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Abstract

Recent developments in the comprehensive identification of the RNA-binding protein
(RBP) repertoire has accelerated discovery of new RBPs. According to these studies, 20% of
both known and novel RNA-binding proteins are highly disordered. Moreover, analysis of the
human mRNA interactome revealed most disease related mutations are found within intrinsically
disordered RNA-binding domains (RBDs). For most of these proteins, their RNA-binding
properties are poorly characterized. Thus, deciphering intrinsically disordered RBD-RNA
interactions on a molecular scale is essential to understanding their impact upon human
physiology and diseases.

RGG/RG (arginine/glycine) domains are the second most common RNA binding domain
in the human genome, yet their RNA-binding properties have not been well understood.
Proteins containing RGG/RG domains regulate all aspects of RNA metabolism including
transcription, processing, nucleocytoplasmic shuttling and translation. Proteins such as Fused in
Sarcoma (FUS), Fragile X mental retardation (FMRP) and hnRNP U, bind a majority of the
cellular transcriptome such that their recognition of RNAs has been considered to be non-
specific or “promiscuous”.

Here, | report a detailed analysis of the RNA-binding characteristics of the RGG/RG
domains from FUS, FMRP and hnRNP U. While previous studies of FUS focused on RNA
binding by the RRM and zinc finger (ZnF) domains, my analysis showed RNA binding activity is
driven by the RGG/RG domains. Further, | observed a strong synergy between the RRM and
adjacent RGG/RG domains to achieve RNA binding affinities of the full-length FUS. To better

characterize  RNA-binding properties of RGG/RG domains, we have analyzed RGG/RG
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domains of FUS, FMRP and hnRNP U in vitro against a spectrum of different RNAs with well-
defined structural and sequence features. These experiments revealed that RGG/RG domains
have different degrees of preference for binding to RNAs but share consistent trends in their
selectivity towards RNAs with complex secondary structure. Thus, the binding behavior of RGG
domains is best described as “degenerate specificity” reflecting that RGG/RG domains interact
with a broad spectrum of RNAs that contain frequently observed sequence/structural elements.
This mode of specificity is likely further facilitated by the intrinsically disordered nature of

RGG/RG domains that enable them to adopt multiple conformations to adaptively bind RNA.
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Chapter 1 : Introduction

The traditional sequence-to-structure-to-function paradigm assumes that most proteins
need to adopt a defined three-dimensional structure to carry out their function. However, last
couple of decades has witnessed an increase in the known number of intrinsically disordered
proteins (IDPs) that lack stable tertiary and/or secondary structures under physiological
conditions (1-3). Indeed, it has been predicted that more than 30% of eukaryotic proteins
contain intrinsically disordered regions (4). These proteins are involved in regulation, signaling
and protein-protein interaction networks.

Disordered regions are also common in the RNA binding interface of the proteins.
Comprehensive determination of the RNA binding protein (RBP) repertoire of mammalian cells
identified that ~20% of RBPs are disordered (5,6). These regions are enriched in disorder
promoting (serine (S), glycine (G) and proline (P)) and positively charged (arginine (R) and
lysine (K)) amino acids. These amino acids usually form distinct patterns such as RGG and RS
repeats, R- and K- rich basic patches. Intrinsically disordered RBPs are essential for the
regulation of all steps of gene expression. Thus, mutations in these regions create deleterious
affects to the cell and cause different diseases including neuropathies, muscular atrophies and
cancer (7).

In this chapter, | review the structure and function of intrinsically disordered proteins. The
specifics of RNA recognition mediated by RS, RGG/RG domains and R-, L- basic patches are
discussed in detail based on the recent discoveries. | also describe the relation of intrinsically
disordered RBP mutations with human disease. Finally, | review current understanding of
sequence specific-nonspecific RNA binding modes of proteins and discuss the presence of

possible binding modes between them.



1.1 Intrinsically disordered proteins and their functions

Initially, it was thought that protein domains with well-defined secondary and tertiary
structures were required for protein function. Thus, proteins were grouped into families
according to their “functional” (globular) domains as in Pfam database. However, in the past two
decades, it was recognized that disordered regions are very abundant (30-50% of all proteins)
in eukaryotic proteins involved in all aspects of cellular regulation, signaling and homeostasis
(3,8-10). The term intrinsically disordered protein (IDP) has been used to describe a broad
spectrum of protein structures from fully disordered to multi-domain proteins with only short
intrinsically disordered regions (IDRs) between globular domains.

Despite being functional comparable to folded regions, IDRs are different from globular
domains in terms of their amino acid compaosition and biophysical properties (1,11). IDRs have a
low hydrophobicity, a large net charge and as a result, lack unique three-dimensional structures
when they are alone in a solution. IDRs have a tendency to be depleted in order promoting
amino acids such as bulky hydrophobic amino acids (lle, Leu, Val) and aromatic amino acids (
Trp, Tyr, Phe) that constitute the hydrophobic core of a globular protein and Cys amino acid that
increases the stability of a folded protein via the disulfide bond formation (12,13). IDRs are
enriched in disorder promoting, polar amino acids (Ser, Arg, Gly, GIn, Glu, Lys), hydrophobic
(Ala) and structure breaking (Pro) amino acids (12,14-16). These amino acids form repetitive
amino acid patterns in the protein (for example, R/G/G or R/G) that also give the name to the
corresponding domain (for example, RGG/RG domain).

The structure of IDPs or IDRs cannot be described by a single average conformation but
instead they exist as dynamic ensembles of interconverting conformations in their unbound
states under physiological conditions (Figure 1.1) (17). Each of these conformations is important
for the protein function. IDRs show high conformational entropy; therefore, transitioning from a
set of conformations to a more restricted arrangement needs payment of entropic cost (18).

IDRs can overcome the entropic cost by increasing the gain of enthalpy of an interaction



(achieved via large interaction interfaces of IDRs) (18). Another way to deal with the entropic
penalty is minimizing entropy loss upon binding. This can be achieved by limiting the loss of
conformational entropy at the IDRs interaction interfaces (19) or by interacting with molecules
that have rigid interfaces in which complexes only the IDRs pay an entropic penalty upon
binding (20). In addition, the water molecules that bind to the free binding surface of the
disordered proteins pay some of the conformational entropic cost of binding (20). Extrinsic
factors such as cellular conditions, post-translational modifications and ligand binding can
preferentially interact and stabilize certain conformations of the ensemble. They can drive
“induced unfolding” that is important for the function of chaperones. Unfolding of certain regions
of chaperone by these factors enable folding of the client proteins as described by entropy
transfer model (21,22). More common effect of extrinsic factors on IDRs is inducing the folding.
“Induced folding” of IDRs requires the payment of entropic cost. Extrinsic factors modulate the
free energy landscape of IDRs by providing an enthalpy gain to the system or by increasing the
configurational entropy (18). Thus, having high conformational entropy is an advantage for IDRs
since controlling of the entropy by extrinsic factors allows IDRs to gain of different conformations
therefore facilitates regulation of function of these proteins.

IDRs provide multiple advantages to proteins in their cellular roles. In a recent review
paper, a list with 21 advantages was given (23). But, many of them do not have a direct proof
yet. If | summarize the advantages that have been studied recently, the list includes the
followings: (i) contributing to the flexibility of the proteins as linker domains between structured
regions (24-27). This facilitates promiscuous interactions with different targets. (ii) Providing
small recognition elements that can also mediate interaction with a large number of targets (28-
30). (iii) Enabling the regulation of protein function because of the accessible post-translational
modification (PTM) sites within IDRs (31-33). (iv) Modulating cellular functions by affecting the
half-life of the proteins (34-36). (v) Tunneling through a narrow pore that is important for

signaling activity (37). (vi) Providing kinetic advantages since IDPs have greater on-rates and



off-rates of binding than ordered proteins allowing signals to rapidly turn on and off without an
excessive binding strength (38,39). | should note that on average, IDPs form weaker
interactions with faster dissociation rate constants than the ordered proteins (40), but the
available range of these kinetic properties of IDPs is as wide as of ordered proteins. This might
be related to cellular functions of IDPs.

Coupled folding and binding is the primary reason of low affinity of IDPs/IDRs (40-42).
As previously explained, folding of disordered regions needs payment of the entropic cost that
increases the free energy, however, binding to their targets decreases the free energy. The net
free energy change of these reactions becomes smaller than the binding reaction alone. This
results in lower affinity that allows IDPs to have high dissociation rates. In addition, this can also
allow specific binding without high affinity. It is believed in that combining high specificity with
low affinity is an advantage in the context of signaling. However, there are still debates about
how IDPs/IDRs can achieve the binding specificity. Specificity in binding is mainly determined
by the size and complementarity of the binding interface. But, the interaction interface of the
IDPs/IDRs to their binding targets is highly complementary because of the flexible nature of
them that can result in “promiscuous” interactions other than the specific ones. IDPs/IDRs can
overcome the specificity problem by using the extended structures formed in the complex
instead of using only the short disordered regions for the molecular recognition. Moreover,
posttranslational modifications of disordered regions can also increase the specificity by
changing the charge or flexibility of these regions. High specificity is necessary for the critical
functions of IDPs in signal recognition, transduction and regulation. However, further studies are
necessary to understand principles of specific recognition mode of IDPs.

Structural disorder information about the IDPs is gained by different biophysical
techniques such as nuclear magnetic resonance (NMR), small-angle X-ray scattering (SAXS)
and single-molecule fluorescence resonance energy transfer (SmFRET) (43,44). Among them,

NMR is the most useful technique that gives information about local disorder, folding upon



binding and disorder in complex (45). SAXS is used to determine hydrodynamic parameters and
degree of protein globularity (46,47). smFRET provides useful data about the dynamics of
individual conformations of unbound ensemble (48,49). All of these experimentally verified
structural ensembles of IDPs are deposited in databases such as DisProt, IDEAL and pE-DB
(50-52). Since the high abundance and functional importance of IDPs and IDRs, computational
tools were developed based on experimental data and biophysical properties of IDRs to
efficiently predict the disordered regions and functions of IDPs that lack experimental
annotations (3,53). Predictors of function of intrinsic disorder find a subset of IDRs that
implement specific functions by binding to DNA, RNA or protein since the most common
functions of IDPs are binding related ones.

IDPs have crucial roles in cellular processes such as control of the gene expression, cell
cycle and signaling pathways (54-56). In addition to their regulatory activity, they can function as
central hubs for protein-protein interaction networks since they have multiple interaction motifs
(57-59). For example, High Mobility Group A (HMGA) protein is a well-studied hub protein that is
completely disordered and goes to disorder-order transition upon binding to its DNA and protein
targets (60-63). HMGA is member of architectural transcription factors protein class and
considered as a central hub of nuclear function. It can bind to at least 18 known protein partners
and to several specific DNA structures (64). Hence, it participates in modulation of chromosome
and chromatin mechanics and regulates the expression of more than 45 different eukaryotic and
viral genes. Because of the flexibility of the disordered domains in such proteins, they can

specifically interact with multiple protein partners and involve in different cellular processes.
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Figure 1.1 Coupled folding and binding in disordered proteins. Coupled folding and binding
is a common process for intrinsically disordered proteins, in which they get ordered structure
upon binding to their targets. A) Representation of continuum model of protein structure (65).
Dynamically disordered states are shown as heavy lines. Cartoons represent folded states.
IDPs or IDRs interconvert between these conformations when they are alone in the solution.
Adapted from reference (3). B) IDPs or IDRs fluctuate over an ensemble of heterogeneous
conformations (66). Binding enthalpy pays the entropic cost of folding into an ordered structure.
Completely disordered HMGA (red) protein goes to disorder to order transition upon bind to its
target DNA (gray) (63). The first 22 amino acids (green) of the bacteriophage P22 N protein is
disordered and only folds when bound to boxB RNA (gray) (67). Phosphorylated kinase
inducible domain (pKID, shown in yellow) of CREB protein folds on forming a complex with KID-
binding domain (KIX, shown in pink) of CBP protein (68).



Recently, it has been shown that regulatory proteins may assemble into structured,
higher-order signaling machines for signal transduction into cellular responses (69,70).
Disordered assemblers play important roles in promoting higher-order protein complexes
because of their reversible protein-protein interaction properties. FUS is a well-studied IDP that
can form reversible higher-order assemblies for its cellular functions (71-74). Its disordered
regions are N-term low complexity (LC) domain and RGG domains that are common to proteins
involved in assembly formation. Studies revealed that FUS forms higher order assemblies by
utilizing LC and RGG domains and the assembly formation is triggered by RNA binding (75).
Higher-order structure of FUS is required for its transcription regulation activity. FUS assemblies
bind to CTD (C-term domain) of RNA polymerase Il and affect the ser2 phosphorylation and
transcription. IDPs can also mediate formation of stable amyloid scaffolds such as RIP1/RIP3
necrosome (76). RHIMs (RIP homotypic interaction motifs) embedded within IDRs of RIP1 and
RIP3 were shown to mediate heterodimeric amyloid structure formation that is a functional
signaling complex mediating programmed necrosis.

Moreover, discovery of non-membrane bounded (membrane-less) bodies or organelles
is one of the recent exciting advancements in IDP field (77-81). LC and prion-like disordered
domains of IDPs mediate low-affinity, multivalent protein-protein interactions and form these
phase-separated droplets in nucleus and cytoplasm. Membrane-less organelles are dynamic
structures with liquid-like physical properties and comprised of heterogeneous mixtures of
proteins and nucleic acids (81-83). Thus, they can easily adapt to alterations in the cellular
environment by changing their composition and morphology. Nuclear bodies such as nuclear
speckles, paraspeckles, PML (Promyelocytic leukemia) and cajal bodies are specialized in
various aspects of gene regulation and RNA metabolism (84-87). On the other hand,
cytoplasmic bodies such as P-bodies, germ granules, mRNP granules and stress granules are

involved in specific roles in mMRNA metabolism and homeostasis (88-90). Protein components of



the membrane-less organelles contain similar sets of folded and low complexity multivalent
domains. Thus, they can promiscuously localize within more than one type of membrane-less
organelles. On the other hand, each membrane-less organelle has specific RNA components
suggesting crucial roles to RNAs in organelle formation. Studies with membrane-less organelle
specific RNAs showed that disruption of transcription of these RNAs result in localization of the
protein components in different cytoplasmic or nuclear granules (91,92). Since the IDPs are the
main drivers of the membrane-less organelle formation, investigation the RNA binding
properties of these proteins will provide a better understanding of membrane-less organelle

biology.

1.1.1 RNA binding activity of intrinsically disordered proteins

RNA molecules are crucial partners of IDPs for most of their cellular functions including
regulation of signaling pathways, assembly of macromolecular machines such as the ribosome,
chromatin organization, regulation of RNA metabolism. Currently, there is heightened interest in
understanding the RNA binding properties of IDPs since it will provide better explanations to the
molecular mechanisms that are regulated or governed by IDPs.

Recent developments in comprehensive identification of RBP repertoire accelerated
discovery of new RBPs. Interestingly, dozens of newly discovered RBPs in yeast cells do not
have a classical RNA binding domain (93). In addition, protein-mRNA interactome studies in
human cell lines identified hundreds of novel RBPs (5,6). According to these studies, 20% of
both known and novel RBPs are highly disordered. Surprisingly, a recent study about the
identification of RNA binding domains of RBPs revealed that nearly half of the RNA binding sites
correspond to intrinsically disordered regions (5). Moreover, analysis of 1542 RNA binding
proteins indicated that the second most common RNA binding domain in the human proteome is
an intrinsically disordered domain, RGG (94). All of these studies contributed to the enthusiasm

of exploring the RNA binding properties of intrinsically disordered RBPs.



Disordered RNA binding regions are enriched in positively (K and R) and negatively
charged amino acids (D and E) as well as aromatic amino acid (Y). Positively charged amino
acids and aromatic amino acids are crucial for the interaction with RNA molecules via polar,
electrostatic interactions and hydrophobic stacking interactions. However, there is not evidence
about the role of D/E amino acids in RNA recognition activity of RBPs. These regions may
mimic the negative charge of RNA molecules that may prevent the interaction of other RBPs
with RNA molecules during the regulation of RNA processing (95). The enriched amino acids
form defined patterns in disordered regions. Until now, three different intrinsically disordered
RNA binding domains were identified that are RGG (arginine-glycine rich regions), RS (arginine
and serine) repeats (96) and KR (lysine-arginine) basic patches. Disordered RBDs usually exist
in a modular manner as with the classical RBDs and provide flexibility to the RBPs (5). Also,
they cooperate with other RBDs to achieve a more specific interaction with a better binding
affinity.

The major contribution of intrinsically disordered regions to RBPs is flexibility since it
facilitates RBPs to gain alternate conformations upon binding to RNA (97) (Figure 1.2). Thus,
they can easily interact with different RNA molecules in various cellular processes. One of these
processes is the RNA folding that needs RNA chaperones to get a minimum energy
conformation. In many cases, functional regions of RNA chaperons consist of disordered
residues (98). According to a proposed model for the role of disordered regions in RNA folding,
disordered domains of the chaperone proteins undergoes disorder to order transition when they
bind to RNAs thereby providing a thermodynamic advantage to the trapped RNA molecule to

get a minimum energy conformation (99). Upon binding to the RNA, chaperone molecule



D

Ag Bg C
N
Y]

Figure 1.2 Flexible RNA recognition mode of intrinsically disordered RNA binding
domains. Intrinsically disordered RNA binding domains can get folded upon binding to RNAs:
A) a-helix (e.g.: p22 N-peptide and boxB RNA interaction (67)) B) B-hairpin (e.g.: BIV TAT and
BIV TAR (100)) and C) B-turns (e.g.: FMRP-RGG and Scl RNA (101)). D) They can also keep
the extended form by making interactions via one or two amino acids (e.g.: (102)) .
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transfers its entropy to the RNA molecule and this makes the RNA folding process entropy
driven. This proves the crucial roles of intrinsically disordered RBPs in the cell.

