it is possible that the regulatory function of YihI is also active at this phase in order to
prevent the maturation of new 50S ribosomes.

4.4 Outlook
PTex could be incorporated in more complex workflows, e.g. to reduce the amount of
antibody needed to capture an RBP in CLIP-type experiments. Additionally, the fast and
ease-of-use of PTex is an advantage for the implementation of complex
high-throughput screenings.

In mRNA-interactome capture or in silica-based purification methods, mRNPs co-purify
with not bound free-mRNAs [26; 142]. The excess of free-mRNAs are known to
generate noise in RNA sequencing analysis. As PTex has the ability to remove the
majority of the free-RNAs, the signal-to-noise ratio, and thereby, the identification of
RNA binding motifs can be improved.

PTex can be useful for investigating RNPs in species that genetic manipulation or in
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vivo RNA labelling are not possible.

With the establishment of PTex it became possible the systematic wide-screenning of
RBPs in bacteria; e.g., by comparing RBPomes from Gram positive and Gram negative
species we will be able to determine how these two evolutionarily distinct groups [143]
control adaptive responses. This is the aim of a current collaboration with Dr. Sander
Granneman (Edinburgh University, UK).

Additionally, together with the lab of Dr. Sebastién Ferreira-Cerca (Regensburg
Univerity, Germany) we recently tested PTex on the archea Haloferax volcanii (data not
shown), demonstrating that PTex can be used to expand global RNP analysis to
species in all three branches of the tree of life.

Finally, combining RNA labelling strategies, e.g. with 4-SU, it will be possible to analyse
cross-species RNA-protein interactions in in vivo.
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Conclusions
With three consecutive organic extractions, PTex highly enriches for ribonucleoprotein
complexes (RNPs) while efficiently depleting non-RBPs, non-cross-linked proteins and
nucleic acids. PTex allowed the recovery of RNA-protein complexes from in vivo UV
cross-linked HeLa and HEK293 cells, brain tissue from mice and the bacterial pathogen
Salmonella Typhimurium. The singularity of the PTex approach lies in the introduction
of the phenol-toluol mixture in the first step of purification, aimed to remove lipids and
DNA and to prepare the cross-linked complexes for the further purification steps.

This work showed that as much as one third of the HEK293 proteome can associate
with RNA in vivo. The underlying biological implications need to, however, be carefully
addressed. It is important to underline that spacial proximity is not synonym of
function, at least not in its classical meaning, unless the function is indeed to promote
or maintain structures.

PTex represents a tool for the fast an unbiased recovery of RNPs from a variety of
sources. In the recent decade, eukaryotic proteomes have been extensively scrutinised
for RNA-binding proteins. However the two other kingdoms of life, archea and
prokarya, had been neglected for technical reasons. With PTex, the first RNA-bound
proteome from Salmonella Typhimurium is available, and uncovering the RBPome in
other prokaryotes and archea is now in reach.
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Appendix
4.5 Published Articles
4.5.1 Purification of Cross-linked RNA-Protein Complexes by

Phenol-Toluol Extraction
Erika C Urdaneta, Carlos H Vieira-Vieira, Timon Hick, Hans-Herman Wessels, Davide
Figini, Rebecca Moschall, Jan Medenbach, Uwe Ohler, Sander Granneman, Matthias
Selbach, Benedikt M Beckmann. NATURE COMMUNICATIONS | 2019 | 10:990 |
https://doi.org/10.1038/s41467-019-08942-3

Abstract
Recent methodological advances allowed the identification of an increasing number of
RNA-binding proteins (RBPs) and their RNA-binding sites. Most of those methods rely,
however, on capturing proteins associated to polyadenylated RNAs which neglects
RBPs bound to non-adenylate RNA classes (tRNA, rRNA, pre-mRNA) as well as the vast
majority of species that lack poly-A tails in their mRNAs (including all archea and
bacteria). We have developed the Phenol Toluol extraction (PTex) protocol that does
not rely on a specific RNA sequence or motif for isolation of cross-linked
ribonucleoproteins (RNPs), but rather purifies them based entirely on their
physicochemical properties. PTex captures RBPs that bind to RNA as short as 30 nt,
RNPs directly from animal tissue and can be used to simplify complex workflows such
as PAR-CLIP. Finally, we provide a global RNA-bound proteome of human HEK293 cells
and the bacterium Salmonella Typhimurium.
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4.5.2 TriPepSVM: de novo prediction of RNA-binding proteins
based on short amino acid motifs

