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Summary

The genetic information present in the DNA is transcribed into RNA, which must
undergo a series of maturation steps before it can be translated into functional
proteins. Constitutive splicing is a major step in pre messenger ribonucleic acid (pre-
mRNA) maturation, during which introns are removed and exons are ligated to form
mature mRNA. Alternative splicing, on the other hand, allows for the inclusion or
exclusion of exons and introns depending on various factors, such as developmental
stage, cell type, and environmental conditions. This process helps generate diversity
without increasing the size of an organism's genome. RNA binding proteins (RBPs)
play a crucial role in regulating all post-transcriptional processing events, including
splicing.
SRSF1 (Serine/arginine-rich splicing factor 1) is an important factor involved both in
constitutive and alternative splicing and it was the first member of the family to be
identified. SRSF1 is composed of two tandem RNA Recognition motifs (RRMs) and the
RS domain at the C-terminal enriched in arginine and serine. The first RRM (or RRM1)
is canonical while the second (or RRM2) is a pseudo-RRM and they are connected by
a flexible linker domain.
Previous studies performed in our laboratory showed that RRM1 can bind CA/CG
motifs using the canonical $-sheet interface, while RRM2 binds the GGA motif using
the ai-helix. In addition, a bimodal mode of interaction has been shown for SRSF1
tandem RRMs. More specifically, SELEX experiments demonstrated that RRM1 binds
the cytosine located at -4 or +6 from the GGA motif recognized by RRM2.
Here, we aim to combine nuclear magnetic resonance (NMR) and electron
paramagnetic resonance (EPR) to determine the structural ensemble of the tandem
RRMs (SRSF1 RRM1+2) in the free state and in complex with RNA (5'-UCAUUGGAU-
3"and 5'-UGGAUUUUUCAU-3' designed based on the SELEX experiments). Previous
studies in the lab used the standard CYANA calculation to obtain structures of protein
or protein-RNA complexes based on NMR data.
In the present study, we show the first application of the Multistate CYANA
calculation method on a multidomain and dynamic system which was used previously
only on single globular domains. In addition, to refine the ensemble we performed the
EnsembleFit step from the MMMXx toolbox to include data from EPR.
The ensembles obtained indicate that SRSF1 tandem RRMs do not behave as
independent domains, but they already show preferred conformations in the free state;
it has been observed that these conformations can promote the binding to 5'-
UCAUUGGAU-3' RNA via conformational selection and to 5'-UGGAUUUUUCAU-3'
RNA via both conformational selection and induced fit.
SRSF1 was also found in nuclear speckles (NSs), membrane-less organelles located in
the nucleus that act as a central hub to coordinate various steps of nuclear gene
expression regulation. The assembly and maintenance of NSs depend on interactions
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among their different components, many of which contain flexible low-complexity
regions (LCRs); high concentrations of macromolecules promote phase separation,
resulting in the formation of liquid droplets when concentrated proteins with LCRs
are present. We then focused on investigating SRSF1 as one of the main components
of the nuclear speckles in the context of phase separation. Due to solubility challenges,
we decided to analyze the behavior of the SRSF1 tandem RRMs using light
microscopy, turbidity measurements, and NMR Diffusion-ordered spectroscopy
(DOSY) experiments. Our results showed that even in the absence of the RS domain,
the two RRMs can form droplets in vitro, and RNA can play an important role in
dissolving the droplets.
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Riassunto

L'informazione genetica contenuta nel DNA viene trascritta in RNA, che
successivamente deve subire una serie di passaggi di maturazione prima di poter
essere tradotto in proteine funzionali. Lo splicing costitutivo e un passaggio
importante della maturazione del pre-mRNA, durante il quale gli introni vengono
rimossi e gli esoni vengono uniti per formare I'mRNA maturo. Lo splicing alternativo,
invece, consente l'inclusione o l'esclusione di esoni e introni a seconda di vari fattori,
come lo stadio di sviluppo, il tipo di cellula e le condizioni ambientali. Questo processo
contribuisce a generare diversita senza aumentare le dimensioni del genoma di un
organismo. Le proteine che legano I'RNA (RNA Binding Protein, RBP) svolgono un
ruolo cruciale nella regolazione di tutti gli eventi di elaborazione post-trascrizionale,
compreso lo splicing.
La proteina ricca in serina/arginina (Serine/arginine-rich splicing factor 1, SRSF1) &
un fattore importante coinvolto sia nello splicing costitutivo che alternativo ed e stato
il primo membro della famiglia delle proteine SR ad essere stato identificato. SRSF1 e
composta da due motivi di riconoscimento dell'RNA in tandem (RNA Recognintion
Motif, RRM) e dal dominio RS ricco in arginine e serine al C-terminale. Il primo RRM
(o RRM1) e canonico, mentre il secondo (0 RRM2) e uno pseudo-RRM.
Studi precedenti condotti nel nostro laboratorio hanno dimostrato che RRM1 puo
legare motivi CA/CG utilizzando la canonica interfaccia composta da B-foglietto,
mentre RRM2 lega motivi GGA utilizzando I'aj-elica. Inoltre, e stata dimostrata una
modalita di interazione bimodale per SRSF1. In particolare, gli esperimenti SELEX
hanno dimostrato che RRM1 lega la citosina situata a -4 o +6 dal motivo GGA
riconosciuto da RRM2.
In questo lavoro, ci proponiamo di combinare la risonanza magnetica nucleare (RMN
o NMR) e la risonanza paramagnetica elettronica (EPR) per determinare il complesso
(ensemble) delle strutture degli RRM in tandem (SRSF1 RRM1+2) allo stato libero e
legato all'RNA (5'-UCAUUGGAU-3' e 5'-UGGAUUUUUCAU-3' disegnati sulla base
degli esperimenti SELEX). Precedenti studi condotti in laboratorio hanno utilizzato il
metodo CYANA standard per ottenere strutture di proteine o complessi proteina-
RNA sulla base di dati NMR. Nel presente studio mostriamo la prima applicazione del
metodo Multistate CYANA su un sistema dinamico e composto da multipli domini,
utilizzato in precedenza solo su domini globulari singoli. Inoltre, per perfezionare
l'ensemble abbiamo eseguito il passaggio di EnsebleFit del MMMx toolbox per
includere i dati di EPR.
I complessi strutturali ottenuti indicano che gli RRM in tandem di SRSF1 non si
comportano come domini indipendenti, ma mostrano gia preferite conformazioni allo
stato libero; & stato osservato che queste conformazioni possono promuovere il legame
allRNA 5-UCAUUGGAU-3" tramite selezione conformazionale e allRNA 5'-
UGGAUUUCAU-3'RNA tramite selezione conformazionale e adattamento indotto.
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SRSF1 é stato inoltre trovato negli speckles nucleari (Nuclear speckles, NS), organelli
senza membrana situati nel nucleo che agiscono come un hub centrale per coordinare
varie fasi della regolazione dell'espressione genica nucleare. L'assemblaggio e il
mantenimento dei NS dipendono dalle interazioni tra i loro diversi componenti, molti
dei quali contengono regioni flessibili a bassa complessita (Low Complexity Regions,
LCR); elevate concentrazioni di macromolecole promuovono la separazione di fase,
con conseguente formazione di “droplet” liquidi (goccioline) quando sono presenti
alte concentrazioni di proteine contenenti LCR. Ci siamo quindi concentrati sullo
studio di SRSF1, uno dei principali componenti degli speckles nucleari, nel contesto
della separazione di fase. A causa di problemi di solubilita, abbiamo deciso di
analizzare il comportamento dei RRM in tandem di SRSF1 utilizzando la microscopia
ottica, le misure di torbidita e gli esperimenti di spettroscopia NMR a diffusione
ordinata (DOSY). I nostri risultati hanno dimostrato che, anche in assenza del dominio
RS, i due RRM possono formare droplet in vitro e che I'RNA puo svolgere un ruolo
importante nella dissoluzione dei droplet.
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Abbreviations

The three- and one-letter codes for amino acids and the one-letter code for nucleotides

are used and are presumed to be known to the reader

CW
CYANA

DEER
DNA
DOSY
EPR
ESE/ESS
Exon
FUS
GB1
hetNOE
hnRNP
HSQC
IAP
Intron
ITC
Max
MMM
mRNA
MLO
MTSSL

NMR
NOE
Npl3
NS
PRE
pre-mRNA
PTBP1
RBD
RBP
RNA
RNP
RRM

Continuous wave

Combined assignment and dynamics algorithm for NMR

applications

Double electron-electron resonance
Deoxyribonucleic acid

Diffusion-ordered spectroscopy

Electron paramagnetic resonance

Exonic splicing enhancer/silencer
Expressed region of the messenger RNA
Fused in sarcoma

B1 domain of protein G

Heteronuclear nuclear overhauser effect
Heterogeneous nuclear ribonucleoprotein
Heteronuclear single quantum coherence
3-(2-Iodoacetamido)-PROXYL

Intergenic region of the pre-messenger RNA
Isothermal titration calorimetry

The maximal violation

Multiscale modeling of macromolecules
Messenger RNA

Membraneless organelles
(1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl)
methanethiosulfonate spin label

Nuclear magnetic resonance

Nuclear overhauser effect

Nuclear shuttling protein 3

Nuclear speckles

Paramagnetic relaxation enhancement
Precursor messenger RNA
Polypyrimidine tract binding protein 1
RNA binding domain

RNA binding protein

Ribonucleic acid

Ribonucleoprotein

RNA recognition motif
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RS domain Arginine/serine-rich domain

RT Room temperature

SELEX Systematic evolution of ligands by exponential enrichment
snRNP Small nuclear ribonucleoprotein

SR protein Serine/arginine-rich protein

SRSF1 Serine/arginine-rich splicing factor 1

SRSF1 RRM1+2 SRSF1 construct lacking the C-terminal domain, with an N-
terminal GB1- and His6 tag, and Y375-Y72S point mutations

TEV Tobacco etch virus

TF Target function

U2AF U2 auxiliary factor

# viol Number of restraints that are violated

XII



Table of Figures

Figure 1.1
Figure 1.2

Figure 1.3
Figure 1.4
Figure 1.5
Figure 1.6
Figure 1.7
Figure 1.8
Figure 1.9
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9

Figure 2.10
Figure 2.11

Figure 2.12
Figure 2.13
Figure 2.14

Figure 2.15

Figure 2.16

Figure 2.17

Constitutive and alternative splicing events

Human protein families of alternative splicing regulators and

their domain composition

SR proteins and splicing regulation: cooperative and competitive

binding

Mechanisms of protein-ligand binding

Paramagnetic Relaxation Enhancement (PRE)

The EPR-DEER experiment

Schematic visualization of MMMXx pipelines

Overview of MLOs of eukaryotic cells and liquid-liquid droplets

DOSY pulse sequence

SRSF1 sequence and the RRM structures

SRSF1 RRM1 interacts with RNA on both sides of RRM2-binding

site

NMR characterization of SRSF1 RRM1+2

Rotational correlation time of protein-RNA complexes

Inter-RRM and RRM-linker distance distribution restraints

Protein-RNA distance distribution restraints

PRE effect on SRSF1 RRM1+2 on the free form and in complex

with RNA

Ensembles of SRSF1 RRM1+2 in the free form and in complex with

RNA calculated using the RigiFlex modeling

Restraint fit of the ensemble of SRSF1 RRM1+2 in the free form

calculated using the RigiFlex modeling

Scheme of the hybrid structural modeling approach

Structure calculation of SRSF1 RRM1+2 in the free form and in

complex with RNA using standard CYANA

Ensembles of SRSF1 RRM1+2 in the free form calculated using the

hybrid modeling

Distance distribution restraint fulfillment of SRSF1 RRM1+2 in the

free state

Ensembles of SRSF1 RRM1+2 in complex with 5'-UCAUUGGAU-

3' RNA calculated using the hybrid modeling

Ensembles of SRSF1 RRM1+2 in complex with 5'-

UGGAUUUUUCAU-3" RNA calculated wusing the hybrid

modeling

Comparison between ensembles obtained with RigiFlex and the

hybrid modeling in the free state

Npl3 tandem RRMs in the free form and in complex with RNA
XIII



Figure 2.18

Figure 3.1
Figure 3.2

Figure 3.3
Figure 3.4

Figure Al
Figure A2
Figure A3
Figure A4
Figure A5

Figure A6

Figure A7

Figure A8
Figure A9
Figure A10
Figure A1l
Figure A12
Figure A13
Figure Bl

Figure B2
Figure B3

XIV

Comparison of the ensembles of SRSF1 RRM1+2 free form and in
complex with RNA

Characterization of SRSF1 RRM1+2 construct in absence of GB1
Phase separation of SRSF1 RRM1+2 in presence of different RNAs
in vitro

Agarose stabilization and DOSY experiments

Interfacial splicing model

SRSF1-RRM1(YS) construct

SRSF1 RRM1+2 single-cysteine mutants for PRE experiments
PRE experiments of SRSF1 RRM1+2 single-cysteine mutants in the
free form

PRE experiments of SRSF1 RRM1+2 single-cysteine mutants in
complex with 5-UCAUUGGAU-3' RNA

PRE experiments of SRSF1 RRM1+2 single-cysteine mutants in
complex with 5-UGGAUUUUUCAU-3' RNA

Restraint fit of the ensemble SRSF1 RRM1+2 in complex with 5'-
UCAUUGGAU-3' RNA calculated using the RigiFlex modeling
Restraint fit of the ensemble SRSF1 RRM1+2 in complex with 5'-
UGGAUUUUUCAU-3' RNA calculated using the RigiFlex
modeling

Ensembles of SRSF1 RRM1+2 in the free form calculated using
Multistate CYANA calculation

PRE restraint fit of the ensemble SRSF1 RRM1+2 in the free state
after Multistate CYANA calculation

PRE restraint fit of the ensemble SRSF1 RRM1+2 in the free state
after the EnsembleFit step

Restraint fit of the ensemble SRSF1 RRM1+2 in complex with 5'-
UCAUUGGAU-3' RNA after the EnsembleFit step

Restraint fit of the ensemble SRSF1 RRM1+2 in complex with 5'-
UGGAUUUUUCAU-3' RNA after the EnsembleFit step
Comparison between ensembles of SRSF1 RRM1+2 in complex
with RNA obtained with RigiFlex and the hybrid modeling
Phosphorylation of the RS domain

SRSF1 RRM1+2 without GB1 in presence of RNA

TH-15N HSQC of SRSF1 RRM1+2 without GB1 stabilized in 0.5%
agarose



Chapter 1: Introduction




1.1 RNA and RNA Binding Proteins (RBPs)

In accordance with the Central Dogma of Molecular Biology, proposed by Francis
Crick in 1957, genetic information encoded in DNA is transmitted to functional
proteins via RNA, specifically messenger RNA (mRNA) (Cech and Steitz 2014). The
transcription of pre-mRNA by RNA polymerase Il is the initial step, after which the
mRNA undergoes various maturation processes in the nucleus before being
transported to the cytoplasm for translation into proteins. Maturation processes
include capping the 5' end of the mRNA, polyadenylation at the 3' end, and removal
of introns during splicing. Once mature, mRNA is transported across the nuclear
membrane to the cytoplasm, where it is translated into proteins by ribosomes and
eventually degraded. However, RNA molecules are not limited to messenger RNA
and can also have other functions, such as enzymatic activities (e.g. ribozymes such as
rRNA), structural roles, and regulatory activities (Kruger et al. 1982; Guerrier-Takada
et al. 1983). Non-coding RNA, such as small interfering RNA (siRNA), microRNA
(miRNA), and long non-coding RNA (IncRNA), play a role in regulating gene
expression (Wilusz, Sunwoo, and Spector 2009; Eddy 2001). In all cases, RNA requires
modifications to function properly, and the interaction with RNA-binding proteins
(RBPs) is crucial for the proper function of RNA and the regulation of the DNA-RNA-
protein pathway.

In general, RBPs contain canonical RNA binding domains (RBDs) such as RNA
recognition motifs (RRMs), which are the most common (Afroz et al. 2015) , K-
homology (KH), DEAD-box helicases, and zinc-finger (ZnF) domains (Gerstberger,
Hafner, and Tuschl 2014; Castello et al. 2016). Intrinsically disordered regions (IDRs)
are also common in RBPs and can also bind RNA (Castello et al. 2016). The RBDs often
occur in multiple repeats or combinations, allowing for coordinated and enhanced
binding to RNA (Clery, Schubert, and Allain 2012); they are combined with different
IDRs such as the glycine-rich or arginine-serine rich (RS) domains. By containing
multiple RBDs, a protein achieves higher sequence specificity and affinity than having
a single domain.

The structural study of multi-domain RBPs has largely focused on those containing
two RBDs. Structures of RBPs with two RRMs showed that both domains can adapt a
variety of conformations with respect to each other (Afroz et al. 2015) it has been
reported that tandem RRM recognize RNA primarily in three main ways. The tandem
RRMs can be independent of each other in their free state and adopt a rigid structure
upon binding to RNA. In the second case, the tandem RRMs maintain a fixed
orientation in their free state, which is preserved upon RNA binding. In the last case,
a conformational change in the structure of the tandem RRMs occurs upon RNA
binding.

Despite this diversity, RBPs play crucial roles in coordinating many steps of gene
expression through their ability to bind RNA with high specificity and affinity.
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1.2 Splicing and alternative splicing of the pre-mRNA

Pre-mRNA splicing was discovered in the late 1970s when it was demonstrated that
eukaryotic pre-mRNAs molecules contain both protein-coding sequences (expressed
regions or exons) and non-coding sequences (intragenic regions or introns) that were
not present in the mature mRNA (Berget, Moore, and Sharp 1977; Chow et al. 1977).
It is now established that the number and length of introns vary significantly among
different eukaryotic species (Rogozin et al. 2012). For example, in S. cerevisae, only
about 4% of genes contain introns, and those that do usually have a single intron with
an average length of 100-400 nt (Hooks, Delneri, and Griffiths-Jones 2014; Parenteau et
al. 2008). In contrast, the average number of introns in human is eight per gene, with
some introns spanning several thousand bases in length with an average of 3365 nt,
making them significantly larger than exons which usually range from 50-250 nt
(Sakharkar et al. 2005; Chen and Manley 2009). During pre-mRNA processing, over
90% of the pre-mRNA is removed as introns, and only about 10% of the average pre-
mRNA is joined together as exonic sequences via pre-mRNA splicing. Almost all
protein-coding genes in eukaryotic cells contain introns, which are removed by RNA
splicing in the nucleus during pre-mRNA processing (Tazi, Bakkour, and Stamm
2009).

Through the splicing event, the introns are removed by the spliceosome, a
macromolecular complex composed by several protein components and five snRNPs
(small nuclear ribonucleoproteins particles): U1, U2, U4, U5 and U6 (Kramer 1996; Will
and Luhrmann 2001, 2011). The assembly of the spliceosome is firstly initiated by the
recognition of the 5” ss (splice site) by the U1 snRNP and the 3" ss by the heterodimeric
U2AF (U2 snRNP auxiliary factor) forming the E complex. Second, the U2 snRNP is
recruited to the BP (branch-point), in an ATP-dependent step, forming the A complex.
Third, the recruitment of the U4/U6-U5 tri-snRNP forms the B complex, followed by
structural rearrangements to form finally the active spliceosomal C complex (Matlin
and Moore 2007). The spliceosome is a dynamic structure and in the active C
complexes more than 300 proteins have been identified (Rappsilber et al. 2002; Zhou
et al. 2002; Bessonov et al. 2008; Jurica and Moore 2003).

There is another type of spliceosome which is less common that is the U12-dependent
spliceosome (for the splicing of the Ul2-type introns). U2-type and Ul2-type introns
differ for their consensus sequence of their splice site: U2-type introns have GURGU
(R stands for A or G) and YAG (Y stands for U or C) for the 5" and the 3" splice sites,
respectively, while U12-type introns have RUAUCCUU and YAS (S stands for G or C)
(Patel and Steitz 2003; Turunen et al. 2013). The Ul2-dependent splicing (or minor
splicing) share with the U2-dependent the U5 snRNP but he has analogous U11, U12,
U4atac, and Ub6atac snRNPs (Patel and Steitz 2003).

In both cases, the snRNAs are bound by seven Sm proteins and a varying composition
of other particle-specific proteins to form the small nuclear ribonucleoproteins
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(snRNPs). In addition to the snRNPs, there are numerous non-snRNP proteins
involved in the spliceosome assembly (Will and Luhrmann 2011).

Pre-mRNA Mature mRNA

A Constitutive Splicing

T T

B Alternative Splicing

Exon skipping/inclusion

Intron retention

Mutually exclusive exons

Figure 1.1 Constitutive and alternative splicing events. (A) Constitutive splicing. (B) Five most common
modes of alternative splicing: exon skipping/inclusion, alternative 5 ‘splice-site selection, alternative 3" splice-site
selection, intron retention and mutually exclusive exons. On the right the mature mRNA derived from each event
is shown. Modified from (Frankiw, Baltimore, and Li 2019).

There are two types of splicing mechanisms in higher eukaryotes: constitutive and
alternative splicing (Figure 1.1). In the constitutive splicing the introns are removed,
and exon ligated in the same order they are in the gene (Figure 1.1A); in the alternative
splicing certain exons may be skipped resulting in various forms of mature mRNAs
derived from a single pre-mRNA transcript (Figure 1.1B). Each variant of mRNA
generated by the alternative splicing encodes for a different protein isoform that differ
in protein-protein interactions, subcellular localization or catalytic ability (Stamm et
al. 2005); the alternative splicing is a crucial mechanism for generating proteomic
diversity in higher eukaryotes (Ule and Blencowe 2019). It is estimated that more than



88% of the human protein-coding genes are affected by alternative splicing (Kampa et
al. 2004).

Various types of alternative splicing events lead to the generation of distinct
transcripts (Figure 1.1B). The most common events include cassette exon inclusion or
skipping, mutually exclusive exons, intron retention, and the use of different 3' or 5'
splice sites (Baralle and Giudice 2017). Besides conventional alternative splicing, there
are emerging non-canonical splicing reactions such as the production of circular RNA
(Baralle and Giudice 2017) or chimeric transcripts, which consist of exons from
different genes (Babiceanu et al. 2016).

Since only a few reports have documented mutations in core splicing machinery
elements that lead to human diseases, it is possible that defects in the general splicing
machinery are generally incompatible with life. In contrast, changes in alternative
splicing (which can affect numerous genes) may be tolerated by an organism, although
these changes could result in a disease. The number of discovered diseases associated
with changes in alternative splicing has increased dramatically in recent years (Tazi,
Bakkour, and Stamm 2009).

Spinal Muscular Atrophy (SMA) is the most well-known disease associated with
alternative splicing, which is further discussed in Section 1.4. Another group of
diseases called Tauopathies, characterized by abnormal intracellular accumulations of
abnormal filaments containing the microtubule-associated protein tau, affect the
central nervous system. The gene MAPT encodes the tau protein, which undergoes
extensive alternative splicing, including eight alternatively spliced exons out of a total
of sixteen. Genetic studies have identified 42 rare dominant mutations in the tau gene
that cause frontotemporal dementia with Parkinson linked to chromosome 17 (FTDP-
17). The majority of these mutations affect the regulation of exon 10 splicing, altering
its normal inclusion fraction and leading to changes in the pre-mRNA encoding 3R
and 4R repeat tau isoforms, which have been associated with FTDP-17. Abnormal
intracellular tau aggregates are also found in other tauopathies, such as Alzheimer's
disease (Glatz et al. 2006; Tazi, Bakkour, and Stamm 2009).

Frontotemporal lobar dementias are caused by the loss of the splicing factor TDP43
(TAR DNA-binding protein 43 kd), a member of hnRNP family. In this disease, TDP43
is cleaved by caspase-3, and the resulting cleavage fragments accumulate in the
cytosol, where they form aggregates. Progranulin inhibits the caspase-3 reaction,
which explains why mutations reducing progranulin expression cause FTLD (Zhang
et al. 2007). Whether the disease is caused by a loss of nuclear function of TDP43 or a
possible cytotoxic accumulation is not clear (Tazi, Bakkour, and Stamm 2009); in
addition, mutations in the gene encoding TDP43 are found in families with
amyotrophic lateral sclerosis, as well as in sporadic cases (Sreedharan et al. 2008).



Furthermore, it has been observed that alterations in alternative splicing are closely
associated with cancer (Venables 2006). The expression of alternative or even tumor-
specific splice variants significantly affects several essential cellular processes critical
for cancer biology like cell proliferation, motility, and drug response (Skotheim and
Nees 2007). One of the causes of these changes can be attributed to alterations in the
concentration, localization, composition, or activity of trans-acting regulatory factors
(as hnRNP or SR proteins), which can influence splice selection. Moreover, mutations
in splicing regulatory elements that affect splice site selection provide a clear link
between pre-mRNA processing and cancer development (Skotheim and Nees 2007).

1.3 Splicing regulators

There are two primary families of splicing regulators: the heterogeneous nuclear
ribonucleoproteins (hnRNPs) (Gallinaro et al. 1981; Dreyfuss et al. 1993) and the
serine/arginine-rich (SR) proteins (Braberg et al. 2013; Long and Caceres 2009); SR
proteins will be discussed in more detail in the next section (Section 1.5). There are 20
hnRNP proteins named hnRNP A-U (Figure 1.2B), which contain one or more RNA
binding domains such as RNA recognition motifs (RRM), hnRNP K homology (KH)
domains, or arginine-glycine-glycine (RGG) boxes (Geuens, Bouhy, and Timmerman
2016), as well as other auxiliary domains that are glycine-, proline-, or acid-rich
(Dreyfuss, Kim, and Kataoka 2002). They associate with newly transcribed RNA and
help to stabilize it and, are involved not only in alternative splicing but in many steps
of RNA metabolism.

