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Conformational Dynamics and Mechanisms of RNA

Recognition by the Multidomain Splicing Factor U2AF

Abstract

Protein-RNA interactions are involved in numerous cellular functions, playing central
roles in gene regulation and they are involved in every step of RNA metabolism. The
RNA binding proteins (RBP) are proteins containing multiple domains connected by
flexible linkers, where the individual domains are called RNA binding domains (RBDs)
(e.g. the RNA recognition motif (RRM)). Usually the structure and RNA binding modes
of a single RRM are well known. However, how multiple RBDs can interact with each
other and how multidomain arrangements, dynamics and cooperativity can modulate
RNA binding is poorly understood. Interestingly, the multi-RRMs proteins have the
ability to regulate their binding specificity and affinity. This regulation is usually done
cooperatively between the domains and in some cases the conformational flexibility
of the linker of multi-domain RNA binding proteins can further modulate the

interactions between the domains and with the RNA.

The U2 auxiliary factor (U2AF) is a multi-domain protein essential for spliceosome
assembly. U2AF is a heterodimer composed of a large (65 kDa, U2AF65) and a small
(35 kDa, U2AF35) subunit, which recognize the poly-pyrimidine tract (Py-tract) and the
AG-dinucleotide, respectively, at the 3’ end of pre-mRNA introns. It was previously
reported by our group that the tandem RRM1-RRM2 domains of U2AF65 adopt two
distinct conformations, closed (inactive) and open (active), when bound to Py tract

RNA.

The goals of this thesis are to characterize the conformational space and dynamics of
the tandem domain RRM1-RRM2 of U2AF65 and the effects on RNA binding. In
addition, the role of U2AF35 when U2AF65 binds to poly-pyrimidine tract RNAs of
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different strength, i.e. binding affinities, is studied. For these studies a number of state-
of-the-art solution methods are employed, combining NMR spectroscopy, Small Angle
X-ray Scattering and fluorescence spectroscopy. The findings are confirmed by

biochemical and biophysical experiments.

Using an ensemble approach, a study of the conformational space sampled by the
RRM1-RRM2 tandem-domain is presented. By combining NMR and SAXS data it is
found that in the absence of RNA the two domains sample a larger conformational
space than previously thought. The ensemble of the tandem domain conformations
includes the previously reported closed and open states, but also a substantial fraction
of detached conformations. The proximity of the two domains in the closed

conformations was found to be of electrostatic origin.

Additionally, the role of the linker connecting the two RRM domains is studied. Based
on NMR chemical shift analysis and NOE data it is shown that the C-terminal region of
the RRM1-RRM2 linker interacts with the RNA binding surface of RRM2. Mutational
analysis combined with NMR and ITC experiments indicate that the linker exerts an
autoinhibitory role where the weak intramolecular linker interaction competes with
RNA binding. This suggests a novel proofreading mechanism that discriminates against

weak (low affinity) Py-tract RNA ligands.

The role of U2AF35 for Py-tract recognition by U2AF65 was investigated by combining
NMR and single-pair FRET experiments. FRET experiments show that the presence of
the U2AF35 UHM domain (U2AF homology motif) induces a conformational shift of the
population towards the open state of U2AF65 RRM1-RRM2, and thereby promotes the
binding of weak Py-tracts. NMR paramagnetic relaxation enhancement (PRE) data
show that the UHM domain contacts the U2AF65 RRM1 domain, thereby mediating
this population shift. These observations reveal an unexpected role for the U2AF35

subunit, which involves a dynamic population shift towards the open conformation to
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facilitate the recognition of weak Py-tracts at the 3’ splice site. The potential role of
disease-linked mutations in U2AF65 recognition of 3’ splice site are investigated, as
these have been proposed to disrupt the binding of U2AF35. However, neither of these
mutations affect the U2AF heterodimer formation or RNA binding, suggesting that the

mutations may impair other interactions.

Finally, the structural effects of the attachment of hydrophobic fluorophores used for
FRET experiments were studied using NMR. NMR spectra of U2AF65 conjugated to
different commonly used FRET fluorophores reveal distinct effects that can interfere

with the conformation and/or dynamics of the protein studied.

In this thesis, an integrated approached has been applied by a combination of solution
methods commonly used in structural biology, e.g. NMR, SAXS and FRET. The results
obtained provide novel and unexpected insight into the role of conformational
dynamics in RNA recognition and splicing activity by U2AF. The results could only be
obtained by a combination of complementary solution techniques that are crucial to
reveal the interplay between structure, dynamics and function. The combination of
these methods is thus strongly advised for studies of protein complexes, where

dynamic molecular recognition is expected to play critical roles.
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Zusammenfassung

Protein-RNA Interaktionen sind Teil vielfaltiger zelluldrer Funktionen, spielen eine
entscheidende Rolle in der Genregulation und sind in samtliche RNA
Metabolismusschritte eingebunden. RNA-bindende Proteine enthalten oft mehrere
RNA bindende Doménen (z.B. das RNA recognition motif (RRM)), die durch flexible
Linker miteinander verbunden sind. Normalerweise sind die Struktur und die RNA
Interaktion der Einzeldomanen bereits gut verstanden, es ist aber oft unklar wie die
einzelnen Domanen miteinander interagieren und wie die Anordnung, Dynamik und
Kooperativitat der Einzeldomanen die RNA-Bindung beeinflussen. Interessanterweise
haben diese Multidomanenproteine die Fahigkeit ihre Bindungsspezifitat und -affinitat
zu modulieren. Diese Regulation geschieht normalerweise kooperativ zwischen den
Einzeldomanen. Manchmal kann die konformationelle Flexibilitdt des Linkers die

Interaktion zwischen den Domanen und mit der RNA beeinflussen.