As will be discussed in the following sections, our knowledge about intrinsically
disordered RBP/RNA interactions is limited. ldentification of the RBP target sites is an important
step toward understanding the mechanism of the cellular processes that they are involved in.
Developments of high-throughput techniques such as microarray analysis, RNA
immunoprecipitation followed by high-throughput sequencing (RIP-seq), crosslinking
immunoprecipitation followed by high-throughput sequencing (CLIP-seq) and its variants
revolutionized determination of RNA targets of RBPs (103,104). On the other hand, using only
one method to identify the RNA targets is not an efficient way for intrinsically disordered RBPs.
For example, multiple studies have attempted to characterize RNA binding sites of FMRP by

several methods including cDNA-SELEX, RNAcompete and CLIP-seq methods (105-107).
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However, all of them provided a different consensus sequence suggesting that RNA recognition
mode of FMRP is completely promiscuous. In contrast to all previous work, a recent CLIP
experiment in neurons suggests that FMRP is mostly associated with one unigue mRNA (108).
Differences between these results might be because of starting material, experimental
construction as well as some technical biases. In addition, having high off-rates of binding,
interacting with other RNA binding proteins, having less amount of aromatic amino acids (crucial
for UV-crosslinking step of CLIP) are disadvantages of intrinsically disordered RBPs that make
difficult getting a consistent data from different high throughput technics. Apparently, to
overcome some of these problems, comparative analysis of data from different high-throughput
techniques is necessary (109) and also these results can be confirmed by using simple in vitro
technics such as electrophoretic mobility shift assay (EMSA) and foot-printing analysis of RNA-

protein interactions.

1.1.1.1 Arginine/Serine Rich disordered RNA binding domain

Arginine/Serine rich domain was first identified in a study that characterizes sequence of
Drosophila splicing factors, SWAP (suppressor of white apricot), Tra (transformer) and Tra-2
(transformer) (110-112). After the identification of human splicing factors, it was realized that
these proteins (SR protein family) have a common domain structure consisting of one to two
amino- terminal RNA recognition motifs (RRMs) and a carboxyl-terminal domain rich in serine
and arginine (RS) dipeptide repeats (113). SR proteins are crucial for spliceosome assembly
and involved in regulation of alternative splicing (114,115). Early studies suggested that RRM
domain is responsible for specific interactions with pre-mRNAs and a variable-length RS domain
functions as a protein interaction domain to assemble the spliceosome factors (115-117).
Further studies revealed that RS domains directly interact with splicing signal sites of the RNAs
at different steps of splicing reaction (118-120). In particular, the analysis of U2AF protein’s RS

domain provided detailed information about the RNA binding activity of RS domain (118).
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Deletion of RS domain killed the RNA splicing activity of U2AF protein. Arginine amino acids
substitution with lysines, shortening the RS domain length or substitution of RS region by
heterologous RS domains did not severely affect the activity of U2AF protein and suggested
that RNA interaction by RS domain is primarily mediated by electrostatic interactions. RS
domains can also cooperate with RRM domains to enhance the RNA binding activity of the
proteins. This phenomenon was shown in a study with Transformer 1 protein in which RS2
domain positively regulates the RNA binding activity of RRM domain (121). RS2 deletion of
Transformer 31 displayed reduced binding affinity, but RS1 deletion did not affect the binding
affinity. On the other hand, further studies are necessary to understand whether there is any
difference between RNA recognition modes of RS domains, whether all of the RS domains can
interact with the RNAs and whether they interact with all RNAs in a non-specific manner.

A genome wide analysis of the RS domain containing proteins in metazoans identified
many new SR-related proteins that have an RS domain but not an RRM domain (122).
Moreover, this study showed that proteins with RS domains are involved in many cellular
processes in addition to splicing, including chromatin structure remodeling, transcription, cell
cycle, cell structure and ion homeostasis. For example, Apoptotic Chromatin Condensation
Inducer in the Nuclear (Acinus) is one of identified SR-related proteins and is required for
chromatin condensation during apoptosis (123). Later studies implicated that Acinus is also
involved in gene expression, pre-mRNA processing and is a component of nuclear
paraspeckles (124). Indeed, all of the SR proteins are localized in nuclear paraspeckles that is
the nuclear storage site of pre-mRNA splicing factors (87). Thus, targeting the nuclear speckles
contribute to the identification of novel SR and SR-related proteins. NF-kappa-B activating
protein (NKAP) is a newly identified SR-related protein by this way (125). Its role in activation
the NF-kappa-B pathway and regulation the Notch signhaling pathway and T-cell development
was already known (126). After the identification of its involvement in pre-mRNA splicing, it was

shown that NKAP binds RNA molecules through it RS domain (125). In addition, transcriptome-
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wide analysis of NKAP binding to RNA revealed that it interacts with diverse primary RNA
molecules including pre-mRNA and different types of non-coding RNAs.

Splicing activity of SR proteins is regulated by phosphorylation and dephosphorylation of
serines at the RS domain since phosphorylation is prerequisite for some of the protein-protein
interactions in splicing (127,128). In addition, these modifications also affect the RNA binding
activity of RS domains and regulate splice site selection and mRNA transport (129,130).
According to these studies, both phosphorylation and dephosphorylation enable to enhance the
RNA binding activity of proteins. Further studies are necessary to identify the affect of PTMs on

RNA binding activity of different RS domains.

1.1.1.2 RNA binding activity of basic patches

Basic patches consist of lysine (K) or arginine (A) repeats that form positively charged
regions at the surface of RBPs (131). These regions are abundant especially in newly
discovered RBPs (5,132). Basic patches usually exist as flanking regions near the globular
domains suggesting a functional cooperativity with these domains (5).

Lysine amino acid repeats was first identified in transcription factors. Early information
about their functional role in the protein activity comes from the homeodomain transcription
factors in which they engage in nonspecific interactions with DNA since their positive charge
and accelerate the search for a specific target site on DNA (133,134). mRNA interactome data
identified 47 proteins that contain a lysine patch, but not any other known RBDs (5,132). This
emphasizes the potential role of lysine rich regions in RNA binding activity of RBPs. For
example, PAPDS5 is a member of the family of noncanonical poly(A) polymerases in human cells
and involved in degradation of aberrant rRNAs by polyadenylating them (135). However, It does
not have an identified canonical RBD. Studies with PAPD5 protein revealed that a C-terminal K
patch mediates the RNA binding activity (135). In addition, expression of eGFP fused K patch

domains from SDAD1 and MECP2 indicated that these domains are capable of RNA binding in
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mammalian cell lines (132,136). Thinking the role of K repeats in DNA binding activity of
transcription factors, they may also contribute to RNA binding activity of RBPs in a nonspecific
manner. Further studies are necessary to understand the role of K patches in RNA binding.
Arginine rich motifs (ARM) are better characterized than lysine patches. Indeed, studies
to determine ARM peptide-RNA interactions are the basis for our current understanding of
induced fit binding model in RNA-protein interactions (137). Characterized ARM peptide-RNA
complexes have revealed that ARMs are generally unfolded and can adopt a variety of
conformations when bound to RNA. For example, bovine immunodeficiency virus (BIV) TAT
protein (trans-activator of transcription, TAT) has an ARM domain that is intrinsically disordered
(138). TAT proteins promote the viral gene expression upon binding to 5-end of the nascent
viral RNAs (trans activation response element, TAR). When the ARM peptide of BIV TAT binds
to TAR RNA, ARM forms a B-hairpin conformation that promotes high affinity binding through a
large sets of specific contacts to the TAR RNA (Figure 1.3A, B) (138,139). Sometimes the
conformational change occurs only at the RNA as in HIV TAT-TAR interaction (138,140-143).
HIV TAT ARM binding to TAR RNA induces stacking interaction between two helical stems and
formation of a base triple. However, ARM remains in an extended conformation and only a
single arginine amino acid is required for specific interaction with TAR. BIV TAR and HIV TAR
RNAs have similar secondary and tertiary structures, but BIV TAT ARM does not bind to HIV
TAR RNA with a high affinity because of the differences between the regions flanking the
peptide binding site of these two RNAs (Figure 1.3A) (144). ARM domain of phage A is another
example that exhibits specific RNA binding activity. It binds its own boxB RNA with a 16 fold
higher binding affinity than the phage P22 boxB RNA (145). On the other hand, some of the
ARM domains have a potential to interact with different RNA molecules since their flexible
structures. For example, studies with Jembrana disease virus (JDV) showed that it can bind to
its own TAR and BIV TAR via a B-hairpin structure, but it binds to HIV TAR with an extended

conformation suggesting that for an efficient binding, an ARM domain can adopt different
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conformations depending on the RNA architectures (Figure 1.3A, B) (146). A detailed analysis
of different ARMs and their cognate RNAs indicated that ARMs specifically bind to their own
targets, however, some cross-recognitions can be also observed with lower binding affinities
(147). These examples are inspiring about how other disordered domains can contribute to RNA

binding activity of the proteins.

BIV Tat-CFLOENLGINYG SGPRPRGTRGEKGRRIRR:81
JDV Tat-CFLOKEGLGIRHD GRREKERGTRGKGRKIHY:81
HIV Tat-CFITKALGISYG REKERRQRRR:L7

BIV Tat-BIV TAR JDV Tat-BIV TAR

Figure 1.3 Comparison of Tat ARM domains and their RNA recognition modes.

A) Alignment of BIV Tat, JDV Tat and HIV Tat peptide sequences. Amino acids involved in
specific RNA recognition are shown in bold. JDV Tat amino acids shown in bold are involved in
both for JDV TAR and BIV TAR RNA recognition. Red colored arginine of JDV Tat indicates the
only amino acid required for interaction with HIV TAR RNA. B) Resemblance between the
solution structures of BIV TAR hairpin interaction with BIV-Tat (shown in red, PDB 1MNB) and
JDV Tat (shown in yellow, PDB 1ZBN) ARM peptides.
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1.1.1.3 Arginine/Glycine rich (RGG/RG) RNA binding domain

Another intrinsically disordered RNA binding domain with arginine amino acids is
RGG/RG domain that consists of repeats of R/G/G (arginine/glycine/glycine) and R/G
(arginine/glycine) sequences. Arginine is a positively charged amino acid that can mediate
hydrogen bonding, n-stackin and electrostatic interactions with proteins and nucleic acids. There
are more than 1000 human proteins with RGG/RG motifs that are involved in a various cellular
processes such as transcription, translation, ShnRNP biogenesis, apoptosis and DNA damage
signaling (148). In addition, RGG/RG domains are the second most common RNA binding
domain in human proteome as discussed in above (94).

Comparative analysis of RGG/RG domains from different proteins revealed that majority
of the sequences consists of glycine amino acids (50%-60%) (149). On the other hand, basic
residues (R, H, K) constitute 20%-30% of the total amino acids in RGG/RG domains. These
RGG/RG repeats are interspersed with other residues including aromatic amino acids that are
crucial to make hydrophobic stacking interactions with RNAs. A recent study classified RGG/RG
domains according to repeat numbers of RGG (di-RGG and tri-RGG motifs) or RG (di-RG and
tri-RG motifs) sequences (148). They determined tens to thousands of protein members in
human genome for each of these motifs. RNA-binding capability is the most enriched function in
the Gene Ontology annotation of the proteins in these classes. Nonetheless, any relation
between the different motifs and protein functions could not be identified.

RGG/RG domains are one of the most common RNA binding domains in heterogeneous
nuclear ribonucleoprotein (hnRNP) family whose members are involved in different aspects of
nucleic acid metabolism including alternative splicing, mRNA stabilization, regulation of
transcription and translation (150). Thus, it is not surprising that RGG/RG domain was first
identified in a hnRNP family member, hnRNP U (151). hnRNP U (also known as scaffold
attachment factor A, SAF-A) is an abundant nuclear protein that is able to bind pre-mRNA and

ssDNA. In addition to its role in RNA metabolism, hnRNP U is also involved in Xist mediated
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transcription silencing, DNA damage response and chromatin organization (152-154). hnRNP U
usually functions with different types of noncoding RNAs, including small nuclear noncoding
RNAs (snRNASs) involved in RNA splicing, INcCRNAs such as Xist for X chromosome inactivation,
and chromosome associated RNAs (caRNAs) for the regulation of interphase chromosome
structures. RGG/RG domain is the only known RNA binding domain of hnRNP U that was
shown to mediate RNA binding activity of the protein (151,152,154). Our knowledge about the
RNA binding properties of RGG/RG domain of hnRNP U is limited with early studies suggesting
that it binds to G-rich RNA sequences in a nonspecific manner (151).

RNA binding mode of RGG/RG domain of fragile X mental retardation (FMRP) protein is
well characterized. FMRP is primarily involved in translational repression. It binds to ~4% of
MRNAs in the brain (155) and loss of function in this protein results in Fragile X Syndrome.
FMRP also has two different KH domains that contribute to the RNA binding activity. RNA
substrates of KH1 are unknown, but KH2 targets the RNAs with double stem loops (156). The
RGG/RG domain of FMRP is required for binding to G-rich sequences capable of forming G-
guadruplexes. In vitro selection experiment with RGG/RG domain of FMRP identified an
aptamer with G-quadruplex structure (Scl RNA) (157). Structural analysis of RGG/RG and Scl
RNA interaction revealed that RGG/RG domain is unfolded in unbound state and adopts a turn
fold upon binding to Scl RNA (101,158). RGG/RG domain was shown to make base-specific
interactions with two top bases of Scl duplex through its arginine amino acids and two more
interactions with the duplex region through the glycine amino acids (159) (Figure 1.4). Further
studies showed that arginine amino acids involved in RNA recognition could be different for
different RNA targets (160) supporting the flexible interaction mode of RGG/RG domain.
Although the in vitro evidences suggest that RGG/RG domain of FMRP can mediate binding to
G-rich RNA molecules via base-specific interactions, in vivo analysis of RNA targets of FMRP

did not exhibit enrichment of RNA targets with G-rich secondary structure (106,161). Thus, it is
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believed that RGG/RG domain of FMRP just contributes to RNA binding activity of KH domains

to achieve an efficient binding.

Figure 1.4 Solution structure of the RGG/RG peptide (green) from FMRP bound to in vitro
selected Scl RNA (gray) (PDB 2LA5). Arginine residues that make hydrogen bonds with
nucleotides were shown in red.

Arginine residues of RGG/RG domains are substrate recognition sites for certain protein
arginine methyl transferases (PRMTs) (162,163). Arginine methylation of RGG domains was
shown to affect protein-protein and protein-RNA interactions. For example, assembly of small
nuclear ribonucleoproteins (snRNP) that are the subunits of spliceosome complex is regulated
by arginine methylation. Survival of motor neuron complex (SMN) assemble Sm proteins onto
snRNPs to produce an active snRNP complex in the cytoplasm. Methylation of arginines at C-
terminal RGG/RG domains of Sm proteins facilitates SMN-Sm interaction. Addition of methyl
groups can sterically hinder association of arginines with RNAs or remove hydrogens from

amino groups that are involved in binding to RNAs. Studies with FMRP and its target RNAs
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(Scl and AATYK) revealed that arginine methylation of RGG/RG domain inhibits FMRP binding
to Scl, but not to AATYK RNA (160). This suggests that arginine methylation may regulate the
interactions of the protein with a group of RNAs. However, further studies are necessary to
understand to what extent methylation is involved in the regulation of RNA binding activity of the
proteins in vivo. It is not clear whether methylation of specific arginine amino acids can regulate
the specificity of the protein or whether methylation can create an indirect effect on RNA binding

activity of the protein by affecting the interaction with other proteins.

1.1.2 Intrinsically disordered RNA binding proteins and human diseases

Intrinsically disordered RNA-binding proteins are key regulators of the gene expression
and homeostasis (10,131) and found within a number of dynamic ribonucleoprotein (RNP)
complexes (Figure 1.5). Before an mRNA can be translated, the nascent transcript experiences
a series of processing steps. These transcripts are capped at their 5-end, cleaved and
polyadenylated at the 3’-end, spliced, exported to cytoplasm for translation, storage, localization
or degradation (164,165). Intrinsically disordered RBPs are pivotal in regulation and coupling of
these processes since they can function in more than one step of mMRNA maturation. Intrisically
disorded RBPs are also involved in regulating the metabolism of the noncoding RNAs by
directing and regulating the transcription and post-transcriptional fate of the RNAs in the nucleus
and cytoplasm (Figure 1.5). Thus, mutations within intrinsically disordered RBPs or in their RNA
targets can severely affect RNP genesis and result in sporadic or hereditary genetic disorders.
In particular cancer mutations in these proteins are associated with neurological diseases
(amyothropic lateral sclerosis (ALS) and frontotemporal lobar degeneration (FTLD)) and
muscular atrophies (7,131).