HnRNPs are often found to bind to intronic splicing silencers (ISSs) to prevent exon
inclusion. Their primary competitors are SR proteins, which often bind to exonic and
intronic splicing enhancers (ESEs and ISEs). Generally, hnRNPs act as repressors by
binding to exonic and intronic silencers, mainly by multimerizing along exons and
blocking spliceosome assembly. This blocking occurs either by hindering small nuclear
ribonucleoprotein (snRNP) recruitment or by looping out the exon (Zhu, Mayeda, and
Krainer 2001; House and Lynch 2006; Martinez-Contreras et al. 2006). However, in
some specific cases, hnRNPs can act as activators (Douglas and Wood 2011). For
example, hnRNP G can bind to exon 7 and activate its inclusion in the survival of motor
neurons (SMN) gene transcripts (Moursy, Allain, and Clery 2014; Hofmann and Wirth
2002).

In addition to the these two families of regulators, cells also contain tissue-specific
splicing factors such as CELF (CUGBP, Elav-like family) (Dasgupta and Ladd 2012),
Nova (neuro-oncological ventral antigen) (Irimia et al. 2011), and MBNL (muscleblind-
like) (Pascual et al. 2006). Although the hnRNPs are a diverse family of abundant
proteins, CELF and MBNL proteins are sometimes considered as hnRNP-like proteins.
The CELF family consists of six members (Figure 1.2C), among which CELF3-6 are
tissue-specific. All CELF proteins contain three RNA recognition motifs (RRMs)
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arranged in a unique configuration, with two N-terminal RRMs followed by a linker
and a third C-terminal RRM. Human CELF genes are particularly involved in
alternative splicing during brain and nervous system development (Ladd 2013).

A s el | BN |
s el | EEE
e e | B |
s « [HHNIHEE
s sl | B |
s Tl | BN |
SRSF7
SRSF8
SRSF9 D MBNL1 .I I
SRSF10 MBNL2 . I
SRSF11 MBNL3 | | ” | .I || | |
sz L]

el | 18
wo I ]

([ o cneric)
C
I | b
D/AUF1
GRRM

e

I:l ZnF

l:l RGG

- Gly-rich
Pro-rich

I:I Ser/Arg-rich
Linker region

- acidic

- other

|

Figure 1.2 Human protein families of alternative splicing regulators and their domain composition. (A)
SR protein family, (B) hnRNP family, (C) CELF family, (D) MBNL family. RNA Binding Domains (RBDs) =
RRM (canonical), yRRM, qRRMs, KH, ZnF; auxiliary domains = RGG, Gly-rich, Pro-rich, Ser/Arg-rich, linker
region, acidic. Color codes of the domains are explained within the figure.

The MBNL family includes three members that bind RNA with two pairs of tandem
CCCH-type zinc finger domains separated by a long linker (Figure 1.2D). They are
tissue-specific alternative splicing regulators, for example, in heart and muscle, and
bind to intronic splicing elements. The MBNL genes consist of 10 exons, some of which
can be alternatively spliced, resulting in different isoforms (Fardaei et al. 2002; Kino et
al. 2004; Patryk Konieczny et al. 2014).



1.4 The SR protein family

The SR proteins were first discovered as splicing factors in the early 1990s in Drosophila,
where genetic screens identified SWAP (suppressor-of-white-apricot), Tra
(transformer) and Tra-2 (transformer-2) as splicing factors (Chou, Zachar, and
Bingham 1987; Boggs et al. 1987; Amrein, Gorman, and Nothiger 1988). The common
feature of these three proteins was a domain rich in arginine and serine dipeptides
called the arginine/serine (RS) domain. Subsequent identification of SF2/ASF
(splicing factor 2/alternative splicing) and SC35 (spliceosomal component 35) from
human cell lines also revealed the presence of extended RS domains (Ge and Manley
1990; Krainer, Conway, and Kozak 1990; Fu and Maniatis 1992). The term “SR protein”
was coined following identification of additional proteins containing an RS domain
recognized by a monoclonal antibody, mAb 104, which binds active sites of RNA
polymerase II transcription (Roth, Murphy, and Gall 1990).

In human there are 12 canonical SR proteins (Fig 1.2A). All SR proteins share a modular
structure consisting of at least an RNA Recognition Motif (RRM) and an RS domain.
The RRM domains located at the N-terminal of SR proteins are responsible for the
specificity of RNA binding, while the C-terminal RS domain promotes mainly protein-
protein interactions (Figure 2.1 B).

SRSF2, SRSE3, SRSF7, SRSF8, and SRSF10-12 are composed of a single RRM1, while
SRSF1, SRSF4-6, and SRSF9 contain an additional RRM known as a pseudo-RRM or
RRMH (Figure 1.2B). The two RRMs of SR proteins exhibit distinct RNA binding
mechanisms and have different binding specificities when tested in isolation. The
presence of two RRMs could allow SR proteins to associate with a broader range of
RNAs than those containing only one RRM. Alternatively, the two RRMs could
increase the specificity of SR proteins if both RRM recognition sequences are needed
for RNA targeting. Lastly, one of the RRMs may have evolved additional functions
that do not contribute to RNA binding in vivo (Anko 2014).

The RS domains of SR proteins participate in interactions with other splicing factors
that contain RS domains, SR-related proteins, and components of the general splicing
machinery (Zahler et al. 1992; Wu and Maniatis 1993; Shen and Green 2004; Shen, Kan,
and Green 2004). The RS domain also functions as a nuclear localization signal by
interacting with transportin-SR, the SR protein nuclear import receptor (Caceres et al.
1997; Kataoka, Bachorik, and Dreyfuss 1999; Lai et al. 2000). However, structural
characterization of SR proteins has not yet been achieved due to the poor solubility of
these proteins in their free state, the phosphorylation state of the serines within the RS
domain, and the degenerate RNA-binding sequences recognized by SR proteins.
Consequently, only isolated RRM domains of SR proteins have been structurally
analyzed using NMR spectroscopy, and no structure of the RS domain has been
solved.



The SR proteins are a significant constituent of nuclear speckles (Manley and Tacke
1996; Fu 1995) and are localized to these membraneless organelles by the RS domain
(Caceres et al. 1997; Hentze et al. 2018). The intranuclear organization of SR proteins is
dynamic and they are mobilized from the interchromatin granule clusters (IGC) to the
sites of co-transcriptional splicing, the perichromatin fibrils. The mobilization of SR
proteins from the IGCs to the perichromatin fibrils requires both the RNA-binding
domains and RS domains, as well as the phosphorylation of the RS domain. SR
proteins are involved in several steps of the RNA processing and regulatory process
due to their ability to bind different types of RNAs and their localization in both the
nucleus and cytoplasm.
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Figure 1.3 SR proteins and splicing regulation: cooperative and competitive binding. (A) SR protein
binding to exonic splicing enhancer (ESE) stimulates the recognition of the nearby 5' ss by U1 snRNP and 3" ss
by U2 snRNP. On the other hand, SR protein binding to intronic regions inhibits splicing, likely through
interfering with the communication between the functional 5' ss and 3' ss. (B) SR protein-dependent exon
inclusion or skipping. (C) Cooperative and competitive binding of SR proteins; ESS = Exonic Splicing Silencer..
Modified from (Zhou and Fu 2013).

The activity of SR proteins is linked to their shuttling between the nucleus and
cytoplasm, which is regulated by the phosphorylation status of the RS domain. The SR
protein phosphorylation/dephosphorylation cycle is necessary for spliceosome
assembly and splicing catalysis. After splicing, SR proteins are dephosphorylated, and
only hypo-phosphorylated SR proteins can interact with the nuclear export machinery.
Re-phosphorylation is necessary for SR proteins to return to the nucleus. The
phosphorylation status of SR proteins determines their cellular localization and
activity, and phosphorylation can represent an important mechanism in vivo to
integrate signals from cellular pathways to coordinate gene expression.

In the context of splicing mechanism, SR proteins play a crucial role by binding to
splicing enhancers located in both exons and introns, and promoting the recruitment
of Ul snRNP to 5" splice site (5’ss) and U2 auxiliary factor (U2AF) to 3" splice site
(Figure 1.3A). This recruitment occurs in a phosphorylation-dependent manner via
interactions with the Ul subunit U1-70k and U2AF35 through their RS domains.
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Inhibition of U1l and U2 recruitment is observed when SR proteins bind to intronic
splicing silencers. Additionally, SR proteins stabilize the base-pairing of U2 snRNP
with the branchpoint and facilitate the recruitment of the U4/U6-U5 tri-snRNP and
U6 snRNP binding. The formation of the catalytically active spliceosome occurs
through extensive remodeling of RNA-RNA and RNA-protein interactions, which is
coupled to the dephosphorylation of SR proteins. SR proteins typically promote splice
site usage, depending on their binding strength, expression levels, and extent of
cooperation and competition with other SR proteins and hnRNP proteins (Figure 1.3B).
However, not all SR proteins promote splicing. SRSF10 and SRSF12 also act as global
repressors of splicing, depending on their phosphorylation state (Cowper et al. 2001).
In the case of alternative splicing, SR proteins play an essential role in the inclusion of
internal alternative exons by binding to them (Figure 1.3C). Conversely, SR protein
binding to flanking competing exons causes exon skipping (Zhou and Fu 2013). The
interaction between SR proteins and members of the hnRNP family, which includes
several well-established splicing repressors mediating the repressive effects of exonic
splicing silencers (ESSs), is also a crucial aspect of alternative splicing mechanisms.
The functional antagonism between SR proteins and hnRNP proteins was first
observed between SRSF1 and hnRNP Al on various alternative splicing modalities.
The underlying molecular mechanisms of this antagonism are distinct, with SRSF1
promoting selection of the proximal 5' splice site (closest to the 3' ss) in the case of
competing splice site donors, while hnRNP A1 promotes the usage of more distal sites
by reducing the binding of U1 snRNP at the proximal site.

SR proteins exhibit functions that are independent of their splicing activity (Wagner,
2021). These non-redundant functions in splicing indicate their crucial roles in various
less-defined mechanisms of transcriptional activation, such as mRNA export,
nonsense-mediated decay (NMD), and translation. The non-canonical functions of SR
proteins suggest that they are essential factors involved in coordinating multiple steps
of gene expression, underscoring their significance in RNA processing (Sanford, Ellis,
and Caceres 2005; Zhong et al. 2009).

The disruption of the various roles of SR family proteins could led to different diseases.
There is now growing evidence connecting the mis-expression of SR proteins with the
development of cancerous tissues. Specifically, while SR protein levels are
downregulated during cell differentiation, their abnormal overexpression has been
shown to promote dedifferentiation, tumorigenesis, and metastasis (Zheng et al. 2020).
For instance, SRSF1 has been linked to acute lymphoblastic leukemia, prostate, lung,
and breast cancer (Zheng et al. 2020; Wagner and Frye 2021); SRSF2 and SRSF4 have
been associated with acute myeloid leukemia (Zheng et al. 2020; Li and Wang 2021;
Tan, Wang, and Ma 2018). On the other hand, SRSF3 is connected to colon cancer and
osteosarcoma (More and Kumar 2020; Che and Fu 2020), while SRSF5 is associated
with lung and breast cancer and, SRSF6 with breast and skin cancer (Zheng et al. 2020;
Cerasuolo et al. 2020). Moreover, the dysregulation of the canonical and non-canonical
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functions of SR proteins also contributes to various neurological disorders, liver
disease, as well as coronary and cardiac diseases (More and Kumar 2020; Ortiz-
Sanchez et al. 2019; Larrasa-Alonso et al. 2021; Kumar et al. 2019).

SR proteins have been demonstrated to play a significant role in the regulation of
various splicing events that impact the different transcripts of HIV-1. The virus
employs a combination of several alternative 5' and 3' splice sites to produce over 40
distinct mRNAs from its complete genomic pre-mRNA (Stoltzfus and Madsen 2006).
Additionally, HIV infection alters the levels of splicing factors, including SR proteins,
which regulate viral alternative splicing and thereby the replication of the virus
(Dowling et al. 2008). Consequently, a promising alternative strategy to overcome the
issue of resistance of HIV-1 to current inhibitors is to target the involvement of SR
proteins in HIV pre-mRNA splicing (Soret, Gabut, and Tazi 2006).

Spinal Muscular Atrophy (SMA) is a neurodegenerative disease caused by the
degeneration of motor neurons. This leads to muscle denervation and a reduction in
the number of motor neuron units present in the spinal cord and lower brainstem
(Crawford and Pardo 1996). The underlying cause of this disease is the absence of
functional SMN1 (survival of motor neuron 1) gene product, which plays an important
role in the biogenesis of small nuclear ribonucleoproteins (snRNPs). The SMN2 gene
is a paralogue of SMN1 that is located centromeric to it. It differs from SMN1 by a
single nucleotide change, a C > U transition in exon 7. This change leads to the skipping
of exon 7 and the production of a non-functional protein. The exon-skipping event has
been attributed to the loss of an exonic splicing enhancer that is bound by SRSF1
protein (Cartegni and Krainer 2002) or the creation of an exonic splicing silencer that
is dependent on the hnRNP A /B proteins (Kashima and Manley 2003).

1.5 Conformational changes of protein-ligand binding

Structural and biochemical investigations of protein-RNA interactions aim to elucidate
the mechanism by which a protein specifically recognizes and interacts with an RNA
site, and how this interaction affects the structure and function of both protein and
RNA (Draper 1995; Reyes and Kollman 2000). In general, both protein binding and
function frequently involve conformational changes, which can occur in the absence
or presence of ligands. Ligands may also "select" protein conformations for binding or
unbinding (Weikl and Paul 2014). The conformations with high energy are in dynamic,
thermally-activated interchange with the ground-state conformations of lower energy,
which correspond to the most stable conformations. The energy-landscape
perspective, which was originally developed for protein folding, provides a theoretical
basis for the conformational dynamics of proteins in the native, folded state (Dill and
Chan 1997; Bryngelson et al. 1995; Dill 1985; Bryngelson and Wolynes 1987). This
perspective, incorporates key concepts such as the population shift of protein
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conformations during binding or chemical reactions, and conformational selection,
which posits that ligands can "select" pre-existing, higher-energy conformations of
proteins for binding (Ma et al. 1999). The central aspects of these concepts were already
evident in early models of protein allostery. Overall, both conformational changes and
binding/unbinding events are thermally activated processes that require overcoming
free-energy barriers.

The protein-ligand interaction involves two components: specific binding of P to L and
associated conformational changes that may occur before and/or after the binding
step. The combination of binding events and conformational transitions in a given
recognition mechanism generates a range of kinetic behaviors that can be measured
experimentally. The challenge is to understand the nature of the conformational
transitions involved in the recognition process through analysis of the transient
behavior of the system as it relaxes to equilibrium (Eigen 1957, 1968).

The initial model proposed by Fischer, known as the lock-and-key model (Fischer
1894), postulated that the protein or in general a macromolecule in both the free and
bound states existed as the same species. Although the binding may stabilize the
protein, it was assumed that the conformational distribution remained unaltered.
However, with the advent of x-ray crystallography (Pozzi et al. 2012), NMR
spectroscopy (Boehr et al. 2006; Tang, Schwieters, and Clore 2007), and single-molecule
fluorescence detection, it is now evident that the lock-and-key model oversimplifies
protein-ligand binding. This model envisions a rigid collision between the protein and
the ligand without accounting for the conformational flexibility of the different
macromolecules involved (Henzler-Wildman et al. 2007).
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Figure 1.4 Mechanisms of protein-ligand binding. (A) Conformational selection. (B) Induced fit. (C) Linkage

scheme: conformational selection and induced fit are the extreme case; P = protein; L =Ligand. Modified from
(Vogt et al. 2014).

Considering the fact that protein-ligand interactions often involve changes in protein
conformation and structure, two major models have been proposed to account for
these changes: conformational selection (Figure 1.4A) and induced fit (Figure 1.4B).

According to the conformational selection model, the protein exists in multiple
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conformations in equilibrium, and ligand binding occurs when the ligand selectively
stabilizes one of these pre-existing conformations. In contrast, the induced fit model
proposes that the protein undergoes a conformational change upon ligand binding,
leading to a tighter fit between the two molecules. In this model, the initial interaction
between the protein and ligand is weaker, and the full binding affinity is achieved only
after the conformational change. Differently to the lock-and-key model, both
conformational selection and induced fit models require an additional step which
involve the transition between different conformational states.

The current view considers conformational selection and induced fit as the extremes
of a more general scheme (Figure 1.4C): the protein exists as multiple conformations
capable of interacting with the ligand; after binding, the ligand may change the relative
stabilities of the two conformations or may alter the barrier for conversion between the
two bound conformations (Vogt et al. 2014).

1.6 Nuclear Magnetic Resonance (NMR) Spectroscopy and
CYANA structure calculation

There are three primary techniques for determining macromolecular structures at
atomic resolution: cryo-electron microscopy (cryo-EM), X-ray crystallography, and
nuclear magnetic resonance (NMR) spectroscopy. These techniques differ in the size
of the molecules that can be studied. Cryo-EM is best suited for larger macromolecular
complexes, while X-ray crystallography can study macromolecules of any size, but
requires the crystallization of the sample, which is not always achievable. NMR
spectroscopy is unique in that it allows for the study of macromolecules in solution,
allowing the determination of their structure as well as characterization of their
dynamic behavior. This technique requires the presence of NMR active molecules with
spin-%2 nuclei.

In the biological context, TH and 31P isotopes are naturally abundant, while 13C and 1N
must be intentionally enriched. For proteins, this is commonly achieved by growing E.
coli cells in a minimal medium containing ®"NH4Cl as the nitrogen source and 3Ce-
glucose as the sole carbon source. RNA is produced via in vitro transcription using 1°N
and 13C labeled NTPs.

In NMR, the signal-to-noise ratio is directly proportional to the number of observed
spins and the gyromagnetic ratio of the excited and detected spins (Lundstrom,
Ahlner, and Blissing 2012). Due to its high gyromagnetic ratio and prevalence in
biological macromolecules, protons are the most sensitive NMR probes. However, the
high density of 'H atoms in biological molecules often results in significant signal
overlap, which can limit the utility of NMR investigations. Multidimensional
heteronuclear NMR provides improved spectral resolution by correlating proton spins
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with those of heteroatoms such as N, 13C, and 3P, allowing for the study of larger
molecular systems (up to 100 kDa).

1.6.1 Chemical shift differences

Within an NMR spectrometer, NMR-active nuclei undergo precession at a specific
frequency (called the Larmor frequency), which depends on the external magnetic
field and the gyromagnetic ratio of the nucleus. The chemical shift (CS) is defined as
the difference in resonance frequency (vi) between a nucleus in a molecule and a
reference nucleus in a standard compound, expressed in parts per million (ppm) of the
operating frequency. The chemical shift is influenced by different factors, including
the electronic environment around the nucleus, the hybridization and geometry of the
surrounding atoms, and the presence of nearby magnetic or electric fields. For
example, the electron densities of nuclei in residues of the same amino acid differ if
the protein is folded, leading to unique resonance positions or chemical shifts in the
NMR spectrum.

For its sensitivity, the CS is used to investigate conformational changes or to compare
different forms of the same protein (e.g., individual domains vs. full-length protein) or
binding events by mapping chemical shift perturbations performing titration
experiments (Williamson 2013). The most common protein spectrum is the 1H-1°N
Heteronuclear Single Quantum Coherence (HSQC), which identifies cross-peaks of
resonances associated with the protein backbone's amides (Waudby et al. 2016).
Typically, the backbone amide signal is used and chemical shift differences and
chemical shift perturbations are determined using the formula

ACS = /(8HN)2 + (8N / 6.51)2
where 8HN is the chemical shift difference of the amide proton and 6N represents the

chemical shift difference of nitrogen atom.

In addition, the CS difference between two states is influenced not only by the nature
of the two species but also by the spectrometer frequency and experimental conditions
(e.g temperature and salt concentration).

1.6.2 Spin relaxation

NMR is frequently used for the investigation of dynamics processes. One useful
application is studying the spin relaxation, which provides important information
about general tumbling time, mobility, structural constraints, and exchange.

The macroscopic magnetization is a result of all observable spins present. After
excitation, the longitudinal (z) and transverse (x, y) components of the magnetization
return to equilibrium with time constants T1 and T, respectively. The relaxation of the
magnetization is influenced by fluctuating fields generated by global and internal

motion. Therefore, the dynamical behavior of individual spins influences the
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macroscopic magnetization, and T1 and T> measurements provide insight into protein
motion. Assuming the macromolecule of interest has a spherical shape, the correlation
time (T, the time required for a 1-radian rotation) can be estimated from the T1 and T>
time constants to obtain information of global motion using

where vy is the 15N resonance frequency. As a general rule, the correlation time (tc) of
globular molecules tends to increase linearly with their size and can be also affected
when different molecules interact (Cavanagh et al. 2007).

Another relaxation mechanism is the nuclear Overhauser effect (NOE), a dipolar
interaction that consists in magnetization transfer between neighboring spins where
the transfer efficiency has a 1/d® dependency (d is the distance between the spins). For
this reason, NOE is a powerful source both for structural information and for dynamics
information. °N heteronuclar NOE experiments (hetNOE) is used to measure the
dynamics of the backbone of a protein. By measuring the NOE of the nitrogen nucleus,
information about the dynamics of the amide bond between the nitrogen and the
adjacent carbon atom can be obtained. If the nitrogen atom is surrounded by rigid
structures, then the NOE will be large showing a value around 0.8. However, if the
nitrogen atom is in a flexible region of the protein or if there is internal motion in the
protein, the NOE will be smaller than 0.5.

1.6.3 Paramagnetic Relaxation Enhancement (PRE)

Short range distance experiments (NOE), which have a limit of 6 A, are commonly
used to study globular proteins due to the short inter-proton distances between
residues that are far apart in the linear amino acid sequence (Clore and Gronenborn
1989). However, for macromolecules or multi domain proteins, short range distances
are insufficient, and long-range information must be obtained (Clore and Gronenborn
1998b, 1998a; Clore and Venditti 2013). Paramagnetic relaxation enhancement (PRE) is
an experiment that provides long range information by detecting interactions between
an unpaired electron of a paramagnetic site and protons up to ~25 A away (Clore and
Iwahara 2009).

The presence of a paramagnetic center in a protein (or other molecules), causes an
enhancement of the signal intensity of the surrounding nuclei (Figure 1.5). This effect
arises from the magnetic dipolar interaction between the unpaired electron spins of
the paramagnetic center and the neighboring nuclear spins. In the case of a protein,
the interaction leads to an increase in the rate of spin relaxation of the protein nuclei,
which can be quantified by measuring the relaxation rates of the protein protons with
and without the addition of the paramagnetic species. The enhancement is inversely
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proportional to the distance between the nuclei of the protein and the paramagnetic
center, with the effect being stronger at shorter distances (Figure 1.5C).

The paramagnetic center can be an intrinsic component of the system, such as
metalloproteins, or an extrinsic component that is added by chemical reactions. There
are two classes of paramagnetic labels: nitroxide free radicals (Kosen 1989) and
suitable metal ions, such as Mn(Il), Cu(Il), or GA(IIl), chelated to EDTA (Iwahara et al.
2003). Site-directed spin labeling of proteins is generally achieved by conjugating the
paramagnetic tag to a surface-exposed cysteine residue introduced by site-directed
mutagenesis, to form a disulfide bond between the cysteine and the paramagnetic tag

(Altenbach et al. 1990).
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Figure 1.5 Paramagnetic Relaxation Enhancement (PRE). (A) 1H relaxation in presence of the paramagnetic
center. (B) 'H relaxation in absence of the paramagnetic center. (C) Overlay of 'TH-1*N HSQC spectra of the sample
in presence of the paramagnetic center (red) and in absence of the paramagnetic center (blue).

The PRE is measured by taking the difference in nuclear relaxation rates between the
paramagnetic sample (Figure 1.5A) and a diamagnetic control (Figure 1.5B).
Longitudinal relaxation (I'7) is the rate at which the nuclear spins return to their
equilibrium state along the direction of the external magnetic field (the z-axis) while
transverse relaxation (I?) is the rate at which the nuclear spins lose coherence between
their transverse components (x and y) due to interactions with their environment,
including the paramagnetic center. While both longitudinal (I'1) and transverse (I2)
PRE rates can be measured, I> measurements provide the most reliable and accurate
data (Clore and Iwahara 2009; Iwahara, Schwieters, and Clore 2004; Iwahara, Tang,
and Marius Clore 2007). The distance between the paramagnetic center and the
nucleus is calculated from I:

= [ (4t o)
r_l"z te 1+ wp?t.2

where K is the magnetic susceptibility difference between the paramagnetic center and

1/6

the surrounding medium, I’ is the transverse relaxation rate of the nucleus, T is the
correlation time of the protein, wn is the Larmor frequency of the nucleus.

PRE data can be finally used in structural calculation to improve the accuracy and
precision of protein structure determination. Since PRE data provide long-range
distance restraints between the paramagnetic center and the protein residues, they can
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be used in combination with other structural data, such as NOEs, and residual dipolar
couplings (RDCs), to calculate high-resolution protein structures. The distance
restraints can be defined as upper (.upl) and lower (lol) distance between the
paramagnetic center and the protein residue, based on the magnitude of the PRE effect.
It is pertinent to note that while utilizing PRE data as restraints for structural
calculation, it is necessary to consider the presence of the paramagnetic center when
the distance are calculated. In our specific instance, we employ dummy-atoms to
delineate the location of the center of the spin-label cloud (Session 2.4.8.1).

1.6.4 Structure calculation using CYANA

CYANA (Combined assignment and dYnamics Algorithm for NMR Applications) is a
program used to determine the three-dimensional structure of biomolecules such as
proteins or nucleic acids using NMR data (Wurz et al. 2017). The input data used in
CYANA include chemical shift assignments, NOESY (Nuclear Overhauser Effect
Spectroscopy) peak lists, and constraints or restraints on the conformational
parameters. Chemical shift assignments provide information on the resonance
frequencies of individual atoms in a biomolecule, which can be used to determine their
chemical environment and neighboring atoms. This information is used to assign a
unique identifier to each atom in the biomolecule. NOESY peak lists provide
information on the distances between pairs of atoms in a biomolecule, which can be
used to generate distance constraints or restraints. These constraints specify the
minimum and maximum distances between atoms that are consistent with the NOESY
data. In addition to NOESY peak lists, other types of experimental data can also be
used to generate additional constraints or restraints. CYANA employs a combination
of simulated annealing and algorithms to generate a diverse set of conformations that
satisfy the input restraints. The program iteratively improves the ensemble until it
converges on a final set of structures that best fit the experimental data. The resulting
structures are evaluated based on various criteria such as energy minimization,
stereochemistry, and agreement with experimental data. The final output includes a
set of structures that are representative of the biomolecule in solution, along with
statistical information on the quality of the structure (Wurz et al. 2017).