Der U2 auxilary factor (U2AF) ist ein essentielles Multidomanenprotein fiir die
Assemblierung des Spliceosomes. U2AF ist ein heterodimeres Protein, das aus einer
grofRen 65 kDa (U2AF65) und einer kleinen 35 kDa (U2AF35) Untereinheit besteht.
U2AF65 erkennt den Polypyrimidinstrang (Py-Strang), wahrend U2AF35 das AG-
Dinukleotid am 3‘-Ende von pre-mRNA-Introns erkennt. Es wurde vorher durch unsere
Gruppe publiziert, dass die U2AF65 tandem RRM1-RRM2 Domanen zwei
unterschiedliche Konformationen annehmen: Die geschlossene, inaktive und die

offene, aktive Konformation, die den Py-Strang RNA bindet.

Die Ziele dieser Arbeit sind die Charakterisierung des konformationellen Raumes und
der Dynamik der U2AF65 tandem Domadnen RRM1-RRM2 und der RNA-Bindung.
Dariiber hinaus wird der Effekt von U2AF35 auf die Bindung von schwachen und
starken Py-Strangen, das heilst mit niedriger und hoher Affinitat, untersucht. Fir diese
Studien wird eine Vielzahl von strukturbiologischen Techniken in Fliissigkeit eingesetzt.

NMR-Spektroskopie ~ wird ~ mit  Rontgenkleinwinkelstreuung  (SAXS)  und
13



Fluoreszenzspektroskopie kombiniert. Die Ergebnisse werden durch biochemische und

biophysikalische Experimente erhartet.

Durch einen Ensembleansatz wird der konformationelle Raum, der durch die U2AF65
RRM1-RRM2 Tandemdomanen eingenommen wird, dargestellt. Durch die
Kombination von NMR und SAXS Daten wurde gezeigt, dass die beiden Domanen einen
viel groReren konformationellen Raum abdecken als vorher erwartet. Das Ensemble
der Tandemdomadnen enthalt den vorher beschriebenen offenen und geschlossenen
Zustand, aber auch eine substantielle Fraktion von distanzierten, nicht kompakten,
Konformationen. Die Nahe der beiden Domanen im geschlossen Zustand konnte auf

elektrostatische Wechselwirkungen zuriickgefiihrt werden.

Als nachstes wurde die Rolle des Linkers, der die beiden Doméanen verbindet,
untersucht. Basierend auf der Analyse von chemischen Verschiebungen in NMR
Spektren und NOE Daten wurde gezeigt, dass die C-terminale Region des Linkers
zwischen RRM1 und RRM2 mit der RNA bindenden Oberflache der RRM2 Domane
interagiert. Eine Mutationsanalyse kombiniert mit NMR und ITC Experimenten deuten
auf eine autoinhibitorische Rolle des Linkers hin, bei der die schwache Interaktion des
intramolekulare Linkers mit der RNA Bindung konkurrieren kann. Diese Ergebnisse
legen den Schluss auf einen neuen Korrekturlesemechanismus nahe, der zwischen

schwachen und starken Py-Strangen unterscheiden kann.

Die Rolle von U2AF35 bei der Erkennung von Py-Strangen durch U2AF65 wurde mit
Hilfe von NMR-Spektroskopie und Einzelmolekil-Forsterresonanzenergietransfer
(FRET)-Spektroskopie untersucht. FRET-Spektroskopie zeigt, dass die Anwesenheit der
U2AF35 UHM (U2AF homology motif) Doméane eine konformationelle Verschiebung
der Population der RRM1 RRM2 Tandemdomaéane von U2AF65 zum offenen Zustand
vollzieht und somit die Bindung von schwachen Py-Strangen erleichtert. NMR

paramagnetic relaxation enhancement (PRE) Daten zeigen, dass die UHM Domane die
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RRM1 Domane von U2AF65 berihrt und dadurch die Konformationsverschiebung
auslost. Diese Beobachtungen zeigen eine unerwartete Funktion von U2AF35. U2AF35
induziert eine dynamische Populationsverschiebung zur offenen Konformation und
erleichtert so die Bindung schwacher Py-Strange an der 3 splice site. Die potentielle
Rolle von Mutationen in U2AF65, die eine Rolle bei der Erkennung der 3‘ splice site
spielen und mit Krankheiten assoziiert sind, wurden untersucht. Diese Mutationen
stehen in Verdacht die Bindung von U2AF35 durch U2AF65 zu unterbrechen. In dieser
Arbeit konnte jedoch kein Effekt dieser Mutationen auf die Bildung des U2AF
Heterodimers oder die RNA-Bindung beobachtet werden. Dies deutet darauf hin, dass

die untersuchten Mutationen andere Interaktionen betreffen.

AbschlieBend wurden die strukturellen Effekte der benutzen hydrophoben
Fluorophore, welche in den FRET-Studien verwendet wurden, auf U2AF65 untersucht.
NMR Spektren von U2AF65 makiert mit verschiedenen haufig genutzten Fluorophoren,
zeigen unterschiedliche Effekte, die die Konformation und Dynamik des untersuchten

Proteins beeinflussen.