An analysis of human mRNA-protein interactomes revealed that most disease related
mutations are found in non-classical RBDs and intrinsically disordered RBDs (7). These studies

indicated that the most frequently mutated amino acids in disordered regions are arginine and
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glycine that define the RGG (arginine-glycine rich) domain. One of the extensively studied
disease related intrinsically disordered RBPs is Tar DNA binding protein 43 kDa (TDP-43) that
is involved in splicing, translation of MRNAs, microRNA processing, apoptosis, cell division as
well as stress granule formation (Figure 1.5) (166). It is the major aggregating protein in ALS
and FTLD that leads to motor neuron disease and frontotemporal dementia, respectively. TDP-
43 comprises two classic RNA-recognition motifs (RRMs) and a glycine-rich C-terminal region
that allows it to bind single stranded DNA, RNA and protein. Most of the pathogenic mutations
are localized at Glycine-rich domain of TDP-43. Recent studies in Drosophila reveal that
neurotoxicity is related with RNA binding and/or intracellular mislocalization of TDP-43
(167,168). Moreover, it was shown that one of ALS-related mutations, M337V, within the
glycine-rich domain decreases the binding affinity of protein to G-quadruplex RNAs, a putative
target of this protein (169).

FUS (Fused in sarcoma), EWS (Ewing sarcoma) and TAF 15 (TATA binding associated
factor 15) belong to the FET family of DNA and RNA binding proteins that are known to contain
point mutations in their intrinsically disordered RGG/RG domains that are linked to ALS and
FTLD. These proteins can interact with thousands of transcripts and affect different steps of
RNA metabolism (Figure 1.5) (170). An important function of FET proteins is their participation
in the transcription pre-initiation complex. For example, FUS binds the C-terminal domain of
RNA pol Il in an RNA dependent manner to prevent its inappropriate hyperphosphorylation
(171). Moreover, FUS was found to regulate the transcription of CCND1 by affecting histone
acetylation (172). These activities of FUS are dependent on the expression of noncoding RNAs.
To date, more than 30 different mutations in RGG/RG domains of FUS detected that are
thought to be involved in ALS and FTLD, underscore the physiological importance these
domains. In this thesis work, | show that RGG/RG domains of FUS mediate the RNA binding

activity of the protein. This work will serve as a foundation for future studies to understand
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whether the disease-associated mutations in RGG domains of FUS disrupt the RNA binding
activity of the protein.

Most of the intrinsically disordered RNA binding proteins is expressed ubiquitously in a
wide range of tissues (94). However, mutations in these proteins affect particular cell types such
as motor neurons in ALS disease. This suggests the contributions of cell type specific factors to
disease formation such as post-transcriptional gene regulation pathways. To understand the
role of intrinsically disordered RBPs in human diseases, their post-transcriptional regulation
mechanism, protein-protein interactions and protein-RNA interactions should be well
characterized on both molecular and cellular scales. Then, a cell specific target can be identified

to develop treatment methods.
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Figure 1.5 Summary of the regulatory non-coding RNAsS/mMRNA metabolisms and
dynamic nature of RNPs in regulation of cellular processes. Figure legend is at the next

page.

22



Figure 1.5. Summary of the regulatory non-coding RNAs/mRNA metabolisms and
dynamic nature of RNPs in regulation of cellular processes. Biogenesis of small regulatory
non-coding RNAs (miRNA, piRNA and endo-siRNA), long non-coding RNAs (IncRNA, circRNA)
and mRNAs were shown. RNA binding proteins have primary functions in regulation of the all
steps of RNA metabolism. These proteins bind nascent RNA and form Ribonucleoprotein (RNP)
complexes. RNA biogenesis is a highly dynamic process since the protein members of the
RNPs change at the every step. RNPs are also formed with the mature regulatory non-coding
RNAs to regulate the different stages of the gene expression. piRNAs form RNPs with Piwi
proteins and cleave the transposon RNAs, leading to silencing (173-175). miRNAs direct
Argonaute proteins (RISC complex) to repress more than half of all human mRNAs (176-178).
Endo-siRNAs are derived from long hairpins or complementary transcripts and join to the
miRNA pathway after couple of processes (179-181). circRNAs are generally formed by
alternative splicing of mRNAs and function as RBP or miRNA sponges(182-184). IncRNAs have
similar posttranscriptional processing steps with the mRNAs (5 capping, splicing,
polyadenylation), but depending on the sequence/structure of the RNA or the protein partners of
the RNP, they may localize in the nucleus or export to the cytoplasm (185-190). IncRNPs can
regulate dosage compensation, transcription and translation through several mechanisms (only
couple examples were shown for simplicity) (172,191-197). FUS, FMRP and TDP43 proteins
were shown as examples to the disease related RBPs. They are involved in all steps of gene
expression. They also form RNPs with noncoding RNAs to regulate the cellular processes
(172,198-200).

1.2 Sequence specific, non-specific RNA binding modes and possible binding modes
between them

RNA-protein interactions are critical for regulation of all steps of gene expression. In a
typical mammalian cell, there are at least 1000 proteins that directly interact with RNA
molecules; the number of RNA species is much higher. Human cells encode more than 20,000
mMRNAs whose diversity substantially increases by alternative splicing and chemical
modifications. In addition, there are thousands of different long noncoding RNAs, microRNAs,
small nucleolar RNAs and tRNAs that range in length from 22 nucleotides to 10,000
nucleotides. Each of these RNAs interacts with multiple RNA binding proteins during its lifetime.
Likewise, a significant number of RNA binding proteins interact with many different RNA
molecules. Together, this suggests that the number of possible of combinatorial RNA-protein
interactions is extremely large. From this perspective, assembling specific RNPs is a complex

but crucial process that is poorly understood.
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RNA binding modes of proteins are traditionally classified as either sequence specific
and non-specific. Non-specific (or more recently, “promiscuous”) binders associate with RNA
sites without preference for a distinct nucleotide sequence. Almost half of the known RNA
binding proteins is the “non-specific” and function in nearly all pathways that are related with
RNA processing (201-203). In this binding mode, RNA binding is mostly mediated by positively
charged amino acid side chains that contact the negatively charged phosphate groups of the
RNA backbone (204). Non-specific binding to diverse RNA molecules is essential for the cellular
function of some RNA binding proteins. There are many structural studies about the RNA
binding proteins that recognize their RNA targets in a sequence-independent manner. A good
example of non-specific binding is revealed by the crystal structure of human Argonaute-2
(hAgo2) protein, which is involved in RNA-directed gene silencing, bound to microRNA-20a.
This structure revealed that the RNA interacts with all four domains of hAgo2 and also with the
linkers connecting these domains (205). The 5’-end of microRNA is tethered to hAgo2 through a
number of interactions to form a tight binding pocket composed of residues from Mid and PIWI
RNA binding domains. These residues make salt bridges and hydrogen bonds with U1 (the first
nucleotide of the microRNA). The following seven nucleotides (5’-AAAGUGCU-3’) that is
located in the narrow groove form the seed sequence and interact with main and side chains of
amino acids through their backbone phosphates and sugars. These base independent
interactions allow hAgo2 protein to associate many small RNA sequences that is vital for its
function. However, it should be noted that while hAgo is non-specific for RNA sequence, it is
highly selective for length, enabling it to efficiently discriminate between microRNAs and other
RNAs in the cell.

Traditionally, specific binding proteins are considered to interact with RNAs through a
defined RNA sequence or structural motifs, or a combination of them. This binding mode is
generally achieved by shape complementation and hydrogen bond interactions. However, a

single RBD usually is not sufficient to achieve specificity for a small set or a single RNA since it
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interacts with only 3 to 8 nucleotides and often tolerates sequence variation in these binding
sites (206,207). Nature solved this issue by several strategies. First, most of the RNA binding
proteins evolved multiple distinct RBDs tethered together to form a much larger binding
interface that recognizes a longer sequence to attain sequence-specific binding mode (208). For
example, the RRM (RNA recognition motif) is the most widely found RNA binding domain that
usually is found as multiple repeats in a protein (209). This class of proteins has a Bapap fold
that forms a four-stranded-sheet packed against two alpha helices. The first (RNP2) and third 3-
strands (RNP1) contain characteristic aromatic residues, which form the primary RNA binding
surfaces. These regions recognize specific RNA sequences through base stacking,
hydrophobic, polar and electrostatic interactions. Three subclasses of RRM using different
mechanisms to recognize the RNAs were identified (210). The subclass of quasi-RRMs (QRRM)
uses only the loops to interact with the RNAs due to the lack of conserved aromatic amino acids
in RNP1 and RNP2. hnRNP F has three qRRM structures that have classical compact RRM fold
with three highly conserved loops (211). These tandem qRRM domains are thought to provide
hnNRP F sequence specific binding to G-rich single stranded RNA. The observation that three
gRRM structures of hnRNP F bound with 5-AGGGAU-3’ RNA indicated that the three guanines
of the RNA adopt a compact conformation and three conserved residues from the loops
surround the G-tract and stack with each guanine base. The second strategy to achieve the
specific interaction is “dimerization” that presents two recognition sites for RNA binding. This
strategy can also strengthen the binding affinity by cooperative interactions (208). For example,
protein-protein interactions between N-terminal RRM domains of U1A protein only occur in the
presence of RNA since the homo dimerization elements is not available when the U1A is free.
This interaction forms basis for the cooperative binding and provides high binding affinity (212).
Finally, RBDs from different proteins can cooperate to interact with the specific sites of the RNA.
During initials steps in spliceosome assembly, U2AF65 recognizes the polyprimidine tract in the

pre-mRNA by using two RRM domains. A third non-canonical RRM domain of U2AF65 interacts
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with SF1 to further strengthen the binding of U2AF65 to the RNA (213). In addition to these
things, local concentrations of protein and the specific RNA targets, competition with other
RNAs to interact with the protein and the competition with other proteins to interact with the
RNAs also affects the specific interactions between RNA and proteins.

Current studies are increasingly revealing that this binary classification of RNA-protein
interactions is not sufficient to define the spectrum of types of interactions. As discussed in
previous sections, intrinsically disordered RBDs interact with RNAs through both sequence and
structure motifs. However, since these domains are highly flexible, they can recognize different
sequences and/or structures that are common in biological RNAs. In addition, analysis of RNA-
protein interaction at the transcriptome level revealed that most of the RBPs interact with RNAs
containing different sequence and structure properties (214,215). In this manner, these
interaction types do not appear to completely fit into the non-specific and the specific binding
types. Thus, a new classification approach that considers the RBPs with a binding mode
between specific and non-specific is necessary. Measurement of RNA binding affinity of the
proteins by more quantitative and high throughput methods such as RNA compete (216) and
RNA Bind-n-Seq (217) is crucial for a better determination of the sequence and structure
specificity profile for each RBP. This kind of measurements will allow us to create complete
RNA affinity distributions of RBPs on a diagram. Then, specificity of a given RBP can be
guantified and interpreted comprehensively. This method probably will provide a spectrum of

selectivities rather than a discrete set of specificities.

1.3 Summary of the thesis

Current understanding about the RNA recognition mode of RGG/RG domains mostly
depend on the studies with hnRNP U and FMRP proteins. It was thought that these domains
primarily make nonspecific interactions with G-rich RNA molecules. In addition, RGG/RG

domains usually exist with classical RNA binding domains (94). Thus, even a RGG/RG domain
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can make specific interactions with a group of RNAs, they are never thought as a primary RNA
binding domain of a protein. Instead, they are accepted as an auxiliary domain that contributes
to RNA binding activity of other RNA binding domains. To characterize the RNA binding
properties of RGG domains, | expressed the RGG/RG domains of Fused in Sarcoma (FUS),
Fragile X mental retardation (FMRP), and Heterogeneous nuclear ribonucleoprotein U (hnRNP
U) proteins and measured their RNA binding affinities for a spectrum of different RNAs with
well-defined structural and sequence features. | also investigated the role of RGG/RG domains
of FUS protein in RNA binding activity of the full-length protein. This thesis work exhibited that
RGG/RG domains could mediate the RNA binding activity of a protein and their RNA recognition

mode is not completely nonspecific.
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Chapter 2 : Materials and Methods

2.1 Protein Expression and Purification

All protein constructs were cloned into pET30b vector system with N-terminal His6-MBP
tag and transformed into BL21 (DE3) Rosetta E. coli cells. 10 mL LB-Kanamycin bacterial
culture was grown overnight, and then inoculated into 1 L LB medium. Cultures were incubated
at 37°C until ODego reached ~ 0.6. Protein expression was induced by 0.5 mM IPTG and 100 uM
ZnCl, was added to the cultures if the expressed protein included the ZnF domain. The cultures
were incubated at 20°C overnight. Bacterial cells were pelleted at 1,500 g and resuspended in
lysis buffer (1 M KCI, 1 M Urea, 50 mM Tris-HCI pH 7.4, 10 mM imidazole, with or without 100
MM ZnCl,). Cells were lysed using an Emulsiflex C3 homogenizer. The cell lysates were clarified
by centrifugation at 17,000 g for 30 min and the supernatants were incubated with Ni-NTA
sepharose beads on an orbital shaker for 1 hour at 4 °C. Beads were centrifuged at 300 g for 2
min and washed 3 times in lysis buffer and once in lysis buffer supplemented with 100 mM
Imidazole. Proteins were eluted in lysis buffer supplemented with 250 mM Imidazole. MBP tag
was not cleaved after the purification since it keeps proteins soluble. No RNA binding activity
was observed for MBP protein (data not shown). Proteins were dialyzed into FPLC buffer (1 M
KCI, 1M Urea, 50mM Tris-HCI, 2 mM DTT, with or without 100 uM ZnCl;) with appropriate
molecular weight cutoff dialysis tubing. Size exclusion chromatography was performed using
Hiload 16/600 Superdex 200 or Hiload 16/600 Superdex G-75 prep grade columns (GE Life
Sciences) (Figure 2.1). All proteins purified as monomers, based on comparison to size
standards. Final protein concentration was calculated using molar extinction coefficient as
determined using Expasy-Protparam tool and the absorbance at 280 nm. Proteins were stored

at 4°C for two weeks.
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Figure 2.1 SDS-PAGE analysis of protein expression and purification. Representative
SDS-PAGE image of FUS protein purification. FUS was expressed and purified as described in
methods. M: protein marker (Invitrogen), lane 1: non-induced (BL21 (DE3) Rosetta Plys) cells,
lane 2: IPTG-Induced cells, lane 3: supernatant, lane 4: flow through, lane 5, 6 and 7 are
washes of the Ni-NTA with lysis buffer, lane 8: wash of the Ni-NTA with 100 mM imidazole in
lysis buffer, lane 9: Elution of FUS protein with 250 mM imidazole in lysis buffer, lane 10:
purified FUS protein by size exclusion chromatography.

2.2 In vitro transcription and purification of RNAs

DNA template for RNA transcription was amplified by using PCR and transcribed by T7
RNA polymerase (218). For the short templates such as Scl (36 nucleotide), forward and
reverse strands were annealed instead of amplifying by PCR as follows: 1 ul forward strand (1
MM), 1l reverse strand (1 M), 10 uL NaCl (1 M) and 88 pl 0.5 x TE buffer (10 mM Tris-HCI pH
8.0, 1 mM EDTA) are combined in a PCR tube. Then, the tubes are heated to 95°C and cooled
down to 16°C -1°C/30 sec. For 12.5 ml transcription reaction, 7.5 ml ddH:O, 1.25 ml
transcription buffer (10x), 400 ul MgCl; (1 M), 500 ul from each rNTPs (100 mM), 800 ul PCR
template, 125 pl DTT (1 M), 100 pl inorganic pyrophosphatase (20 U/ul), 200 yl T7 RNA
polymerase were assembled in a 50 ml canonical. Reaction was vortexed and incubated at
37°C for 2 h. For ethanol precipitation, 37.5 ml ethanol was added to the reaction and incubated

at -80°C for at least 30 min or at -20°C for at least 2 h. Then, the reaction was centrifuged at
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4,000 g and at 4°C for 15 min. The supernatant was discarded and pellet was left for air-drying
to get rid of the ethanol at room temperature. The pellet was suspended in 2 ml of 8 M urea, 500
pML 0.5 M EDTA pH 8.0, and 1 mL of formamide load dye. To re-suspend all of the precipitates,
tube was vortexed vigorously. To ensure the complete denaturation of the RNA, samples were
heated at 65°C for 5 min and vortexed vigorously (this was repeated couple of times until getting
a clear solution. If heating does not help to re-suspend all of the precipitates, more EDTA was
added and the samples were vortexed again).