On the other hand, Multistate CYANA, extends the capabilities of standard CYANA
by allowing the calculation of the structures in multiple states or conformations (Strotz
et al. 2017; Vogeli, Guntert, and Riek 2013). This is particularly useful in cases where a
biomolecule exhibits dynamic, conformational flexibility, such as in the case of
intrinsically disordered or multidomain proteins. The resulting set of conformations
represents the ensemble of conformations that the biomolecule can adopt in solution.
In summary, while standard CYANA calculates the three-dimensional structure of a
biomolecule in a single conformation, Multistate CYANA extends this capability by
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allowing the calculation of the ensemble of conformations that a biomolecule can
adopt in solution. Until now the multistate CYANA calculation has been used only on
single domains to observe different conformations of disordered regions (e.g. loops)
(Vogeli, Guntert, and Riek 2013; Okada et al. 2021). Multistate CYANA calculation will
be covered more in detail in Session 2.2.5.

1.7 Electron Paramagnetic Resonance (EPR) Spectroscopy
and MMMx modeling

Electron Paramagnetic Resonance (EPR) spectroscopy can provide valuable long-
distance structural restraints for protein-RNA complexes in a manner similar to PRE
experiments (Duss et al. 2015). This technique involves the use of one or two unpaired
electrons (Gmeiner et al.,, 2017; Duss, Yulikov, et al., 2014). Like the PRE-NMR
experiment, site-specific labeling can be used to introduce spin labels in both the
protein and RNA of interest. Methanethiosulfonate (MTSL), iodoacetamidoproxyl
(IAP) and Gd(IlI)-maleimido-DOTA are commonly used spin labels for probing
protein and RNA.

Previous research has shown that EPR and NMR techniques complement each other
in determining the structures of free proteins, protein-RNA complexes (Duss et al.
2014; Masliah et al. 2018), and in studying phase separation (Emmanouilidis et al.
2021).

1.7.1 DEER experiments

The distances between two paramagnetic labels is determined using four-pulse double
electron-electron resonance (DEER) also called pulsed electron electron double
resonance (PELDOR) (Jeschke 2012; Schiemann et al. 2007). DEER experiments are
conducted on frozen glassy samples, which results in distance distributions instead of
single distances, since the sample include all the different orientation of the individual
molecules with respect to the magnetic field. The width of the distribution reflects the
flexibility of the object, and the shape reflects the conformational distribution. In
addition, a broad distribution indicates a smooth and slow dipolar evolution signal
decay, whereas a narrow distribution indicates clear oscillations (Jeschke 2013).

The primary data obtained from a DEER experiment is a dipolar evolution curve,
which represents the time-dependent changes in the dipolar interaction between the
unpaired electrons of two spin-labeled molecules (Figure 1.6A). The dipolar evolution
curve is then processed to obtain the form factor, which is a mathematical
representation of the distance distribution between the two spin labels (Figure 1.6B).
The form factor is then transformed into a distance distribution using the Tikhonov
regularization method, which is a mathematical algorithm that allows the inversion of
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the form factor to obtain the distance distribution (Figure 1.6C). The distance
distribution represents the probability density of finding the two spin labels at a given
distance, and is typically presented as a histogram or a probability density plot. The
distance distribution can then be analyzed to obtain information about the structure
and dynamics of the protein or their complexes (Jeschke 2012; Schiemann et al. 2007)
in combination with other experimental techniques.

Primary data Form factor Distance distribution
1 1 i
S S =
B =08 Sos
06 T e S
0
0 1 2 3 0 1 2 3 2 4 6
t[ps] \/ t [ps] \/q r[nm]
Background Tikhonov
correction regularization

Figure 1.6 The EPR-DEER experiment. (A) Normalized primary DEER data V(t)/V(0). (B) Form factor
F(t)/F(0) obtained by division with the background function. (C) Corresponding distance distribution. Modified
from (Esteban-Hofer 2022)).

1.7.2 MMM modeling

Multiscale Modeling of Macromolecules (MMM) is a Matlab-based open-source
modeling toolbox for the structural characterization of proteins and their complexes
(Figure 1.7). The method combines data from various experimental techniques, with a
focus on distance distribution restraints obtained EPR experiments. The approach,
developed by Prof. Gunnar Jeschke of ETH Ziirich, has been extensively reviewed in
several publications (Jeschke 2016, 2018, 2021; Jeschke and Esteban-Hofer 2022).
RigiFlex is the tool that is used to obtain the raw ensemble and it uses mainly EPR
restraints (DEER). The approach involves dividing the system into rigid bodies (folded
domains) and flexible sections (linkers and loops). Each rigid body is defined by three
reference points, which are selected to form the largest equilateral triangle. By
performing DEER measurements between the reference points of the rigid bodies, the
Rigi module allows the placement of the rigid bodies relative to each other. Flexible
peptide or nucleic-acid linkers are then inserted using the Flex and FlexRNA modules,
and DEER measurements between the reference points of the rigid bodies and the
flexible regions are also included.
Once a raw ensemble has been generated, EsnsembleFit step is performed to obtain
the representative ensemble. This step can include data for different techniques. A
subset of conformers from the initial ensemble is selected for optimization. This subset
should contain enough conformers to adequately represent the experimental data but
should also be small enough to avoid overfitting.
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Figure 1.7 Schematic visualization of MMMx pipelines. (Jeschke and Esteban-Hofer 2022)

The selected conformers are optimized to minimize the difference between the
experimental data and the calculated data for each conformer. The optimized
ensemble is evaluated to ensure that it accurately represents the experimental data.
This involves performing the backcalculation analysis and compare the calculated data
with the experimental data for each conformer in the ensemble. Depending on the
fitting a probability (population or statistical weight) is assigned to each conformer in
the representative ensemble. The EnsembleFit step is a critical part of the MMMx
modeling process as it confirms that the ensemble generated by RigiFlex accurately
represents the experimental data.

1.8 Liquid-Liquid Phase Separation and Membraneless
organelles

Eukaryotic cells are comprised of two distinct types of organelles: membrane-bound
organelles and membraneless organelles. The first is surrounded by a membrane that
can have different microenvironments suitable for their specific functions, while the
latter lacks an enclosing membrane, thus facilitating the exchange of molecules (Figure
1.8A). Throughout the years, these compartments have been referred to by various
names, including cellular bodies, nuclear bodies, non-membrane-bound
compartments, granules, speckles, aggregates, assemblages and membrane puncta.

The first observation of a membraneless compartment within the neuronal cell nucleus
in the 1830s, which was later named the nucleolus (Pederson 2011). Subsequently,
numerous such compartments have been identified in the nucleus and cytoplasm of
all eukaryotic cells. These compartments comprise many molecular components,
including proteins and nucleic acids, which are capable of retaining stable
concentrations within the structures for prolonged periods. However, many of these
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compartments can undergo molecular exchange with the surrounding environment
(Phair and Misteli 2000; Weidtkamp-Peters et al. 2008).

The discovery that P granules in C. elegans germ cells exhibit liquid-like properties has
provided a significant insight into the physical mechanisms underlying the formation
of membraneless compartments; (Banani et al. 2017; Shin and Brangwynne 2017). The
assembly of these condensates is mediated by the molecular process of liquid-liquid
phase separation (LLPS), in which a supersaturated solution separates into two
distinct phases, the condensed and dispersed phases (Figure 1.8B). Recent research has
established the crucial role of LLPS in several essential biological processes, including
gene expression and signaling pathways. LLPS also drives the assembly of all
membraneless organelles such as nucleoli and stress granules, promoting the
compartmentalization of cellular matter and facilitating spatiotemporal regulation of
biological reactions (Peran and Mittag 2020; Martin et al. 2020).

A

,,,,,,,,,,,

Figure 1.8 Overview of MLOs of eukaryotic cells and liquid-liquid droplets. (A) Membraneless organelles
(MLOs) in the nucleus and cytoplasm (Hirose et al. 2022). (B) Intracellular liquid-liquid phase separation (Tang
2019).

Membraneless organelles exhibit a vast diversity in their physical characteristics,
dimensionality (i.e., membrane-associated or soluble), molecular composition,
subcellular localization, and functions. Among these organelles, there are
ribonucleoprotein granules, which contain high concentrations of protein and RNA.

Proteins that contain large intrinsically disordered regions (IDRs) are the primary
macromolecules that undergo phase separation under physiological conditions. IDRs
lack a well-defined, folded structure, but frequently feature repeated sequence
elements that facilitate weakly adhesive multivalent intermolecular interactions. These
proteins are abundant in many biomolecular condensates, particularly those that
concentrate RNA. IDRs typically exhibit low sequence complexity, with a limited
number of amino acid types such as glycine, serine, glutamine, asparagine,
phenylalanine, and tyrosine (Brangwynne, Tompa, and Pappu 2015). Additionally,
some IDRs are enriched in charged residues such as lysine, arginine, glutamate, and

aspartate. The lack of sequence diversity results in the presence of multiple Gly/Ser-
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Phe/Tyr-Gly/Ser sequences, poly-Gln and poly-Asn tracts, as well as blocks of
positive or negative charge in these molecules, which are critical for their targeting to
RNA and for in vitro and in vivo phase separation. Another critical factor that
regulates the phase separation of certain proteins in membraneless organelles is their
post-translational modifications, like the phosphorylation of the RS domain in SRSF1,
which regulates the localization of SRSF1 in nuclear speckles.

1.8.1 Diffusion experiments

Molecular diffusion (or simply diffusion) refers to the movement of all particles. The
rate of diffusion is influenced by several factors including the temperature, particle
size and shape, and viscosity of the fluid. Diffusion can occur among various types of
particles, such as ions, molecules, intermolecular complexes, organometallic
complexes, and micelles, and can be studied using NMR.

The use of pulsed field gradients in NMR spectroscopy allows for the measurement of
the diffusion rates of nuclear spins. The technique, known as Self-Diffusion (SD)-NMR
or Diffusion Ordered SpectroscopY (DOSY), enables the spectroscopic resolution of
different compounds in a mixture based on their varying diffusion coefficients, which
are dependent on the size and shape of the molecules. The general principle is that
smaller molecules diffuse faster, while larger molecules diffuse more slowly.

The pulse program of a DOSY experiment is shown in Figure 1.9.

180° Acquisition

90°
[———]—
RF
3

A

e
:

G o |9
Figure 1.9 DOSY pulse sequence. Modified from: https://nmr.chem.ucsb.edu/education/

In this experiment, a 90-degree pulse flips the spins into the transverse plane. The
position and phase of the molecules are then encoded by a gradient pulse depending
on their position in the sample tube. A 180-degree pulse is applied to reverse the phase
changes from the first gradient pulse, which are then nullified by the second gradient
pulse, unless the spins have diffused changing position over the diffusion time (A).
The measured signal is the integral over the whole sample volume and the intensity is
attenuated depending on the diffusion time A and the gradient parameters (g =
gradient strength, 6 = delay).

The experiment is repeated multiple times, incrementing the gradient strength and
keeping the delays constant, and a plot is made of the signal intensity against the
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gradient strength. The value of the diffusion coefficient is obtained by fitting the signal
attenuation curve using the equation

I =1yexp(—8%g%4ADy?)
Where I is the observed intensity, Io is the reference intensity, d is the delay, g is the
gradient strength, A is the diffusion time, D is the diffusion constant, and vy is the
gyromagnetic ratio
Considering that diffusion depends on the size and shape of a molecule, DOSY
experiments are a useful technique to investigate differences in diffusion between the
dispersed phase and droplet state in the context of phase separation. This aspect is
discussed in Section 3.2.2.

23



1.9 Objectives and Overview

1.9.1 Chapter 2: Structural investigation of SRSF1 tandem RRMs

The second chapter focuses on the structural characterization of SRSF1 tandem RNA-
Binding Domains (SRSF1 RRM1+2) in the free state and in complex with two different
RNAs (5'-UCAUUGGAU-3' and 5'-UGGAUUUUUCAU-3') designed after performing
SELEX experiments. We applied an integrative structural modeling approach using
restraints from NMR, and EPR to obtain a structural ensemble of the protein and
protein-RNA complexes. First, RigiFlex modeling was used to calculate the ensembles
using EPR (DEER experiments) as main restraints and NMR (PRE experiments) only
for the ensemble fitting.

In this work, we combine the new multistate CYANA method with the MMMx
refinement step to obtain ensembles using PRE data as main restraints and then
understand the molecular interactions.

The ensembles obtained suggest that SRSF1 tandem RRMs have preferred
conformations in the free form that can facilitate the interaction with RNA
accommodating both the two RNAs designed from the SELEX experiments through
both conformational selection and induced fit.

1.9.2 Chapter 3: SRSF1 and phase separation

In the third chapter of this project, we present the initial findings regarding SRSF1 and
its role in phase separation. SRSF1 is present in membraneless organelles, specifically
nuclear speckles located within the nucleus. A key aspect of this part of the project
involved removing the GB1 tag, which was previously used to improve protein
solubility. We optimized the protocol to obtain the protein without the GB1 tag and
then examined the truncated protein in the context of phase separation in the presence
of RNA. Microscopy analysis, turbidity measurements, and NMR Diffusion-ordered
spectroscopy (DOSY) experiments were employed in our investigation. Our results
indicate that the protein has a tendency to undergo phase separation in vitro. However,
we found that the addition of RNAs, which include the binding sequences for the two
RRMs, resulted in the dissolution of the droplets. Further experiments are ongoing to
study the full-length protein and its modifications, such as phosphorylation of the RS
domain, and their impact on the phase separation mechanism.
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Chapter 2: Structural investigation of
SRSF1 tandem RRMs




Structural investigation of SRSF1 tandem RRMs

Abstract

Serine-arginine (SR) rich proteins form an RNA-binding protein family which is
involved in multiple steps of RNA metabolism including the regulation of constitutive
and alternative splicing events. SRSF1 was the first member of the family to be
identified; it is composed of two tandem RNA Recognition motifs (RRMs) and the RS
domain enriched in arginine and serine at the C-terminal. The first RRM (or RRM1) is
canonical while the second (or RRM2) is a pseudo-RRM and they are connected by a
flexible and disordered linker domain.

Previous studies performed in our laboratory showed that RRM1 binds CA /CG motifs
using the canonical B-sheet interface, while RRM2 binds GGA motif using the ai-helix.
In addition, a bimodal mode of interaction of SRSF1 tandem RRMs with RNA has been
shown; more specifically, SELEX experiments demonstrated that RRM1 binds the
cytosine located at -4 or +6 from the GGA motif recognized by RRM2.

Here, we aim to combine nuclear magnetic resonance (NMR) and electron
paramagnetic resonance (EPR) to determine the structural ensemble of the tandem
RRMs (SRSF1 RRM1+2) in the free state and in complex with two RNAs (5'-
UCAUUGGAU-3' and 5-UGGAUUUUUCAU-3') designed based on the SELEX
experiments. In the present study we show the first application of the Multistate
CYANA calculation method on a multidomain and dynamic system which was used
previously only on single globular domains. In addition, we refined the ensemble
including the EPR data, using the EnsebleFit step from the MMMx. The ensembles
obtained indicate that SRSF1 tandem RRMs do not behave as independent domains
but they already show preferred conformations in the free state; we observed that these
conformations can promote the binding to the 5-UCAUUGGAU-3' RNA via
conformational selection and to the 5-UGGAUUUUUCAU-3' RNA via both
conformational selection and induced fit.
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2.1 Introduction

2.1.1 SRSF1

Serine Arginine Splicing Factor 1 (SRSF1 or SF2/ASF) is the prototype and the first
discovered member of the SR proteins family. It contains a canonical RNA-
Recognition-Motif (RRM1) and a pseudo-RRM (yRRM2 or RRM2) at its N-terminal,
followed by the RS domain at its C-terminal part, as all the other SR proteins (Figure
1.2A, Figure 2.1A). The RRM domains consist of approximately 90 amino acids and
adopt a P1-ai1-P2-Ps-ax-Ps secondary structure arrangement, which forms a four-
stranded [-sheet packed against the two a-helices; the loops between secondary
structure elements can vary in length. The canonical RRM1 contains conserved
aromatic residues on the 1 and (33 strands that are essential for RNA binding, while

the pseudo-RRM2 lacks these residues and instead contains a conserved heptapeptide
(SWQDLKD) on the ai-helix that is responsible for RNA interaction.

B1 al B2
MSGGGVIRGPAGNNDCRIYVGNLPPDIRTKDIEDVFYKYGAIRDIDLKNR
B3 a2 B4
RGGPPFAFVEFEDPRDAEDAVYGRDGYDYDGYRLRVEFPRSGRGTGRGG
B1 al
GGGGGGGAPRGRYGPPSRRSENRVVVSGLPPSGSWQDLKDHMREAG
B2 B3 a2 B3’ B3 B4

DVCYADVYRDGTGVVEFVRKEDMTYAVRKLDNTKFRSHEGETAYIRVKVDG

B Z Z C
|
[1X4A] [203D] [6HPK] [2M8D]

Figure 2.1 SRSF1 sequence and the RRM structures. (A) SRSF1 comprises two RRMs (blue and red),
connected by a flexible and disordered linker and an RS domain at the C-terminal (grey). The sequence of SRSF1
RRM1+2 is shown (1-196); amino acid numbering is according to the PDB sequence. Amino acids involved in
the formation of B-strands and a-helices are underlined. (B) Structures of the isolated RRM1 (red) and RRM2
(blue) in the free form (He et al. 2005; Tintaru et al. 2007). (C) Structures of the isolated RRM1 bound to CA

(red) and RRM2 bound to GGA (blue) (Clery et al. 2013; Clery et al. 2021). The PDB accession codes are indicated
at the bottom of each structure.

The structures of RRM1 and RRM2 in free form (Figure 2.1B; PDB number: 1X4A for
RRM1 and 203D for RRM2; (He et al. 2005; Tintaru et al. 2007)) and in complex with
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RNA (Figure 2.1C; PDB number: 6HPK for RRM1 and 2M8D for RRM2; (Clery et al.
2013; Clery et al. 2021)) have been solved. RRM1 binds preferentially to CN (N stands
for any nucleotides) motifs using its canonical p-sheet surface, with the largest extent
of chemical shift perturbations (CSPs) observed for CA dinucleotide (Clery et al. 2021).
The pseudo-RRM2 binds GGA motifs using the ai-helix. Although the heptapeptide is
conserved in other pseudo-RRMs, they show a lower affinity for the GGA motif than
SRSF1, possibly due to the lack of conservation of Arg117 and His183 that interact with
RNA or different amino acid environments around the binding site, or a combination
of both (Clery et al. 2013). The two RRMs are connected by a glycine-enriched linker
of 30 residues (89-119) that provides high flexibility. The linker sequence is not
conserved among other SR proteins, suggesting that it may play a crucial role in
binding specificity (Anko 2014; Tacke and Manley 1999). In fact, studies have shown
that the linker is essential for binding to exonic splicing enhancers (ESEs) in a construct
lacking the C-terminal RS domain and that the N- and C-terminal linker extremities
cooperate with RRM2 during binding to ESEs, while the RRMs remain in proximity
(Cho, Hoang, Chakrabarti, et al. 2011; Cho, Hoang, Sinha, et al. 2011).

2.1.2 Bimodal mode of interaction of SRSF1 tandem RRMs with RNA

A previous study conducted by our laboratory, which primarily investigated the
interaction of RRM1 with RNA, yielded some results on the SRSF1 tandem RRMs in
complex with RNA (Clery et al., 2021). The experimental construct utilized lacked the
RS domain and contained two point mutations in RRM1, as well as an N-terminal GB1-
tag for solubility purposes and a His6-tag for purification purposes (Figure 2.2A). The
two point mutations, Tyr37Ser (Y37S) and Tyr72Ser (Y72S), not only improved the
solubility of the protein, but also did not affect its ability to bind to RNA (Figure A1),
as demonstrated in (Clery et al. 2021). This construct will be referred to as SRSF1
RRM1+2.

SELEX experiments were performed to understand how the two RRMs interact with
RNA when linked by their natural interdomain linker, and if there is any sequence
preference. The RNAs utilized in the SELEX experiments contained an invariant GGA
motif in the middle, flanked by 12 degenerate nucleotides on both sides (Figure 2.2B).
A clear enrichment in cytosines was observed at positions —4 and +6 of sequences
containing a single GGA motif, whereas cytosines were primarily selected
downstream of the GGANGGA motif (Figure 2.2C). This suggests that SRSF1 RRM1
can bind either upstream or downstream of the RRM2 binding site, when only a single
GGA motif is present, which implies high flexibility of the inter-RRM linker. To
validate this result, two short RNAs were designed containing the CA motif
recognized by the RRM1 at positions —4 and +6 from the two ends of the GGA motif,
respectively: 5'-UCAUUGGAU-3' and 5-UGGAUUUUUCAU-3'".
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Figure 2.2 SRSF1 RRM1 interacts with RNA on both sides of RRM2-binding site. (A) The SRSF1
RRM1+2 (1-196) construct used in our experiments: the protein contains two point mutations in RRM1 (Y375
and Y72S) and an N-terminal GB1-tag (yellow) followed by a His6-tag (grey) for solubility and purification
purposes, respectively. (B) Schematic representation of the RNA molecules used for the SELEX experiment:
invariant GGA nucleotides were inserted in the middle of the degenerated sequence to recruit SRSF1 RRM?2 and
allow the selection of potential RRM1 binding sites on both sides of the motif. (C) The sequences selected by SELEX
with SRSF1 RRM1+2 followed two main patterns containing either the GGA or a GGANGGA motif. To
determine the positions with the most stringent selection during SELEX, we calculated the relative entropy of
position-dependent nucleotide frequency distributions of foreground and background sequences (lower panels).
(D) Overlay of TH->N HSQC spectra and mapping of the combined CSPs. The spectra were measured with SRSF1
RRM1+2 free form (blue) and in the presence of 5'-UCAUUGGAU-3' or 5'-UGGAUUUUUCAU-3"' RNA at
0.3:1 (orange) and 1:1 (red) protein:RNA ratios. SRSF1 RRM1 binds equally well the cytosine located at —4 or
+6 from the GGA motif. Modified from (Clery et al. 2021).

29



NMR titration experiments revealed that the saturation was reached at 1:1
protein:RNA ratio for both RNAs, and combined CSPs had similar intensities for both
RRM1 and RRM2 amides, indicating that the two domains bind to a single molecule
of RNA (Figure 2.2D). In good agreement with the NMR data, SRSF1 RRM1+2 had a
similar affinity for the 5'-UCAUUGGAU-3' and 5'-UGGAUUUUUCAU-3" RNAs (K4
of 58 and 55 nM, respectively), which similarly decreased when the CA was mutated
to UU in both RNAs (K4 of 164 and 145 nM, respectively). These data also suggest a
cooperative mode of interaction of both RRMs with RNA, as the Kq4 values obtained
were around 20 uM for RRM1 and 0.7 uM for RRM2. Taken together, these results
demonstrate that RRM1 binds surprisingly equally well to RNA containing cytosines
at two fixed positions (-4 and +6 of the edges of the GGA RRM2 binding site).
However, this equal affinity appears to be lost when two consecutive GGA motifs are
present in the sequence (Figure 2.2C). In fact, RRM1 only binds downstream in such
cases, indicating that the number of GGA motifs not only increases the affinity of
SRSF1 for RNA, but also influences the relative position of the two RRMs of SRSF1 on
the RNA (Clery et al., 2021).

A recent study investigated SRSF1 tandem RRMs presented results that are partially
in contrast with our previous findings (De Silva et al. 2022). According to this study,
the main task of the linker is to allow flexibility for RNA binding without playing a
key role in the binding itself. In addition, the flexibility of the linker allows
considerable length variation in the spacer between the CA and GGA binding sites and
this spacer can influence the affinity. The study concluded that SRSF1 has a preference
for RNA sequences with shorter spacers, and that the RRM1 cognate motif is typically
located upstream.

Through the use of mutagenesis and fluorescence polarization (FP) binding assays, the
study demonstrated that deleting either RRM1 or RRM2 significantly reduces binding
affinity, while mutating basic residues in the linker only slightly decreases RNA
binding. The main role of the linker in RNA binding is to connect RRM1 and RRM2.
The study also measured binding affinities to RNA sequences with different spacer
lengths between the bipartite motifs (ranging from 0 to 10 nucleotides), as well as
swapping the CA and GGA binding sites. The results revealed that RRM2 plays a
dominant role in RNA-binding specificity of SRSF1. Although RRM1 prefers cytidine,
it can bind to other nucleotides with lower affinity. SRSF1 favors RNA sequences with
shorter spacer motifs and RNA sequences with the upstream RRM1 cognate motif.
Using paramagnetic relaxation enhancement (PRE) experiments, the study labeled
residue E120C (on the edge between the linker and RRM2) to investigate the SRSF1
tandem RRMs in complex with uuuCAuuGGAuu or uGGAuuuuuCAu RNA. The
results indicated that paramagnetic perturbations are spread around RRM1, which
cannot be explained by a single conformation, as the tandem RRMs do not have a fixed
relative orientation. Furthermore, the perturbation patterns were different for SRSF1
bound to the two RN A sequences, suggesting that the domain arrangement is different
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when these bipartite motifs are swapped. Finally, Xplor-NIH simulations were
performed, which demonstrated that the PRE data can only be fitted with a
conformational ensemble rather than a single conformation. The study suggests that
the binding diversity of SRSF1 is achieved through the flexibility of both the SRSF1
linker domain and the RNA backbones.