In dieser Arbeit wurde ein integrierter strukturbiologischer Ansatz durch die
Kombination von strukturbiologischen Methoden in Flissigkeit benutzt: Z.B. NMR,
SAXS und FRET. Die beschriebenen Ergebnisse ermdglichen neue und Uberraschende
Einblicke in die Rolle der konformationellen Dynamik der RNA-Bindung und der
Regulation der Splicing Aktivitat durch U2AF. Diese Ergebnisse konnten nur durch die
Anwendung komplementarer Methoden in Flissigkeit erreicht werden, die essentiell
fiir die Untersuchung des Zusammenspiels zwischen Struktur, Dynamik und Funktion
sind. Daher ist diese Kombination dieser Methoden fiir die Untersuchung von
Proteinkomplexen, bei denen die dynamische molekulare Bindung von Liganden eine

entscheidende Rolle spielt, sehr zu empfehlen.
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CHAPTER 1:

Introduction I: Biological background
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1.1 Pre-mRNA Splicing

How is it explained that hundreds of thousands of different proteins and peptides in
humans can be expressed from around 20000 coding genes? (Kim et al., 2014). The
more complex the organism, the more complicated regulatory mechanisms are
needed to produce specific RNAs and proteins. These regulatory mechanisms are part
of the gene regulation carried out by the cell, and specify the fraction of the genetic
information that each cell expresses in a particular spatiotemporal context and is vital
for its function and adaptation to the changing conditions of its surroundings (Beato,

1993).

After transcription, the resulting pre-mRNA has to undergo global processing events:
5' capping, splicing and 3' polyadenylation. Splicing is one of the main gene regulation
mechanisms and it is the process by which internal non-coding sequences of the pre-
mRNA are removed through cleavage-ligation reactions (Green, 1986). These non-
coding sequences are called introns, while the coding sequences of the pre-mRNA to
be ligated are called exons. The removal of introns and the ligation of exons during
splicing is a crucial mechanism in eukaryotes to obtain multiple alternative transcripts
from a single gene. It is known that alternative splicing plays a crucial role in expanding
the functional complexity, protein diversity and in developing of higher eukaryotes. In
alternative splicing particular exons can be included or excluded from the final mature
MRNA, thus increasing the number of different proteins expressed from a particular

gene (Nilsen & Graveley, 2010).

The splicing reaction consist itself of two consecutive trans-esterification reactions
(Figure 1). The first step is a hydrophilic attack, where the 2'-OH group of the adenosine
in the branch point attacks the phosphodiester bond of the conserved guanine at the
5' splicing site (exonl-intron junction). During the second step another hydrophilic

attack takes place. The 3'-OH end of the exon1 attacks the phosphodiester bond of the
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conserved guanine at the 3' splicing site (intron-exon2 junction). In this final step the

3'-OH of the intron is liberated resulting in a free lariat and the two exons are ligated.

s ~2-0H
A~ |
5 Exon1 PGUAUGU ——— UACUAAC — YAG 3
A A A
5 splice site Branchsite 3’ splice site
)
G
A
G
U
G

v

5’ Exon | 3’-OH -,

- -

G
A
Intron © ; . .
o + s o oA Beni
lariat G
UACUAAC —— YAG-OH mRNA

Figure 1: Schematic overview of pre-mRNA splicing. The splicing reaction consist of
two trans-esterification reactions. In the first reaction, a hydrophilic attack is carried
out from the 2’-OH of the branch point adenosine to the conserved guanine at the 5’-
SS. The second reaction is another hydrophilic attack, where the 3’-OH end of the
released exon | attacks the phosphodiester bond of the conserved guanine at the 3’-SS.

Then the mature m-RNA is produced and the intron is released as a lariat.

There exists group | and group Il introns that can execute the splicing reactions by
themselves, however the pre-mRNA introns require a complex machinery
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(spliceosome) of trans-acting protein and RNA factors that carry out the splicing

process.

1.2 Splicing regulation and Spliceosome Assembly

The splicing regulation is carried out by ribonucleoproteins (RNPs) which are
complexes of RNAs and proteins that work cooperatively in different molecular
machines. In the spliceosome machinery there is an intricate engagement of the pre-
MRNA during the building of the spliceosome, it doesn’t merely act as substrate, but it
is involved in the active sites formation. The active site is built by RNA and protein
components which are both involved in splicing catalysis. The spliceosome is a highly
dynamic RNP machinery, which is particularly receptive to regulation. The main two
aspects susceptible to regulation during splicing are the recognition of functional sites
of pre-mRNA by several spliceosome factors to ensure fidelity, and second, numerous
weak binary interactions act together to reinforce or reject splice-site choices (Wahl,

Will, & Liihrmann, 2009).