Transcripts were purified using denaturing polyacrylamide gel (6-10% 29:1
acrylamide/bisacrylamide, 1x TBE buffer (0.1 M Tris base, 0.8M boric acid, 1 mM Na;EDTA), 8
M urea). Gel dimensions that we used depend on the volume of the initial transcription reaction.
For a 12.5 ml reaction volume, a 35 cm wide, 23 cm long and 3 mm thick gel works very
well. Gel was run with a constant power 30 W until the desired RNA migrated approximately
80% down the gel. This may take 6-7 hours. For a faster run, buffer (1x TBE) exchange can be
done for the samples before loading. RNA bands were visualized by putting the gel on a
fluorescence TLC plate and shadowing the RNA with short-wave UV in a dark room. Full-length
transcripts were excised from the gel and the gel pieces were further crushed into small pieces
in a canonical by using a 5 ml serological pipette. 0.5x TE buffer was added into the canonical
and left for elution by rotating at 4 °C for 2 h. RNA was concentrated using centrifugal
concentrators with a 10 kDa molecular weight cutoff (Amicon Ultra, 0.5 ml) and buffer (05x TE)
exchange was performed by the same method. Final RNA concentration was calculated using
the absorbance at 260 nm and the molar extinction coefficient as determined using an extinction
coefficient calculator that calculates the extinction coefficients by summing of the individual

extinction coefficients for each nucleotide in the RNA. The RNA was stored at -20°C until use.
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2.3 RNA Body Labeling Reaction

Consensus sequences of human and mouse RNA repeat domains (RRD; 152 nt and
155 nt respectively) of Firre IncRNA were generated and cloned into pUC19 vector. DNA
templates for in vitro transcription reactions were amplified from RRD containing plasmids using
PCR. 100 pl in vitro RNA transcription reaction was prepared with an adenine ribonucleotide
concentration that is 10-fold lower than the standard reaction concentration. This facilitates the
incorporation of more radioactive ATP into the transcript. 20 uCi ATP [a-32P] was added and
the reaction was carried out with T7 RNA polymerase at 37°C for 2 h. MicroSpin G25 columns
were used to remove unincorporated nucleotides from the labeling reactions. Labeled
transcripts were purified using the appropriate percentage denaturing polyacrylamide gel (6—
10% 29:1 acrylamide/bisacrylamide, 1x TBE buffer, 8 M urea). The dimensions of the gels for
this kind of purification are 18 cm x 20 cm x 2 mm. The gel was run with a constant power 10 W
for around an hour. When the run is complete, the gel was exposed using a phosphoimager for
about 10-15 min. Then, the screen was imaged by using a Typhoon Phospholmager. The image
was printed out with actual sizes. The gel was placed on top of the printed image and the
corresponding RNA band was excised from the gel. Gel pieces were put into 2 ml eppendorf
tubes and crushed into small pieces by using 1 ml pipette tip. 0.5x TE buffer with 0.3 M sodium
acetate (pH 5.3) was added into the tube and left for elution by rotating at 4 °C for 2 h. The
RNAs were precipitated with ethanol and glycogen at -80°C for 30 min (or overnight at -20°C)
and centrifuged at 17,000 g for 30 min at 4°C. Precipitated RNA was re-suspended in 0.5x TE

buffer and quantified by liquid scintillation counting.

2.4 RNA 5°-End Labeling Reaction
DNMT, Scl, GGUG, ss (single strand), poly-A RNAs were chemically synthesized
(Integrated DNA Technologies, IDT and Dharmacon). Following reagents were combined in a

RNase-free PCR tube: RNA (1 uM final concentration), 10X T4 PNK buffer, RNAse inhibitor (50
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U/ul and 1 pul was added for 20 ul reaction volume), T4 PNK enzyme (10 U/uL, 1 ul was added
for 20 ul reaction volume), y-32P ATP (10 uCi/ul, 1 ul was added for 20 ul reaction volume), x ul
ddH:O to make the desired final volume. Reaction was incubated at 37°C for 30-45 min.
Unincorporated nucleotides were removed by MicroSpin G25 columns and labeled RNAs were
purified using denaturing polyacrylamide gel. RNAs were visualized and purified from the gel as
described in RNA body labeling reaction.

If the RNAs were transcribed in vitro, 5° phosphate group should be removed before the
labeling with radioactive ATP. For 50 ul reaction volume, RNA molecules (~50 pmol) mixed with
5 ul 10x CutSmart buffer, x ul ddH>.O and 2 pl Calf Intestinal Phosphatase (CIP, 10 U/ul, NEB).
Reaction was incubated at 37°C for 1 h. Phenol-chloroform extraction was performed. Then,
ethanol precipitation was done. Pellet was re-suspended with 0.5x TE buffer and kept at -20°C

until use.

2.5 Electrophoretic Mobility Shift Assay

Appropriate concentrations of each protein and trace amount of radioactive labeled
RNAs (heated at 95°C for 3 min and snap cooled) were incubated with binding buffer (250 mM
KCI, 250 mM Urea, 50 mM Tris-HCI pH 7.4, 2 mM DTT, 2.5 yM yeast tRNA, 0.1 mg/ml BSA,
10% glycerol) in a 10-pl final reaction volume at room temperature for 30 min. A native
polyacrylamide (6—-10%, 29:1 acrylamide/bisacrylamide) supplemented with 0.5x TB (45 mM
Tris-HCI, 45 mM borate, pH 8.1) buffer was prepared. The dimensions of the gels for EMSA
experiments are 18 cm x 20 cm x 2 mm. 2 mm spacers allowed us to load more samples and
get sharper bands compared to gels with thinner spacers. Before the samples were loaded,
empty gel was run at least 20 min. Each reactions was slowly mixed by pipetting before loaded
onto the gel. Loading dye or any additional loading components were not added to the
reactions. To trace the running of the samples, xylene cyanol and phenol dyes were loaded to

one of the empty lanes. Native polyacrylamide gel electrophoresis was run at constant power 6-
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7 W for 1 h at room temperature. Gels were dried and subsequently imaged using a Typhoon
Phospholmager (Molecular Dynamics) and the signals were quantified with ImageQuant
software suite. Quantified data was fit to a standard two-state binding isotherm using Igor

(Wavemetrics), allowing calculation of both dissociation constants and Hill Coefficients.

2.6 Isothermal Titration Calorimetry (ITC)

DNMT RNA binding affinity to RGG1-RRM-RGG2 or RRM-RGG2 proteins were
measured using ITC. DNMT RNAs were synthesized and purified as described above. RNA and
protein were dialyzed overnight into 2 L of ITC buffer (appropriate concentrations of KCI, 50mM
Tris-HCI, pH 7.4) at 4°C. Briefly, the desired volume of DNMT RNA or protein was mixed with
an equal volume of 1x ITC buffer and dispensed into 6-8000 Dalton molecular weight cutoff
dialysis tubing (Spectra/Por). The RNA and the protein (in the same beaker) were dialyzed 1
day in 2 L of ITC buffer at 4°C by gentle stirring. Buffer was changed every 8 hours. Appropriate
concentrations of RNA and protein were made using centrifugal concentrators. For all of the
titrations C-values were between 5-10. Titrations were performed at 25 °C using a MicroCal
ITC200 microcalorimeter (GE Healthcare) and data were fit using the Origin software suite as
previously described (219).

There are 2 critical points of doing ITC for RNA-protein interaction. First of all, buffer of
the RNA and protein should match perfectly to get rid off buffer mismatch peaks. To do that,
RNA and protein should be dialyzed in the same buffer container. At concentration step after the
dialysis, the remaining dialysis buffer should be used to prevent any change in the buffer
components. Second one is making sure working with a clean ITC instrument. ITC was cleaned
after each experiment by detergent wash protocol. Since the proteins are sticky, regular
washing protocols may not clean the sample cell. Dirty cell creates baseline problems and noise
data. Before each experiment, buffer-buffer titrations were also performed to be sure about the

cleanliness of the instrument and not having a baseline problem.
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2.7 CD spectroscopy of proteins

RRM and ZnF domains of FUS were expressed and purified as described above. To get
a better idea about the secondary structure of the proteins, His-MBP tags of the domains were
cleaved by Prescission protease enzyme at 4°C. Prescission protease fused with Glutathione S-
transferase (GST) tag was expressed from pGEX-6P plasmid and purified by using standard
GST tagged protein purification protocol (220). Uncleaved ZnF and RRM proteins and cleaved
His-MBP were removed using nickel affinity resin, and size exclusion chromatography (using a
16/600 Superdex 75 pg column) was performed to further purify isolated domains. Samples
were dialyzed in sodium phosphate buffer (250 mM NaF, 50mM (NaH:PO, and Na;HPO,), pH
7) and checked for purifity before the CD analysis. CD spectra of the fragments were measured
on a Chirascan Plus CD instrument at 20°C. Samples were placed in a cuvette (0.5 mm path
length) and four measurements were taken and averaged. Secondary structure content of the
fragments was calculated using the program CDNN (221) using the CD spectra in the

wavelength range of 185-260 nm.

2.8 RNase T; probing

5-end-labeled RNA (fresh) in 0.5x TE buffer was heated at 95°C for 3 min and snap-
cooled on ice for 10 min. 1 pyl of RNA solution was added to 9 pl buffer containing 250 mM KCI
or LiCl and Tris-HCI (pH 7.4) for 15 min at room temperature. 0.1 units RNase T: (Ambion) was
added to the RNA and incubated at room temperature for 5 min. To generate a uniform ladder,
1 yl RNA was incubated with 9 ul alkaline hydrolysis buffer (Ambion) for 3 min at 95 °C.
Reactions were quenched with 10 ul phenol. Then, for the phenol-chloroform extraction step,
190 ul ddH20 was added and the sample tube was vortexed for couple seconds. 200 ul buffered
phenol solution was added and the tubes were vortexed again until an emulsion forms. The
enzyme in the water phase is denatured and patrtition into the phenol, while the RNA stays in

the water. The mixture was centrifuged at 17,000 g at room temperature for 5 min. The tubes
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were checked to see whether the organic and aqueous phases are well separated. If not well
separated, they were centrifuged for a longer time. Aqueous solution was taken and placed into
a clean centrifuge tube. Then, 200 ul chloroform was added and vortexed for couple seconds.
After the centrifuge at 17,000 g at room temperature, aqueous part was transferred into a clean
centrifuge tube Sodium acetate (final 0.3 M, pH 5.2) was added and the tubes were mixed.
100% ethanol with 3-fold of the sample volume was added. For the precipitation, samples were
kept at -80°C for 30 min (or at -20°C) and centrifuged at 17,000 g for 30 min at 4°C.
Supernatant was discarded and pellet was dissolved with 10 pl loading buffer (8M urea with
xylene cyanol and phenol dye). Products were separated using appropriate percentage of
denaturing 29:1 acrylamide;bisacrylamide gel by electrophoresis. Gels were dried and

visualized using a Typhoon Phospholmager (Molecular Dynamics).

2.9 Composition gradient-multiangle light scattering (CG-MALS)

Scl RNA was transcribed and FUS protein was purified as described above. The buffer
components of the samples are 250 mM KCI, 250 mM Urea, 50 mM Tris.Cl pH 7.4. For CG-
MALS analysis, there should not be any aggregates in the samples. Thus, both RNA and
protein samples were filtered by a membrane filter with 0.11-micron pore size. Running buffer
was also freshly prepared and filtered by 0.11-micron membrane filter. Sample concentrations
were measured by Nano drop after the filtering step. Protein concentrations were between 0.04-
0.08 mg/ml and the RNA concentrations were ~0.2 mg/ml for each run. ~10 ml sample from
both species was necessary for one run. The details of method design are shown in Figure 2.2.
Data analysis of hetero association was performed according to the instructions at Wyatt

Calypso Il Composition-Gradient accessory and Analysis software tutorials.
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and

RNAs with 5° and 3" linkers (shown below) were transcribed and purified as previously

described.

B AT ACGACTCACTATAGGCCTTCGGGCCAA-RNA of interest-

T7 promoter

5’linker

5 ~TCGATCCGGTTCGCCGGATCCAAATHECECIICCEICOCEITT

Reverse transcriptase primer binding site

3" linker
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RNAs (in 0.5 x TE) were heated at 95°C for 3 min and cooled on ice for at least 10 min to
ensure that there is one properly folded conformational population. In addition, RNA folding
buffer (final concentrations: 100 mM HEPES pH 8.0, 6 mM MgCl,, 100 mM NaCl) was added
and the samples were left at room temperature for 15 min. To form protein-RNA complexes,
proteins were added to the folded RNAs (final concentration, 1 pM) at different stoichiometric
conditions (RNA/protein; 1:1, 1:5, 1:15 etc.). Tubes were incubated at room temperature for 30
min to allow complete complex formation between the RNA and protein.

For dimethyl sulfate (DMS) modification, DMS was carefully diluted (1:15) in ethanol. 1
pl of DMS-ethanol solution was added to 10 pyl RNP complex and incubated at room
temperature for 2 min. For the non-DMS controls (RNA alone and RNA/protein complex),
identical incubation was performed with 1 ul ethanol. RNA/protein complex control is important
to understand whether the signals are because of DMS madification or because of RNase
contaminants in protein sample that cause the degradation of RNAs. To quench the DMS
reaction 190 pl quench solution (0.3 M sodium acetate (pH 5.2) and 25% [(-mercaptoethanol
(Sigma)) was added to each tube. Then, 2 volumes of ethanol were added and RNA was
pelleted by centrifugation at 16,100 x g for 20 min at room temperature. For a more efficient
precipitation, samples can be incubated at -80°C for 30 min and then, they can be centrifuged at
cold room for 30 min. The supernatant was removed and the RNA pellet was re-suspended in
100 pl sodium acetate (0.3 M, pH 5.2). Phenol-chloroform extraction was performed to get rid of
the proteins. Then, additional RNA precipitation was performed and samples were kept at -
20°C.

Key points of DMS foot printing: (i) There should not be any degradation at initial RNA
samples. After in vitro transcription and purification, centrifugal concentrators can be used to get
rid of degraded products. Then, one more slab gel purification can be done to ensure about high

percentage of the RNAs are in full length. Purified RNA samples should be kept at -20°C with 1
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experimental volume aliquots (ex: 5 ul aliquots of 5 uM concentration) to prevent the
degradations caused by freeze-thaw process. If the degradation is still seen after all of these
precautions, rnase inhibitor can be added to the RNA/protein binding reactions. (ii) In the end of
the protocol, there should not be any bound protein to RNA that can prevent the reverse
transcription reaction at the next step. Thus, before and at the phenol-chloroform process,

vortexing the samples vigorously will help to remove all the proteins.

2.11 Primer extension

After deproteinizing and isolating the RNA, reverse transcription reaction was performed
to detect the DMS modified regions of the RNAs. First, RNA pellets were re-suspended in 10 pl
0.5 x TE buffer. 3 pl of 5° end-labeled RT primer (5-GAACCGGACCGAAGCCCG-3’) was
added. Reaction was incubated at 65°C for 5 min and then, at 35°C for 15 min to anneal the
primer to the RNA. Reaction was immediately put into slushy ice and kept there for 1min. 6 pl
enzyme mix (1.6 mM dNTPs, 16 mM DTT, GSI-Il enzyme buffer (10 mM NaCl, 10 mM MgCl;, 1
mM DTT and 20 mM Tris.Cl pH 7.5)) was added. For sequencing reaction 0.7 mM desired
ddNTP was added. Tubes were heated to 55°C for 1 min. 0.7 yl GSI-Il enzyme was added and
then, the reaction was slowly mixed by pipetting 1-2 times. Samples were incubated at 60°C for
15 min for reverse transcription. To quench the reaction, 1 yl 5 M NaOH was added. This
degrades the RNA but does not damage DNA. Reaction should be mixed by ~40 times pipetting
to get rid of the RNAs. Samples were heated to 95°C for 5 min. Then, 20 pl loading dye (8 M
Urea, 20 % formamide, phenol and xylene cyanol dye) was added and the samples were
heated to 95°C for 5 min. After this step, samples can be stored at -20°C up to one month, but
radioactivity of the samples will decrease during that time. To get a better signal from the
radioactive bands, samples were immediately run on the 10% denaturing gels (19:1
acrylamide:bisacrylamide, National Diagnostics, UreaGel system). Gels were dried and

visualized using a Typhoon Phospholmager (Molecular Dynamics).
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In this protocol, | did not use Superscript Il enzyme that is the most commonly used RT.
It could not complete the extension of our RNAs probably because of the secondary structures

in them. | decided to use GSI-Il enzyme since it can work 60°C and got the full-length bands.

2.12 lodine foot printing

Foot printing of phosphorothioate-containing RNA transcripts was previously described
(222). In this method, | transcribed the RNAs in two different reactions in which two of the NTPs
(a/c or g/u) were complemented by 5% of their corresponding nucleoside 5-O-(1-
thiotriphosphate). Then, RNAs were purified and labeled with radioactive ATP from 5'end as
described above. Purified radioactive RNAs were heated at 95°C for 3 min and cooled at slushy
ice for 10 min to get an accurate RNA folding. Desired amount of protein was mixed with trace
amount of RNA in binding buffer (250 mM KCI, 250 mM Urea, 2 mM DTT, 50 mM Tris.Cl pH
7.5). Reaction was incubated at room temperature for 30 min. For iodine foot printing, freshly
prepared idone (dissolved in ethanol and final concentration is 1 mM) was added to the reaction
and incubated at room temperature for 1 min. Reaction was quenched with phenol and sodium

acetate. Then, phenol-chloroform extraction and ethanol precipitation were performed.