Annkatrin Bressin*, Roman Schulte-Sasse*, Davide Figini*, Erika C Urdaneta, Benedikt
M Beckmann and Annalisa Marsico. NUCLEIC ACIDS RESEARCH | (2019) |
https://doi.org/10.1093/nar/gkz203

*Joint First Authors.
ECU contributed to Figure 5B,C.

Abstract

In recent years hundreds of novel RNA-binding proteins (RBPs) have been identified
leading to the discovery of novel RNA-binding domains (RBDs). Furthermore,
unstructured or disordered low-complexity regions of RBPs have been identified to play
an important role in interactions with nucleic acids. However, these advances in
understanding RBPs are limited mainly to eukaryotic species and we only have limited
tools to faithfully predict RNA-binders from bacteria. Here, we describe a support
vector machine (SVM)-based method, called TriPepSVM, for the classification of
RNA-binding proteins and non-RBPs. TriPepSVM applies string kernels to directly
handle protein sequences using tri-peptide frequencies. Testing the method in human
and bacteria, we find that several RBP-enriched tri-peptides occur more often in
structurally disordered regions of RBPs. TriPepSVM outperforms existing applications,
which consider classical structural features of RNA-binding or homology, in the task of
RBP prediction in both human and bacteria. Finally, we predict 66 novel RBPs in
Salmonella Typhimurium and validate the bacterial proteins ClpX, DnaJ and UbiG to
associate with RNA in vivo.
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4.5.3 Fast and unbiased purification of RNA-protein complexes
after UV cross-linking

Erika C Urdaneta and Benedikt M Beckmann | METHODS | In Press | Available online 3
October 2019 | https://doi.org/10.1016/j.ymeth.2019.09.013

Abstract
Post-transcriptional regulation of gene expression in cells is facilitated by formation of
RNA-protein complexes (RNPs). While many methods to study eukaryotic (m)RNPs
rely on purification of polyadenylated RNA, other important regulatory RNA classes or
bacterial mRNA could not be investigated at the same depth. To overcome this
limitation, we developed Phenol Toluol extraction (PTex), a novel and unbiased method
for the purification of UV cross-linked RNPs in living cells. PTex is a fast (2–3 h) and
simple protocol. The purification principle is solely based on physicochemical
properties of cross-linked RNPs, enabling us to interrogate RNA-protein interactions
system-wide and beyond poly(A) RNA from a variety of species and source material.
Here, we are presenting an introduction of the underlying separation principles and give
a detailed discussion of the individual steps as well as incorporation of PTex in
high-throughput pipelines.

4.5.4 Organic phase separation opens up new opportunities to
interrogate the RNA-binding proteome

Tom Smith, Eneko Villanueva, Rayner M. L. Queiroz, Charlotte S. Dawson, Mohamed
Elzek, Erika C. Urdaneta, Anne E. Willis, Benedikt M. Beckmann, Jeroen Krijgsveld and
Kathryn S. Lilley. CURRENT OPINION IN CHEMICAL BIOLOGY | (2020) 54:70–75 | https:
//doi.org/10.1016/j.cbpa.2020.01.009

Abstract
Protein–RNA interactions regulate all aspects of RNA meta- bolism and are crucial to
the function of catalytic ribonucleo-proteins. Until recently, the available technologies
to capture RNA-bound proteins have been biased toward poly(A) RNA- binding proteins
(RBPs) or involve molecular labeling, limiting their application. With the advent of
organic–aqueous phase separation–based methods, we now have technologies that
efficiently enrich the complete suite of RBPs and enable quantification of RBP
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dynamics. These flexible approaches to study RBPs and their bound RNA open up new
research avenues for systems-level interrogation of protein–RNA interactions.
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