The main building blocks of the spliceosome are five uridine-rich small nuclear
ribonucleoprotein particles (snRNPs) U1, U2, U4/U6 and U5. Each snRNP consist of an
snRNA and associated proteins that together are responsible for removing most of the
pre-mRNA introns (Black, 2003; Will & Lihrmann, 2011). During the splicing process
there are several assembly and disassembly steps throughout stepwise interactions of
the snRNP with the pre-mRNA (Figure 2). During the spliceosome assembly, the Ul
binds to the 5’-SS (splice site) of the intron via base paring of the U1-snRNA and the
splice site. Furthermore, the earliest assembly stage also involves the binding of a
special set of proteins to the 3’-SS: the SF1/BBP (Branch-point Binding Protein) and the
U2AF (U2 auxiliary factor) to the branch point site (BPS) and to the polypyrimidine tract
(Py-tract) respectively. The early spliccosome assembly complex, called complex E,

comprise the binding of the U1 and U2AF to both ends of the intron (Figure 3) and play
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essential roles in the initial recognition of the 5’ and 3’ splicing sites (Black, 2003; Wahl
et al., 2009). The next step involves the binding of the U2 snRNP to the complex E in

an ATP-driven manner, where the snRNA of U2 base-pairs at the BPS and displaces the

SF1/BBP.
5SS BP 3'SS
GU A—ACk— Pre-mRNA Q T e
mRNA
U1
U1 U2
 I———y e O

Complex E 00
2 © \
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— 1} ———|
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C lex A U6 o8
omplex .
— —— |
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-0 - © .
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Figure 2: Spliceosome Assembly and pre-mRNA splicing. Schematic representation of
the spliceosome assembly stages and pre-mRNA splicing. (Adapted from (Will &
Liihrmann, 2011))

This base-pairing interaction is stabilized by the heterodimer protein SF3a and SF3b
and also by the arginine-serine rich domain of U2AF65 (large subunit of U2AF)
(Valcarcel, Gaur, Singh, & Green, 1996). The new complex formed is called complex A

or pre-spliceosomal complex. These RNP rearrangements at this early stages of the
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spliceosome assembly are reasonably well understood, however less is known for the

next steps of the assembly and catalytic activation.

SF1  U2AF

Exonl |GU Intron
5’ ss

Figure 3: Complex E during spliceosome assembly. U1 binds to the 5°-SS, the SF1 binds
to the branch point at the 3’-SS, U2AF65 binds to the polypyrimidine tract (Py-tract)
and U2AF35 recognizes the AG-dinucleotide at the 3’-SS.

Following in the course of the assembly, the U4/U5/U6 tri-snRNP binds the complex A
in order to form the complex B. The complex B has to undergo complicated
rearrangements in order to form the complex C, here the U1 snRNP at the 5’-SS is
replaced with the U6 snRNP and then the Ul and U4 snRNPs are gone from the
complex. This yields to the catalytically activated spliceosome and the first chemical
reaction takes place. Additional changes arise in the RNP complex and the second
reaction occurs. It is the complex C that catalyzes the two chemical reactions of splicing

(Black, 2003; Wahl et al., 2009; Will & Liihrmann, 2011).

After that the two exons are ligated and the mature mRNA is released upon
dissociation of the spliceosome complex. The intron lariat is degraded and the snRNPs
are recycled for new splicing events (Cheng & Menees, 2011; Wahl et al., 2009).
1.2.1 U2AF and its role in 3’ splice site recognition

U2AF (U2 snRNP auxiliary factor) is a heterodimeric protein constituted by a large

subunit of 65 KDa (U2AF65) and the small subunit of 35 KDa (U2Af35). U2AF is an
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essential factor in constitutive splicing and its binding is often controlled during
alternative splicing (Smith & Valcarcel, 2000). During the primary complex E formation,
at the 3’-SS U2AF65 binds the polypyrimidine tract (Py-tract) located downstream of
the branch-point site. While U2AF35, which is in contact with U2AF65 forming the
U2AF heterodimer, binds the AG-dinucleotide at the 3’-SS (Will & Lihrmann, 2011).

s [R5 o
U2AF35 Zn]-[ RS |

Figure 4: Domain organization U2AF. The multi-domain organization of U2AF65 and
U2AF35 are presented. RS: Arginine-Serine rich motifs, RRMs: RNA binding domains,

UHM: U2AF homology motif, Zn: Zinc finger domains.

U2AF65 is composed of 475 amino acids. It is a multi-domain protein which contains
one RS domain (Arg-Ser rich domain), two canonical RNA-recognition motives (RRMs)
RRM1 and RRM2, and a third non-canonical RRM called UHM (U2AF homology model)
(Figure 4). U2AF35 is composed of 240 amino acids and contains a central UHM domain

that is flanked by two Zn-finger domains and a RS domain (Figure 4).

The RS domain of U2AF65 is reported to contribute to the binding of U2 snRNP at the
branch point during the complex A formation (Valcarcel et al., 1996). The RRM domains
of U2AF65 are in charge of recognizing the Py-tract consensus sequences at the 3’-SS
(Ito, Muto, Green, & Yokoyama, 1999), while the UHM domain participates in protein-
protein interactions to stabilize the SF1-U2AF65 complex during BPS recognition

(Selenko et al., 2003) (Figure 5).
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Recently it was shown by Yoshida et. al. (H. Yoshida et al., 2015) that the two zinc finger
domains of U2AF35 are directly involved in the binding to the AG-dinucleotide, while
the UHM domain of U2AF35 is involved in protein-protein interaction with U2AF65
(Kielkopf, Rodionova, Green, & Burley, 2001) (Figure 5).
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Figure 5: Interactions at the 3' splice site. Recognition of the 3’-SS involves cooperative
binding of SF1, U2AF65 and U2AF35.

U2AF dissociates at later stages of the splicing, while after the first reaction the U2AF35
interaction at the 3’-SS is replaced by a different group of factors (cited in Wahl et al.,
2009).