2.13 In vivo analysis of FUS RNA-binding activity

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with
5% fetal bovine serum and antibiotics. For all transfections cells were seeded at a density of 2.5
x 10° cells in T-25 flasks and allowed to grow overnight at 37 °C. Cells were transfected with 10
pg of plasmid xpressing FLAG-tagged FUS constructs using Lipofectamine 2000, Opti-MEM,
and media without antibiotics. After 24 hours, each flask was washed with 1x phosphate
buffered saline (PBS), trypsinized, resuspended in media with antibiotics, and split into a T-75
flask to grow overnight at 37 °C. Cells were harvested the next day and UV-crosslinked once at

400 mJ/cm? to crosslink protein and RNA.
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To visualize RNA-protein complexes, the UV-crosslinked cells were lysed in lysis buffer
(PBS, 0.1% SDS, 0.5% deoxycholate, 0.5% NP-40) and sonicated. DNase | and RNase T were
added to the sonicated lysate, incubated at 37 °C, and centrifuged to collect supernatant. The
supernatant was added to Protein A/G agarose beads (Pierce #20421) previously pre-bound to
FLAG-antibody (monoclonal M2 anti-FLAG antibody, Sigma-Aldrich, #F/1804) and incubated at
4 °C for 2 hours to specifically pull down FLAG-FUS-RNA complexes. Beads were washed to
remove nonspecifically bound proteins and the retained RNA was 5-end labeled by adding
polynucleotide kinase (PNK) buffer, T4 PNK, and y3*?P-ATP and incubated at 37 °C. After
incubation period, labeled beads were washed, 4x NuPage loading buffer added, and the beads
incubated at 95 °C to elute 3P-labeled FLAG-FUS-RNA complexes. Samples were
electrophoresed on a 4-20% SDS-PAGE gel, transferred to a PDVF membrane, exposed on the
Molecular Imager FX Imaging Screen K for 5 minutes, and imaged on a Biorad Pharos FX Plus
Molecular Imager. Two technical replicates of westerns and phosphor imaging from three

separate pull-downs were gquantitated and results averaged together.
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Chapter 3: RGG/RG domains mediate RNA binding activity
of Fused in Sarcoma (FUS) protein

Author Contributions: In vivo analysis of the FUS mutants was performed by Schwartz lab. |

performed all in vitro experiments.

3.1 Introduction

RNA-binding proteins (RBPs) are vitally important in cell physiology. In fact, they
comprise up to 11% of any organism’s proteome (131). The recognition of RNA by these
proteins in most cases localize and in many cases active their function. Classically, RBP
recognition requires that a specific RNA sequence be presented in the context of a precise
structure (223). By this mechanism, RBPs target specific RNA transcripts to accomplish a
specific function. Examples include recognition of U1 small nuclear RNA by U1A (224,225), 7SK
RNA by HEXIM1 and Larp7 (226,227), or the 4.5S RNA by the signal recognition particle (SRP)
(228,229).

Recently, it has become appreciated that a large number of RBPs contain disordered
regions of low sequence complexity (94). In most cases, these domains are rich in alternating
arginines and glycines, either RG or RGG. These RG- and RGG-rich domains are considerably
heterogeneous in their sequence composition and number of repeats (148). RGG/RG domains
offer a unique mode of binding for RBPs. The positive charge of arginines provides a non-
specific affinity for the phosphate backbone of RNA as well as specific binding through
hydrogen bonding via amino group. The flexibility of the glycines allows for multiple
conformations of binding to RNA. However, since RGG/RG domains usually occur with other
classical RNA binding domains in the proteins, their role in RNA binding activity of a protein was
underestimated.

Particularly prominent among the RGG/RG domain proteins are the FET family of RNA

binding proteins, comprised of FUS, EWSR1, and TAF15 (170). FET proteins are conserved
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throughout metazoans. In human, they are ubiquitously expressed in all tissues and are among
the most highly expressed proteins in the cell. FET proteins are nuclear proteins that
predominantly associate RNA Pol Il and pre-mRNA, affecting both transcription and mRNA
processing. Each of these proteins have three RGG/RG domains interspersed between other
domains — the low complexity (LC) domain, an RNA recognition motif (RRM), a CCCC-type zinc
finger domain (ZnF), and a C-terminal nuclear localization signal (NLS). In addition to have a
number of RGG repeat regions, the number of repeats are unusually high — up to nine repeats.

Within the FET family, FUS is the best characterized. FUS is a general transcription
factor that binds RNA Pol Il near the promoters of two thirds of expressed genes and regulates
transcription (171). FUS binds the C-terminal domain of RNA Pol Il in an RNA-dependent
manner. As a general transcription factor, it is important that FUS not be too specific of an RBP,
else it would not have the flexibility to target so many genes. The promiscuity by which FUS
recognizes RNA seems unusual; however, a growing appreciation exists that more RBPs
possess this property. Finally, FUS is critically important for two human diseases (230).
Translocations involving the LC domain of FUS cause a number of sarcomas, including
pediatric sarcomas. Also, mutations predominantly found in the RGG domains of FUS cause the
neurodegenerative disease, amyotrophic lateral sclerosis (ALS).

LC domain together with the RGG/RG domains give FUS the ability to spontaneously
form large phase separated protein assemblies referred to as “droplet” assemblies (72,231).
These droplets have very dynamic, liquid-like properties that are also found in certain non-
membrane bound organelles within the cell, including nucleoli, p-bodies, and stress granules.
Thus, understanding the role of RGG/RG domains in RNA binding activity of FUS will also
contribute to the understanding of mechanism of granule formation.

Sequencing studies (iCLIP, CLIP-seq, HITS-CLIP, and PAR-CLIP) have raised more
guestions than answers about the RNA-binding specificity of the FUS protein (171,232-237).

These experimental protocols applied to FUS seek to identify all of the RNA sequences that co-
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immunoprecipitate with the protein, to which computational analysis is applied to detect any
sequence motif and hypothetical structure that may be enriched. To date, results from these
studies have failed to provide agreement regarding an RNA sequence or structure targeted by
FUS (170,238). Neither have the sequence-structure motifs proposed stood up to more rigorous
biochemical scrutiny (170,238). This may, in part, result from the fact that sequences identified
in FUS immunoprecipitations represent the majority of transcribed RNAs in the cell. Also, FUS
and other hnRNP proteins are known to oligomerize along RNA, reducing the significance of
any target over that of adjacent sequences (75,170,233,234,239,240). Finally, many hnRNPs,
like FUS, possess low-complexity (LC) domains, that self-assemble into large RNA-rich
granules (70-72,74,75,80,239,241-246). Taken together, the bulk of sequences that
immunoprecipitate with promiscuous RNA-binding proteins, like FUS, may not be reflective of
RNA sequences or structures with higher affinity for FUS or its RNA-binding domains.

To better define the RNA binding properties of FUS, | have determined the RNA
binding characteristics of RRM, ZnF, their fused forms with adjacent RGG/RG domains and
RGG/RG domains alone using electrophoretic mobility shift assay (EMSA), isothermal
calorimetry (ITC). In addition, | performed mutation analysis RGG domains of FUS to see their
role in RNA binding. | found that RNA binding activity of FUS is largely driven by the affinity of
the RGG/RG domains in vitro and in vivo. My data indicated that FUS preferentially binds to
RNAs with secondary structure motifs. Overall, | reveal a newly defined specificity of FUS
protein that is degenerate and will be a model for future studies about intrinsically disordered

RNA binding proteins.

3.2 Results

3.2.1 Individual RRM and ZnF domains of FUS do not bind RNA with high affinity
FET proteins contain the most repeats of RGG/RG and the longest RGG/RG domains.

Thus, we used the FET protein Fused in Sarcoma (FUS) as a model to define the RNA binding
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properties of these domains. FUS contains an N-terminal low complexity (LC) domain and five
putative RNA-binding domains (RBDs): an RNA recognition motif (RRM), a zinc finger domain
(ZnF), and three arginine/glycine rich regions (RGG1, 2, and 3) (Figure 3.1A).

Structure of the RRM domain exhibits a similar folding with other RRM domains.
However, the amino acid sequence of it significantly differs from the canonical RRM domains
(247). 1t does not have some of the conserved amino acids in RNP motifs (247). It has an
unusually long loop 2 that is rich in lysine amino acid (KK loop) and involved in RNA binding.
ZnF of FUS forms the C4 type ZnF domain (248). It has 40% sequence homology with ZnF
domain of ZNF265 splicing factor, which binds to cyclin mRNA (248,249). To quantify the
contributions of the two structured RBDs, RRM and ZnF, to RNA binding, each was tested for
binding activity in the absence of other domains. The purified minimal RRM (a.a. 267-373) and
ZnF (a.a. 422-453) domains were determined to be folded in a manner consistent with previous
circular dichroism (CD) measurements and associated structural studies (Figure 3.2A)
(75,247,248). From this, | concluded that my RRM and ZnF domains do not require the flanking
RGG/RG domains to fold into a stable form.

Previous studies determined FUS affinity for numerous RNA sequences and found FUS
highest affinity to the 48 nucleotide RNA, DNMT RNA (previously referred to as prD), a
noncoding RNA identified to be bound to FUS in HEK293T/17 cells by CLIP-seq and ChIP-seq
(75,171,238). Therefore, DNMT RNA was chosen as a model RNA to further examine the
contribution of individual FUS domains on RNA binding. | observed full length FUS bound
DNMT RNA with a Kp app 0f 0.7£0.2 uM (Figure 3.1B, Table Al). In contrast to previous studies,
I did not adjust the Kp values for the relative RNA-binding activity, which is difficult to accurately
assess for FUS due to its RNA-dependent oligomerization behavior (74,75,244). Therefore, my
reported Kp,app's are ~7-fold higher than that previously reported, which had been interpreted to
be 15% active (75,238). Unlike full-length FUS, the RRM and ZnF domains had little observed

affinity for DNMT RNA as determined by electrophoretic mobility shift assay (EMSA) (Figure
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3.1B and C). Isothermal titration calorimetry (ITC) was used to confirm the detectable binding
(Figure 3.2B and C). Together, these data reveal that the minimal RRM and ZnF in the absence

of other domains contribute little or no affinity for DNMT RNA.
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Figure 3.1 RRM and ZnF domains of FUS do not bind to the RNA with a high affinity. (A)
Domain structure of FUS. (B) A trace amount of the DNMT RNA was incubated with increasing
concentrations of FUS, RRM (267-373) or ZnF (422-453). Binding was analyzed by
Electrophoretic Mobility Shift Assay (EMSA). b = bound DNMT RNA and f = free DNMT RNA.
‘()" shows no protein lane. (C) Binding curves of EMSA data. Error bars represent the S.D. of
three independent titrations for each construct.

To ensure that this result is not idiosyncratic to DNMT RNA, | tested other RNAs
possessing a range of sequences and structures. These other RNAs include GGUG RNA (from
an in vitro selection for FUS-binding aptamers (250)), a guanosine-deplete 36-nucleotide (nt)
single stranded RNA sequence (derived from cobalamin riboswitch linker, CRL (251)), a 40

nucleotide polyadenosine RNA, the repeating RNA domain (RRD) from human (hRRD) and
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mouse (MRRD) Firre INCRNA (190) and the Sc1l RNA aptamer (36 nt) (157) (Table A.1). Each of
these RNAs exhibited low micromolar affinity for wild type FUS but not the ZnF domain, while
the RRM domain weakly bound Scl (Kpap = 48+3 pM) and poly-A RNA (Kp,app Of 452 uM)
(Table 3.1). Thus, for the RRM and ZnF domains, often annotated as nucleic acid binding
domains, | found no evidence that they alone were responsible for the RNA binding activity of
FUS. These results agree well with three prior structural studies of the FUS RRM (247,248,250).
A previous study with the ZnF domain of FUS protein exhibited that it binds to GGUG RNA with
10 uM affinity (248). However, in that study, they expressed ZnF domain with flanking amino
acids from the adjacent RGG domains (a.a. 398-468). This suggests that the additional amino

acids may impart the RNA binding activity of ZnF domain.
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Figure 3.2 RRM and ZnF domains of FUS are correctly folded, but do not bind to RNA.
(A) CD spectra of RRM and ZnF domains (no MBP tag) of FUS. The values are 5% alpha-helix,
23% pB-strand for ZnF and 28% alpha-helix, 25% [B-strand for RRM. Representative binding
isotherms and non-linear curve fitting for the titrations of 800 yM DNMT RNA in 200 uM (B) ZnF
or (C) RRM and for the titrations of 400 yM DNMT RNA in 100 yM RGG1-RRM-RGG2 and
RRM-RGGZ2. (Top panels) Raw heats of binding obtained by Isothermal titration calorimetry
(ITC) when proteins mixed with DNMT RNA. (Bottom panels) Binding isotherms fitted to the raw
data using single-state binding model. Titrations were performed in 150 mM KCI, 50 mM tris
buffer. RGG1-RRM-RGG2 binds to DNMT RNA with 3 £ 0.4 uM affinity and RRM-RGG2 shows
a 5 £ 0.2 uyM binding affinity.
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Table 3.1 Kp,app (MM) values of ZnF, RRM and RRM+3RGG interactions with different RNA

molecules.
RNA

Scl DNMT hRRD mRRD GGUG CRL Poly-A
Protein
ZnF n.d2 n.d n.d n.d n.d n.d n.d
RRM 48 + 3 n.d n.d n.d n.d n.d 45+ 2
RRM+3 | 27+2 4+05 16 +3 10+1 21+1 63+8 40+5
RGG

an.d. : not detectable (>100 pM)

3.2.2 FUS RGG/RG domains promote RNA binding

To determine whether the flanking RGG/RG domains can increase the affinity of the
RRM or ZnF for RNA, | investigated the RNA-binding activity of each domain with one or both
flanking RGG/RG domains. Fusion of RGG1 to the RRM (RGG1-RRM) and RRM to RGG2
(RRM-RGG2) increased the RNA binding similarly (Figure 3.3, Figure 3.2C). RRM with both
flanking domains (RGG1-RRM-RGGZ2) protein showed the same affinity for RNA as RGG1-
RRM and RRM-RGG2. These results reveal that modest number of RGG repeats and RRM
domain are sufficient to enable RNA binding. In these EMSA gels, there are “bound RNA” bands
that look corresponding to different molecular weights. This might be because of multiple
proteins binding to one RNA molecule through increasing concentration of the protein. ITC data
of RGG1-RRM-RGG2 binding to DNMT RNA in 250 uM KCI revealed a 1 RNA:3 proteins
stoichiometry (Table A2). However, it is difficult to tell whether three proteins directly bind to
DNMT RNA or the protein itself oligomerize by the increased protein concentration. Indeed,
binding stoichiometry for 10 mM KCI (1 RNA : 10 protein) support the second scenario since the
direct interaction of all proteins with the RNA may not be possible due to steric problems. For
the EMSA analysis of these binding experiments, | assumed the stoichiometry is 1 RNA : 1
protein and calculated the dissociation constant according to this assumption. The RGG/RG

domains flanking the ZnF domain also restored RNA binding activity (Figure 3.4A and B).
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However, the ZnF required both RGG2 and RGG3 for binding affinities near to that of full-length
FUS, which would add a large RNA interaction surface area.

To establish the minimum number of RGG/RG repeats necessary to enhance the RNA
binding activity of RRM, | fused to the RRM domain with increasing numbers of RGG repeats
from the RGG2 domain. RRM with one or two RGGs did not bind RNA, but three RGGs
recovered binding close to that of the full length FUS protein (Kpapp = 4+0.5 uM, Table 3.2).

Additional RGG repeats increased binding to within 3-fold of wild type FUS.
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4 -
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) =Z 0.6
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f | ——— . §0.4-
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Figure 3.3 Flanking RGG/RG domains impart the RNA binding activity of the RRM.

(A) Representative EMSAs and (B) the corresponding binding curves showing binding of DNMT
RNA to RGG1-RRM (165-373), RRM-RGG2 (267-422), RGG1-RRM-RGG2 (165-422) proteins.
b = bound and f = free RNA. ‘(-)’ shows no protein lane. Error bars represent the S.D. of three
independent titrations for each construct.
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Figure 3.4 Flanking RGG domains impart the RNA binding activity of the ZnF domain.

(A) Representative EMSAs and the (B) corresponding binding curves showing binding of DNMT
RNA to RGG2-ZnF (372-453), ZnF-RGG3 (423-501) and RGG2-ZnF-RGG3 (372-501). b =
bound DNMT RNA and f = free DNMT RNA. ‘(-)’ shows no protein lane. Error bars represent the
S.D. of three independent titrations for each construct.

Table 3.2 RRM-RGG domains binding to DNMT RNA.

FUS domain Kb,app, (LM)?
RRM (267-373) > 90
RRM + 1 RGG (267-380) > 60
RRM + 2 RGG (267-385) > 60
RRM + 3 RGG (267-390) 4.1+£04
RRM + 4 RGG (267-397) 2.6+0.8
RRM + 5 RGG (267-421) 25+0.1

a Kp,app Values represent range of two or more independent experiments.

3.2.3 Electrostatic interactions are involved in RGG/RG interactions with RNA

| hypothesized that the binding for FUS is dominated by electrostatic interactions
between the phosphate backbone of RNA and arginine residues. To examine this, | measured
the affinity of the RGG1-RRM-RGG2 protein for DNMT RNA as a function of salt concentration
using ITC (Figure 3.5A, Figure Al). This analysis revealed two distinct linear phases. At lower
salt concentrations (50 mM — 150 mM), the shallow slope (-0.84) indicated a very modest salt

dependence of the RNA-protein interaction, suggesting a small electrostatic component to
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binding. Thus, binding at physiological salt concentrations may be driven by hydrogen bonding
interactions (101,159). At higher salt concentrations (200 mM — 300 mM), the interaction was
found to be more affected by salt concentration with a steeper slope (-2.5). This suggests that
electrostatic interactions are a required component of RNA binding, in addition to hydrogen
bonding. Alternatively, a structural change in the either the protein or the RNA at higher salt
concentration may increase reliance on the electrostatic component.