In our study we also conducted PRE experiments using different labeled sites on the
protein, as elaborated in subsequent sections, to obtain restraints to use in the structure
determination process. Furthermore, we employed various software to obtain the
structure of SRSF1 tandem RRMs both in isolation and in complex with RNA (5'-
UCAUUGGAU-3' and 5'-UGGAUUUUUCAU-3'), with the aim of gaining insight into
the underlying mechanism. The results obtained indicate that despite the apparent
flexibility implied by the linker sequence, the two domains of SRSF1 are pre-arranged
in favorable orientations in the free form, thereby facilitating RNA binding through
either conformational selection or induced fit.
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2.2 Results

2.2.1 Construct design and characterization of SRSF1 tandem RRMs

The protein SRSF1 contains two RNA recognition motifs (RRMs), RRM1 and RRM2,
which are connected by a 30-residue linker. This low complexity domain is composed
of a high percentage (48%) of glycine residues, suggesting that it has high flexibility.
Although both RRMs, among the other SR proteins, recognize similar RNA sequences
(C for RRM1 and GGN for RRM?2), the linker sequence is not conserved in length or
composition, suggesting that it plays a role in recognizing RNA in cell. To better
understand the role of the linker in RNA binding, the structure of the tandem RRMs
of SRSF1 was investigated using a truncated construct of SRSF1 lacking the RS domain
(SRSF1 RRM1+2, residues 1-196) and containing a GB1 tag and two point mutations
(Y37S and Y72S) to improve protein solubility (Clery et al. 2021).

First, the folding of the truncated construct was compared to that of the isolated RRMs,
for which the structures were already solved (Figure 2.1B and Figure 2.3A). Using 1H-
BN heteronuclear single quantum spectroscopy (HSQC) spectra, chemical shift
differences were measured. The high percentage of glycines complicated the
assignment of the linker in the NMR spectra causing overlapping of the signals but we
could transfer the assignment of almost all the residues of the RRMs from the spectra
of the individual domains (Clery et al. 2013; Clery et al. 2021). From the NMR spectra
we conclude that the two RRMs show a similar folding when they are linked in
tandem, some chemical shift differences were observed for the residues close to the
linker of both RRMs. The RRM2 construct contains some linker residues (107-119) and,
so in this case the chemical shift differences depend on a different linker arrangement.
To assess the flexibility of the linker, we conducted N-spin relaxation experiments
(Figure 2.3B). Such experiments leverage the ability of the TH-1N backbone amide
bond vector to reveal movements of the peptide chain. The range of motion within the
protein chain is influenced by its structural state, with residues within secondary
structures exhibiting limited motion (Morin 2011). Consistent with this, low hetNOE
values were observed for residues located at the N-terminal of the protein (1-15) and
the inter-RRMs linker region, whereas the hetNOE values for the folded regions of
both RRMs were higher (around 0.7-0.8), indicating well-structured regions.
Additionally, given that the spectral overlay and chemical shift differences of the
tandem RRMs of SRSF1 did not suggest independent behavior of the subdomains with
respect to each other, we measured rotational correlation to confirm this hypothesis
(Figure 2.3C). Sets of longitudinal T1 and transverse T> relaxation times were measured
and used to calculate tc (Section 2.4.5.3). Individual RRMs have a 1. value of 7.5 ns and
6.8 ns respectively, calculated for the rigid parts (16-88 for RRM1 and 120-195 for
RRM2) (Table 2.1).
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Figure 2.3 NMR characterization of SRSF1 RRM1+2. (A) Overlay of 'H->N HSQC spectra of SRSF1
RRM1+2 (residue 1-196, green) and RRM1 (residues 1-90, red) and RRM2 (residues 107-203, blue); the proteins
contain an N-terminal GB1-tag followed by a His6-tag for solubility and purification purposes, respectively. The
graph shows the chemical shift differences of SRSF1 RRM1+2 compared to individual. Gray denotes the N-
terminal of RRM1 peaks, red folded RRM1 peaks, green linker peaks and blue corresponds to RRM2 peaks.
Secondary-structure elements of the protein domain are displayed at the top of the graph. (B) HetNOE values of
SRSF1 RRM1+2: RRM1 and RRM2 domains are well structured, while the linker is dynamic. (C) Rotational
correlation times of SRSF1 RRM1+2 (green), RRM1 (red), RRM2 (blue), and isolated RRMs mixed in the same
tube (yellow). Error bars denote standard deviations.
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The similar values obtained by the isolated RRMs can be explained by their similar
size, as Tc correlates with the molecular weight for globular domains (Lee et al. 2006).
These values are slightly larger than expected (~6 ns, according to the approximation
. ® MW x 0.6 ns/kDa), but still in and acceptable range (Gossert and Jahnke 2016).
The same 1. values were obtained analyzing the individual RRMs mixed in the same
sample (7.2 ns for RRM1 and 7.0 ns for RRM2) suggesting that in these conditions (not
in tandem) the two RRMs still behave as independent domains. A different result was
obtained for SRSF1 RRM1+2 as we observed an increase of the t. value to 11 ns for
RRM1 and 9.6 ns for RRM2. This indicates that when the two domains are connected
by the inter-RRMs linker, they are not completely independent from each other. In
addition, since tc values are lower than the sum of the two RRMs (~14 ns), we
hypothesize that the linked domains do not have a strong interaction and a single

conformation.
RRMI1 1. (ns) RRM2 1. (ns)
RRM1 75+0.5 -
RRM2 - 6.8+0.7
RRM1+2 11+19 96+15
RRM1 + RRM2 72+1.1 70+£0.8

Table 2.1 Rotational correlation time of SRSF1 constructs. Rotational correlation times of RRM1 (16-88)
and RRM?2 (120-195) in the context of the isolated domains, both RRMs mixed in the same tube and SRSF1
RRM1+2.

This result indicates that the linker is important for the regulation of the direct
interactions between RRM1 and RRM2 or between the RRMs and the linker itself.
Rotational correlation time was also measured for the protein-RNA complexes (Figure
2.4 and Table 2.2), and a slight increase in t. values was observed for both RRMs (~11.5
ns for each domain). As for the free protein, this result indicates that when the protein
is bound to the different RNAs the two RRMs are not in a fixed configuration but they
still adopt different conformations, confirming the flexibility of the linker also in the
protein-RNA complex.
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Figure 2.4 Rotational correlation time of protein-RNA complexes. Rotational correlation times of SRSF1
RRM1+2 bound to 5'-UCAUUGGAU-3' (orange) and SRSF1 RRM1+2 bound to 5'-UGGAUUUUUCAU-3'
(light blue).
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RRM1 1. (ns) | RRM2 <. (ns)
SRSF1 RRM1+2 bound to 5-UCAUUGGAU-3' 11.7 + 2.4 115+16

SRSF1 RRM1+2 bound to 5'-UGGAUUUUUCAU-3' 11.9+1.8 114+1.6
Table 2.2. Rotational correlation time of protein-RNA complexes. Rotational correlation times of RRM1
(16-88) and RRM2 (120-195) in the context of SRSF1 RRM1+2 in complex with RNA: bound to 5'-
UCAUUGGAU-3' RNA and bound to 5'-UGGAUUUUUCAU-3" RNA.

2.2.2 Analysis of SRSF1 tandem RRMs using DEER

The protein samples utilized in the DEER experiments were prepared by myself
(Section 2.4.3). Dr. Laura Esteban-Hofer, from the group of Prof. Gunnar Jeschke at
ETH Zirich, performed the measurements and analysis of the DEER distance
restraints. The methodology and detailed analysis are outlined in the PhD Thesis
(Esteban-Hofer 2022), while we report the main results in this study.

2.2.2.1 Inter-RRM and RRM-linker distance distributions

The original plan was to determine the structure of the SRSF1 tandem RRMs in
isolation and in complex with RNA utilizing RigiFlex modeling, a method developed
by Prof. Gunnar Jeschke (ETH Ziirich) (Jeschke 2016, 2018, 2021; Jeschke and Esteban-
Hofer 2022). This approach divides the system into rigid bodies (such as folded
domains) and flexible sections (such as linkers and loops). High-resolution structures
of the rigid bodies are required, which can be obtained experimentally using various
techniques, including X-ray crystallography, NMR spectroscopy, cryo-electron
microscopy, or computational methods such as AlphaFold (Jumper et al. 2021). Each
rigid body is defined by three reference points; Double Electron Electron Resonance
(DEER) measurements, an Electron Paramagnetic Resonance (EPR)-based technique
that provides information on a distance range of approximately 20 to 80 A, was mainly
used to obtain distances between inter-domain reference points. For each DEER
experiment, two paramagnetic centers were required. The Rigi module allows the
placement of the rigid bodies relative to each other. Flexible peptide or nucleic-acid
linkers are introduced using the Flex and FlexRNA modules, and DEER measurements
between the reference points of the rigid bodies and the flexible regions are also
incorporated. The generated conformers are refined using YASARA (Krieger et al.
2009). Finally, the ensembles can be contracted to representative ensembles that best
match the full shape of the distance distributions and other experimental techniques
that provide mean value restraints.

To obtain the structure of SRSF1 tandem RNA recognition motifs (RRMs) using
RigiFlex modeling, we treated the two RRMs as rigid bodies with a flexible inter-
domain linker (Section 2.4.7). Since the protein does not contain any unpaired
electrons, paramagnetic probes (MTSL or Gd(IlI)-maleimido-DOTA) were introduced
via site-directed spin labeling of cysteine residues.
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Figure 2.5 Inter-RRM and RRM-linker distance distribution restraints. (A) Schematic visualization of the
sites involved in the acquisition of inter-RRMs or linker-RRMs distance restraints (RRM1 = red spheres, linker
= green sphere, RRM2 = blue spheres). (B) Distance distributions of spin-labeled C16-C148, C16-5126C, C16-
T169C, Y37C-C148, Y37C-T169C, Y72C-5126C, Y72C-T169C, C16-A107C, Y37C-A107C, and A107C-C148
respectively. Solid lines are the medians and shaded areas the 95% confidence intervals obtained by bootstrapping
of 1000 samples. Black denotes the free protein, orange the protein in complex with 5'-UCAUUGGAU-3" RNA,
and light blue the protein in complex with 5'-UGGAUUUUUCAU-3"' RNA. The distance distribution of A107C-
C148 free protein was normalized with respect to the broad feature to facilitate a comparison. Modified from
(Esteban-Hofer 2022).

Since for the Rigi module three reference points for each rigid bodies were needed,
positions for site-directed spin labeling on the RRMs were chosen based on simulating
the spin label attachment to existing NMR solution structures of individual RRMs of
SRSF1 (He et al. 2005; Tintaru et al. 2007; Clery et al. 2013; Clery et al. 2021) using the
software package Multiscale Modelling of Macromolecular systems (MMM) (Jeschke
2018). The following criteria were considered while scanning for potential labeling
sites within the RRMs: potential mutation sites need to be accessible and in a folded
region (a-helix or B-strand), the mutation to cysteine should not disrupt the structure
of the protein, and the mutation should not affect the binding to RNA. Ideally, the
36



three reference sites are positioned in a nearly equilateral triangle with the largest
possible distance between the vertices. In addition to the native cysteines (C16 on
RRM1 and C148 on RRM2) other two reference sites for each RRMs were chosen
replacing the native residue in cysteine. During all experiments, a maximum of two
cysteines were present at a time, requiring in some cases to mutate the native cysteines
to the non-reactive amino acid alanine (e.g. C16 S126C C148A). From now we will omit
these background mutations in the nomenclature and only explicitly indicate the sites
directly involved in the distance measurements (e.g. C16-5126C). Seven of the nine
possible combinations between the reference sites were selected: C16-C148, C16-
S126C, C16-T169C, Y37C-C148, Y37C-T169C, Y72C-5126C, and Y72C-T169C (Figure
2.5A, Table Al).

For the Flex module, additional mutants were created to measure distance between
RRMs and the linker. Alanine 107 was selected in the linker region since it does not
show any influence in RNA binding and to not induce minimal perturbation on the
linker due to the chemical similarity of the residues. Three distance restraints between
the linker and the RRMs, involving the A107C linker mutation, C16 and Y37C in
RRM1, and C148 in RRM2, were measured (Figure 2.5A, Table Al).

For all mutants created, DEER experiments were performed to characterize each
combination of cysteines in the free form and in complex with two different RNAs.
Once all mutants were expressed and labelled, Continuous-Wave (CW) EPR
experiments were performed to confirm the labelling (data not shown) and DEER
measurements were performed. An overview of the DEER results is shown in Figure
2.5B. All the inter-RRMs DEER distances presented differences between SRSF1
RRM1+2 in the free form and in complex with the two RNAs (Figure 2.5B upper part),
except for the C16-C148 combination, where the free protein and the complex with the
5'-UCAUUGGAU-3' RNA had a similar mean distance. The distance distribution of
the free protein always presented the shortest distances, while it increased in the
protein-RNA complexes. In two cases, the mean distance of protein-RNA complexes
was similar (C16-T169C and Y37C-T169C); in some cases, the protein bound to 5'-
UCAUUGGAU-3' RNA showed longer distances (C16-5126C, Y72C-5126C and Y72C-
T169); and in other cases, the protein bound to 5'-UGGAUUUUUCAU-3' RNA showed
longer distances (C16-C148 and Y37C-C148). The widths of the distance distributions
were generally broad, confirming the freedom provided by the flexibility of the linker
except for C16-C148 in complex with 5'-UCAUUGGAU-3' RNA and Y37C-C148 in the
free form. Based on these inter-RRMs DEER restraints, we could hypothesize that the
RRMs are closer together in the free form and more distant when bound to RNA. The
three distance distributions that involve the linker residue A107C (Figure 2.5B lower
part) showed a very unexpected result: in fact, the RRM-linker distributions are
strikingly similar for the free and RNA-bound states; only the mutant Y37C-A107
shows a small difference for the bound form with both RNA.

37



2.2.2.2 Protein-RNA and Intra-RNA distance distributions

In addition to the inter-protein restraints, we also collected distance distributions
involving the RNA. Specifically, we measured distance distributions from the RNA
extremities to specific locations in RRM1 (C16), the linker (A107C), or RRM2 (C148),
producing a total of six possible combinations per protein-RNA complex (Figure 2.6A,
Table A2). To make these measurements, we labeled the protein with Gd(III)-
maleimido-DOTA and the RNA with IAP (Section 2.4.6). The protein samples utilized
in the DEER experiments were prepared by myself (Section 2.4.3) while the labelling
of the RN As was performed by Dr. Laura Esteban Hofer (Section 2.4.4).
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Figure 2.6 Protein-RNA distance distribution restraints. (A) Schematic visualization of the sites involved in
the acquisition of protein-RNA distance restraints (RRM1 = red spheres, linker = green sphere, RRM2 = blue
spheres; 5'-UCAUUGGAU-3"' RNA = orange spheres, 5'-UGGAUUUUUCAU-3"' RNA = light blue spheres).
(B) Protein-RNA distance restraints of SRSF1 RRM1+2 in complex with 5'-UCAUUGGAU-3"' RNA. (C)
Protein-RNA distance restraints of SRSF1 RRM1+2 in complex with 5'-UGGAUUUUUCAU-3" RNA. (D)
Intra-RNA distance distributions acquired by labeling both RNA termini. This involves U1-U9 for the protein in
complex with 5'-UCAUUGGAU-3" RNA (orange), and UI-U12 for the protein in complex with 5'-
UGGAUUUUUCAU-3" RNA (light blue). The protein-RNA complexes are formed using unlabeled wild-type
protein. (B-D) Solid lines are the medians and shaded areas the 95% confidence intervals obtained by bootstrapping
of 1000 samples. Modified from (Esteban-Hofer 2022).

Analyzing the complex formed by SRSF1 RRM1+2 with 5'-UCAUUGGAU-3' (Figure
2.6A), we observed, as expected, that the distance distribution of RRM1 and RRM2 to

the RNA ends closest to their binding motifs (C16-U1 and C148-U9) are narrow, while
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the distributions from the RRMs to the RNA-ends further away (C16-U9 and C148-U1)
are broad. The A107C-U1 distance distribution is slightly narrower and contains
shorter distances than the A107C-U9 distance. However, it is important to note that
these differences may be due to the varying flexibility and length of the RNA modifiers
that were employed to label the RNA constructs. Similar results were obtained for
SRSF1 RRM1+2 in complex with 5-UGGAUUUUUCAU-3' RNA (Figure 2.6C). The
C148-U1 and C16-U12 distributions are narrow (the RRM2 binding motif is now
upstream of the RRM1 binding motif, and hence Ul is closer to the RRM2 binding
motif, while U12 is closer to the RRM1 binding motif); the C16-Ul and C148-U12
distributions are broad and longer than the distances to the RN A-ends closest to their
binding motifs. The distance A107C-U1 is shorter than to A107C-U12. Finally, we
measured the intra-RNA distance restraints for RNA in complex with unlabeled
protein sample (U1-U9 and U1-U12, Figure 2.6D).

As expected, these measurements revealed that 5-UGGAUUUUUCAU-3' RNA, with
more nucleotides, is more extended and flexible than 5'-UCAUUGGAU-3' RNA.

2.2.3 Analysis of SRSF1 tandem RRMs using PRE

Concurrently with the DEER experiments, Paramagnetic Relaxation Enhancement
(PRE) experiments were conducted to obtain information on distances ranging from
approximately 12 to 25A. To attach a paramagnetic probe (MTSL) to the protein, a
disulfide bond was utilized, and single cysteine mutants were generated for this
purpose. The first PRE samples analyzed included the labeling of the native cysteines
(C16 and C148). Furthermore, Y37C and Y72C single cysteine mutants were generated
to label RRM1, while S126C and T169C single cysteine mutants were generated to label
RRM2 (Figure 2.7A). Due to the flexibility of the linker, experiments with a
paramagnetic probe on the linker were not conducted, unlike the study by (De Silva et
al. 2022), where only the residue E120C was labeled.

The correct folding of the protein was verified using 'H-N heteronuclear single
quantum spectroscopy (HSQC) in the presence and absence of the diamagnetic probe
(Figure A2). Chemical shift differences were observed due to the mutations and the
presence of the probe, and the paramagnetic sample labeling was confirmed using CW
EPR experiments.

The transverse relaxation enhancement (I'2 = Rzpara — R2dia), or PRE rate, which
represents the difference in the transverse relaxation rates of the paramagnetic (R2,para)
and diamagnetic (Ro,4ia) states of the probe attached to the protein, was analyzed for
each residue (Figure 2.7B). PRE rate is dependent on the average (r=¢) distance between
the electron spin and the nuclear spin. The PRE rate values are in range from 0 Hz to
170 Hz, with low values corresponding to a weak PRE effect and high values to a
strong PRE effect and a distance of 1.2 nm (Figure 2.7B). From the graphs, we observe
that the I'> values are not uniformly distributed; we find values that oscillate around a
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range of 0 Hz to 80 Hz and values close to 170 Hz, with the space in between largely
unoccupied. This irregular distribution complicates comparing the free and the bound
states and the spin label positions.
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Figure 2.7 PRE effect on SRSF1 RRM1+2 on the free formm and in complex with RNA. (A) Schematic
visualization of the sites involved in the acquisition of PRE restraints in the free from and in complex with RNA
(RRM1 = red spheres and RRM2 = blue spheres); (B) PRE rate effect (I'> = Ro,para — Ro,4ia). (C) PRE ratio effect
(Ipar/1aia). Black denotes free protein, orange SRSF1 RRM1+2 bound to 5'-UCAUUGGAU-3"' RNA and in light
blue SRSF1 RRM1+2 bound to 5'-UGGAUUUUUCAU-3' RNA. The spin label position is marked a green star
on the top of each graph.
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We then analyzed also the PRE ratio which distributes values from 0 to 1, with low
values corresponding to a strong PRE effect and high values to a weak PRE effect
(Figure 2.7C) allowing us to compare free and bound states. The PRE ratio (Ipara/Ldia)
is calculated from the normalized peak integrals of the paramagnetic Ipara and the
diamagnetic I4ia samples; the normalization was performed using GB1, which does not
show a PRE effect.

Analysis of the PRE results for the free protein (Figure 2.7C, Figure A3) revealed PRE
effects both within the domain where the spin label was attached and on the other
RRM. A stronger intra-RRM PRE effect was observed on residues close to the spin
label, and a PRE effect was also observed in the linker, indicating a close arrangement
to one of the two RRMs.

When analyzing the bound states, it was observed that the PRE effects were generally
weaker than those observed for the protein alone, indicating that the two RRMs are in
a closer conformation when they are in the free form. Comparing the two bound states,
we observe difference depending on the mutant (Figure A4-5). When the spin label is
attached to C16, Y37C, C148 and T169C we observe a stronger PRE effect on the other
RRMs when the protein binds to 5'-UCAUUGGAU-3' RNA. On the other hand, when
the spin label is attached to Y72C or 5126C we observed a stronger PRE effect on the
other domain when the protein binds 5'-UGGAUUUUUCAU-3' RNA. This results as
for the DEER experiments indicate that depending on the labelled residue we can
observe different PRE effect and even in the bound state the protein can adopt different
conformations.

The inter-RRMs PRE data can be used for structure calculation by determining the
distance between the paramagnetic center and other residues from the PRE rate. The
distance was calculated using the equation

= [ (4t o7
r_l"z te 1+ wp?t,.2?

where 1. is the correlation time from the experiments mentioned in Session 2.2.1.

1/6

Further details on the implementation of the PRE data in structure calculation,
including RigiFlex modeling and CYANA, are provided in Sections 2.2.4 and 2.2.5.

2.2.4 RigiFlex modeling of SRSF1 tandem RRMs in the free form and
in complex with RNA

Dr. Laura Esteban-Hofer from the group of Prof. Gunnar Jeschke at ETH Ziirich
performed calculations and analysis on ensembles obtained using RigiFlex modeling.
The methodology and detailed analysis are described in the PhD thesis (Esteban-Hofer
2022).

This method calculates a first ensemble by using DEER distance distributions as main
restraints, while data from additional techniques, such as PRE, are included in the
ensemble fit step(Jeschke and Esteban-Hofer 2022). For the calculation of the first
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ensembles with around 1200 conformers, 10 DEER distance distributions were used as
main restraints for the free protein: seven inter-RRM and three RRM-linker. In
addition, for protein-RNA complexes, six protein-RNA and an intra-RNA distance
distributions were added (Section 2.2.2.1). The ensemble fitting step was then
performed on the three initial ensembles, combining all DEER restraints with PRE data
obtained from the first experiments conducted (data from C16 and C148 single-
cysteine mutants).

A

Figure 2.8 Ensembles of SRSF1 RRM1+2 in the free form and in complex with RNA calculated using the
RigiFlex modeling. (A) Free Form (97 conformers), (B) in complex with 5'-UCAUUGGAU-3" RNA (88
conformers) and (C) 5'-UGGAUUUUUCAU-3"' RNA (116 conformers). Ensembles are superimposed on RRM?2
depicted in blue, RRM1 and linker are in different intensity of red depending on the probability of each conformer
(white = low probability, red = high probability); N-terminal (1-15) is not shown. All the three ensembles were
calculated by Laura Dr. Esteban-Hofer.

The final ensembles for the three conditions are shown in Figure 2.8, which are
displayed superimposed on RRM2 (blue). Although the ensembles obtained using
DEER combined with PRE rate as restraints are shown in this report, a detailed
comparison when PRE ratios were used is available in (Esteban-Hofer 2022). The
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ensemble of the free protein superimposed on RRM2 shows an interesting feature:
RRM1 shows preferred conformations as it does not take up the entire available space
(Figure 2.8A).

A reduced occupied space was observed for the complex involving the 5'-
UCAUUGGAU-3' RNA (Figure 2.8B), while the complex involving the 5'-
UGGAUUUUUCAU-3' RNA occupies a larger space (Figure 2.8C). After analyzing the
ensembles using the PairCorrelation module of MMMXx, which calculates the Cq
distance between a residue pair for each conformer, a correlation was observed among
different regions of the protein in the three ensembles (data not shown). In the case of
the free form, a strong correlation was found between the RRM2 p-sheet surface and
all the secondary structure elements of RRM1. RRM1 forms a hemisphere around the
RRM2 [-sheet surface adopting different conformations with respect to these
secondary structure elements. There is a clear correlation between the two rigid
domains, which appears to involve specific secondary structure elements and the
inter-domain linker (data not shown).

In the case of the complex involving the 5'-UCAUUGGAU-3' RNA, the pair correlation
analysis showed a strong correlation between RRM2 »-strand and [s-strand to all
secondary structure elements of RRM1, especially to its B-sheet surface. In addition,
the C-terminal region of RRM2 spanned between a»-helix Ps-strand is correlated to all
B-sheet elements in RRM1. In the complex involving the 5-UGGAUUUUUCAU-3'
RNA, correlations are centered around the RRM1 p-sheet surface and ai-helix, B2-
strand, Ps-strand, and the (3'-p3” loop of RRM2, which can be rationalized by the
binding mode of the protein. The GGA motif is recognized by the heptapeptide in ai-
helix of RRM2, placing the 5'-end towards its P2-strand and [33-strand, and its 3’-end
towards its 33’-p3” loop. The CA muotif is recognized by the -sheet surface of RRMI.
Hence, these structural elements are correlated when SRSF1 RRM1+2 binds both
motifs. The five uracil-linker between the RNA-binding motifs gives to the protein
some flexibility, but the conformational arrangement is still limited to optimize the
binding to RNA.

It was hypothesized that in the free form the interactions observed stabilize the
preferred arrangement of the protein facilitating the binding to RNA once the protein
comes in contact with it. Part of these interactions are then likely replaced or
complemented by interactions involving the RNA. For each ensemble we also
performed the backcalculation for both DEER and PRE restraints to evaluate the
agreement with the initial restraints (Figure 2.9 for the free protein, Figure A6-7 for
protein-RNA complexes): for the distance distribution restraints the overlap deficiency
was calculated in the range of 0 and 1 (1-0, with 1 meaning no overlap for at least one
restraint and 0 meaning perfect overlap for all restraints), whereas for PRE it was used
the x2. The results of all backcalculation analyses demonstrated very good agreement
for the DEER restraints, with a 1-6 value consistently below 0.08. The x? value for the
PRE calculation was also good, but upon closer examination of the graphs, we
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observed that the residues with the highest PRE effect did not influence the DEER
ensembles. In the case of the free protein, the fitting of the DEER data resulted ina 1-0
value of 0.065 (Figure 2.9 A), while the x2? value for the PRE rate was 1.57 (Figure 2.9
B). As an additional measure of control and to enhance visual clarity, we also
performed an analysis of the backcalculation for the PRE rate, which yielded a x?value
of 4.06 (Figure 2.9 C).