1.3 U2Af65 RNA-binding domains and multidomain dynamics

One of the biggest challenges of the spliceosome to overcome during splicing is the
proper recognition and paring of the splice sites (5’-SS, branch point site and 3’-SS) that
are immersed within a numerous of similar sequences. In yeast the 5’-SS and the BPS
consensus at the 3’-SS are highly conserved, while they are more degenerated in
mammals. On the other hand, the Py-tract sequence (located downstream of the
branch point) in mammals is highly conserved. This Py-tract is less conserved in yeast
introns, although a U-rich tract enhances yeast splicing (Berglund, Abovich, & Rosbash,

1998; Patterson & Guthrie, 1991).
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The two central RNA-recognition motifs (RRMs) of U2AF65 (RRM1 and RRM2) are
responsible for the correct recognition of the Py-tract sequence at the 3’-SS. The most
conserved signature sequence of RRM is the RNP1 which is an 8-residue motif with the
consensus [RK]-G-[FY]-[GA]-[FY]-[ILV]-X-[FY] and a second homologous region is the
RNP2 which is a 6-residue motif with the consensus: [ILV]-[FY]-[ILV]-X-N-L located
approx. 30 residues from the N-terminal of RNP1 (X can be any aminoacid) (Kielkopf,
Licke, & Green, 2004). The tertiary structure of an RRM is comprised of two a-helices
that are packed against four antiparallel B-strands, the canonical topology is BaBBap.
The two RNPs establish the two central B-strands and are directly involved in RNA
binding (Figure 6) (Mackereth et al., 2011; Sickmier et al., 2006), the RNP1 is located
in B-strand 3 and the RNP2 located in B-strand 1. The B-sheets in RRMs are usually
found to interact with single-stranded RNA. Generally, an average of two RRMs are

observed to act cooperatively within a single polypeptide (Kielkopf et al., 2004).

The proteins containing RRMs are involved in each step of RNA metabolism and they
are required to recognize specific RNA sequences. Usually the RNA-RRM interactions
are transient interactions and are found in processes such splicing, processing,
transport and localization (Cléry & Allain, 2013). RRM domains are found to be involved
not only in RNA or DNA recognition but also taking part in protein/protein interactions.
RRMs have the ability to regulate their binding specificity and affinity by means of each
of their structural elements (a-helices, loops, B-strands). The highly diverse biological
functions of proteins containing RRM domains can be explained by the immense
versatility of the RRM interactions and their structural characteristics (Cléry, Blatter, &

Allain, 2008).
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Figure 6: Canonical RRM fold. The canonical topology of and RRM is BaB88a8, where
two a-helices are packed against four antiparallel 8-strands. The RNPs involved in RNA-
binding laid in the two central 8-strands. (Adapted from (Kielkopf et al., 2004), PDB
1URN)

The great number of multi-domain proteins interacting with RNA or other proteins
combining several weak interactions, emphasize the important role of the dynamics
throughout the substrate recognition process. These dynamic mechanisms often
include cooperation of the different domains and involve different binding modes that
can be enabled by flexible linkers. Common mechanisms during RNA recognition by
multidomain proteins include fly-casting (induced fit) and conformational selection

(Figure 7) (Mackereth & Sattler, 2012).
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Figure 7: RNA binding mechanisms by multidomain proteins. The conformational
selection mechanism requires a pre-existing population of the protein in the active
(open) state which is then recognized by the RNA ligand. In the fly-casting or induced
fit mechanism an initial RNA binding to one of the domains enable the search by the
second domain of specific RNA motifs in a longer RNA ligand, thus inducing the final
open conformation. (Adapted from (Mackereth & Sattler, 2012))
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2.1 Nuclear Magnetic Resonance

The function of all the biomolecules and biological complex is determined by their 3D
structure and dynamics which establish the way they interact with each other. The
main techniques used to reveal the 3D structure of proteins and nucleic acids are: X-
ray crystallography, nuclear magnetic resonance (NMR), electron microscopy
(especially Cryo-electron microscopy) and as transversal methods small-angle X-ray
and neutron scattering (SAXS and SANS). All of these experimental methods have
advantages and limitations. NMR spectroscopy is the only technique that provides
atomic resolution structures and in addition allows the study of conformational
dynamics of the system over a large range of time-scales (Goébl, Madl, Simon, & Sattler,
2014; Markwick, Malliavin, & Nilges, 2008) (Figure 13). Therefore, NMR is a powerful
tool used to investigate structure, dynamics and kinetics of a wide range of biological

systems

2.1.1 Basic principles of NMR

The basic phenomenon of NMR is similar to other spectroscopic techniques, where an
external radiation causes a transition between the ground state and excited states. For
example, in the case of visible light spectroscopy an electron absorbs the energy of
light of a certain wave length. In NMR in contrast, the absorbed radiation causes the
excitation of the nuclear spin from the ground state to its excited state (Rule &
Hitchens, 2005). First of all, for the generation of the ground and excited states in NMR
spectroscopy it is required that the nuclei are immersed in a static magnetic field
(Zeeman effect). In this case, the energy difference (AE) between the two states are of
the order of radio frequency (Figure 8).