Typical monovalent ion concentrations in mammalian cells is ~150 mM (139 mM K* and
12 mM Na*). My ITC data showed the contribution of the electrostatic interactions on RNA-
protein binding at the salt concentrations higher than the physiological level. Since these are in
vitro experiments, the data can only be an approximation for a more complex in vivo system. In
addition, there are evidences about intracellular salt concentration changes in dividing cells and
cancer cells (252). Yeast cells can also have 50-300 mM K* depending on the growth phase
(253,254). Moreover, studies with Bufo Bufo oocytes revealed that nuclear K* concentration is
much more higher than the cytoplasmic K* concentration (266 mM and 70 mM respectively)
(255). These evidences suggest that the high salt concentration that is necessary for the
electrostatic interaction of RGG1-RRM-RGG2 with the RNA molecule can also be

physiologically relevant.
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Figure 3.5 Interaction between RGG1-RRM-RGG2 and DNMT RNA shows a salt
dependence. ITC titrations were performed for the interaction of RGG1-RRM-RGG2 and DNMT
RNA in different KCI concentrations (50 mM, 100 mM, 150 mM, 200 mM, 250 mM, 300 mM).
The graph shows linear correlation between log (Ka) and log (KCI concentration in M) for three
independent repeats. Values of each repeat are shown with black circles. Red line indicates
mean of the three repeats.

3.2.4 Individual RGG domains can bind to RNA

The above results suggested that the RGG/RG domains principally drive FUS affinity for
the RNAs tested. | then examined each RGG/RG domain fused to the C-terminus of maltose
binding protein (MBP) and tested for RNA binding by EMSA. Of the three RGG/RG domains,
RGG1 and RGG3 domains bound the DNMT RNA with significant affinity, 3-fold and 10-fold
weaker than full length FUS respectively (Figure 3.6A and B). On the other hand, RGG2 bound
RNA 100-fold weaker than full length FUS. The fact that RGG2 fused with either RRM or ZnF
domains bound the RNA with markedly higher affinity (Kp,app = 2.5£0.1 yM for RRM-RGG2 and
13+1 uM for RGG2-ZnF, Figure 3.3A, B, and Figure 3.4A and B) than either domain alone

indicates a synergistic interaction between the RNA binding domains.
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Figure 3.6 Individual RGG/RG domains of FUS bind to RNA. (A) Representative EMSAs and
(B) corresponding binding curves of individual MBP-RGG domains of FUS; RGG1 (165-267),
RGG2 (372-422), RGG3 (454-501), in the presence of DNMT. b = bound and f = free RNA. ‘(-)’
shows no protein lane. Error bars represent the S.D. of three independent titrations for each
construct.

To assess the role of RGG/RG domains in the full-length protein, four mutants were
created with arginine residues in either RGG1, 2, or 3 converted to serine (SGG1, 2, and 3,
respectively), and a fourth with all arginine residues in these domains mutated to serine (SGG4)
(Figure 3.7A, Table A3). SGG1 and SGG2 bound the DNMT RNA with affinity near that of wild
type FUS (Kp,app = 0.6£0.1 pM and 1.2+0.2 uM respectively, Figure 3.7B and C). On the other
hand, SGG3 mutant bound the DNMT RNA with ~5-fold lower affinity than wild type FUS (Kp,app
= 4.3+2.3 uM). This data suggested that each RGG/RG domain provides affinity for RNA and, in
the case of DNMT RNA, these domains may substitute for each other. SGG4 showed a strong
reduction in binding; with 30-fold lower affinity than wild type FUS. It should be noted that the
nature of the shift induced by the SGG4 mutant is different from the individual SGG mutants,
suggesting a different binding mode. The relative affinity of SGG4 for RNA is suggestive that

multiple weak interactions synergize to enhance the apparent binding affinity that is known as
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“avidity effect”. While the isolated RRM and ZnF domains show little individual affinity for RNA,

together and in the context of this high affinity RNA partner, some binding can be observed.
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Figure 3.7 RGG/RG domains of FUS mediate high affinity binding to RNA. (A) Schematic
illustration of RGG/RG domain mutations. Arginine amino acids of individual RGG/RG domains
were converted to serine amino acids in SGG1, SGG2, and SGG3 mutants. In SGG4 mutant,
arginine amino acids in all RGG/RG domains were converted to serines. (B) Representative
EMSAs of mutant FUS proteins with the DNMT RNA and (C) corresponding binding curves. b =
bound and f = free. (-)’ shows no protein lane. Error bars represent the standard deviation of
three independent titrations for each construct.
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3.2.5 RGG/RG domains are important for RNA binding in cells

Because DNMT RNA represents the highest affinity RNA target was found for FUS, |
hypothesized that RGG/RG domains may have varied affinities across the range of bound
RNAs found in cells. To examine this, Schwartz's group expressed FLAG-tagged SGG mutants
in HEK293T/17 cells to quantitate the amount of UV-crosslinked RNA recovered by
immunoprecipitation with anti-FLAG 1gG. Western blots revealed expression levels between the
exogenous and endogenous FUS to be comparable. Electrophoretic mobility was affected by
SGG mutations, presumably due to altered charge with fewer arginines (Figure 3.8A).
Recovered FUS-RNA was fragmented by RNase T digestion and the RNA fragments protected
by cross-linked protein were radiolabeled and resolved by SDS-PAGE (Figure 3.8B). Based on
mobility, crosslinked RNA fragments were estimated to be less than 20 nts in length. Notably,
each of the three individual RGG mutants (SGG1, 2, and 3) bound less RNA than WT FUS.
Removal of all three domains in SGG4 vyielded no detectable levels of bound RNA (Figure
3.8C). Thus, the avidity effect of RRM and ZnF was sufficient to produce measurable RNA

binding in vitro, this affinity seems not to be significant in vivo.
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Figure 3.8 RGG domains mediate RNA binding activity of FUS in vivo. Figure legend is at
the next page.
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Figure 3.8 RGG domains mediate RNA binding activity of FUS in vivo. (A) Western blot
data of Flag-tagged, wild type, and mutant FUS constructs expressed in HEK293T cells. (B)
SDS-PAGE of radiolabeled RNA fragments cross-linked to flag-tagged FUS or SGG mutants of
FUS. (C) Two technical replicates of three separate pull-downs were quantitated and average
together. Error bars represent standard deviation.

3.2.6 RNA binding mode of FUS protein

To characterize the RNA target preference of FUS, | performed EMSA experiments with
a set of RNA molecules with different characteristics (Table Al): an RNA aptamer (Scl) with a
hybrid G-quadruplex/A-form duplex structure (101,157,159), three different single stranded
RNAs (a 40 nucleotide polyadenosine homopolymer (poly-A), a 25 nucleotide guanosine-rich
RNA that was obtained in an in vitro selection against FUS (GGUG) (250), and a heterogeneous
36 nucleotide RNA (CRL) containing five repeats of the sequence (AUACAAC) (251)), and two
simple hairpins (one containing a hairpin exclusively composed of 12 A-U pairs (dsAU) and a
second with a tract of six G-C pairs in the middle (dsGC) and each capped with a UUCG
tetraloop). Finally, the repeating RNA domains (RRD) from human (hRRD) and mouse (mRRD)
Firre INncRNA were chosen since they include the mixture of both single strands and secondary
structure elements (190). FUS binds to structured RNA molecules with Kp ranging from 0.3 to
0.7 uM (Figure 3.9, Table A4). However, it shows ~30-fold lower binding affinity against the fully
single stranded CRL RNA suggesting that FUS preferentially interacts with RNAs that contain
some duplex character. LC-RGG1 and RRM-RGG2 constructs of FUS also follow similar
binding pattern, indicating that RNA binding affinity of FUS is a result of cumulative binding
activity of all domains.

To further characterize RNA binding sites of FUS, dimethyl sulfate (DMS) footprinting
analysis was performed with FUS and hRRD RNA. DMS reacts with RNA to form stable,
covalent adducts with Watson-Crick edge of unpaired adenosine and cytosine residues. These
adducts can be visualized as they block cDNA synthesis by reverse transcriptase (RT). In

theory, FUS binding to DMS target sites should protect those nucleotides from DMS reagent.
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My data revealed very weakly protected sites for DMS footprinting data (Figure 3.10 and Figure
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Figure 3.9 FUS protein preferentially binds to structured RNAs. Heat-map for affinity of LC-
RGG1, RRM-RGG2 and full length FUS constructs to different RNAs. EMSA experiments were
performed with DNMT and Scl RNAs containing G-quadruplexes, hRRD and mRRD RNAs with
complex secondary structures, dsAU and dsGC simple double stranded RNAs, and GGUG,
CRL, and poly-A single stranded RNASs. Kp app (MM) was represented with a color code for all
combinations of RNA-protein with a data range from two or more independent experiment.

3.12). To complement DMS, | also tried iodine footprinting for the same samples. hRRD RNA
was transcribed with adenosine and cytosine 5°-O-(1-thiotriphosphate) as described in the
methods. lodine reacts with the phosphorothioate groups of these nucleotides and the RNA
molecules are cleaved at these sites. But, they can be protected if protein binds to those
regions. lodine footprinting gave better-protected sites than DMS foot printing (Figure 3.11 and
Figure 3.12), but still these are weak protections compared to what is observed in highly
sequence and/or structure specific RBPs (222). The observed weak footprints might be because
of the intrinsically disordered nature of FUS protein. Since those proteins have high off-rates,

this can prevent an efficient protection on the RNAs. Another reason might be that there is no
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single site that is highly protected; the weak sites reveal preferential binding sites but that the
selectivity for this site is sufficiently low that only a fraction of RNAs are occupied by FUS at this
site. DMS and iodine footprinting results revealed that FUS protein binds to the multiple sites on
the hRRD RNA.

Domain structure of FUS is like “beads on string” since there are two globular domains
(RRM and ZnF) separated by intrinsically disordered RGG2. RGG1 and RGG3 are placed at the
N- and C- termini of the protein. | wanted to test whether FUS could bind to two RNAs at the
same time that might provide FUS a crosslinking activity during the cellular processes such as
membrane-less organelle formation. To test this hypothesis, | analyzed the stoichiometry of
FUS binding to Sc1l RNA that is the shortest and tightest binder that | have. | used composition
gradient-multiangle light scattering (CG-MALS) that employs static light scattering to determine
stoichiometry and equilibrium constants of self and hetero associations. The intensity of the light
scattered from macromolecules in solution is proportional to the product of the concentration
(3.13 B) and the weighed average (3.13 C). | should note that there is not any repeat of Figure
3.13, and thus, following results are not certain. According to the CG-MALS analysis, FUS is
mostly monomer at low protein concentrations; however, it forms dimer structures at higher
protein concentrations (Figure 3.13). Interestingly, Scl also forms dimer structures that were not
reported in any previous studies. This might be a technical artifact since FUS protein is sticky
and any protein contaminant will affect the light scattering of RNA titrations. Overall, CG-MALS
data suggest that two FUS proteins interact with one Scl RNA and each protein binds to Scl
with 1 uyM binding affinity. Indeed, this data is consisted with a previous study performed with
hnRNPAL protein (256). In that study, they showed that two RNA binding to one-protein
phenomena is almost impossible since the Kp of second RNA binding to hnRNPA1-RNA

complex is around molar range due to the entropic penalty.
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Figure 3.10 Dimethyl sulfate footprinting analysis of FUS and hRRD interaction. 7 hours
(left) and 3.5 hours (right) gel runs. Lane 1: ddTTP sequencing, lane 2: ddGTP sequencing, lane
3: ddCTP sequencing, lane 4: hRRD alone, lane 5: hRRD+FUS alone, lane 6: hRRD+DMS,
lane 7: DMS footprinting of hRRD+FUS (1:1), lane 8: DMS foot printing of hRRD+FUS (1:5),
lane 9: DMS footprinting of hRRD+FUS (1:15). Potential protected sites were shown with blue
boxes.

59



Figure 3.11 lodine footprinting of hRRD and
FUS interaction. Trace amount of 5’-end labeled
hRRD (containing adenosine and cytosine
thiotriphosphates) was incubated with increasing
concentrations of FUS and probed with iodine.
Lane 1: hRRD alone, lane 2: hRRD+FUS alone,
lane 3: Alkaline hydrolysis, lane 4: hRRD+1 mM
iodine, lane 5: hRRD+ 1 yM FUS+ 1 mM iodine,
lane 6: hRRD+ 5 yM FUS + 1 mM iodine, lane 7:
hRRD+ 15 yM FUS + 1 mM iodine. Protected
sites were shown with red boxes.
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Figure 3.12 FUS binding sites on the predicted secondary structure of hRRD. hRRD
secondary structure was predicted by mfold. Probed sites of hRRD RNA by DMS, RNase T1
(gel data not shown) and NMIA (gel data not shown) were shown as colored circles.
Corresponding sequences to the protected sites at iodine foot printing (red line) and at DMS
footprinting (blue line) were represented by the same numbers with the gel data.
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3.3 Discussion

In the last decade, a number of research studies were performed to characterize the
RNA binding properties of FUS (234,237,238,247,248,257). However, these studies did not
provide consistent data about the RNA binding domains and RNA targets of FUS. Here, my
detailed domain analysis indicated that RGG domains of FUS are crucial for the RNA binding
activity both in vitro and in vivo. In addition, the data suggested the presence of synergistic
interactions between the domains of FUS. Moreover, the RRM domain that was previously
shown not to have a high binding affinity to RNAs can recover RNA binding activity upon
addition of three RGG repeats to the C-term of it. | also investigated the RNA binding
preferences of FUS by comparing its binding affinity against different sets of RNA molecules.
My data revealed that FUS binds to RNAs with secondary structure elements with a better
binding affinity than the single stranded RNAs. This study’s observations suggest that the RNA-
binding behavior of FUS is more accurately described as “degenerate specificity”, as we define
features important to binding but those can be exhibited by a large number of RNA sequences
and structural contexts throughout the transcriptome.

Degenerate specificity was first used to describe flexible (but not non-specific) binding
behavior of T cell receptors, since they recognize a large number of different peptides with no
amino acid homology (258). There are many examples for protein-protein interactions including
kinases, phosphatases, and even glutathione peroxidases that have also been defined as
having degenerate specificity (259,260). | propose that the current view of “promiscuous
binding” of many RNA binding proteins may be better described by the term “degenerate
specificity”. This speaks to the differences between individual domains with individual binding
characteristics and the complex interactions between domains. These properties can only be
fully revealed when the isolated activities of each domain are compared to that of the full-length

protein.
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Comparison of analogous interactions between intrinsically disordered domains and
well-folded protein targets show parallels to these data. As one example, the disordered proline-
rich domain (PRD) of NEF weakly binds to the Hck SH3 (Kq = 91 uM) but full length NEF binds
the Hck SH3 domain with >300-fold greater affinity due to a reduction in the disorder of the
PRD, thereby paying part of the entropic penalty of binding (261,262). Analogous to this, we
observe that RGG2 bound RNA only weakly (Kpap = 61 puM), but with the added structural
stability of the folded RRM the affinity was greatly enhanced (Kp,app = 2.5 uM) beyond that of the
RGG1 domain alone. It should be noted that the FUS protein is driven into phase-separation
upon RNA binding and these data suggests that a conformation change upon binding may
provide an underlying mechanism to this model (74,75,170,244,246,263,264).

The RGG/RG domain is the second most common recurrent RNA binding domain
(94,265). This investigation of the putative RNA binding domains of FUS has revealed these
domains to be the principal drivers of RNA binding in vitro and critical for RNA binding in cells.
My results provide new details regarding degenerate RNA-binding that contrasts from or
compares favorably to conclusions drawn by recent comprehensive studies. A proteome-wide
map of RNA-binding sites, RBDmap, recovered several novel examples of RGG/RG peptides
bound to cellular RNAs and RGG3 of FUS was chosen for validation as representative of these
disordered RNA-binding domains (132). Published iCLIP and CLIP-seq studies for FUS report
enriched GU-rich motifs (233,234), which was also a consensus found by a SELEX study (250),
but a third HITS-CLIP study found an AU-rich consensus (237), an in vitro competitive binding
assay, RNAcompete, found a GC-rich motif bound to FUS RRM (107), and remaining studies
report no consensus (171,235,236). While reported sequence motifs have no agreed sequence
identity between them, our results support that FUS does show preference for G-rich RNAs,
which may partly result from arginine hydrogen bonding to guanine.

In sharp contrast with our findings, structure-predictive analysis of iCLIP data concluded
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that sites bound by FUS were predominantly single-stranded (234). Two other studies conclude
that FUS targets tend to lie in structured regions of RNA (235,237). Recently improved in vivo
SHAPE techniques have been able to correlate evidence of complex secondary structures to
specific FUS binding sites revealed through CLIP approaches (266,267). Indeed, the agreement
of our work with the conclusions inferred by SHAPE-MaP would suggest that this approach
currently holds the lead in resolving demonstrable binding specificity for this protein.