Although the ensembles exhibited good agreement for both DEER and PRE restraints,
they were unable to fully elucidate the molecular interactions underlying the preferred
conformations in the free form. This could be due to the use of DEER as the main
restraints, which is biasing the entire calculation on long distances. Consequently, we
needed an alternative approach to understand the molecular interactions responsible
for the various conformations that the RRMs can adopt both in the free form and in

complex with RNA.
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Figure 2.9 Restraint fit of the ensemble of SRSF1 RRM1+2 in the free form calculated using the RigiFlex

modeling. (A) DEER distance distribution (B) PRE rate restraints (C) PRE ratio restraints.

(A-C)

Experimentally determined distance distribution (black) and predicted for the entire ensemble (red or blue). Final
ensemble = 97 conformers. 1-0 = 0.065, x? (PRE rate) = 1.57, x? (PRE ratio) = 4.06.
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2.2.,5 Structure determination of SRSF1 tandem RRMs in the free form
and in complex with RNA using the hybrid modeling

This section outlines the methodology used to generate ensembles of large systems by
combining the CYANA Multistate calculation (Strotz et al. 2017; Vogeli, Guntert, and
Riek 2013) with the ensemble fit from the MMMXx toolbox (Figure 2.10). Our approach
aims to address the limitations of the RigiFlex modeling method, which is based on
DEER data as the main restraints and is not suitable for studying molecular
interactions responsible for specific orientations of two RRMs. Instead, we employ
short distances obtained from PRE experiments and incorporate the DEER distance
distributions in the last step of the ensemble fit, combining the two complementary
methodologies.

To account the presence of the spin label and its mobility in the CYANA calculation,
we create dummy atoms that have the coordinates of the center of the cloud of the spin
label, rather than creating a pseudo-atom for each residue mutated in cysteine,
following the approach described in (Dorn et al. 2022). More details are mentioned in
the Section 2.4.8.1 of Material and Methods. The distances between the Q8 dummy-
atom (which represents the center of the cloud of the spin label) and the NH of the
other residues are then recorded in .upl and .1ol files.

Starting structure of SRSF1 RRM1+2

1 Regularize and angle fix

<

E Input data: PRE distances

(®)]

1 Multistate calculation
Initial CYANA model

x EnsembleFit

§ 1 DEER + PRE

S

Final ensemble

Figure 2.10 Scheme of the hybrid structural modeling approach.

Initially, the classical CYANA approach was employed to perform the calculations
which aims to determine a final single structure that satisfies all the input data. The
input data used in this study comprised only the PRE data acquired from labeling the
native cysteines (C16 and C148).
However, this approach proved to be ineffective for both the free protein and protein-
RNA complexes, as the obtained structures exhibited a high value of target function
(TF) and a large number of violated restraints (# viol), rendering the structures
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inaccurate and incorrect (Figure 2.11, Table 2.3). From this outcome, we concluded that
the input data utilized in the calculations were not supported by a single conformation,
that CYANA failed to identify. Therefore, it was inferred that both the free and bound
states were dynamic systems and required more than one solution.

Consequently, the novel Multistate CYANA calculation method, developed by Peter
Gintert (ETH Ziirich) was employed, using PRE data as ambiguous restraints that did
not need to be satisfied by all the calculated states (Strotz et al. 2017; Vogeli, Guntert,
and Riek 2013).

Here we report the main steps, details will be then mentioned in the following sections
(Figure 2.10). Starting from a SRSF1 RRM1+2 structure, free or in complex with RNA,
calculated using CYANA with data from the individual RRMs (Free: He et al., 2005,
Tintaru et al., 2007; Bound: Clery et al., 2013; Clery et al., 2017), we regularize and fix
the residues of the two RRMs (16-88 for RRM1 and 120-196 for RRM2) and initiate the
multistate CYANA calculation. We performed several tests to determine the number
of states needed to satisfy all the PRE data used as restraints. This step confirmed our
observation from the initial classical CYANA approach calculation that a single
structure could not satisfy all the PRE restraints. The ensemble obtained from this first
step of multistate calculation constitutes the raw ensemble. As with the RigiFlex
modeling, we perform ensemble fitting by combining PRE data with DEER restraints.
These first ensembles are contracted by fitting populations and discarding conformers
with zero or very low population (or probability). We analyze the agreement between
the final ensembles and the restraints used for the calculation (both PRE and DEER)
for quality control. By utilizing this novel approach that combines CYANA multistate
calculation and EnsembleFit step from the MMMx toolbox based on PRE as the
primary restraints, we obtained ensembles that enabled us to investigate and
comprehend the molecular interactions responsible for the specific orientation of the
two RRMs, which was not possible when we applied only the RigiFlex modeling.

Figure 2.11 Structure calculation of SRSF1 RRM1+2 in the free form and in complex with RNA using
standard CYANA. (A) Free Form, (B) in complex with 5'-UCAUUGGAU-3' RNA and (C) in complex with 5'-
UGGAUUUUUCAU-3" RNA; 300 structures were calculated and the best 20 selected. Ensembles are
superimposed on RRM2 depicted in blue, with RRM1 in red, the linker in cyan and RNA in yellow.
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# states TF # viol max

Free protein 25.48 59 1.28

bound to 5'-UCAUUGGAU-3' 18.41 30 0.63
bound to 5'-UGGAUUUUUCAU-3' 31.39 55 0.85

Table 2.3. Statistic values of structure calculation of SRSF1 RRM1+2 in the free form and in complex
with RNA using standard CYANA. TF = target function; #viol = number of restraints that are violated, max
= the maximal violation

2.2.5.1 Ensemble of SRSF1 tandem RRMs in the free form

In this section, we will examine the ensemble obtained for the free SRSF1 RRM1+2
protein, which is shown in Figure 2.12. The starting structure of the free protein was
generated using the standard CYANA software and the input files from the individual
RRMs (He et al. 2005; Tintaru et al. 2007). We conducted several calculation tests to
determine the number of states required for the final calculation, ranging from 1 to 10
states, using 213 PRE restraints from the 6 mutants (Table A3). For each calculation,
we generated 2000 structures, 200000 annealing steps, and selected the top 20
structures (i.e., number of conformers = 20 x number of calculated states) based on the
lowest target function and number of violations. We found that increasing the number
of states led to decreasing values of the target function and the number of violated
restraints. However, upon examining the structures, we observed that the ensembles
obtained from 8, 9, and 10 states displayed non-informative states with a fully
extended linker (Figure A8); this indicates that CYANA placed the last states at the
maximum distance between the two RRMs when more states were calculated than
necessary, even if the target function was close to zero with only a single restraint
violated.

The best outcome was achieved by calculating 7 states. The ensemble for this state was
recalculated using 5000 structures, 200000 annealing steps, and selecting the best 20
structures, resulting in a total of 140 conformers (Figure 2.12A). Upon analyzing the
initial ensemble, we observed that despite the high percentage of glycines present in
the linker domain, the two RRMs occupied specific space relative to each other.
Furthermore, as a control measure, we conducted a backcalculation analysis for the
DEER measurements, which surprisingly exhibited a remarkable agreement between
the backcalculated and experimental values (1-6 = 0.195, Figure 2.13A), even though
they were not included in this specific step. This unexpected and reassuring initial
result demonstrated the efficacy of the Multistate CYANA calculation approach for
our system, as we could obtain a good agreement for the DEER data. This result is
remarkable as the CYANA method does not generally utilize any electrostatic
information or force field, and the initial ensemble generated was chemically correct.
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180°

Figure 2.12 Ensembles of SRSF1 RRM1+2 in the free form calculated using the hybrid modeling. (A) Raw
ensemble obtained after the Multistate CYANA calculation using 213 PRE restraints (7 states, 140 conformers).
Conformers are superimposed on RRM?2 depicted in blue, with RRM1 in red and the linker in cyan. 5000
structures calculated with 200000 steps, 20 with lowest target function selected; TF = 1.09, # viol = 2; max =0.37.
(B) Ensemble refined after the MMMx EnsembleFit step (49 conformers). Ensembles are superimposed on RRM2
depicted in blue, RRM1 and linker are in different intensity of red depending on the probability of each conformer
(white = low probability, red = high probability); N-terminal (1-15) is not shown. (C) 7 conformers with the
highest probability forming 40% of the total population. (D) Details of some interactions involving the Trp134 on
the RRM2 as-helix with RRM1. (E) Detail of the TH-1>N HSQC spectra overlay between SRSF1 RRM1+2 (residue
1-196, green) and RRM2 (residues 107-203, blue) showing the Trp134 side-chain.
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Figure 2.13 Distance distribution restraint fulfillment of SRSF1 RRM1+2 in the free state. (A) After the
Multistate CYANA calculation (140 conformers), 1-0 = 0.195 (B) After the MMMx EnsembleFit step (49
conformers) 1—o = 0.143. Black = distance distribution determined experimentally, red = predicted distance
distribution.

Furthermore, two independent experiments were employed (PRE and DEER), and
both demonstrated a high level of consistency with each other (even if they are
performed at different temperatures). As a result, this new approach is reasoned to be
valid and accurate.

The EnsembleFit step was then performed using MMMXx, resulting in the selection of
49 conformers with different probabilities (Figure 2.12B). The back-calculation resulted
in an improvement in the fitting of the DEER restraints (1-6 = 0.143, Figure 2.13B).
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Furthermore, also the PRE restraints exhibited good agreement between experimental
and backcalculated values (Figure A9-10).

All these results suggest that the approach we developed is applicable to systems
comprising folded domains linked by unfolded and disordered regions and can
effectively combine different data sets from various techniques, such as PRE for
shorter distances and EPR for longer distance distributions. The ensemble of the free
protein was then analyzed to determine the molecular interactions responsible for the
specific orientation of the two RRMs.

Initially, we conducted an analysis of the conformers with the highest probability, and
upon observation, we noted that a majority of these conformers displayed an
interaction between the ai-helix of RRM2 and various regions of RRM1 (Figure 2.12C-
D). Notably, Trp134 from RRM2 was frequently involved in these interactions with
residues present in the pBi-strand, the connecting loop between [31-strand and ai-helix,
and the ai-helix itself. Furthermore, we observed an interaction between Lys138 from
RRM2 and az-helix of RRM1. Regarding conformers with lower probability, we noted
interactions between the az-helix and Ps-strand of RRM2 with RRM1.

The most remarkable finding was the contribution of Trp134 in maintaining the
proximity of the RRMs. Specifically, the comparison between the TH-1>N HSQC spectra
of SRSF1 RRM2 and SRSF1 RRM1+2 showed chemical shift differences in the side
chain of Trp134 (Figure 2.3A and Figure 2.12 E). Both the ensemble and previous NMR
experiments highlight the significance of Trpl34 in interacting with RRM1. The
combination of results from these different and independent experiments supports the
crucial role of Trpl34 in facilitating interactions and inducing the preformed
conformations of the two RRMs. This, further confirms the robustness of our approach,
as the experiments were conducted independently. In addition, the interactions
involving Trp134 suggest that the free form of the protein may adopt conformations
that have the tandem RRMs in close proximity, potentially preventing RNA binding.

2.2.5.2 Ensemble of SRSF1 tandem RRMs in complex with 5'-UCAUUGGAU-3'
RNA and 5-UGGAUUUUUCAU-3' RNA

Our aim was to apply the same methodology that was utilized for the free protein to
obtain the two protein-RNA complexes. Following the procedure used for the free
protein, we utilized the standard CYANA software to calculate the starting structures
of the protein when bound to two distinct RNA molecules, specifically 5'-
UCAUUGGAU-3' or 5-UGGAUUUUUCAU-3'. We used distance constraints from
previous studies on the individual RRMs in complex with CA or GGA motifs (Clery
et al. 2013; Clery et al. 2021). After obtaining the starting structures, we performed the
calculations to determine the number of states that were required for the protein-RNA
complexes ranging from 1 to 6 states (we expected more compacted structures than
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the free form). We used 226 restraints for the complex with 5-UCAUUGGAU-3' RNA
and 256 restraints for the complex with 5'-UGGAUUUUUCAU-3' RNA. It is important
to keep in mind that the target function is higher due to protein-RNA constraints
(Table A4-5).

As for the free protein, the calculation was performed generating 2000 structures,
200000 annealing steps, and selected the top 20 structures (i.e., number of conformers
= 20 x number of calculated states) based on the lowest target function and number of
violations.

Unlike the free protein, where calculating more states helped to satisfy all the PRE
input data, we observed that for both protein-RNA complexes, even when we
increased the number of states, CYANA could not find a solution that satisfied all
input data (Table 2.4 and Table 2.5).

# states TF # viol max
1 2199.79 61 11.36
2 242.23 54 4.79
3 162.07 62 4.25
4 151.85 70 3.02
5 162.78 78 2.62
6 156.8 86 2.53

Table 2.4 Test of Multistate CYANA calculation for SRSF1 RRMI1+2 in complex with 5'-
UCAUUGGAU-3' RNA (6 PRE mutants, 226 restraints). Calculations were performed for 1-6 states,
calculating 2000 structures, 200000 steps, and the best 20 structures were selected. TF = target function; #viol =
number of restraints that are violated, max = the maximal violation.

# states TF # viol max
1 2169.67 67 13.6
2 213.99 42 3.89
3 105 49 3.07
4 77.26 49 2.19
5 88.15 88 2.32
6 108.92 67 241

Table 2.5 Test Multistate CYANA calculation for SRSF1 RRM1+2 in complex with 5'-
UGGAUUUUUCAU-3' RNA (6 PRE mutants, 252 restraints). Calculations were performed for 1-6 states,
calculating 2000 structures, 200000 steps, and the best 20 structures were selected. TF = target function; #viol =
number of restraints that are violated, max = the maximal violation.

The observed phenomenon could be explained by the variation in stoichiometry of the
protein mutants and partial binding of the protein to RNA. In fact, the presence of
unbound protein could contribute to the observed signal. To address this issue, we
integrated PRE distances obtained from the native cysteine residues (C16 and C148)
and conducted calculation tests incorporating other PRE mutants. After careful
evaluation, we identified Y37C mutant as the most promising candidate, which
exhibited excellent agreement and compatibility with CYANA calculations (Table 2.6
and Table 2.7). Based on the analysis of the statistical parameters (TF and # viol), the 2
states model was initially considered the most suitable candidate for both the protein-
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RNA complexes. However, further analysis were performed by comparing the
structures obtained from the 2 states and 3 states models with the DEER data through
backcalculation. Interestingly, the results demonstrated that the 3 states model was
better than the 2 states model in terms of accuracy and agreement with the
experimental data. Subsequently, we performed the EnsembleFit step using MMMx
on the raw ensemble calculated with 3 states. Results are presented in Figure 2.14 for
the complex with 5'-UCAUUGGAU-3' RNA and Figure 2.15 for the complex with 5'-
UGGAUUUUUCAU-3' RNA.

# states TF # viol max
1 72.24 13 5.67
2 11.58 13 0.91
3 13.07 18 0.69
4 18.96 23 0.97
5 29.38 30 1.11
6 35.82 37 1.21

Table 2.6 Test Multistate CYANA calculation for SRSF1 RRM1+2 in complex with 5'-UCAUUGGAU-
3' RNA (3 PRE mutants = C16, Y37C, C148; 122 restraints). Calculations were performed for 1-6 states,
calculating 2000 structures, 200000 steps, and the best 20 structures were selected. TF = target function; #viol =
number of restraints that are violated, max = the maximal violation.

# states TF # viol max
1 133.91 20 4.26
2 6.38 10 0.57
3 14.37 16 1.12
4 27.08 35 1.56
5 40.93 35 1.44
6 56.28 42 1.77

Table 2.7 Test Multistate CYANA calculation for SRSF1 RRM1+2 in complex with 5'-
UGGAUUUUUCAU-3' RNA (3 PRE mutants = C16, Y37C, C148; 122 restraints). Calculations were
performed for 1-6 states, calculating 2000 structures, 200000 steps, and the best 20 structures were selected. TF
= target function; #viol = number of restraints that are violated, max = the maximal violation.

The initial ensemble for the protein-RNA complex involving the 5-UCAUUGGAU-3'
RNA exhibited already a compact conformation (Figure 2.14A). Out of the 60
conformers in the raw ensemble, 26 were selected following the EnsembleFit step
(Figure 2.14B). Superimposing all the conformers on RRM2 (in blue) revealed that
RRM1 occupies a highly specific space close to the ai-helix of RRM2. The space
between the CA and GGA binding site contained only two uridines, providing an
explanation for why the two RRMs are in close proximity in the final ensemble.
Comparing the final ensembles of the free and protein-RNA complex with 5'-
UCAUUGGAU-3' RNA (Figure 2.14C), we observed that the space occupied by RRM1
in the bound state was already present in the free ensemble (for all the 26 conformers).
This suggests that what was observed in the free form was not a prevention of RNA
binding (i.e., maintaining the two RRMs in a close conformation), but rather a case of
conformational selection. In fact, the free form displays conformations that are very
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similar to some observed in the bound form (Figure 2.14D), and these conformations
can facilitate RNA binding. In the free form, we observed that Trp134 plays a crucial
role in maintaining the two RRMs in proximity to each other. Previous studies have
shown that Trp134 also participates in the interaction between RRM2 and RNA (Clery
et al. 2013). Therefore, in order for Trp134 to be involved in binding RRM2 to the GGA
motifs, the interactions present in the unbound form needs to be disrupted. However,
the domains are already in close proximity and in an appropriate orientation to bind
RNA. In summary, the system appears to be pre-formed through interactions that
must be disassembled upon RNA binding, allowing the RRMs to be in close proximity.

o = . 2

Figure 2.14 Ensembles of SRSF1 RRM1+2 in complex with 5'-UCAUUGGAU-3' RNA calculated using
the hybrid modeling. (A) Raw ensemble obtained after the CYANA Multistate calculation (3 states, 60
conformers). Conformers are superimposed on RRM2 depicted in blue, with RRM1 in red, the linker in cyan and
the RNA in yellow. 5000 structures calculated with 200000 steps, 20 with lowest target function selected; TF =
8.79, # viol = 14; max =0.46 (From the RNA: TF = 7.35, # viol = 12; max =0.40) (B) Ensemble refined after the
MMMx EnsembleFit step (26 conformers). Ensembles are superimposed on RRM2. (C) Comparison ensembles of
SRSF1 RRM1+2 free and in complex with 5'-UCAUUGGAU-3' RNA: ensembles are superimposed on RRM?2
depicted in blue, RRM1 and linker are green for the free protein and in orange for the protein-RNA complex. (D-
E) Example of conformational selection. (D) Conformer of the free form and conformers of the bound form that
show conformational selection (E). Overview of the conformers of the bound form showed in (D). (B, D, E) RRM2
is in blue, RRM1 and linker are in different intensity of red depending on the probability of each conformer (white
= low probability, red = high probability) and RNA is in yellow; N-terminal (1-15) is not shown.
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Figure 2.15 Ensembles of SRSF1 RRM1+2 in complex with 5'-UGGAUUUUUCAU-3' RNA calculated
using the hybrid modeling. (A) Raw ensemble obtained after the CYANA Multistate calculation (3 states, 60
conformers). Conformers are superimposed on RRM2 depicted in blue, with RRM1 in red, the linker in cyan and
the RNA in yellow. 5000 structures calculated with 200000 steps, 20 with lowest target function selected; TF =
13.15, # viol = 15, max =0.98 (From the RNA: TF = 8.14, # viol = 12; max =0.41) (B) Ensemble refined after the
MMMx EnsembleFit step (23 conformers). Ensembles are superimposed on RRM2. (C) Comparison ensembles of
SRSF1 RRM1+2 free and in complex with 5'-UGGAUUUUUCAU-3' RNA. (D-E) Example of conformational
selection. (D) Conformer of the free form and conformers of the bound form that show conformational selection
(E). Overview of the conformers of the bound form showed in (D). (F) Example of conformer that showed induced
fit. (B, D, E, F) RRM2 is in blue, RRM1 and linker are in different intensity of red depending on the probability
of each conformer (white = low probability, red = high probability) and RNA is in yellow; N-terminal (1-15) is
not shown.

The ensemble of conformations for the protein-RNA complex involving the 5'-
UGGAUUUUUCAU-3' RNA appears to be less compact than the other complex. The
raw ensemble comprises 60 conformers, and upon superimposition of all conformers
onto RRM2 (Figure 2.15A, in blue), shows that RRM1 occupies the region close to the
RRM2 a 1-helix (as for the other ensembles) and conformers that have the RNA in an
extended form are also observed. After the EnsembleFit step, 23 conformers were
selected (Figure 2.15B). The final ensemble was then compared to the one obtained for
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the free protein (Figure 2.15C). Only 17 conformers showed similarity to the free form,
which can be explained as conformational selection (Figure 2.17D). The remaining 6
conformers lacked an equivalent in the free form and were thus explained as induced
fit. In addition to the Trp134-involved conformations observed in the free state, other
conformations were found to prepare the domains for RNA binding using the 5'-
UGGAUUUUUCAU-3' RNA. This observation is consistent with the findings of (De
Silva et al. 2022) who reported that the linker assumes a more stretched conformation
when the RRM1-binding motif CA is located downstream in simulations.

We conducted also the backcalculation analysis for both protein-RNA complexes
(Figure A11-12). Our results indicate that the agreement with the input data was not
as good as that observed for the free protein, but still within an acceptable range. It is
noteworthy that among the DEER data, the best fitting was obtained for the protein-
RNA distances, as opposed to the protein-protein restraints.

Taken together, these results demonstrate the development of a new method to study
multidomain proteins that are connected by disordered regions, utilizing PRE and
DEER experiments. This method enabled the elucidation of the molecular interactions
responsible for the orientation of the two RRMs in the free form, which could explain
the binding to RNA through both conformational selection and induced fit.
Furthermore, the observation of distinct conformers in the bound states, which are not
identical to each other, suggests that although the presence of RNA may reduce the
degree of freedom, the protein still exhibits some flexibility through the inter-RRMs
linker domain, enabling it to assume different conformations.

2.2.5.3 Comparison: MMMXx versus Hybrid ensembles

The present study compared two different methods for generating protein ensembles,
RigiFlex modeling and the hybrid approach that combines Multistate CYANA
calculation and MMMx EnsembleFit step. Our analysis of the ensembles we obtained
(Figure 2.16 and Figure A13), revealed significant differences between the two
methods, both for the free protein and for the protein-RNA complexes; in fact, the
ensembles generated via RigiFlex exhibit a larger number of conformers and appear
less compact when compared to the ensembles obtained through the hybrid method.
These differences could be attributed to variations in the manner in which the input
data were utilized. In the RigiFlex method, DEER data were primarily used as
restraints, which cover longer distances, while the PRE distances were only used in the
tinal step of the EnsembleFit. Consequently, the two RRMs were positioned far apart
from each other. Additionally, the DEER data consist of distributions and not single
distances, which influenced all possible conformations that could have been
calculated, leading to the formation of multiple conformers (around 100) in the final
ensemble. Conversely, the Multistate CYANA approach utilized PRE data as the
primary restraints. The shorter distances had the majority of influence on the
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calculation, and the number of structures calculated and selected were determined at
the beginning of the process. Furthermore, the second method allowed for a more
detailed study of the three ensembles obtained, particularly the molecular interactions
underlying the different conformations.

The observed differences are particularly evident in the unbound state. Specifically,
when using RigiFlex modeling alone to calculate the ensemble, a strong correlation was
observed between the P-sheet surface of RRM2 and all secondary structure elements
of RRM1. RRM1 surrounds the p-sheet of RRM2, and only a small number of
conformers (and not with high probability) accounts for the interactions between
Trp134 and RRM1. Both methods demonstrated that the SRSF1 tandem RRMs are not
independent and can adopt preferred conformations. However, the new hybrid
method allowed us to gain insight into the interactions that may be responsible for
these specific orientations.

Figure 2.16 Comparison between ensembles obtained with RigiFlex and the hybrid modeling in the free
state. (A) SRSF1 RRM1+2 free protein. (B) Conformers that show interaction between Trp134 and RRMI.
Ensembles are superimposed on RRM2 depicted in blue, RRM1 and linker are orange for the ensemble calculates
using the RigiFlex modeling and in green for the ensemble obtained using the hybrid method. (C) Conformers of
the ensemble calculated using RigiFlex modeling that show interaction between Trp134 and RRM1. Conformers
are superimposed on RRM2 depicted in blue, RRM1 and linker are in different intensity of red depending on the
probability of each conformer (white = low probability, red = high probability); N-terminal (1-15) is not shown.
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2.3 Discussion

In this study a novel approach for determining the structure of proteins with folded
domains connected by disordered regions has been presented. The specific case study
involved the SRSF1 tandem RRMs (lacking the RS domain), in which the linker domain
that connects the two RRMs is 30 residues long and rich in glycines, suggesting high
flexibility. Previous simulations also indicated that the linker was flexible even in its
bound form (De Silva et al. 2022). The present study confirmed this finding using
calculations that generated ensembles rather than a single conformation, but also
demonstrating that certain conformations observed in the unbound protein are also
detected upon RNA binding.

To achieve this, our study combined NMR (PRE experiments) and EPR (DEER
experiments) techniques. Initially, the RigiFlex modeling developed by Prof. Gunnar
Jeschke was used, which primarily used DEER distance distributions as main
restraints while additional restraints from other techniques were included in the final
step of the EnsembleFit (Jeschke and Esteban-Hofer 2022). This method generated
positive results, with the obtained ensemble showing good agreement between the
experimental data and backcalculated values. However, since the DEER restraints
cover large distances (20-100A), the domains were placed far apart from each other,
making it challenging to understand the molecular interactions that facilitated the
specific orientation of the two RRMs, particularly in the free protein.