The energy levels of the two states is given in terms of the dipole moment p; along z,
and the magnitude of the static magnetic field Bo along z:

E = —u, "B,
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M. depends on the nuclear spin quantum number m; along z, and the gyromagnetic
ration y which is constant that depends on the specific nuclei and indicates the
sensitivity of the nucleus (yi#>>y1sn> Yi3c):

Py =my h-y
Where h is the plank constant divided by 2m.
Then, for spin 1=1/2 (as is the case for the nuclear spins of H, N and *3C), the two

energy levels have the following energies:

Eaz—%-h-y-BOand

1
Eﬁ’:E'h'V'BO

m=-1/2

Figure 8: Energy levels of nuclear spin I1=1/2. When atoms of nuclear spin % are
immerse in a magnetic field, the energy levels are split (Zeeman effect) with an energy

difference AE. Each level has an associated magnetic quantum number, m.

The sensitivity in NMR experiments depends among other factors on the gyromagnetic
ratio of the specific nucleus, this is the reason why *H protons are the preferable nuclei

to detect during NMR experiments.
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For non-continuous-wave NMR spectroscopy, i.e. for Fourier transform (FT) NMR; a
series of pulses covering a range of frequencies (“all sequences at once”) are applied
to the sample altering its equilibrium and then the system relaxes back to equilibrium.
The decay of the signal over time is observed as a free induction decay (FID). The
obtained FID is converted by fourier transformation (FT) to a spectrum from the time
into the frequency domain.
The resonance condition is fulfilled when the energy of the applied radio waves
matches the energy difference between the two spin states AE. The resonance
frequency is the Larmor frequency (v):
AE,=h-v
Then the resonance condition is given by:
h-y-By=h-v,
Ly, = % ‘B,
with wy = =y B,
The magnetization along z Mo in the equilibrium can be observed since the spins
immerse on the magnetic field along z are not equally populated in the two energy
levels. A pulse with exactly the Larmor frequency can interact with the spins and
transfer the magnetization to the transversal xy-plane, where it can be detected and
then the signal start to relax back to equilibrium. The relaxation process occurs
naturally depending on the size of the molecule and its surroundings (viscosity,
temperature etc). The electronic cloud surrounding the nucleus shields it from the
external By, i.e a nucleus with higher electron density is more shielded from Bo. This
shielding occurs because the external magnetic field induces small electronic currents
that generate a weak magneticfield (B, - ) acting against the external magnetic field,
where the shielding constant o depends on the nucleus and its chemical surrounding

and is independent from the strength of Bo.

So we have that the effective magnetic field acting on a particular nucleus is:
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Besf =Bo— By o
For example, a methyl carbon has more electron density than a carbonyl carbon and
so the methyl carbon ‘feels’ the static field Bo less, since it is more ‘shielded’ and
therefore experience a smaller effective field (Ber). Thus, different electron density

leads to small changes in energy levels (Figure 9) which give us the chemical shift ().

E. = Tw~
iy . |2

AE

c?
MHz

Figure 9: Chemical shift origin. Different electron densities cause small splitting of the
energy levels (hyperfine structure). This leads to a different chemical shift depending

on the electron density of each nuclei.

Therefore, different chemical environments provide different shielding constants,
which lead to different Larmor frequencies. Instead of giving the chemical shifts (8) in
frequencies (which is Bo field dependent), the chemical shifts are normalized to a
standard (not field dependent), usually to the frequency of tetramethylsilane for H
and 3C, and nitric acid for °N. The chemical shifts are then given in parts per million
(ppm) as follow:

§ = ——=-10° [ppm]
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When the nuclei are connected by covalent bonds, they influence each other by J-
couplings. J-couplings are mediated by the electrons of the chemical bond. For more
than three bonds, this interaction is very weak. The J-couplings lead to the splitting of
the NMR signal (even smaller division within the energy levels in Figure 9). When a spin
interacts with other spin, the state of the second spin can either be a or B and then
the signal splits up into two peaks of equal intensity. When there are two other spins
with equal energy there are four possibilities of states: aa, ap, Ba and BB. The states
apf and Ba are energetically equivalent. Since all four states have the same probability
for the spin to be in those states and two states are equivalent, there will be three
peaks with an intensity ratio of 1:2:1. For the general case of n (# of neighbors) spins,
there will be a multiplicity of n+1 peaks and the intensity will be spread according to
the binomial series. The so-called coupling constant is given by the distance between
the split peaks. Magnetization can be transfer from one nucleus to another nucleus
through covalent bonds over the J-couplings. Higher coupling constants allow more

efficient magnetization transfers (Keeler, 2010).

2.2 NMR studies of proteins and protein-ligand interactions

To perform biomolecular NMR spectroscopy it is necessary to have labelling schemes
on the sample with NMR-active nuclei. This is done by incorporating *°N, *3C and/or 2H
in the sample during the expression of the protein in media containing the
corresponding isotope(s). This labelling schemes allow the measurement of
multidimensional heteronuclear NMR experiments.

The most basic NMR experiment to be recorded for protein studies is the one-
dimensional (1D) *H- spectrum. This spectrum provides a fast evaluation of the state
of the protein, i.e. if it is folded or stable in the buffer. Although the 1D spectrum is
unique for each protein, it is too complex to analyze since most of the signals overlap.
In the 1D spectrum of folded proteins the proton signals are spread from around -0.5