Taken together, there are no clear winners among comprehensive approaches to
resolving the complex, degenerate binding specificity of a disordered RNA-binding protein, such
as the FUS described in this work. Caution remains the key when interpreting transcriptome-
wide binding profiles. My results clearly show that validation of structure-function relationships
within and without cells remains essential to provide context for interpreting global RNA-binding
data. Future work should likely focus on revising overly simplified assumptions employed to
interpret and extrapolate meaning from such sequencing-based studies, which do not necessary
hold true for novel or underappreciated modes of specificity employed by many RNA-binding
proteins.

In this work, | provided detailed analysis of RNA binding properties of FUS. However,
there are many questions remain to be answered for a detailed understanding of RNA binding
behavior of FUS. My attempts to show RNA binding sites of FUS on hRRD RNA was
inconclusive since we could not get a well protected sites by using traditional foot printing
methods. In vitro foot printing with covalent crosslink might be a solution to see the protected
sites if the reason is FUS binding kinetics. Moreover, using other probing reagents that target
different nucleotides might be another solution if the problem is probing the nucleotides that are
not involved in binding. Another question that needs to be answered with future experiments is
whether individual RGG/RG domains of FUS have any specific RNA targets. This can be easily
answered by the characterization of the RNA targets of individual SGG mutants. Besides, we do

not know whether RGG/RG domains also mediate the degenerate specificity of FUS. RNA
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binding mode of RGG/RG domains should be investigated in detail to get a better sense about

RNA targets of these domains.
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Chapter 4: Intrinsically disordered RGG/RG domains
mediate degenerate specificity in RNA binding

4.1 Introduction

The arginine/glycine-rich (RGG/RG) domain is prevalent throughout eukaryotes and the
second most common RNA-binding domain (RBD) in the human genome
(94,131,148,265,268,269). The importance of decoding RGG-mediated RNA recognition is
underscored by the observation that these RNPs regulate all levels of RNA metabolism
including transcription, RNA processing, nucleocytoplasmic shuttling and translation
(148,170,269). Furthermore, mutations in RGG/RG proteins are implicated in several
neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS), fragile X syndrome,
and spinal muscular atrophy (SMA) (148). Unlike the most common RBD, the RNA recognition
motif (RRM), the RNA binding properties of RGG/RG domains are still poorly defined. A key
challenge for understanding the cellular functions of the rapidly expanding set of RNAs
comprising the transcriptome is to identify and characterize their interactions with RNA-binding
proteins. This is particularly difficult for RNA-binding proteins that engage a large number of
transcripts, suggesting “promiscuous” or non-specific binding (170,171,238,270-272).

RGG/RG domains are intrinsically disordered (131), and thus do not adopt a single,
stable structure in the absence of RNA but instead have conformational plasticity and
adaptability. This feature may facilitate flexible targeting to a variety of RNAs because their own
conformational flexibility provides a larger interaction surface area. While for some proteins,
such as hnRNP U, the RGG/RG domain is the only identified RBD (151), this motif is most often
found in proteins possessing other RBDs such as RRM and KH (148,265,269).

The prevalence of RGG/RG domains among RNA-binding proteins has only recently
been appreciated (101). Thus far, data suggest that RGG/RG domains may display some

selectivity in RNA binding (101,157-159,273,274). For example, the RGG/RG domain of FMRP
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was found to bind tightly to an in vitro selected aptamer, Scl, containing a G-quadruplex
structure (101,157-159). While the G-quadruplex is the dominant feature of the Scl aptamer,
the RGG/RG peptide sits in the interface between the duplex and quadruplex through a shape
complementarity interaction, with the majority of protein-base contacts mediated by two Watson-
Crick G-C pairs in the duplex (101,159).

If the preference of RGG/RG domains were actually directed to a particular conformation
involving double-stranded RNA, this interaction would not be completely non-specific. Instead,
the structure/sequence requirements for binding could appear frequently throughout the
transcriptome (170,238,270-272). This behavior may explain reports of binding specificity for
well-ordered RBDs that are inconsistent with those of a protein harboring both RBDs and
RGG/RG domains. The RBDs of these RGG/RG proteins, such as the RRMs of hnRNPAL or
hnRNPA2/B1, display a robust specificity in vitro, but these target motifs are found only in a
minor fraction of experimentally identified target sites within the transcriptome (240,275,276).
These studies, however, do not shed light on how RGG/RG domains facilitate the molecular
recognition of a subset of cellular RNAs (240).

RGG/RG domains are prevalent in many if not most heterogeneous ribonuclear particle
(hnRNP) proteins. A particularly prominent family of RGG/RG domain proteins and subset of the
hnRNP family is the FET family, comprised of FUS, EWSR1, and TAF15 (170,237,277). Each
FET protein has three RGG/RG domains interspersed between structured domains. FET
proteins are conserved throughout metazoans. In humans, they are ubiquitously expressed in
all tissues and are among the most highly expressed proteins in the cell (74,170,171). These
three nuclear proteins predominantly associate with RNA Pol Il and pre-mRNA, which affects
both transcription and mRNA processing (171,233,278). In addition to having multiple RGG/RG
domains, the number of individual RGG or RG repeat are high, with up to nine repeats. My
previous study with FUS revealed that FUS has a degenerate specificity to RNA molecules and

RGG domains mediate RNA binding activity.
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To further define the RNA binding characteristics of RGG/RG domains, those of FUS
were contrasted with those of two additional proteins FMRP and hnRNPU, which showed varied
degrees of preference in binding to RNAs of different sequence and structure composition.
Taken together, | revealed that specificity of RGG/RG domains is also degenerate like FUS

protein, and provide a model for the significance of intrinsic disorder to RNA binding.

4.2 Results

4.2.1 RGG/RG domains display degenerate specificity

In the previous chapter, | showed that mutation of any one RGG/RG in FUS did not
appreciably reduce affinity for the DNMT RNA and the same mutants lost nearly half of their
binding to bulk, cellular RNA, | reasoned that individual RGG/RG motifs may have different
binding selectivity, resulting from their binding plasticity (Figure 3.7 and 3.8). To characterize
RNA binding properties of different RGG/RG domains, | expressed RGG/RG domains of FMRP,
hnRNP-U and FUS as C-terminal MBP fusions to compare their binding to a set of RNAs
representing different sequence and structural properties (Table Al). As a benchmark for high
affinity binding, | included in this panel the only structurally characterized RGG/RG domain-RNA
interaction: an RNA aptamer (Scl) containing a hybrid G-quadruplex/A-form duplex structure
that was obtained in an in vitro selection for FMRP (101,157,159). As representative single
stranded RNAs (ssRNAs), | employed three different RNAs: a 40 nt polyadenosine
homopolymer (poly-A), a 25 nucleotide guanosine-rich RNA that was obtained in an in vitro
selection against FUS (GGUG) (250), and a heterogeneous 36 nucleotide RNA (CRL)
containing five repeats of the sequence (AUACAAC) (251). To represent dsRNA, two simple
hairpins were used, one containing a hairpin exclusively composed of 12 A-U pairs (dsAU) and
a second with a tract of six G-C pairs in the middle (dsGC) and each capped with a UUCG
tetraloop. Finally, as a representative of an RNA with mixed secondary structure containing

multiple helices and single stranded (ss-) elements, the repeating RNA domain (RRD) from
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human (hRRD) and mouse (mMRRD) Firre INcCRNA, reported targets of hnRNPU, was chosen
(190).

To validate the secondary structures, RNase T1 nuclease footprinting was performed on
selected RNAs (Figure 4.1A-C). G-quadruplexes can be revealed by comparison of the
cleavage pattern in lithium and potassium buffers, as lithium does not support quadruplex
formation (279,280). These experiments confirmed the structure of most model RNAs used in
this study. Unexpectedly, these experiments revealed that the DNMT RNA, which was proposed
to have no stable secondary structural features, forms a G-quadruplex at its 3’-end, likely
through the association of multiple RNAs. Thus, DNMT RNA was considered by my analysis as
a second example of G-quadruplex RNA, with some duplex character as well.

I measured the Kpap by EMSA analysis, revealing that each RGG/RG domain
possessed different RNA-binding characteristics but had an overall similar pattern of behavior
(Figure 4.2, Table A4). The highest affinity interaction | observed was between FMRP-RGG and
Scl RNA (0.09+0.02 uM). FMRP-RGG bound all of the RNA sequences with Kpapp Values
spanning a 500-fold range (Figure 4.2, Table A4), showed a strong preference for G-quadruplex
containing and complex RNAs, with the lowest affinities for ssSRNA. This is consistent with the
solved structures that show direct interactions with several G-C pairs adjacent to the G-
guadruplexes (101,159). Similarly, the hnRNPU-RGG, FUS-RGG1 and FUS-RGGS3 displayed a
stronger preference for G-quadruplex and complex RNAs than simple hairpins or ssRNAs. The
FUS-RGG2 domain had the lowest affinity for any of the RNAs tested, despite having as many
RGG repeats as FMRP or hnRNP-U (Figure 4.3). | concluded that these domains have more
complex functional requirements than just a critical amount of RGG repeats to impart RNA

binding.
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Figure 4.1 G-quartets formation in Scl, DNMT and GGUG RNAs. (Top) Representative gels
with RNAseT1 digestion of (A) Scl, (B) DNMT and (C) GGUG RNAs in KCI and LiCl buffers.
(Bottom) Bands were quantified by Image Quant and the amount of protection for each band
(fold change in band intensity, KCI/LiCl) was calculated. The Guanines involved in G-
quadruplex formation in Sc1 RNA were shown with *’ symbol. Lane 1 is RNA alone (No RNase
T1), lane 2 shows alkaline hydrolysis of corresponding RNA, lane 3 and lane 4 is RNAse T1

reaction in LiCl and KCI, respectively.
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Figure 4.2 RGG/RG domains represent moderate preference for structured RNAs. Heat-
map for affinity of RGG/RG domains and FUS for each RNA. EMSA experiments were
performed with DNMT and Scl RNAs containing G-quadruplexes, hRRD and mRRD RNAs with
complex secondary structures, dsAU and dsGC simple double stranded RNAs, and GGUG,
CRL, and poly-A single stranded RNAs. Kpapp (UM) was represented with a color code for all
combinations of RNA-protein with a data range from two or more independent experiments.
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Figure 4.3 RGG/RG domains and their amino acid sequences are conserved across
diverse metazoan species. The amino acid sequences of RGG domains of FUS, FMRP and
hnRNPU from human, mouse, xenopus and zebrafish were aligned. Pink and yellow colors
show conserved RGG and RG repeats, respectively. “*” symbol shows the arginine amino acids
of FMRP-RGG that directly make hydrogen bonds with guanines in Scl RNA.

4.2.2 G-quadruplex is not requisite for RGG/RG binding

G-quadruplexes have been proposed to be a major biological target of both FMRP and
FUS (157,281,282). This perspective is supported by our observation that Sc1 RNA bound
strongly to all RGG/RG domains tested. To evaluate RGG/RG domains affinity for G-quadruplex
structures, | compared binding affinities of Sc1 RNA to RGG/RG peptides in buffers with either
KCI or G-quadruplex disrupting LiCl. In LiCl, FMRP-RGG bound to Scl with ~30 fold lower
affinity, consistent with previous studies (Figure 4.4) (101,157,159). Similarly, hnRNP-U RGG
binding decreased ~8 fold in the presence of LiCl. The RGG1 and RGG2 domains of FUS did

not exhibit any difference in the binding affinity, but the RGG3 domain exhibited a ~3 fold lower
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affinity. The binding affinity of full length FUS to Scl did not change in LiCl containing buffer,

indicating that the G-quadruplex of Scl is not required for binding by the full-length protein.
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Figure 4.4 Effects of G-quartet structure on RNA binding activity of different RGG
domains. Binding of RGG domains to Scl RNA was measured in the presence of KCl and LiCl
by EMSA. Representative binding curves of FUS and FMRP-RGG binding to Sc1 RNA was
shown and fold change in the dissociation constant of RGG domains for LiCl and KCI buffers
were presented. Error bars represent the S.D. of at least two independent titrations for each
construct.

To determine whether other RGG domains have the same base-specific contacts with
Scl RNA as observed in the bound structures with FMRP-RGG, | created individual mutants of
the nucleotides (G7A-C30U and C5U-G31A) that disrupt hydrogen bonding with FMRP-RGG
without disrupting RNA structure (101,159). Results of binding to mutant Scl RNAs were
diverse for different RGG domains (Table 4.1). Consistent with previous work, FMRP-RGG
binding affinity decreased around 25-fold for each mutant compared to the wild type (101,159).
Other RGG domains showed a lesser response from a 10-fold lower affinity to almost no

change. Wild type FUS displayed a moderate sensitivity to the G-C to A-U pair mutations, with a

~5.5 fold decrease in binding affinity.
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Table 4.1 Effects of mutations in Sc1 RNA on RNA binding activity of RGG domains.

KD,reIative (KD,app, mutant / KD,app, Scl)

Protein Mutant C5U-G31A Mutant G7A-C30U
FMRP-RGG 28 24
hnRNPU-RGG 11 10
FUS-RGG1 4 2
FUS-RGG2 1.5 1.5
FUS-RGG3 4.5 3.8

FUS (WT) 5.5 5

4.2 Discussion

An RGG/RG domain is the second most common RNA binding domain whose RNA
binding activity is assumed to be nonspecific. However, my previous studies with FUS indicated
that it has a degenerate specificity to RNAs and RGG/RG domains mediate the RNA binding
activity. Thus, we investigated the RNA binding modes of RGG/RG domains of FUS, hnRNP U
and FMRP proteins to see whether RGG/RG domains alone have any RNA binding
preferences. This study has illustrated that RGG/RG domains present an unexpected degree of
flexibility in their recognition of RNA sequences and structures. However, these domains are not
wholly indiscriminate, as they prefer GC-rich sequences and complex RNA structures featuring
double-stranded helices. Similarly, the behavior of these RGG/RG proteins in cells has been
shown to not be wholly nonspecific (107,170,171,234-238). This study revealed that RGG/RG
domains have degenerate specificity to RNAs that supports our previous conclusions about
RNA binding mode of FUS protein.

A broadly important question concerning these data is why the second most common
RNA-binding domain should be an intrinsically disordered domain. These domains lack
sufficient numbers of hydrophobic residues to allow a compacted core to form; thus, the peptide
chain is largely solvent exposed and allowed freedom to sample many conformational states
over short time scales (283-285). | find that RGG/RG preferences in binding are strongly biased

against single-stranded sequences, simple A-form RNA helices, or dsDNA (238,286,287).
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Instead, the preference of RGG/RG domains to bind to the complex FIRRE elements with
higher affinity than simple hairpins and ssRNAs suggests that these domains interact with a
limited and relatively common core element, likely tandem G-C pairs, in the context of more
complicated or heterogeneous secondary structure. Taken together, these data suggest that the
intrinsically disordered property of the RGG/RG domains imparts a great degree of plasticity
providing numerous complex conformations with which to associate with helical RNA targets in
a variety of structural contexts (99,101,159,288). This property provides a mechanism by which
the FUS protein can bind a wide variety of RNAs as demonstrated by a number of CLIP-seq
experiments (75,170,171,232-238,289). Taken together, the RGG/RG interactions with RNA
described here are examples of intrinsically disordered domains that preferentially bind well-
structured partners over less structure (97,131,159,259,288,290,291).

My establishment of a degenerate mechanism of binding may be more broadly
representative of RGG/RG domain interactions with RNA. Structures of FRMP-RGG bound to
Scl RNA reveal a B-hairpin inserted into the major grove, as well as hydrogen bonding with
guanine bases (101,159). A similar type of recognition was also observed in an arginine rich
peptide derived from bovine immunodeficiency virus (BIV) tat protein bound to the
transactivation domain (TAR) of the genomic RNA (138). In my findings, the combination of
hydrogen and ionic bonds as shown by FMRP-RGG presents an attractive explanation for the
salt titration data. In light of a recent study indicating that the G-quadruplex forming regions in
eukaryotic cells are overwhelmingly unfolded in vivo (292), the role of the G-quadruplex in Scl
is likely to provide an unusual structure that opens the major groove for recognition. Thus, it is in
fact the perturbation of the A-form helix that is particularly accommodating for RGG/RG insertion
into the deep major grove. Consistent with this paradigm of selectivity for helices perturbed by
local features, a recent study correlating protein-RNA binding to secondary structure within cells
has concluded that FUS prefers dsRNA features adjacent to non-canonical regions (266,267).

Considering the study that suggests the mRNAs were less structured or more dynamic in vivo
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(293), RGG/RG domains interaction with structured RNAs might be regulated by dynamic
changes in structures of the RNA molecules during RNA processing.

Taken together along with previously published models, | propose that conformational
flexibility combined with degenerate specificity of RGG/RG domains can confer new RNA-
binding activity to RBPs in at least three ways. First, degeneracy in RNA sequence recognition,
particularly in the context of higher order homogeneous or heterogeneous complexes of RBPs,
may allow repeated binding of RGG/RG domains in tandem along an RNA molecule (Figure
45A and B). CLIP-seq studies identifying cellular targets have suggested oligomerization of
RGG/RG proteins along pre-mRNAs, particularly for FUS as well as by RGG/RG containing
hnRNPs, including hnRNPA1, A2/B1, and hnRNP-U (75,170,171,233,238,240). Second, the
lack of robust folding for RGG/RG domains can afford the protein flexibility to bind a variety of
structural conformations of RNA (Figure 4.5C). It is particularly well supported because all
RGG/RG domains tested here show their highest affinity for perturbed dsRNA elements as well
as highly structured RNAs comprised of multiple dsRNA and ssRNA features. Third and finally,
while not demonstrated in this study, the possibility has not been ruled out that long, flexible
RGG/RG domains, particularly those interspersed through the RBP, can allow multivalent
interactions with more than one RNA (Figure 4.5D). Such interactions might form a crosslinked
RNP matrix such as those suggested to comprise hon-membrane bound organelles, including
p-bodies, stress granules, and nucleoli (207,243,269,274,294).