Due to this limitation of the RigiFlex modeling, we chose to use PRE distances as
primary restraints for the CYANA structure calculation. The PRE restraints cover a
shorter distance range of 12-25 A, which should allow us to better understand the
molecular interactions between the two folded domains of SRSF1 tandem RRMs.
However, the standard CYANA method did not adequately satisfy our PRE restraints.
Therefore, we utilized the new Multistate CYANA calculation to generate multiple
solutions (Strotz et al. 2017; Vogeli, Guntert, and Riek 2013; Ashkinadze et al. 2022).
The present study describes the first application on a multidomain and dynamic
system of the Multistate CYANA calculation method, which was originally used only
for single domain systems (Strotz et al. 2017; Vogeli, Guntert, and Riek 2013;
Ashkinadze et al. 2022). The dynamic nature of our system was demonstrated through
initial results on the free form using correlation time and DEER experiments, as well
as the observation that the protein can bind RNA through a bimodal mode. The
Multistate CYANA calculation method allowed the identification of different
conformations that the protein could adopt, rather than calculating only a single final
conformation. The initial calculation was subsequently refined by combining it with
independent DEER experiments, which confirmed the agreement between the
backcalculated DEER distance distributions and the experimental values, particularly
for the free form. This approach (recording PRE data and performing multistate
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CYANA calculations) enables the generation of an initial ensemble of dynamic protein
conformations, which can be further refined using data from other techniques.

It has been demonstrated that the disordered region that connects different RNA
binding domains serves not only as a connector but also plays a critical role in
maintaining protein structure and interacting with other proteins or RNA (Ottoz and
Berchowitz 2020). For instance, studies on SRSF1 have shown that residues at the end
of the linker sequence are involved in RNA recognition. In addition, experiments
examining the correlation time of the protein revealed that the two RRMs can interact
with each other, but this interaction only occurs when the domains are connected
rather than in isolation. Using NMR and EPR methods, the structure of the two RRMs
was determined, revealing their specific localization and orientation relative to each
other.

As reviewed in (Afroz et al. 2015), tandem RRMs recognize RNA primarily in three
main ways. In the first case, the tandem RRMs are independent of each other in their
free state and adopt a rigid structure upon binding to RNA. In the second case, the
tandem RRMs maintain a fixed orientation in their free state, which is preserved upon
RNA binding. In the last case, a conformational change in the structure of the tandem
RRMs occurs upon RNA binding.

PTB RRM34 adopts a fixed conformation in its free form, which remains unchanged
upon RNA binding (Vitali et al. 2006). This fixed conformation in the free form was
also observed in the case of nPTB (Joshi et al. 2014). The U2AF protein presents a case
where a change in conformation occurs between the free and bound states (Mackereth
et al. 2011). Specifically, it has been observed that the tandem RRMs of U2AF65 can
adopt two distinct structures in solution depending on the presence or absence of a
high-affinity RNA ligand. In the free state, the tandem RRMs adopt a closed
conformation, which occludes the RNA binding B-sheet surface of RRM1 due to its
interaction with the a-helices of RRM2. However, in the presence of a high-affinity
RNA ligand, the tandem RRMs adopt an open conformation, where the [-sheet
surfaces of the two RRMs lie side-by-side, forming an extended RNA-binding surface.

The structures of Npl3 tandem RRMs both in the free form and in complex with RNA
have been recently solved (Keil et al. 2023; Moursy A. et al. 2023). Npl3 is a SR-like
protein present in yeast; similarly to SRSF1, Npl3 has a canonical and a pseudo RRMs;
the linker region that connects the two RRMs is only 8 residues (SKLPAKRY). The
short length of the linker suggests that the system is less dynamic than the one studied
in this project. Structures of the two isolated RRMs of Npl3 were previously
determined in their free form (Deka et al. 2008; Skrisovska and Allain 2008) and more
recently also the structure of the tandem RRMs (Keil et al. 2023), which was obtained
with NMR-PRE and small angle X-ray scattering SAXS data. In the free form the (-
sheet surfaces of the two RRM domains face towards each other, forming a positively

58



charged surface. The two domains adopt a rather fixed orientation, and the linker
connecting the two RRM domains has reduced flexibility (Figure 2.17A). In our
laboratory, using NMR spectroscopy, we determined the structure of Npl3 tandem
RRMs bound to 5'-AUCCAGUGGAA-3" RNA (Figure 2.17B): in general, RRM1 binds
preferentially upstream of the RRM2 binding site, with the linker domain contributing
to the RNA binding. In addition, structure-guided studies revealed that mutations
within RRM1, but not RRM2, negatively impact Npl3 function (Moursy A. et al. 2023).
Upon comparing the structures of Npl3 in the free form and in complex with RNA, it
is clear that the two RRMs are pre-organized to facilitate RNA binding, and only a
minor conformational change is required to accommodate the RNA.

A
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Figure 2.17 Npl3 tandem RRMs in the free form and in complex with RNA. (A) Structure of Npl3 tandem
RRMs in the free form (Keil et al. 2023). (B) Structure of Npl3 tandem RRMs bound to 5-AUCCAGUGGAA-
3" RNA (Moursy A. et al. 2023). RRM2 is depicted in blue, with RRM1 in red, the linker in cyan and RNA in
yellow. The PDB accession codes are indicated at the bottom of each structure.

From the length and the sequence of the linker we initially expected that SRSF1 tandem
RRMs was one of the cases in which the domains are totally independent. However,
based on the correlation time experiments conducted on SRSF1, it was determined that
this protein does not behave in the same manner. As already mentioned, the two RRMs
in the free form showed already preferred conformations in which the two RRMs can
bind the RNA both with conformational selection and induced fit.

Analyzing then our results, although initial observations suggested that the proximity
of the two RRMs prevented the binding to RNA, this initial assumption changed when
we compared the free protein ensemble with the structure ensembles of the protein-
RNA complexes. Analysis of the conformations adopted by the free protein indicated
that binding to the 5'-UCAUUGGAU-3' RNA is primarily driven by conformational
selection, whereas binding to the 5-UGGAUUUUUCAU-3' RNA can be driven by both
conformational selection and induced fit.

Most of the conformations with high probability present in the free state showed
interaction between Trp134 side chain and RRM1; Trp134 is an important residue
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involved also in the RRM2-RNA binding. This means that the interactions present in
the free form need to be removed to allow the protein to binding the RNA. Our
conclusion is that the protein has preformed conformations that facilitate the binding
to RNA.

Figure 2.18 Comparison of the ensembles of SRSF1 RRM1+2 free form and in complex with RNA. (A-D)
Conformers of SRSF1 tandem RRMs in the free form. (A) Conformers not found in any protein-RNA complexes.
(B) Conformers found only in the protein-RNA complex in presence of 5'-UCAUUGGAU-3" RNA. (C)
Conformers found only in the protein-RNA complex in presence of 5'-UGGAUUUUUCAU-3' RNA. (D)
Conformers not found in any protein-RNA complexes. (E) Ensembles of SRSF1 RRM1+2 in complex with 5'-
UCAUUGGAU-3' RNA. (F) Ensembles of SRSF1 RRM1+2 in complex with 5'-UGGAUUUUUCAU-3' RNA.
Ensembles are superimposed on RRM2 in blue, RRM1 and linker are in different intensity of red depending on
the probability of each conformer (white = low probability, red = high probability), and RNA is in yellow; N-
terminal (1-15) is not shown.

We conducted a detailed comparison of the conformers shared between the free form
and the two protein-RNA complexes (Figure 2.18). The final ensemble of the free form
comprised 49 conformers with different probabilities (Figure 2.12B). Among these
conformers, 16 were exclusively found in the complex with 5'-UCAUUGGAU-3' RNA,
6 were exclusively found in the complex with 5'-UGGAUUUUUCAU-3' RNA, and 11
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were present in both protein-RNA complexes. Furthermore, 11 conformers were not
detected in any of the protein-RNA complexes we calculated. Additionally, as
mentioned earlier, all the conformers present in the complex with 5'-UCAUUGGAU-
3' RNA were observed in the free ensemble, while 17 out of 23 conformers involving
the 5'-UGGAUUUUUCAU-3' RNA were identified in the free form ensemble.

Based on a closer examination of the conformers, we found that SRSF1 tandem RRMs
in the presence of 5'-UCAUUGGAU-3' RNA behaved similarly to Npl3 tandem RRMs.
The RRMs are pre-oriented in the free form to accommodate this RNA sequence, with
RRM1 binding upstream of RRM2, resulting in a low energy cost. Although there are
similarities with Npl3, the main difference between the two systems is that for SRSF1,
a single structure was not obtained in either the free form or the protein-RNA complex,
unlike in the case of Npl3, which confirms the dynamic nature of SRSF1 tandem RRMs.
In contrast, for the 5-UGGAUUUUUCAU-3' RNA, some conformers showed that the
RRMs were pre-oriented in the free form, while in others, a conformational change
was required, which incurred a higher energy cost for the binding. This is similar to
U2AF, where a change in the orientation of the RRMs was necessary for the binding to
the RNA.

It has been previously reported that the two RRMs of other SR proteins show distinct
mechanisms of RNA binding and display varying binding specificities when studied
independently. The presence of two RRMs may enable SR proteins to interact with a
wider range of RNAs compared to those with only one RRM. Alternatively, the two
RRMs may enhance the specificity of SR proteins if both RRM recognition sequences
are required for RNA targeting. Finally, one of the two RRMs may have evolved
towards additional functions that are unrelated to RNA binding in vivo (Anko 2014).
In addition, it is important to note that all our studies were conducted in the absence
of the RS domain, which can interact with RRM2 inhibiting RNA binding when it is
not phosphorylated (Serrano et al. 2016). This may promote certain conformations and
hinder others. Our hypothesis is that SRSF1 can adopt any of the observed
conformations, but one conformation may be preferred over others depending on the
interaction with the RS domain, the cellular localization, and the RNA that SRSF1 can
bind. This may also explain why we observe both conformational selection and
induced fit.
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2.4 Material and methods

2.4.1 Site-directed mutagenesis

Positions for site-directed spin labeling on the protein were chosen based on
simulating the spin label attachment to existing NMR solution structures of individual
RRMs of SRSF1 (He et al. 2005; Tintaru et al. 2007; Clery et al. 2013; Clery et al. 2021)
using the software package Multiscale Modelling of Macromolecular systems (MMM)
(Jeschke 2018). The following criteria were considered while scanning for potential
labeling sites within the RRMs: potential mutation sites need to be accessible and in a
folded region (a-helix or p-strand), the mutation to cysteine should not disrupt the
structure of the protein, and the mutation should not affect the binding to RNA.
Ideally, the three reference sites are positioned in a nearly equilateral triangle with the
largest possible distance between the vertices. Alanine 107 was selected in the linker
region since it does not show any influence in RNA binding and to not induce minimal
perturbation on the linker due to the chemical similarity of the residues. Point
mutations were introduced by a three-step polymerase chain reaction (PCR) protocol
using primers carrying the desired base change. Phusion (NEB) or PFU (Promega)
polymerases were used for the reaction. Subsequently, the Dpnl-treated DNA was
amplified in E. coli cells (strain TOP10) and isolated using a MiniPrep kit
(MACHEREY-NAGEL). The incorporation of the correct mutation was verified by
Sanger sequencing (Microsynth).

2.4.2 Expression and purification of the recombinant proteins

The coding sequences for SRSF1 RRM1 (amino acids 1-90 of SRSF1), RRM2 (amino
acids 107-203 of SRSF1), and RRM1+2 (amino acids 1-196 of SRSF1) were cloned into
the bacterial vector pET24 (Clery et al. 2013; Clery et al. 2021). All the recombinant
proteins were fused to an N-terminal GB1 solubility tag followed by a 6xHis tag for
the purification. In addition to increase the solubility, Y37S and Y72S point mutations
were performed. All the recombinant proteins were overexpressed at 37°C in E. coli
BL21 (DE3) codon plus cells in LB-broth medium (BD Difco) for non-isotopically
labeled protein, or in M9 minimal medium supplemented with 1 g/L NH4ClI (Sigma-
Aldrich or Cambridge Isotope Laboratories) and 4 g/L glucose for >N isotopically
labeled protein. In addition, 50 pg/mL kanamycin and 50 pg/mL chloramphenicol
were added to the media. The cell cultures were collected by centrifugation at 4000
rpm and 4°C for 15 to 20 minutes. The cell pellet was then resuspended in 20 mL of
lysis buffer (50 mM Na2HPO4, 1 M NaCl, pH 8) and lysed using a microfluidizer. The
resulting cell lysate was clarified by centrifugation at 17,000 rpm and 4°C for 45
minutes, and the protein of interest was purified using nickel affinity chromatography
(QIAGEN). The protein solution was loaded onto a Nickel column and washed first
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with wash buffer A (20 mM Na,HPO4, 3 M NaCl, pH 8) to remove nucleic acids and
then with 15 to 20 mL of wash buffer B (50 mM Na,HPOy, 50 mM L-Arg, 50 mM L-
Glu, 1 M NaCl, 40 mM imidazole, pH 8) to remove nonspecifically bound proteins.
The protein was then eluted with 10 to 15 mL of elution buffer (50 mM Na,HPO4, 1 M
NaCl, 200 mM imidazole, pH 8) and dialyzed in dialysis buffer (50 mM Na,HPO4, 1 M
NaCl, 200 mM imidazole, pH 8). The purity of the protein sample was checked by
running it on a 12% SDS gel. The concentration of the recombinant proteins was carried
out using 10-kDa molecular mass cutoff Centricon device (Vivascience). Finally, the
protein samples were stored at —20°C until use.

2.4.3 Site-directed spin labeling of the protein samples

The reducing agent, 3 mM DTT, was eliminated from the dialysis buffer through the
use of a desalting column filled with Sephadex G-25 resin, using PD10, PD MidiTrap,
or PD MiniTrap column (GE Healthcare). Subsequently, the protein sample was
incubated overnight at room temperature (RT) with a ten-fold excess of either MTSL
((1-oxyl-2,2,5,5-tetramethylpyrroline-3-methyl) =~ methanethiosulfonate; =~ Toronto
Research Chemicals) or Gd(III)-maleimido-DOTA (1,4,7,10-tetraazacyclododecane-
1,4,7-tris-acetic acid-10-maleimiodethylacetamide). Following this, the unreacted spin
label was removed using a PD10 column (GE Healthcare) and the labeled protein was
subsequently concentrated up to a maximum concentration of 200 pM via a 10-kDa
molecular mass cutoff Centricon device (Vivascience). The labeling efficiency was
determined using continuous-wave (CW) EPR spectroscopy for MTSL and Mass
Spectrometry for Gd(III). For DEER samples, the final step was carried out in EPR
buffer (20 mM NaPi, 50 mM L-Arg, 50 mM L-Glu, pH 6 with 10% glycerol), while for
the PRE sample, the buffer was changed with PRE buffer (20 mM NaPi, 50 mM L-Arg,
50 mM L-Glu, pH 6).

2.4.4 Site-directed spin labeling of the RNA samples

The labelling of the RNA samples was performed by Dr. Laura Esteban-Hofer (PhD
student in the group of Gunnar Jeschke, ETH Ziirich). The details of the procedures
are reported in the PhD Thesis (Esteban-Hofer 2022). Here we report the main steps.
Site-directed spin labeling of RNA the two RNAs 5-UCAUUGGAU-3' and 5'-
UGGAUUUUUCAU-3' required to introduce of modifiers prior to spin labeling. The
5'-end was phosphorylated while the RNAs containing a 3’-end thiol modifier (C3 S-
S) were purchased from Integrated DNA Technologies. The modified and deprotected
RNAs were then spin labeled by addition of 3-(2-Iodoacetamido)-PROXYL (IAP). The
labeling efficiency was determined by Continuous-Wave (CW) EPR experiments.
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2.4.5 NMR experiments

All NMR experiments were conducted with the sample solubilized in NMR buffer
comprising of 20 mM NaPi, 50 mM L-Arg, 50 mM L-Glu, and 3 mM DTT at pH 6.
However, for PRE experiments, samples were prepared in the absence of DTT in 20
mM NaPi, 50 mM L-Arg, and 50 mM L-Glu at pH 6 to prevent spin-label reduction. In
the case of protein-RNA complexes, a 1:1.2 ratio of protein and RNA was mixed to
form the complex.

NMR spectra were acquired at 313 K on Bruker AVIII-500 MHz, AVIII-600 MHz,
AVIII-700 MHz, and Avance-900 MHz spectrometers equipped with a cryoprobe.
TopSpin 3.x or 4.x (Bruker) was used to process the spectra, and the analysis was
performed using DynamicsCenter (Bruker), Sparky (http:/ /www.cgl.ucsf.edu/home
/sparky) and CARA (http:/ /cara.nmr.ch/doku.php).

2.4.5.1 Chemical shift differences analysis

TH-15N heteronuclear single quantum coherence (HSQC) experiments were performed
to characterize and compare °N isotope-labeled samples of SRSF1 RRM1, SRSF1
RRM2, and SRSF1 RRM1+2. Backbone assignments of the isolated RRMs in the free
and in complex with RNA were previously performed in a different buffer (Clery et
al. 2013; Clery et al. 2021) and it was possible to transfer the. To account for differences
between the spectra obtained in different conditions, peak positions were adapted for
each set of spectra. Chemical shift differences between the different constructs were
then calculated using the formula
ACS = \/(8HN)2 + (8N / 6.51)2
where 6HN is the chemical shift difference of the amide proton and 6N represents the

chemical shift difference of nitrogen atom.

2.4.5.2 5N-{1H} Heteronuclear NOE experiments

Heteronuclear 1>N-{1H} nuclear Overhauser effect (NOE) experiments were performed
to measure the dynamics of the backbone of SRSF1 RRM1+2 construct. The experiment
was conducted at a proton frequency of 700 MHz with a relaxation delay of 2 s and 3.5
s saturation period in the saturation experiment. The NOE values were then
determined by calculating the ratios of peak intensities in the saturated spectrum to
those in the unsaturated spectrum.

2.4.5.3 Protein dynamics study: 15N spin-relaxation experiments

To investigate the correlation time of the isolated RRMs and SRSF1 RRM1+2 (free state
and in complex with RNA), N longitudinal relaxation times T:1 and transverse
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relaxation times T> were recorded at a 'H frequency of 600 MHz using established and
previously described protocols (Kay, Torchia, and Bax 1989; Skelton et al. 1993;
Barraud and Allain 2013). For Ti, seven relaxation delays plus one repetition were
measured in an interleaved manner per increment using times of
0.01/0.15(x2)/0.3/0.6/1/1.5 and 2 s in the order 6/(1,8)/4/2/3/7/5. For T2, seven
relaxation delays plus one repetition were measured in an interleaved manner per
increment using times of 0/17/34/68(x2)/102/204 and 340 ms in the order
6/2/3/(1,8)/5/4/7. Peak lists were carefully adjusted, and data was extracted and
titted using DynamicsCenter (Bruker) using the intensity of the peak. The correlation
time was then calculated from the obtained T1 and T> times using equation
1 T,

= 6——7
vy | T,

Tc

where vy is the N resonance frequency (60.82 MHz).

2.4.5.4 PRE experiments

Transverse relaxation rates were extracted from 'Hn-T> measurements of all the six
single-cystein mutants labeled with diamagnetic and paramagnetic probes, both in the
free form and in complex with RNA.

For the paramagnetic samples, seven relaxation delays plus one repetition were
measured in an interleaved manner per increment using times of 0/7/8/10(x2)/12/14
and 20 ms in the order 1/6/3/(5,7)/8/4/2. For the diamagnetic samples, seven
relaxation delays plus one repetition were measured in an interleaved manner per
increment using times of 0//8/10(x2)/12/14/16 and 20 ms in the order
1/3/(5,7)/8/6/4/2. Peak lists were carefully adjusted, and data was extracted and
titted using DynamicsCenter (Bruker) using the intensity of the peak.

The PRE rate constants were determined by subtracting the transverse relaxation rates
of the diamagnetic Ry 4ia and paramagnetic Ro para samples. This difference between the
two rates is also represented as 2 = Ropara — Ro,dia. In instances, where amide peaks
were excessively broadened and not detectable during the acquisition of Ry para, we
assigned a value of I'>» =170 Hz.

The spin label-residues (inter-RRMs) distances were calculated using the formula

37, 1/6

K
r= [Fz <4TC Ty wh2162>]
where K is the magnetic susceptibility difference between the paramagnetic center and
the surrounding medium, I’ is the transverse relaxation rate of the nucleus, T is the
correlation time of the protein, ®n is the Larmor frequency of the nucleus.
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For the CYANA calculation the inter-RRM distances were calculated between the
DUMMY atom Q8 of the labeled residue (see session 2.4.8.1) and the NH atom of the
other residue.

To obtain the PRE ratios (Ipara/ldia), the integrated peaks of the plane obtained with the
first timing point (6 ms) were normalized by the integral of the reference peak (chosen
as the most intense peak in the GB1-tag). The PRE ratio Ipara/ldia was then calculated
with the normalized integrals of the paramagnetic Ipara and the diamagnetic sample

Idia-

2.4.6 EPR experiments

All the EPR experiments (CW and DEER) were performed and analysed by Dr. Laura
Esteban-Hofer (group of Prof. Gunnar Jeschke, ETH Ziirich). The details of the
procedures are reported in the PhD Thesis (Esteban-Hofer 2022). Here we report the
main steps.

2.4.6.1 Continuous-Wave (CW) experiments

CW experiments were performed to confirm the correct labelling of all the sample
labelled with MTSL (both samples for PRE and DEER experiments). CW spectra were
obtained at room temperature using a Bruker Elexsys E500 spectrometer equipped
with a super high Q resonator ER4122SHQ at X-band frequencies (9.5 GHz). The
protein samples were placed in a microcapillary tube (BLAUBRAND®) and the
measurements were conducted using 100 kHz field modulation with a 1.5 G
modulation amplitude. The labeling efficiency was determined by double integration
of the spectrum and compared with a control sample of known concentration.

2.4.6.2 DEER sample preparation and measurements

All SRSF1 mutants were measured in a deuterated matrix. The nitroxide-nitroxide
DEER measurements were performed on a homebuilt Q-band spectrometer (~ 34 GHz)
(Polyhach et al. 2012) on the shock-frozen sample at a temperature of 50 K. This was
achieved by liquid-helium cooling and was controlled by a He flow cryostat (ER
4118CF, Oxford Instruments) and a temperature control unit (ITC 503, Oxford
Instruments). A Hahn-echo sequence was utilized to obtain an echo-detected field-
swept EPR spectrum. For the four-pulse DEER experiment, the pulse sequence
followed 11/ 20bs-T1-Tobs-t1-Tpump-(T1 + T2 — t1)-Tobs-T2 (Pannier et al. 2000), where the
pump pulse was applied at the spectral maximum and the observer pulses were
applied at a frequency offset of 100 MHz. All measurements employed a 16 ns pump
pulse, and either a 12 ns or 16 ns observer pulse, with a pulse delay 11 of 400 ns and a
dead-time delay t1 of 280 ns. An eight-step nuclear modulation averaging with a 16 ns
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averaging time step was employed, and the pulse delay 12 and the time scale increment
were adjusted based on the expected distance.

For the Gd(III)-nitroxide DEER measurements, the experiments were conducted at 10
K with some adjustments made to the pulse sequence. The pump pulse was applied to
the spectral maximum of the nitroxide spectrum, while the observer pulses were
applied at the maximum of the Gd(Ill) spectrum, corresponding to a 300 MHz
frequency offset. The pulse duration was set to 12 ns, and a 11/2 pump pulse was used
(Garbuio et al. 2013; Yulikov 2015).

2.4.6.3 DEER data analysis

The DeerLab software, which is a Matlab-based program (version 0.9.2) available at
github.com/JeschkeLab/DeerLab-Matlab (Fabregas Ibanez, Jeschke, and Stoll 2020),
was employed to analyze the DEER traces. The primary DEER data was subjected to
zero-time and phase corrections, and the trace was cropped to remove the 2+1 artifact
at the end. To obtain the distance distributions, a one-step analysis was carried out,
wherein both the background and non-parametric distributions were fitted
simultaneously. The background correction was based on a stretched exponential
function, and the regularization parameter was determined using one of the following
methods: the Bayesian information criterion, the residual method, or the L-curve
minimum-radius method. Bootstrapped confidence intervals were estimated based on
1000 bootstrap samples drawn from a Gaussian distribution, using the noise in the
measurements for all fitted signals, distributions, and parameters.

2.4.7 Modeling with RigiFlex

The ensembles obtained using the RigiFlex modelling were calculated and analysed by
Dr. Laura Esteban-Hofer (group of Prof. Gunnar Jeschke, ETH Ziirich). Detailed
methodology is described in the PhD Thesis (Esteban-Hofer 2022). Here we report the
main steps.

The ensembles were generated with the software package MMMXx (version from 21
December 2021, available at https://github.com/gjeschke/MMMx; (Jeschke and
Esteban-Hofer 2022) with dependencies on YASARA (Krieger et al. 2009), and
SCWRL4 (Krivov, Shapovalov, and Dunbrack 2009). The ensemble generation,
refinement, and EnsembleFit calculations were performed on the ETH Euler cluster.

Visualization of the protein ensembles was done using VMD (Humphrey, Dalke, and
Schulten 1996) or MOLMOL (MOLecular analysis and MOLecular display) (Koradi,
Billeter, and Wuthrich 1996). In the ensemble generation, rigid bodies were first
arranged relative to each other based on inter-RRMs distance restraints using the Rigi
module. The number of rigid body arrangements used for free and protein-RNA

67



complexes varied depending on the number of successfully generated conformers in
smaller trials. For the protein-RNA complexes, the two RNA-binding motifs were
connected using the FlexRNA module with either 5'-UU-3' for the 5-UCAUUGGAU-3'
RNA or 5-UUUUU-3' for the 5-UGGAUUUUUCAU-3' RNA. The RRMs were then
connected by the inter-domain linker using the Flex module with all restraints
involving the A107C mutant. The raw ensembles were refined using YASARA and
contracted to a representative ensemble using the EnsembleFit module, which utilized
both DEER and PRE restraints.

2.4.8 Modeling with Hybrid method

All the CYANA calculation were performed with the version CYANA 3.98.15.