to 12 ppm.
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The fingerprint spectrum of the protein is given by the two dimensional (2D)
experiment *H,>N-HSQC (heteronuclear single quantum coherence). This spectrum is
unique for each protein. During the experiment the only protons visible are the ones
bound to the observed heteronuclear atom, in this case °>N. This spectrum has now
two dimensions, one presents the frequencies of the 'H attached to the *°N and the
other one shows the frequencies of the >N attached to the proton respectively as
cross-peaks. Since there is one **N-H bond per amino acid in the backbone, each cross-
peak in a HSQC experiment represents a specific residue. Proline residues are not
visible, since the lack the amide proton. This spectrum contains the signals of the
protein backbone amides and usually additional peaks for the side chains of Asn, Gin,
Trp, Lys and Arg residues. The sequential assignment of the observed signals is
necessary to identify each residue, for this assignment a set of three dimensional (3D)
experiments are required (Sattler, Schleucher, & Griesinger, 1999).
The chemical shifts of the nitrogen and proton are very sensitive to changes in their
chemical environment. For this reason *H,>N-HSQC is largely used in protein-ligand
interaction studies, specifically by doing titration series of the protein in presence of
increasing ligand concentrations. In this case the protein is 1°N labeled and the ligand
is unlabeled, the ligand can be another protein, DNA, RNA, compounds or anything
else that might interact with the labeled protein. The changes observed in the
spectrum (or spectra) depend on the exchange rate (kex) between free and bound
states, kexis defined as:

Kex = Kon[L] + Kogt
Where konand kogs are the association and dissociation rates respectively and [L] is the
ligand concentration.
If the exchange rate is larger than the difference in resonance frequency (kex>Av), the
signal appears at an average, population-weighted chemical shift between free and

bound state (&observed = PfreeOfree + PboundObound), then upon addition of more ligand the
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signal gradually shifts until the final saturated position. This is due to a rapid
interconversion between free and bound states which is averaged during the detection
time.

When kex<Av, signals from both states are observed (due to not significant
interconversion between free and bound states during the detection time) revealing
the different chemical shifts of the free and bound state, their intensities and
linewidths (Figure 10). In this limit, the intensity of each peak is directly proportional

to the population of each state.

,fDTee: 750/0 éjound= 250/0
Slow

kex = kfree + kbound

exchange
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1 /sec
A
Intermediate  N\_ dl i 10 /sec
exchange V. 102 /sec
kex =lavi 102 /sec
104 /sec
Fast
exchange
kex >> |Av|
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Vie— Y,
Av =100 Hz = 100 /sec
Figure 10: Chemical exchange rates. When kex<Av there is slow exchange and the two
signals of the free and bound states can be detected. When kex = Av, there is an
intermediate regime where one signal is observed at intermediate chemical shift
(usually very broad). If kex>Av there is fast exchange and the signal appears at an
average, population-weighted chemical shift. (Adapted from (Kleckner & Foster, 2011))
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If the kex = Av, one signal is observed at an intermediate chemical shift (between the
chemical shift of the free state (8tee) and the chemical shift of the bound state (Sbound)),
the linewidth of this peak is very broad (Figure 10) because of interference from
free & bound interconversion during the detection time (Kleckner & Foster, 2011).
Summarizing we have:

kex>Av  Fast exchange

kex = Av Intermediate exchange

kex<Av Slow exchange

Where Av = Vree - Vbound

Therefore, NMR titrations provide a relatively quick and residue-specific way to
determine the protein-ligand interface.

2.3 Relaxation in NMR

After an external RF pulse has been applied to a sample, a natural phenomenon called
relaxation takes place. It refers to how the bulk magnetization reaches equilibrium
realigning the magnetic moments of individual spins along z. In NMR, relaxation is
particularly slow in comparison to other molecular excited energy levels, for example
in the case of vibrational and rotational energies or in the case of excited electronic
states.

The main advantage of this long relaxation lifetime is that it provides us enough time
to manipulate the transverse magnetization and to detect it. On the other hand, the
main disadvantage of having slow relaxation is that one has to wait enough time for
the equilibrium magnetization to be reestablish before repeating the experiment,
which is necessary to do multiple times to increase the signal to noise level.

With NMR relaxation experiments is possible to extract information about the
environment surrounding the nuclei and the nature of the molecule’s motion, since

these two factors directly affect the relaxation rates.
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The source of relaxation in a molecule can be seen as a local magnetic field produced
by different factors occurring naturally in the surrounding of its spins (for spin-1/2:
dipolar coupling > chemical shift anisotropy > spin rotation, and due to paramagnetic
species when present). The local B1 magnetic field is much weaker than the applied
external Bo magnetic field and instead of affecting all the spins in the same way, the
effect of the B; field is highly localized and it changes as the molecule tumbles due to
thermal agitation. There are two forms of relaxation, longitudinal and transverse
relaxation. The application of a 90° pulse generates transverse magnetization (Mxy))
and alters the population ratios, then the magnetization vector M reaches back its
equilibrium My with relaxation time constants T1 and T> (with R1=1/T1 and R,=1/T> as

relaxation rates) present in the Bloch equations:

dM, _ Mo—M,

a0
AMxy) _ _ Mxy)
dt T,

2.3.1 Longitudinal relaxation

Longitudinal relaxation, also called spin-lattice relaxation, arises with the movement
of spin populations back to their Boltzmann equilibrium distribution, giving away extra
energy to the lattice in order to go back to equilibrium. This relaxation is along the z-
direction (Equation (1)) with a relaxation time T; (time for M, Mo). The T1 values are
relatively long because of the deficient transfer of energy from NMR transitions (at

Larmor frequency) into thermal energy.

2.3.2 Transversal relaxation

Transversal relaxation, also called spin-spin relaxation, is the process by which the
magnetization in the transverse plane decays to zero at equilibrium via the decay of

coherences (loss of phase coherence). The time needed for the magnetization in the

transverse plane (Equation (2)) to decay to zero is the T2 (time for My, 0).