The exceptionally broad functions of many proteins containing RGG/RG domains can be
considered to be consistent with a degenerate specificity in their RNA recognition. Many hnRNP
proteins possess RGG/RG domains and their function as members of ribonuclear particles is to
broadly coat pre-mRNAs while they are processed within the nucleus (295,296). FUS protein

regulates transcription for thousands of genes in the cell while also requiring RNA binding to
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Figure 4.5 Model for RNA recognition by RGG/RG domains. (A) RGG/RG proteins may bind
RNA in a 1:1 interaction or as a member of a higher order complex. (B) Multiple RGG/RG
domains as part of a larger protein complex may recognize long RNA sequences. (C) RGG/RG
proteins have the flexibility to accommodate and bind tightly to a variety of complex RNA
structures. (D) Higher order RGG/RG proteins may allow binding to multiple RNAs at the same
time.

trigger binding to the C-terminal domain of RNA Pol Il (75,170,171). Other examples of
RGG/RG domain proteins include Scdl, Sbpl, Npl3 and Dedl, which broadly affect translation
(269,274). In each case, if the protein were considerably more selective in binding to RNA, its
ability to act on a large number of RNAs throughout the transcriptome would become limited.
RGG/RG domains might, in conjunction with other domains, broaden RNA-binding specificity,

like the RGG/RG domain in FMRP broadens RNA-binding specificity beyond that typical of KH
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domains (157). Future research should reveal how subtle differences in the degenerate
specificity of RGG/RG domains might confer broad shifts in populations of RNAs targeted, a

property that might be inferred from the high conservation of each RGG/RG domain throughout

vertebrates.
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Chapter 5 : Conclusions and Future remarks

5.1 Digging deeper into the world of the disordered RNA binding domains

Until now, many experimental data showed that intrinsically disordered regions of
proteins are functional in various cellular processes such as RNA metabolism, cell cycle
regulation, assembly formation, and virus infection. These regions are also abundant at the
RNA binding surfaces of the proteins since they provide flexibility and plasticity that are crucial
properties for high affinity and specificity in the RNA interaction. The most detailed information
about the RNA binding properties of intrinsically disordered proteins comes from the studies
with arginine rich disordered domains. These domains transition from disordered to ordered
structure upon binding to target RNAs. They have very simple amino acid sequence but they
can target RNAs quite diversely and often specifically that suggests the existence of vital roles
of intrinsically disordered RBDs in the RNA binding activity of RBPs.

In this thesis study, we investigated the RNA binding properties of RGG domains, the
second most common RNA binding domain in human genome. Previous studies with these
domains suggested that they contribute to the RNA binding activity of other RNA binding
domains in a non-specific manner. However, | have shown that RGG domains have degenerate
specificity in RNA binding by targeting structured RNA molecules using five different RGG
domains from three different well-characterized RNA binding proteins. In addition, nine RNA
species that are diverse in both sequence and structures were used to test the RNA binding
specificity of the RGG domains. All of the RGG domains showed better binding affinity against
structured RNA molecules. The sample size that we used in this study gave us a notion about
the RNA binding behavior of RGG domains. However, future studies are necessary to
understand whether this binding preference is also the same for large sets of RNA targets and

whether each RGG domain has its own specific RNA targets.
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Recent studies indicate that deep sequencing (pull down-seq) methods alone are not
sufficient to determine the RNA targets of intrinsically disordered proteins, as discussed
previously. A complementary approach is the application of high-throughput in vitro methods to
provide clear information about RNA targets of RGG domains. Systematic evolution of ligands
by exponential enrichment (SELEX, also known as in vitro selection) is a commonly used
method to determine RNA binding site of a protein. Indeed, this method was already applied for
RGG domain of FMRP protein (157). An aptamer with G-quadruplex structure was determined
as a RNA target of FMRP. Detailed studies indicated that RGG domain of FMRP folds upon
binding to Sc1 RNA and makes specific hydrogen bond via its arginine and glycine amino acids.
On the other hand, a recent study with RNA G-quadruplexes revealed that RNA regions that
can fold into G-quadruplexes in vitro are unfolded in vivo (292). This suggests that in vivo
validation of the results of in vitro is essential for a reliable RNA target determination. In
addition, mimicking the in vivo conditions and using RNA aptamers derived from human
genome library will help getting more accurate data from SELEX. An in vivo selection strategy
can also be applied to RGG proteins, but these methods also have their disadvantages (297).

My data indicates that each of the RGG domains work within different Kp range
suggesting that they have different RNA recognition modes. It would be interesting to
understand how specificity or degenerate specificity is generated for RNA sequence or
structures by different RGG domains. First of all, smallest RNA molecules that bind with the
tightest affinities should be determined by an appropriate method such as SELEX. Then,
solution NMR spectroscopy can be used to identify the structure of the RNA-protein complex.
As discussed in the first chapter, this method can also provide information about local disorder,
folding upon binding and disorder in complex that will further help to characterize different RGG
domains.

In this thesis work, | also investigated the RNA binding properties of RGG domains in a

protein context. Previous studies suggested that RGG domains function by contributing to the
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RNA binding activity of globular RNA binding domains instead of being a primary RNA binding
domain of a protein. However, our mutation analysis revealed that RGG domains of FUS protein
are the main drivers of RNA binding activity of the protein both in vitro and in vivo. Despite
mutation of individual RGG domains did not affect the RNA binding activity of FUS in vitro, these
mutations significantly decreased the bound RNA amount in vivo. This suggests the effect of
other regulators on the RNA binding activity of the protein. Reduction in the bound RNA amount
was almost similar for all three RGG mutants. However, we do not know whether the bound
RNA species are also similar or whether there are specific RNA targets of individual RGG
domains. Identification the cellular targets of each RGG mutant would contribute to the
understanding of how RBPs with modular structure function in the cell: whether each domain
binds to RNAs independently or all domains together create an interaction surface to achieve
high affinity and specificity.

Deletion analysis of domains of FUS gave some interesting results about the RNA
binding behavior of RRM and RGG domains. The RRM domain of FUS does not bind to RNA by
itself, but addition of three RGG repeats from RGG2 domain to the C-term of RRM recovered
binding to the RNA with an affinity close to the full length FUS. Since the RRM domain of FUS
has a non-canonical RNP motif, understanding the effect of three RGG repeats on the RNA
binding activity of RRM may reveal a new RNA binding mode for this family.

Cellular activities of intrinsically disordered proteins are usually regulated by
posttranslational modifications and alternative splicing of disordered. There is a number of
examples about the effect of alternative splicing on RNA binding activity of intrinsically
disordered proteins (131). For example, FMR1 pre-mRNA is alternatively spliced at the 3’ end
to give multiple FMRP isoforms (298). Isoform 3 (the isoform with the largest N-term deletion,
but with full length RGG box ) was shown to perturb side chain conformations of arginine
residues of the RGG domain (299) and influence the RNA binding activity of its RGG domain

and its cellular functions (300,301). Intrinsically disordered domains are structurally open
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regions for posttranslational modifications (PTMs). RGG domains are the target sites of protein
methyltransferases (PRMT) and, in some cases, kinases depending on the amino acid contents.
Methylation of arginine amino acids and their effects on the function of the proteins have been
reported in a number of studies (148). For example, several studies reveal a regulatory role of
methylation in RNA binding activity of the proteins (160,302,303). Methylation of arginine amino
acids is known to regulate interactions of RGG domains with both RNAs and proteins.
Considering the diverse functions of these proteins in cellular processes, methylation seems to
have a high potential as a main regulatory factor of RBPs in cell. There are many questions that
remain to be answered about the regulation of RGG-RNA interaction in the cell. Are there
different methylation patterns that regulate interactions with different molecules? Can
methylation regulate specific interactions with RNAs? What are the effects of other PTMs? Can
protein-protein interactions of RGG domain be an indirect regulatory mechanism for RGG-RNA
interactions? Future studies are necessary to identify the details of the regulatory mechanisms

that are involved in the control of RGG domain activity during various cellular processes.

5.2 Targeting the intrinsically disordered RNA binding proteins in diseases

Mutations in RBPs are known to affect the functions of the proteins in a fashion that
causes sporadic or hereditary genetic disorders in particular cancers, neurological diseases and
muscular atrophies. A recent study revealed that disease related mutations are often found in
disordered regions of human RNA binding proteins as discussed in chapter 1 (7). These
mutations usually lead to loss of normal function, gain of toxic function, aggregation and
misfolding of disordered RBPs (304,305) that is associated with the pathogenesis of several
human diseases, particularly neurodegenerative diseases.

Since the common involvement of IDPs in the pathogenesis of many human diseases,

they have been considered as novel drug targets (306-312). Traditionally, protein targeted drugs
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are designed to modulate the function of ordered proteins such as enzymes, cell surface
receptors, nuclear hormone receptors etc. Thus, new approaches are necessary to develop
drugs targeting the interactions of disordered proteins that get structured only upon binding to
partners.

There are several strategies that are followed to develop drugs affecting functions of
IDPs (308). (i) Disorder-based rational drug design in which the drug molecules mimic a critical
region of the disordered partner and compete with this region to bind to its structured partner.
For example, Nutlins are p53-Mdm2 interaction inhibitors and developed according to this
principle (313). p53 is an important transcription factor that regulates the transcription of the
genes involved in cell cycle regulation and apoptosis. Its loss of function results in cancer
development. Mdm2 is an E3 ubiquitin ligase and prevents p53 from activating its target genes.
p53 interacts with Mdm2 through its N-terminal unstructured region that obtains helical structure
upon binding to Mdm2. Nutlins target the p53-Mdm2 interaction interface and helps
accumulation of the active p53 that decrease the viability of the cells. (ii) Direct targeting of
IDPs/IDRPs in which small molecules directly bind to disordered regions and prevent the activity
of the IDPs. For example, c-Myc is overexpressed in different cancers and functions by
associating with its partner c-Max (311,314). Monomers of these proteins are disordered, but
undergo coupled folding and binding upon dimerization. Screening different drug libraries to
target the c-Myc in cancers resulted in various small molecules. Some of them also bound to
other transcription factors and further optimization helped to select a c-Myc binding small
molecule (311). (iii) Another strategy is to target functionally misfolded proteins. Functionally
misfolded concept is used to describe a mechanism preventing IDPs from unwanted
interactions with non-native partners. IDPs are highly dynamic and fluctuate between different
unfolded conformations when they are unbound. Analysis of IDP behaviors revealed that
preformed binding elements might be involved in a set of non-native intramolecular interactions.

Small molecules can be designed to target the misfolded IDPs in the ensemble to prevent
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further biological interactions of them. (iv) The final strategy is targeting aggregating IDPs.
Pathological aggregation of misfolded IDPs in the cell triggers a cascade of events eventually
cause to the neurodegenerative diseases. Suppression of these aggregations by small
molecules is the aim of this strategy. Recent studies identified a series of small molecules called
“molecular tweezers” that target the toxic oligomers and aggregates of IDPs by specifically
interacting the lysine amino acids (306,315). However, they are not effective if there is not a
lysine in the protein.

Aggregation is also a commonly seen disease-causing mechanism among intrinsically
disordered RBPs. For example, mutations at the RGG domains of FUS cause ALS and FTLD
disease by forming aggregates in the cells. Recent studies implicate that the alterations in RNA
metabolism can be detrimental to the neuron cells in ALS. This suggests that the loss of
function of FUS may cause ALS. However, there is not concrete evidence about its exact role in
the disease formation yet. In this work, | showed that RGG domains primarily mediate the RNA
binding activity of FUS. This suggests that disease related mutations within the RGG domains
might deleteriously affect the cellular function of FUS by altering RNA metabolism. RGG
mutations can cause conformational selection that result in loss of function of FUS or without
any conformational change, they can result in loss or gain of binding sites of FUS binding
partners. Thus, further characterization of the effects of these mutations on protein activity can
provide a target for the drug design.

Targeting the dysfunctional IDPs by drugs is a newly developing research area. For that
reason, there is not an example for a drug targeted intrinsically disordered RBP yet. However,
existing evidences are highly promising about the potential effect of this treatment strategy to

many diseases.
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Appendix

Table A 1 Sequences of RNA substrates used in this thesis.

Name

Length
(Nucleotides)

Sequence

Structure

DNMT

48

AUUGAGGAGCAGCAGAGAAGUUGGA
GUGAAGGCAGAGAGGGGUUAAGG

N.A

Scl

36

GCUGCGGUGUGGAAGGAGUGGCUG
GGUUGCGCAGG

Stem loop(159)

dsGC

36

AUAUACGCGCGUAUAUUUCGAUAUAC
GCGCGUAUAU

Hairpin

dsAU

36

AUAUAUAUAUAUAUAUUUCGAUAUAU
AUAUAUAUAU

Hairpin

hRRD

152

CAUGGAUCCCUGAGGUCGGUCCCCAAUA
CGACAAGACAAUUUGAUAUCAUAAUAGAA
CACUGCAGAAACAAUGCUGAGUGAAGAA
GAGUAGAAAUGGGAAGACUUGGUUGAGC
GGAAACUGAGUUCUUGAAAAGAGGAGAU
GCUUGAUGAGG

N.A?

mMRRD

155

AACUGGCCCCUGGGAUUUGCUGCUC
AGAACCUGAGUUCACUGAGACAUCAG
GAGCAAGCACUGGAGGCCGGGUGCU
GCUGGACCCAGAUGGGAGCCAUGCA
GGACUUGACCAUGGCCUGCACACAC
UUCUUCCCAGGAGAAGGGGAAUGAG
GAAG

N.A

GGUG

25

UUGUAUUUUGAGCUAGUUUGGUGAU

N.A

CRL

36

AUACAACAUACAACAUACAACAUACAA
CAUACAACA

Single
stranded(251)

Poly-A

40

AAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAA

Single
stranded(316)

N.A.2: Not available.
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Figure A1 ITC raw data of RGG1-RRM-RGG2 interaction with DNMT RNA at different KCI

concentrations.
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Table A 2 Corresponding biophysical parameters of the ITC graphs in Figure A 1.

[KCI], mM | N (RNA:protein) | AH (kcal/mol) | AS (cal/mol?/K™* Kb, (UM)
10 0.13+0.03 -755+2 -227 1.5+0.3
50 0.14 £ 0.02 -645+2 -192 1+£0.1
100 0.2+0.01 -37+3 -97 1.7+£0.5
150 0.23+0.01 -:30£2 -77.3 305
200 0.26 £ 0.01 -205£6 -47 144
250 0.3+£0.03 21+ 4 -52 26+ 3
300 0.56 = 0.07 -71x2 -3 42 £10
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Table A 3 Mutated arginine residues of SGG mutants.

SGG1 | R213S, R216S, R218S, R234S, R242S, R244S, R248S, R251S, R259S
SGG2 | R377S, R383S, R386S, R388S, R394S, R407S, R422S

SGG3 | R472S, RA73S, RA76S, RA481S, R485S, R487S, R491S, R495S, R498S,
R503S

SGG4 | R213S, R216S, R218S, R234S, R242S, R244S, R248S, R251S, R259S,
R377S, R383S, R386S, R388S, R394S, R407S, R422S, R472S, R473S,
R476S, R481S, R485S, R487S, R491S, R495S, R498S, R503S
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711

Table A 4 Corresponding Kpapp (MM) values of heat-map data in Figure 4.2.

RNA
Scl DMNT | hRRD mRRD dsGC | dsAU GGUG CRL | poly-A

Protein
FMRP-RGG 0.09+002 | 25+04 | 0.30+0.01 | 0.35+0.03 | 80+0.1 | 8305 27+3 271 50+1
hnRNPU-RGG 0.25+0.01 | 0.5+0.1 | 0.30+0.02 | 05%0.1 15+1 43+ 20 85+1.0 [ 80%05 | 9.0%0.5
FUS-RGG1 28+01 | 3001 | 1.6%0.1 1.3+0.1 221 29+1 16+1 17+1 2515
FUS-RGG2 25=+1 60 = 15 14+1 264 n.d.2 n.d. n.d. n.d. n.d.
FUS-RGG3 3.7+02 [ 8005 | 45%10 45%0.5 100 + 30 n.d. 50+3 656 110430
FUS-LC-RGG1 28+05 | 62+03 | 30%03 1.0£03 45+2 725 12+1 19+1 5+2
FUS-RRM-RGG2 | 28%02 [ 25+01 | 12%02 1.8+0.1 15+1 17+2 11+1 95+05 | 17+3

0.30£0.02 | 0.7+0.2 | 0.60+0.05 | 0.33+0.07 | 7.3+02 | 8405 3.0£0.1 10+1 | 32102

FUS (wt)

an.d. : not detectable (>100 uM).