2.4.8.1 DUMMY atoms to reproduce the MTSL spin label and calculation of the
starting structure

The primary issue at hand involves the incorporation of the spin label in the CYANA
calculation. To tackle this challenge, we built upon the approach described in a
previous study (Dorn et al. 2022) and introduced additional steps. Specifically, we
began by recalculating the domains of interest using constraints derived from NOEs
defined in the structures of the individual RRMs (Free: He et al., 2005, Tintaru et al.,
Bound: 2007 Clery et al., 2013; Clery et al., 2017), while replacing the native cysteines
and mutated cysteine residues with the new residue, CYSM (Appendix A.1.1). CYSM
contains additional coordinates for the MTSL attached to the cysteine. The CYSM spin
label atoms were unconstrained and sampled the available conformational space in
the generated ensembles of 150 conformers. We then computed the average distance
of atom N1, which contains partially the unpaired electron, since the unpaired electron
is distributed between the N and O (01 or Q1 could have also been used) and seven
residues (CA) within the folded regions of the domain to define restraints from these
atoms to the center of the cloud of the spin label (upl and lol). Unlike the approach
taken in (Dorn et al. 2022), which involved the use of a long chain of pseudo-atoms for
each spin label in the CYANA calculation, we incorporated additional residues (CYSL,
TYRL, SERL, and THRL, Appendix A.1.2) into the CYANA library that include dummy-
atoms (from Q1 to 08 with Q1 attached to the residues CA atom) to be used for defining
the position of the center of the cloud of the spin-label. We then recalculated the
individual RRMs using including the atoms Q1-Q8 for each spin label (Appendix
A.1.3). Similar to the approach described in Dorn et al. 2022) this method accounts for
the average position of the unpaired electron of the spin label but does not consider
the real dynamics of the spinlabel. The new approach using Q1-Q8 to position the
center of the spin clouds dramatically reduces the number of coordinates required
(only 8 additional coordinates per spinlabel which are fixed during calculations)
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compared to the previous method which for each spinlabel required long flexible
linkers of approximately 50 residues containing dummy atoms followed by a GLY
residue whose CA atom was constrained to place it at the center of each spin cloud.
This was critical for allowing convergence of multistate calculations which included
up to 10 copies of the protein and RNA as described below. After using the above
method to define the location of each spinlabel center, we performed an additional
calculation using the entire sequence of the SRSF1 RRM1+2 and the two different
RNAs (5'-UCAUUGGAU-3' and 5'-UGGAUUUUUCAU-3'). For the free protein, we
used the original residue numbering, while for the protein-RNA complexes, we added
+200 to the protein residue numbers (the RNA numbering was 1-9 and 1-12 in the case
of 5'-UCAUUGGAU-3' and 5'-UGGAUUUUUCAU-3' respectively). 300 structures
were generated, and the best 20 were selected based on the lowest target function and
the number of violations. The structure with the best target function and the lowest
number of violations was the used as the starting structure for the CYANA Multistate
calculation. All protein structures were visualized with MOLMOL (Koradi, Billeter,
and Wuthrich 1996).

2.4.8.2 Multistate CYANA calculation: PREP, CALC and SPLIT

We adapted the PREP . cya macro from Peter Guintert to prepare all the input data for
the CYANA Multistate calculation (Strotz et al. 2017; Vogeli, Guntert, and Riek 2013).
The data were prepared according to the number of states that were to be calculated.
Except for the PRE data, which were treated as ambiguous restraints, all other data
were treated as unambiguous restraints. The raw ensemble generation was performed
on the ETH Euler cluster by adapting the CALC.cya macro. The .pdb file of the
Starting structure was read, and the RRMs coordinates were fixed (residues 16-88 for
RRM1 and residues 120-196 for RRM2). NOE-based restraints derived from structure
determinations of the individual RRM-RNA complexes published previously were
included to position the CA and GGA motifs close to the binding residues on the
respective RRMs for the protein-RNA complexes. PRE input data were then read: six
PRE datasets were used for the free protein, and three PRE datasets were used for the
protein-RNA complexes.

To determine the number of states required in CYANA multistate calculations, tests
were performed, calculating from 1 to 10 states in all three conditions (2000 structures
with 200000 annealing steps, best 20 structures selected). The number of states that
exhibited the best structural statistics and the structure without elongated states was
selected.. In all three conditions, 5000 structures with 200000 annealing steps were
generated, and the best 20 structures were selected. As all the 20 structures contained
7 or 3 states, we used the adapted SPLIT.cya macro (Appendix A.1.4.3) to obtain the
initial CYANA model with the correct residue numbering (140 conformers for the free
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protein, 60 conformers for the protein-RNA complexes). Before running the
EnsembleFit step, we removed all the dummy atoms.

2.4.8.3 MMMx EnsembleFit

The EnsembleFit step was performed using the EnsembleFit modeling function from
the MMMXx toolbox and run on MATLAB (Jeschke and Esteban-Hofer 2022). In this
step, DEER restraints were also included. For the protein-RNA complexes, we had to
change the residue numbering back to the original numbering. All the final ensembles
were visualized with MOLMOL (MOLecular analysis and MOLecular display)
(Koradi, Billeter, and Wuthrich 1996). Other analyses of the ensembles such as those
showing ensembles pairwise distance statistics were performed with MMMx.
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Chapter 3: SRSF1 and Phase Separation




SRSF1 and phase separation

Abstract

Nuclear speckles (NSs) are membraneless organelles located in the nucleus that act as
central hub to coordinate various steps of nuclear gene expression regulation. These
steps include chromosome localization, chromatin modification, transcription,
splicing, 3'-end processing, mRNA modification, mRNA coating with proteins, and
messenger ribonucleoprotein (mRNP) export. While NS proteins have been studied
extensively to understand their functional characterization, the precise role of NSs
requires further clarification. The assembly and maintenance of NSs depend on
interactions among their different components, many of which contain flexible low-
complexity regions (LCRs). LCRs play a critical role in protein-protein and protein-
RNA interactions and can alter the properties of a protein permanently or transiently
upon post-translational modification or protein partner binding. Proteins with LCRs
are regulated to ensure that cellular processes can be adjusted, and depletion or
mutation of LCRs can disrupt protein interactions, functions, and localization to NSs.
High concentrations of macromolecules promote phase separation, resulting in the
formation of liquid droplets with clear boundaries in aqueous solutions in vivo and in
vitro when concentrated proteins with LCRs are present.

In this study, we focused on investigating SRSF1 as one of the main components of the
nuclear speckles in the context of phase separation. Due to solubility challenges, we
decided to analyze the behavior of the SRSF1 tandem RRMs using light microscopy,
turbidity measurements, and NMR Diffusion-ordered spectroscopy (DOSY)
experiments. Our results showed that even in the absence of the RS domain, the SRSF1
tandem RRMs form droplets in vitro, and RNA play an important role in dissolving
the droplets.

Author contributions

Cristina K. X. Nguyen (C.K.X.N.) prepared protein samples, performed the turbidity measurements,
microscopy analysis and NMR experiments. Antoine Cléry (A.C.) performed preparatory work.
Leonidas Emmanouilidis (L.E) assisted with the design and analysis of the NMR experiments. Frédéric
H.-T. Allain (F.H.-T.A.) provided financial support and overall supervision of the project. C.K.X.N.
wrote the text with contributions from all the involved authors.
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3.1 Introduction

The discovery of nuclear speckles (NSs) dates back to 1910 when Santiago Ramén y
Cajal first observed them using light microscopy. Subsequently, in 1959, Hewson Swift
identified NSs with the help of electron microscopy, but the term "speckles" was coined
by J. Swanson Beck only two years later. Originally, NSs were believed to play a crucial
role in regulating splicing factors at transcription sites, as changes in their function or
composition resulted in alterations in alternative pre-mRNA splicing. However, as
research on NSs progressed, additional functions were discovered. Recent studies
have shown that NSs serve as a hub to coordinate all nuclear gene expression
regulation steps, including chromosome localization, chromatin modification,
transcription, splicing, 3'-end processing, mRNA modification, mRNA coating with
proteins, and messenger ribonucleoprotein (mRNP) export. All these processes are all
coupled with RNA polymerase II transcription, which occurs within perichromatin
fibrils in close proximity to NSs (Biggiogera and Fakan 1998). While NSs proteins have
been extensively studied to understand their functional characterization, the precise
role of NSs requires further clarification. Additionally, most NS proteins can be found
in other nuclear locations, and their specific roles in NSs, interacting partners, and
post-translational modifications still need to be elucidated. NSs remain highly
dynamic structures, and their components are constantly in flux. However, they
remain clearly separated from the nucleoplasm, and when isolated from the nuclei of
mouse liver cells, they are stable and resistant to subsequent purification procedures
(Phair and Misteli 2000; Mintz et al. 1999; Saitoh et al. 2004). The assembly and
maintenance of NSs depend on interactions among their different components, many
of which contain flexible low-complexity regions (LCRs). LCRs play a critical role in
protein-protein and protein-RNA interactions and can alter the properties of a protein
permanently or transiently upon post-translational modification or protein partner
binding. Proteins with LCRs are regulated to ensure that cellular processes can be
adjusted, and depletion or mutation of LCRs can disrupt protein interactions,
functions, and localization to NSs (Marzahn et al. 2016).

Another factor contributing to the spatial distinction of NSs is cellular crowding. High
concentrations of macromolecules promote phase separation, resulting in the
formation of liquid droplets with clear boundaries in aqueous solutions in vivo and in
vitro when concentrated proteins with LCRs are present. Phase separation can be
influenced by factors such as temperature, pH, ionic strength, and LCR modification
(Li et al. 2012; Nott et al. 2015). Post-translational modifications within LCRs, such as
phosphorylation and methylation, have been shown to regulate protein-protein
interactions and recruitment to NSs while increasing structural order (Gui, Lane, and
Fu 1994; Colwill, Pawson, et al. 1996; Colwill, Feng, et al. 1996; Misteli and Spector
1996; Xiang et al. 2013). Multiple LCRs, such as serine/arginine-rich (RS) motifs and
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folded domains, can coexist within individual NS proteins and enable interactions
with multiple proteins simultaneously.

Regarding SRSF1, the phosphorylation of the RS domain by specific kinases plays a
crucial role in regulating both its presence in the NSs and its localization within the
cell. The RS domain is a characteristic domain of SRSF1, which is 50 residues long in
this protein but varies in length among other members of the family. SRPK1 and cdc2-
like kinase (Clk) are involved in the phosphorylation of the RS domain, and the
subcellular localizations and substrate specificities of these two kinase families are
distinct (Figure B1) (Gui, Lane, and Fu 1994; Colwill, Pawson, et al. 1996; Colwill, Feng,
et al. 1996; Sanford and Bruzik 1999). SRPK1 is detected in both the cytoplasm and the
nucleus, whereas Clk is constitutively located in the nucleus and co-localizes with SR
proteins in nuclear speckles. SRPK1 binds to SRSF1 with unusually high affinity and
rapidly modifies about 10-12 serines in the N-terminal portion of the RS domain (RS1)
using a mechanism that incorporates sequential, C-to-N phosphorylation in several
processive steps. In contrast, Clk/Sty phosphorylates the entire RS domain (RS1 and
RS2). Nuclear CLKs are activated by osmotic and heat-shock stresses, so SR proteins
are re-phosphorylated by CLKs during the recovery phase of stress (Ninomiya et al.
2020). The two SR kinase systems appear to act in symbiosis for proper
phosphorylation of SR proteins and splicing regulation (Aubol et al. 2016), and their
roles are interrelated, contributing in a coordinated way toward protein
phosphorylation and localization in response to different stimuli (Corkery et al. 2015;
Ghosh and Adams 2011). Additionally, de-phosphorylation and re-phosphorylation
of SR proteins seem to be important for cytoplasmic functions (Huang, Yario, and
Steitz 2004).

In a separate investigation, NMR spectroscopy was employed to analyze two isolated
domains of SRSF1, revealing that certain residues in the RRM2 region interact with the
N-terminal segment of the RS domain (RS1) in trans. Disturbing this intramolecular
RRM2-RS domain interaction impedes both the directional phosphorylation
mechanism and the nuclear translocation of SRSF1, emphasizing the necessity of the
inherent phosphorylation bias for the biological function of SR proteins (Serrano et al.
2016).
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3.2 Results

3.2.1 Phase separation of SRSF1 tandem RRMs and influence of the
RNA

In our laboratory, all SRSF1 constructs, including individual RNA recognition motifs
(RRMs), tandem RRMs, and full-length protein, were designed containing a GB1-tag
and a His6-tag for the purpose of enhancing solubility and enabling purification. The
presence of the GB1-tag is known to improve solubility and may affect artificially the
behavior of the protein during phase separation studies. To investigate phase
separation, we aimed to obtain the full-length SRSF1 protein, including its arginine-
serine (RS) domain, which is known to be rich in RS residues and prone to phase
separation. However, due to solubility issues, we began our experiments using
constructs containing only the two RRMs, specifically SRSF1 RRM1+2 with Tyr37Ser
(Y37S) and Tyr72Ser (Y72S) point mutations, which were used in previous
experiments.
To study the SRSF1 tandem RRMs in the context of phase separation, we needed to
obtain the protein in a soluble form without the GB1-tag. To achieve this, we cloned
the constructs with a Tobacco Etch Virus (TEV) cleavage site between the His6-tag and
the N-terminus of the protein (Figure 3.1 A). Obtaining the protein in a soluble form
was a significant challenge, requiring adjustments of the salt conditions and protocols.
Initial experiments were conducted under the same conditions as all the previous
NMR experiments (Chapter 2) to evaluate the correct folding of the protein (Figure 3.1
B). We performed 'H-N heteronuclear single quantum coherence (HSQC)
experiments to compare the construct purified without the GB1-tag and the construct
used in previous experiments, which was fused with the GB1-tag. The results indicated
that the protein folded properly even in the absence of GB1.
To study the phase separation mechanism, we changed the buffer conditions to use a
more physiological buffer. The protein was concentrated and stored in 50 mM Tris pH
8,1 M NaC(Cl, 3 mM DTT (250 pM) and then diluted 1:5 to a final concentration of 50
M, with the salt concentration reduced to 200 mM.
The initial results are shown in Figure 3.1 C-D. The protein lacking the GB1-tag had
the tendency to form droplets at low concentrations (20 ptM), with round and dynamic
droplets that fused with each other. Additionally, we measured the turbidity of the
protein at different concentrations and we found that the turbidity increased linearly
with protein concentration.
These results indicated that even though we initially believed that the RS domain was
primarily responsible for the phase separation of SRSF1, in vitro, the two tandem RRMs
were sufficient to form droplets at low concentration.
Once we demonstrated that the SRSF1 tandem RRMs construct forms droplets in vitro,
we aimed to investigate whether RNA can influence this mechanism. Specifically, we
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tested the 5'-UCAUUGGAU-3' and 5-UGGAUUUUUCAU-3' RNAs that we used to
obtain structures of the protein-RNA complexes, designed based on the results of the
SELEX experiments; in addition, we used 9-uridine (5'-UUUUUUUUU-3') as control
RNA that lacks binding sites for both RRMs.
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Figure 3.1 Characterization of SRSF1 RRM1+2 construct in absence of GB1. (A) SRSF1 RRM1+2 (1-196)
construct used in our experiments: the protein contains two point mutations in RRM1 (Tyr37 and Tyr72); the
N-terminal GB1-tag (yellow) for solubility purposes and His6-tag (grey) for purification purposes are then
removed after the TEV cleavage (TEV cleavage sequence is shown in green). (B) Overlay of 'TH-1"N HSQC spectra
of SRSF1 RRM1+2 (1-196) fused with GB1 (blue) and in absence of GBI (red). Buffer: 20 mM NaPi, 50 mM L-
Arg, 50 mM L-Glu, 3 mM DTT, pH 6; Temperature = 313K. (C) Light microscopy images of the buffer alone as
control on the left and SRSF1 RRM1+2 (50 uM). Buffer: 50 mM Tris, 200 mM NaCl, 3 mM DTT, pH §;
Temperature = RT. (D) Turbidity measurements (absorbance at 600 nm) of SRSF1 RRM1+2 at increasing
concentrations. Buffer: 50 mM Tris, 200 mM NaCl, 3 mM DTT, pH 8; Temperature = RT.

To test the protein-RNA binding, we performed 'H-1’N HSQC experiments (Figure B2)
and confirmed that the tandem RRMs bind both 5'-UCAUUGGAU-3' RNA and 5'-
UGGAUUUUUCAU-3" RNA. In the absence of CA or GGA motifs, the polyU did not
result in any chemical shift perturbation. To investigate the effect of RNA on droplet
formation in vitro, we used both light microscopy and turbidity measurements (Figure
3.2 A-B). We gradually added RNA keeping the concentration of the protein fixed and
observed the same result with both techniques. Addition of the 9-uridine RNA did not
show any significant effect on droplet formation, as observed through microscopy and
consistent turbidity measurements, indicating that this RNA does not affect droplet
formation. A totally different result was observed upon addition of RNA containing
both binding sequences for the two RRMs (5-UCAUUGGAU-3' and 5'-
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UGGAUUUUUCAU-3"). In both cases, the droplets were less and smaller than those
observed in the absence of RNA, even with a small amount of RNA (protein:RNA ratio
1:0.3) using microcopy. At the end of the titration (protein:RNA ratio 1:1), the droplets
were entirely dissolved. This outcome was confirmed by the turbidity measurements
(absorbance at 600 nm), showing a significant decrease in turbidity with increasing
RNA concentration.
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Figure 3.2 Phase separation of SRSF1 RRM1+2 in presence of different RNAs in vitro. (A) Light
microscopy images of SRSF1 RRM1+2 (50 uM) with increasing concentration of different RNAs: 5'-
uuuauuuuuu-3', 5'-UCAUUGGAU-3" and 5'-UGGAUUUUUCAU-3'. (B) Turbidity measurements
(absorbance at 600 nm) of SRSF1 RRM1+2 at fix concentration (50 uM) and increasing concentrations of
different RNAs:  5'-UUUUUUUUU-3, 5-UCAUUGGAU-3', 5-UGGAUUUUUCAU-3', 5'-
UCAUUUUUU-3', 5'-UUUUUGGAU-3" and 5'-UGGAUUUUUUUU-3". All measurements were done in
triplicate. Buffer: 50 mM Tris, 200 mM NaCl, 3 mM DTT, pH 8; Temperature = RT.
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To further control, we measured turbidity while adding RNAs containing only one
binding sequence for a single RRM: either CA or GGA, with the other binding site
replaced with UU or UUU. The RNAs tested were: 5-UCAUUUUUU-3', 5'-
UUUUUGGAU-3', and 5-UGGAUUUUUUUU-3".

Results indicated that when adding RNA containing only GGA, the turbidity
decreased to 0 at a protein:RNA ratio of 1:1.5 in both cases (GGA at the 3' or 5').
However, when adding RNA containing only the CA motif, the turbidity did not reach
0 even at a protein:RNA ratio of 1:2, unlike the previous cases.

These findings can be interpreted in various ways. Firstly, RNA lacking specific
binding sequences for the RRMs does not impact droplet behavior in vitro, as indicated
by both light microscopy and turbidity measurements. Secondly, RNA containing at
least one binding site for either of the two RRMs has a dissolving effect on the droplets.
However, the degree of this effect varies among the different RNAs tested, with the
"detergent effect" being more pronounced when the RNA contains the GGA motif
(with or without the CA motif). Conversely, RNA containing only the CA motif causes
droplets to dissolve, but the turbidity does not drop to zero. This result may be
attributed to the different binding affinities of the RRMs for their respective binding
sequences. As mentioned in Section 2.1.2, the K4 values obtained were approximately
20 pM for RRM1 and 0.7 uM for RRM2; the droplets dissolve more rapidly in the
presence of the GGA sequence due to the higher affinity of RRM2 for RNA.

These results were obtained for the SRSF1 tandem RRM constructs (SRSF1 RRM1+2).
Further research is necessary to determine how the presence of the RS domain and its
phosphorylation, which significantly affect protein solubility, may also impact the
phase separation of SRSF1 in the presence or absence of RNA. This is currently being
investigated in our laboratory as part of a new project.

3.2.2 NMR Diffusion experiments on stabilized droplets in vitro

The results presented in this paragraph are a subset of the research project published
in (Emmanouilidis et al. 2021). Specifically, we focus on the results obtained for SRSF1
in this work. The authors, Dr. Leonidas Emmanouilidis and Dr. Laura Esteban-Hofer,
investigate the in vitro droplet formation of the FUS N-terminal domain (NTD) using
NMR and EPR techniques. To stabilize the droplets in vitro, the authors introduced
0.5% agarose in the buffer, which prevented droplet fusion and adhesion to the glass
surface of the tube. The idea behind this approach was to mimic the cytoskeleton in
cells to prevent the fusion of the droplets. This method of stabilizing droplets was also
applied to other proteins, including PTPB1 and SRSF1 tandem RRMs, which contain
folded domains. Figure 3.3 shows that droplets were still present in the sample after
stabilizing with agarose for several hours. In addition, SRSF1 remained properly
folded even in the presence of agarose-hydrogel (Figure B.3).
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The conditions of droplets formation varied among the three samples studied: FUS
was concentrated in a buffer containing 6M urea and decreasing the urea concentration
facilitated phase separation. Similarly, SRSF1 RRM1+2 was concentrated in a buffer
containing 1M NaCl to obtain droplets, and the buffer needed to be diluted to decrease
the salt concentration. In contrast, PTPB1 in the free form was soluble, but droplets
were formed in vitro after adding RNA.

To determine the quantity of protein responsible for the phase separation mechanism
and included in the droplets, diffusion-based NMR experiments (DOSY) were
performed on the FUS NTD sample. The experiments revealed that we can quantify
the partitioning of intrinsically disordered proteins between the dispersed and
condensed phases. However, for SRSF1 and PTBP1, which contain mainly folded
regions, the approach was unable to detect the protein in the condensed phase. It was
hypothesized that the fast backbone dynamics of the disordered domains keep the
lines sufficiently narrow for NMR observation of FUS.
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Figure 3.3 Agarose stabilization and DOSY experiments. (A) FUS NTD, (B) PTB1 and (C) SRSF1
RRM1+2. Top: Effect of agarose hydrogel on stability of protein liquid droplets; Bottom: Integrated normalized
spectral region plotted vs. gradient strength for dispersed (black) and biphasic (red). Modified from
(Emmanouilidis et al. 2021).
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3.3 Discussion

In this study, our objective was to investigate the behavior of SRSF1 in the context of
phase separation. Our goal was to understand the interactions of SRSF1 with other
proteins within nuclear speckles. Due to the difficulty in obtaining the full-length
protein in a soluble form, we decided to focus on analyzing the behavior of SRSF1
tandem RRMs in the context of phase separation. Based on the protein sequence, we
initially hypothesized that the RS domain was primarily responsible for the phase
separation phenomenon.

Our results revealed that the SRSF1 construct lacking the RS domain was able to form
droplets in vitro at low concentrations. However, the most interesting finding was
observed when we added RNA to the system. We tested RN As containing one or both
binding sequences for the two RRMs, as well as RNAs that did not contain any binding
sequence. Surprisingly, we observed that even a single binding sequence was
sufficient to induce droplet dissolution in vitro. We also found that the presence of
GGA, which is specifically recognized by RRM2, led to faster dissolution of the
droplets, likely due to the higher affinity of RRM2 for RNA.

Nuclear Speckle Q % b O Nucleoplasm

Exon —! S§ ——7r—+ Intron
| | | | | [ |
@ SR protein Q@ Spliceosome @ hnRNP protein
3 SR motif = Splice site motif E= hnRNP motif

Figure 3.4 Interfacial splicing model. The SR motif-rich exon is positioned inside the NS, whereas the hnRNP
motif-rich intron is held outside in the nucleoplasm. The 3' or 5' splice site motif at an exon-intron boundary is
positioned at the interface (Liao and Regev 2021).

Our current research focus is to investigate the impact of the RS domain on the phase
separation mechanism of SRSF1. We hypothesize that besides RNA binding, the RS
domain may interact with other disordered regions of different SR proteins or other
proteins. To explore this hypothesis, we plan to study the role of the RS domain in
phase separation in both isolated form and in the context of the full-length protein.
Furthermore, we aim to elucidate the influence of RS domain phosphorylation on the
mechanism and binding with RNA and other proteins. By understanding the behavior
of the RS domain alone or in the context of the full-length protein, and the SRSF1
tandem RRMs, we aim to understand the behavior of the protein in the context of
phase separation and the role of the different domains.

In addition, a recent study (Liao and Regev 2021) proposed a model for the formation
of nuclear speckles, where exons are preferentially sequestered into NSs through
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binding by SR proteins, while introns are excluded through binding by nucleoplasmic
hnRNP proteins (Figure 3.4). This model suggests that splice sites at exon-intron
boundaries are positioned at NS interfaces, which exposes the splice sites to interface-
localized spliceosomes, enabling subsequent splicing reaction. In our lab, we have
initiated a project to confirm this model.
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3.4 Material and methods

3.4.1 Protein expression and purification

The coding sequence for SRSF1 RRM1+2 (amino acids 1-196 of SRSF1) were cloned
into the bacterial vector pET24 with N-terminal GB1 solubility tag followed by a 6xHis
tag and TEV cleavage sequence (ENLYFQG) for the purification. In addition to
increase the solubility, Y375 and Y72S point mutations were performed. All the
recombinant proteins were overexpressed at 37°C in E. coli BL21 (DE3) codon plus
cells in LB-broth medium (BD Difco) for non-isotopically labeled protein, or in M9
minimal medium supplemented with 1 g/L 1®NH4Cl (Sigma-Aldrich or Cambridge
Isotope Laboratories) and 4 g/L glucose for 1N isotopically labeled protein. In
addition, 50 pg/mL kanamycin and 50 pg/mL chloramphenicol were added to the
media.

The cell cultures were then collected by centrifugation (15 min to 20 min at 4000 rpm
and 4 °C) and the resulting cell pellet was resuspended in 20 mL lysis buffer (50 mM
Tris pH 8, 1 M NaCl, 3 mM DTT, 10 mM Imidazole).

After the cell lysis using a microfluidizer, the cell lysate was cleared by centrifugation
(45 min at 17 000 rpm and 4 °C), and the protein purified using nickel affinity
chromatography (QIAGEN). After loading the protein solution onto the Nickel
column, the protein was washed first with wash buffer A (50 mM Tris pH 8, 3 M Na(l,
10 mM Imidazole, 3 mM DTT) to remove nucleic acids and then with 15mL to 20mL
wash buffer B (50 mM Tris pH 8, 1 M NaCl, 30 mM Imidazole, 3 mM DTT) to remove
unspecifically bound protein. The protein was finally eluted with 10mL to 15mL of
elution buffer (50 mM Tris pH 8, 1 M NaCl, 200 mM Imidazole, 3 mM DTT).
Subsequently, imidazole was removed and His-tag TEV cleaved simultaneously
against the dialysis buffer (50 mM Tris pH 8, 1 M NaCl, 3 mM DTT) overnight at RT.
The sample was loaded onto a second nickel column to remove the cleaved tag and
any non-specifically binding molecules. Protein was collected from the flow-through
and subsequently concentrated. The purity of the samples was analyzed ona 12 % SDS
gel. Protein samples were stored at =80 °C until further use.

3.4.2 Light microscopy

An Olympus CKX41 microscope and Eclipse Ti Nikon microscope with x40 air
objective or a Widefield Zeiss LifeCell Station (from ScopeM facility, ETH Ziirich)
microscope x 10 x 20 x40 immersion objective were used to visually inspect samples.
Samples were loaded in a 384-well glass-bottom plate (Corning 4581).
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3.4.3 Turbidity measurements

The turbidity (light scattering at 600 nm) of the samples was measured using a UV-Vis
spectrophotometer (ND-1000 Spectrophotometer, NanoDrop). For SRSF1, a defined
volume of protein was diluted in SRSF1 buffer (50 mM Tris pH 8, 200 mM NaCl, 3 mM
DTT) to obtain a specific protein concentration (50 uM) in a total reaction volume of 10
uL. The RNA was added to perform different concentration points: 1:0, 1:0.3, 1:0.6, 1:1,
1:1.5. 1:2. All samples were done in triplicate.

3.4.4 Sample preparation in agarose gel

The preparation of the samples in agarose followed the protocol mentioned in
(Emmanouilidis et al. 2021) adapted with SRSF1 conditions.

To form stabilized liquid droplets, agarose buffer (50 mM Tris pH 8, 200mM NaCl,
0.5% (wt/vol) agarose (ThermoFisher), 3 mM DTT) was boiled to solubilize agarose
powder and then cooled in a room-temperature water bath. Agarose buffer was still
liquid at ~55 °C. To form protein droplets inside the hydrogel, protein stock was
diluted in this warm agarose buffer in a 1.5-ml pre-warmed Eppendorf and quickly
transferred to either the sample tube or a glass-bottom multi-well plate. Owing to the
small volume used, the temperature dropped quickly, leading to liquid-droplet
formation and agarose gelation.

SRSF1 protein was dispersed at 50 pM concentration in the presence of high salt
concentration; the agarose mixture for the dispersed sample contained 1 M NaCl,
while the biphasic sample contained 200 mM NacCl.

3.4.5 NMR experiments

3.4.5.1 1H-5N heteronuclear single quantum coherence (HSQC) experiments

5N isotope-labeled SRSF1 RRM1+2 sample was characterized in NMR buffer by 1H-
BN heteronuclear single quantum coherence (HSQC) experiments. Backbone
assignments of SRSF1 tandem RRMs was performed in a different buffer (Figure 2.3A,
Session 2.2.1) and the assignment could be transferred.

3.4.5.2 Diffusion-ordered spectroscopy (DOSY) experiments

The preparation of the samples in agarose followed the protocol mentioned in
(Emmanouilidis et al. 2021).

A standard pulse sequence (stebpgplsl9 from Topspin 3.2, Bruker) was used for
diffusion experiments on the 750-MHz instrument. In total, 4,096 points with 32 scans

were recorded in the proton dimension for each one dimension with variable diffusion
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gradient strength ranging between 2 and 95% in various steps. The following
parameters were used: diffusion time (A) 0.08 s, gradient pulse (8) 12 ms, smoothed
rectangular-shaped gradients SMSQ 10.100, relaxation delay (d1) 5 s.
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Chapter 4: Conclusions and Outlook




The majority of mRBPs implicated in alternative splicing contain two or more RNA-
binding domains (RBDs, Fugure 2.1) (Lunde, Moore, and Varani 2007). It has been
established that combining multiple RBDs increases the specificity and affinity of a
protein (Jankowsky and Harris 2015). Among the different RBDs, the RNA recognition
motif (RRM) is the most abundant, and structural data is available for the recognition
of RNA by single and tandem RRMs (Afroz et al. 2015). These structural analyses have
revealed that the RRM can bind RNA in various modes and recognizes diverse RNA
sequences.

In the present work, we studied SRSF1 tandem RRMs; the structures of the individual
RRMs, both in their unbound and RNA-bound states, had already been published in
previous studies (He et al. 2005; Tintaru et al. 2007; Clery et al. 2013; Clery et al. 2021).
Our initial hypothesis was that the two RRMs acted as independent domains due to
the peculiar sequence of glycine-rich linker that connects them. However, our
experiments involving correlation time, PRE, and DEER methods revealed that the two
domains were not entirely free, but rather appeared to be in closer proximity than in
the bound state. However, they did not behave as a single rigid body. Additionally,
we observed that there was still some dynamic behavior even in the bound form of the
protein. Unlike most RNA-binding proteins studied thus far, SRSF1 does not bind
RNA in a unique manner. SELEX experiments had previously shown that the protein
could use a bimodal mode to bind RNA, arranging the RRMs in different orders
upstream and downstream, depending on the RNA sequence (Clery et al. 2021).
Upon analyzing the structures of the protein in both its free and RNA-bound forms,
we observed that even in its free state, the protein exhibited preferred conformations
in which the two RRMs were in close proximity. This finding indicates that the free
form protein has conformations that may facilitate the RNA binding via a combination
of conformational selection and induced fit mechanisms.

As previously mentioned in Chapter 2, all experiments and analyses were conducted
on a truncated variant of the protein that lacked the RS domain. Further investigations
are required to elucidate the role of the RS domain and how it may impact RNA
binding.

In order to determine the structure of SRSF1 tandem RRMs, the classical CYANA
approach was not optimal, as it is typically used for single and folded domains or
systems that are not dynamic and attempts to find a unique final structure (Herrmann,
Guntert, and Wuthrich 2002). Since the individual domains did not behave as a unique
rigid body, it was apparent that both in the free form and in complex with RNA, the
RRMs did not adopt unique conformations and allowed for more conformations. As a
result, alternative methods were employed to determine ensembles.

Initially, the RigiFlex tool from MMMx modeling developed by Gunnar Jeschke (ETH
Zirich) was utilized, and even if the final ensemble structures agreed with input data,
it was not the optimal method due to the long-range DEER distance distributions (20-

86



100A) used as the main restraints which did not provide sufficient understanding of
molecular interactions since the two RRMs were positioned too far apart (Jeschke 2016,
2018, 2021; Jeschke and Esteban-Hofer 2022). Consequently, the more recent Multistate
CYANA calculation by Peter Guintert (ETH Ziirich) was utilized, which primarily used
NMR data (in this case PRE data) that covered a shorter range than EPR data (Strotz
et al. 2017; Vogeli, Guntert, and Riek 2013). While this method had been previously
used for single and globular domains in the past to show conformations of disordered
regions such as loops, this study was the first to apply it to a system with different
domains that were dynamic, demonstrating its efficacy in calculating ensembles with
multiple states and conformations.

To integrate data from multiple techniques, the EnsembleFit step from MMMx was
used to fit the ensembles. DEER data were included as distributions (which was not
possible using only CYANA as it works with distances, and different conformers were
weighted with probability values based on their agreement with the input data. As
with previous work from this laboratory such as the last study published in (Dorn et
al. 2022), the combination of NMR and EPR approaches proved complementary and
demonstrated their utility in determining structures of dynamic and multidomain
systems.

In addition, we studied SRSF1 tandem RRMs in the context of phase separation. It is
well known that SRSF1 and other SR proteins are key members of the nuclear speckles
(NSs) and of the splicing events. In addition, some members of the serine-arginine
protein family, including SRSF1, SRSF2, SRSE3, SRSF7, and SRSF10, are known to be
recruited to cytoplasmic stress granules (SGs) together with non-translated mRNAs
(Twyftels, Gueydan, and Kruys 2011). SRSF1 is recruited to SGs by binding to its target
transcripts, while SRSF3 appears to regulate SG and P-body assembly (Jeong 2017).
Disassembly of SGs upon stress relief is facilitated by the small ubiquitin-related
modifier (SUMO) pathway, and SRSF1 plays a role in promoting SUMOylation by
either recruiting the SUMO conjugating enzyme UBC9 or regulating the activity of the
SUMO E3 ligase PIAS1 (Keiten-Schmitz et al. 2020; Keiten-Schmitz et al. 2021).
Additionally, SRSF1 influences the SUMOYylation of specific RNA-binding proteins
(RBPs) and spliceosomal components, which is mediated by its RRM2 domain
(Sliskovic, Eich, and Muller-McNicoll 2022).

In this part of the project, we utilized the truncated version of the protein lacking the
RS domain. It is well known that arginine-rich disordered regions have a tendency to
undergo phase separation in vitro. Our aim was to investigate the behavior of the
SRSF1 tandem RRMs in the absence of the RS domain in the context of phase
separation. Our findings demonstrate that the RRMs have the ability to undergo phase
separation, and specific RNA sequences that can be bound by the protein can dissolve
the resulting droplets in vitro. The propensity of the tandem RRMs to form droplets in
the free form can be attributed to the existence of multiple conformations influenced
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by weak interactions. These results serve as a foundation for ongoing projects in our
laboratory that focus on the phosphorylation of the RS domain and the interaction
between the full-length protein and other proteins such as hnRNPA1 or FUS.

In summary, this study presents several novel findings. Firstly, a new approach
utilizing an updated version of the well-established CYANA method is proposed to
solve structures of dynamic multidomain proteins. Moreover, an EnsembleFit
technique from the MMMXx toolbox is employed to incorporate data from various
experimental techniques. From a biological perspective, it is confirmed that SRSF1
exhibits a distinct bimodal mechanism for binding RNA, unlike other RNA binding
proteins. NMR and EPR experiments were utilized to elucidate this mechanism, and
the structures of both free and bound states were resolved. The results indicate that
SRSF1 free form has conformations that facilitate RNA binding via conformational
selection and induced fit. Additionally, the study explored the behavior of SRSF1 in
the context of phase separation, demonstrating that the tandem RRMs form droplets
in vitro even without the RS domain, and this behavior can be prevented by specific
RNA sequences.
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Chapter 5: Appendix




Appendix Chapter 2

A.1 Supporting data for CYANA calculation

A.1.1 Additional residues for the Library file (cyanamtslq2.lib)
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1c C BYL
20 0 BYL
3N N_AMI
4 H H AMI
5 CA C ALI
6 HA H ALI
7 CB C ALI
8 HB2 H ALI
9 HB3 H ALI
10 OB PSEUD
11 SG  S_RED
12 SD S _RED
13 CE C ALI
14 HE2 H ALI
15 HE3 H ALI
16 QE  PSEUD
17 C3  C_BYL
18 C2 C_ALI
19 Q21 PSEUD
20 Q22 PSEUD
21 C21 C ALI
22 H211 H ALI
23 H212 H ALI
24 H213 H ALI
25 C22 C ALI
26 H221 H ALI
27 H222 H ALI
28 H223 H ALI
29 QQ2 PSEUD
30 N1 N_AMO
31 01 O BYL
32 1  DUMMY
33 C4 C_BYL
34 H4 H ALI
35 C5  C ALI
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38 C51 C ALI
39 H511 H ALI
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A.1.2 Residues with Q1-Q8 DUMMY atoms
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A.1.3 Restraints for DUMMY atoms representing center of spincloud

(Q8)

A.1.3.1 Free Form (upl and lol)

# ————- CYs 16 —-—-—————-
16 CYSL CA 16 CYSL Q8
16 CYSL Q8 20 VAL CA
16 CYSL Q8 30 LYS CA
16 CYSL Q8 44 ASP CA
16 CYSL Q8 58 PHE CA
16 CYSL Q8 69 ASP CA
16 CYSL Q8 86 VAL CA

# ————- TYR 37 —-———————
37 TYRL CA 37 TYRL Q8
20 VAL CA 37 TYRL Q8
30 LYS CA 37 TYRL Q8
37 TYRL Q8 44 ASP CA
37 TYRL Q8 58 PHE CA
37 TYRL Q8 69 ASP CA
37 TYRL Q8 86 VAL CA

# - TYR 72 —-—-———--

72 TYRL CA 72 TYRL Q8
20 VAL CA 72 TYRL Q8
30 LYS CA 72 TYRL Q8
44 ASP CA 72 TYRL Q8
58 PHE CA 72 TYRL Q8
69 ASP CA 72 TYRL Q8
72 TYRL Q8 86 VAL CA

# - SER 126 ——===-——-

126 SERL CA 126 SERL Q8

126 SERL Q8 143 GLU CA

126 SERL Q8 151 ASP CA

126 SERL Q8 158 GLY CA

126 SERL Q8 166 GLU CA

126 SERL Q8 188 ALA CA

126 SERL Q8 192 VAL CA

# - CYS 148 ---—-----

148 CYSL CA 148 CYSL Q8

143 GLU CA 148 CYSL Q8

148 CYSL Q8 151 ASP CA

148 CYSL Q8 158 GLY CA

148 CYSL Q8 166 GLU CA

148 CYSL Q8 188 ALA CA

148 CYSL Q8 192 VAL CA

# - THR 169 --—-—-—-—-—-—

169 THRL CA 169 THRL Q8

143 GLU CA 169 THRL Q8

151 ASP CA 169 THRL Q8

158 GLY CA 169 THRL Q8

166 GLU CA 169 THRL Q8

169 THRL Q8 188 ALA CA

169 THRL Q8 192 VAL CA

.30
20.
24.
14.
le6.
17.
20.

47
57
56
54
14
88

8.52

21.43
11.99
15.54
20.50
19.30
22.43

22

12

22

8.
19.
26.
23.
10.
28.
16.

Residue name and number: original
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26.
.23
10.
15.

10
48
04

82
13

.42
24.
19.
13.
26.
13.
.26

52
57
97
51
57

.20
19.
15.
19.
17.
29.
.23

58
74
56
02
73

53
72
33
91
47
12
39

20

15
20

22

28

22

.28
.45
24.
14.
16.
17.
20.

55
54
52
12
86

.50
21.
11.

41
97

.52
.48
19.
.41

28

.54
19.

08

.46
26.

02

.21
10.
15.

80
11

8.40

24.50
19.55
13.95
26.49
13.55

12

.24

.18

19.56
15.72
19.54

17.

00

29.71

22

.21

.51

19.70
26.31
23.89

10.
28.

45
10

16.37
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A.1.3.2 Bound form (upl and lol)

# - CYs 16 --————---

216 CYSL CA 216 CYSL Q8 8.66 8.64
216 CYSL Q8 220 VAL CA 20.59 20.57
216 CYSL Q8 230 LYS CA 24.12 24.10
216 CYSL Q8 244 ASP CA 13.00 12.98
216 CYSL Q8 238 LYS CA 19.01 18.99
216 CYSL Q8 269 ASP CA 17.87 17.85
216 CYSL Q8 286 VAL CA 20.96 20.94
# - TYR-SER 37 —-—-———-—---—

237 SERL CA 237 SERL Q8 8.59 8.57
220 VAL CA 237 SERL Q8 20.39 20.37
230 LYS CA 237 SERL Q8 11.29 11.27
237 SERL Q8 244 ASP CA 12.21 12.19
237 SERL Q8 238 LYS CA 8.08 8.06
237 SERL Q8 269 ASP CA 17.81 17.79
237 SERL Q8 286 VAL CA 21.33 21.31
# - TYR-SER 72 —-—-—-——---

272 SERL CA 272 SERL Q8 8.34 8.32
220 VAL CA 272 SERL Q8 18.58 18.56
230 LYS CA 272 SERL Q8 28.44 28.42
244 ASP CA 272 SERL Q8 25.53 25.51
238 LYS CA 272 SERL Q8 21.15 21.13
269 ASP CA 272 SERL Q8 11.40 11.38
272 SERL Q8 286 VAL CA 14.64 14.62
# - SER 126 ——=—-—-——-

326 SERL CA 326 SERL Q8 8.21 8.19
326 SERL Q8 343 GLU CA 23.81 23.79
326 SERL Q8 361 GLU CA 20.37 20.35
326 SERL Q8 358 GLY CA 12.94 12.92
326 SERL Q8 366 GLU CA 25.09 25.07
326 SERL Q8 388 ALA CA 15.18 15.16
326 SERL Q8 392 VAL CA 11.74 11.72
# - CYS 148 -—-——-----

348 CYSL CA 348 CYSL Q8 8.26 8.24
343 GLU CA 348 CYSL Q8 17.14 17.12
348 CYSL Q8 361 GLU CA 12.98 12.96
348 CYSL Q8 358 GLY CA 21.06 21.04
348 CYSL Q8 366 GLU CA 17.08 17.06
348 CYSL Q8 388 ALA CA 29.14 29.12
348 CYSL Q8 392 VAL CA 23.03 23.01
# - THR 169 --——-----

369 THRL CA 369 THRL Q8 8.59 8.57
343 GLU CA 369 THRL Q8 20.22 20.20
361 GLU CA 369 THRL Q8 17.28 17.26
358 GLY CA 369 THRL Q8 22.92 22.90
366 GLU CA 369 THRL Q8 10.10 10.08
369 THRL Q8 388 ALA CA 27.77 27.75
369 THRL Q8 392 VAL CA 16.22 16.20

Residue name: include Y37S and Y72S mutations (Clery et al. 2021);
Residue number: +200
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A.2 Supporting Figures
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Figure A1 SRSF1-RRM1(YS) construct. (A) Tyr37 and Tyr72 located in a-helices of RRM1 which are solvent
accessible (B) Overlay of TH->N HSQC spectra measured with SRSF1 RRM1 Y375+Y72S (YS) free form (in
blue) and bound to AACAAA RNA at a 0.3:1 (orange) and 1:1 (red) RNA:protein ratio. (C) Overlay of TH-5N
HSQC spectra measured with SRSF1 RRM1 WT free form (in blue) and bound to AACAAA RNA at 0.3:1
(orange) and 1:1 (red) RNA:protein ratio. Similar chemical shift perturbations are observed at saturation
(RNA:protein ratio of 1:1) showing that the mode of interaction with RNA and the affinity is similar for the WT
and Y375+Y72S versions of SRSF1 RRM1. Modified from (Clery et al. 2021).
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Figure A2 SRSF1 RRM1+2 single-cysteine mutants for PRE experiments. Comparison of 1TH-’N HSQC
spectra of each SRSF1 RRM1+2 single-cysteine mutant (C16, Y37C, Y72C, S126C, C148 and T169C) in absence
of MTSL (unlabeled sample = blue) and when the diamagnetic MTSL is attached (labeled sample = red).
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Figure A3 PRE experiments of SRSF1 RRM1+2 single-cysteine mutants in the free form. Comparison of
1H-15N HSQC spectra of each SRSF1 RRM1+2 single cysteine mutant (C16, Y37C, Y72C, S126C, C148 and
1169C) with the MTSL in the reduced state (diamagnetic sample = blue) and when the MTSL is in active state
(paramagnetic sample = red).
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Figure A4 PRE experiments of SRSF1 RRMI1+2 single-cysteine mutants in complex with 5'-
UCAUUGGAU-3' RNA. Comparison of TH-1"N HSQC spectra of each SRSF1 RRM1+2 single cysteine mutant
(C16, Y37C, Y72C, S126C, C148 and T169C) with the MTSL in the reduced state (diamagnetic sample = blue)
and when the MTSL is in active state (paramagnetic sample = red).
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Figure A5 PRE experiments of SRSF1 RRMI1+2 single-cysteine mutants in complex with 5'-
UGGAUUUUUCAU-3" RNA. Comparison of TH->N HSQC spectra of each SRSF1 RRM1+2 single cysteine
mutant (C16, Y37C, Y72C, S126C, C148 and T169C) with the MTSL in the reduced state (diamagnetic sample
= blue) and when the MTSL is in active state (paramagnetic sample = red).
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Figure A6 Restraint fit of the ensemble SRSF1 RRM1+2 in complex with 5'-UCAUUGGAU-3' RNA
calculated using the RigiFlex modeling. (A) DEER distance distribution (B) PRE rate restraints (C) PRE ratio
restraints. (A-C) Experimentally determined distance distribution (black) and predicted for the entire ensemble
(red or blue). Final ensemble = 88 conformers. 1—0 = 0.079, y? (PRE rate) = 5.05, y? (PRE ratio) = 12.75
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Figure A7 Restraint fit of the ensemble SRSF1 RRM1+2 in complex with 5'-UGGAUUUUUCAU-3' RNA
calculated using the RigiFlex modeling. (A) DEER distance distribution (B) PRE rate restraints (C) PRE ratio
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Figure A8 Ensembles of SRSF1 RRM1+2 in the free form calculated using Multistate CYANA
calculation. Raw ensemble obtained after the CYANA Multistate calculation using 213 PRE restraints (9 states,

180 conformers) Left: superimposed on RRM2, right superimposed on RRM1. RRM2 is depicted in blue, with
RRM1 in red and the linker in cyan; N-terminal (1-15) is not shown.
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Figure A11 Restraint fit of the ensemble SRSF1 RRM1+2 in complex with 5'-UCAUUGGAU-3' RNA
after the EnsembleFit step. (A) Inter-RRM DEER distance distributions, (B) Intra-RNA and protein-RNA
DEER distance distributions (C) PRE rate restraints (D) PRE ratio restraints. (A-D) Experimentally determined
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Figure A12 Restraint fit of the ensemble SRSF1 RRM1+2 in complex with 5'-UGGAUUUUUCAU-3'
RNA after the EnsembleFit step. (A) Inter-RRM DEER distance distributions, (B) Intra-RNA and protein-
RNA DEER distance distributions (C) PRE rate restraints (D) PRE ratio restraints. (A-D) Experimentally
determined distance distribution (black) and predicted for the entire ensemble (red or blue). Final ensemble = 23
conformers. 1-0 = 0.283, x? (PRE rate) = 8.4931, x? (PRE ratio) = 25.8809
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Figure A13 Comparison between ensembles of SRSF1 RRM1+2 in complex with RNA obtained with
RigiFlex and the hybrid modeling. (A) SRSF1 RRM1+2 in complex with 5'-UCAUUGGAU-3" and (B)
SRSF1 RRM1+2 in complex with 5'-UGGAUUUUUCAU-3'. Ensembles are superimposed on RRM2 depicted
in blue, RRM1 and linker are orange for the ensemble calculates using the RigiFlex modeling and in green for the
ensemble obtained using the hybrid method; N-terminal (1-15) is not shown.
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A.3 Supporting Tables

Inter-RRM distances RRM-linker distances Protein-RNA distances

C16-C148 C16-A107C C16-U5’
C16-5126C Y37C-A107C C16-U3’
C16-T169C A107C-C148 C148-U5’
Y37C-C148 C148-U3’
Y37C-T169 A107C-U5’
Y72-5126C A107C-U3’

Y72C-T196C U5’-U3’

Table A1 Sites involved in the acquisition of inter-RRMs or linker-RRMs distance restraints

PRE mutants
Cl6A
C148A
C16A-C148A-Y37C
Cl6A-C148A-Y72C
C16A-C148A-5126C
C16A-C148A-T169C
Table A2 Mutations performed for the acquisition of PRE restraints

# states TF # viol max
1 5517.85 78 14.92
2 755.93 51 9.16
3 124.68 23 3.26
4 53.36 23 3.12
5 20.78 20 1.82
6 3.90 8 0.8
7 1.43 3 0.41
8 0.80 1 0.3
9 0.77 1 0.29

10 0.82 1 0.33

Table A3 Test Multistate CYANA calculation for the free protein. Calculations were performed for 1-10
states, calculating 2000 structures, 200000 steps, and the best 20 structures were selected (6 mutants = 213 PRE
restraints were included). TF = target function; #viol = number of restraints that are violated, max = the maximal
violation.

# states TF # viol max
1 1.98 4 0.37
2 4.76 8 0.36
3 8.3 13 0.41
4 14.4 19 0.57
5 21.03 27 0.68
6 28.63 33 0.95

Table A4 Test Multistate CYANA calculation for SRSF1 RRM1+2 in complex with 5'-UCAUUGGAU-
3' RNA (no PRE data). Calculations were performed for 1-6 states, calculating 2000 structures, 200000 steps,
and the best 20 structures were selected (no PRE restraints were included). TF = target function; #viol = number
of restraints that are violated, max = the maximal violation.
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# states TF # viol max
1 1.98 4 0.32
2 43 8 0.33
3 8.14 12 0.41
4 15.02 18 0.71
5 24.58 26 1.11
6 34.44 31 1.16

Table A5 Test Multistate CYANA calculation for SRSF1 RRM1+2 in complex with 5'-
UGGAUUUUUCAU-3' RNA (no PRE data). Calculations were performed for 1-6 states, calculating 2000
structures, 200000 steps, and the best 20 structures were selected (no PRE restraints were included). TF = target
function; #viol = number of restraints that are violated, max = the maximal violation.
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Appendix Chapter 3

B.1 Supporting figures

A RS
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Figure B1 Phosphorylation of the RS domain. (A) RS1 is phosphorylated by the cytoplasmic SRPK1 while
RS2 is phosphorylated by the nuclear CLK. Modified from (Ghosh and Adams 2011). (B) Different
phosphorylation of the two segments controls SRSF1 subcellular distribution (Aubol et al. 2013).
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Figure B2 SRSF1 RRM1+2 without GB1 in presence of RNA. Comparison of "H->N HSQC spectra of SRSF1
RRM1+2 YS free form (blue) and in the presence of (A) 5'-UUUUUUUUU-3', (B) 5'-UCAUUGGAU-3" and
(C) 5'-UGGAUUUUUCAU-3" RNAs (red) at 1:1 RNA:protein ratios.
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Figure B3 'H-"'N HSQC of SRSF1 RRM1+2 without GB1 stabilized in 0.5% agarose.
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