38



2.3.3 Molecular tumbling and relaxation

The rotational diffusion (tumbling) of a molecule in solution can be described by a
rotational correlation time t.. Tc is the average time required for a molecule to tumble
through an angle of ~1 radian. As the molecule rotates the spins remain aligned (bulk
magnetization) with the external magnetic field Bo. However, magnetic spin-spin
interactions, for example dipole-dipole coupling between neighboring spins, depend
on the distance and orientation (relative to the axis of the Bo field) of the internuclear
vector. Therefore, these magnetic interactions that produces the local magnetic fields
are modulated by the molecular tumbling. As a result, the spins experience fluctuating

local magnetic fields that allow the spins return to equilibrium.

To describe the relation between the molecular tumbling and the T1, T2 relaxation, it
is necessary to introduce the spectral density function J(w). J(w) is the probability of
finding a component of the random motion of the molecule at a particular frequency
w. Since the integral of J(w) over all frequencies is constant, a slowly tumbling molecule
(large molecular weight) has more contributions at low frequencies, and a faster
tumbling molecule (low molecular weight) has more contributions at higher

frequencies (Figure 11). The simplest form of the spectral density is given by:

27
1+(wT()?

J(w) =
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Figure 11: Spectral Density. Plot of the spectral density function for molecules of
different molecular weight. (Adapted from (Grzesiek, 2003))

The spin-lattice relaxation rate 1/T; depends on the probability that the local fields
have a component oscillating at the Larmor frequency, then we have:
1/T1 = d*{ J(wr-wn)+3J(wn)+6J(Whtwn) H+c? J(wn)

Here d and c represent the strengths of the dipolar interaction between the proton
and nitrogen, and the chemical shift anisotropy (Kay, Torchia, & Bax, 1989). The T1 time
is relatively long due to deficient mechanisms to transfer energy (from spin population
exchange) to the lattice in terms of thermal energy.

The spin-spin relaxation life times of stationary states are decreased, leading to
random variations of the precession frequencies and loss of phase coherence.
Processes that reduce the life time of spin states cause line-broadening, thus T, is
directly related to the linewidth: T, = 1/(nAv). T, relaxation also depends on the

spectral density function (Hore, 2015), however in terms of the spectral density, the
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component at frequency zero (zero motion) dominates the contribution. This is
because motion at any frequencies diminishes the contribution coming from the
distribution of the components of the local fields along z (Keeler, 2010), then 1/T>~J(0).

Finally we have that the relaxation rate 1/T; is given by:

1/T> = 0.5d%{4 J(0)+ J(wn-wn)+3J(wn)+6J(wh)+ 6J(wrtwn) }H+1/6c%{3)(wn)+ 4J(0)}

The dependence of T1 and T, on t¢ is plotted in Figure 12. Where for slow tumbling
molecules the T, time is shorter ( Figure 12, right) given the large contribution of the
spectral density at w=0 ( Figure 12, left when tc = 4/wo), while for faster tumbling
molecules the contribution at zero frequency is much less ( Figure 12, left when t.=
0.25/wo), so T2 is longer ( Figure 12, right). In the case of T1, we have that its main
contribution comes when w=wo. Then in the plot of J(w) we focus on the curves when
w;wo=1 ( Figure 12, left). For large and small molecules (slow and fast tumbling
respectively), the spectral density contribution is low, which means T1 is larger. On the
other hand for medium-size molecules the contribution of the spectral density is larger
and then T1 is shorter, thus the minimum T time is for medium size molecules.

Under the following considerations (at least partially fulfilled in biomolecular NMR) of
isotropic tumbling of the molecule, no chemical exchange, large molecules (t>0.5 ns)
and high magnetic fields (500 MHz or larger), one can approximate a relationship
between tcand Ty, T2 relaxation:

T1/T2 = 141/2 W® t® 2 Te= 1/ wo V(2T1/T2)
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Figure 12: Relation between molecular tumbling and T1, T2 relaxation. For large
molecular weight proteins (which are slowly tumbling) the T2 relaxation times depend
mainly on the spectral densities at low frequencies J(0), which causes fast T2. For T1
relaxation, when w=wg, the spectral density contribution is larger for middle size
proteins, thus the T1 time is shorter, while is longer for small molecules and big proteins.
(Adapted from (Hore, 2015))

2.3.4 {1H}-15N Heteronuclear NOE

The {*H}->N heteronuclear NOE (hetNOE) gives information about motion of individual
N-H bonds. The basic idea is that by irradiating the protons, the z-magnetization of the
5N nuclei are enhanced due to cross-relaxation. Hence, when the magnetization is
rotated to the transverse plane, stronger signals of >N are observed because of the
NOE enhancement (Keeler, 2010). The values of steady-state NOEs compare the z-
magnetization of the S-spin (*N-spin) in the thermal equilibrium to the z-
magnetization of the S-spin at equilibrium as the I-spin (*H-spin) is saturated:

K S, >,

NOE(1,2S,) = <S >
z “eq
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The H-N bonds that undergo motion faster than the overall molecular tumbling display
a decreased NOE intensity. The 'H->N heteronuclear NOE has an average value of 0.77
and in general, values lower than 0.68 indicate flexible regions, e.g N and C terminal of
the protein, linkers and loops. During the hetNOE experiments especial attention is
required, due to the long T1 of water molecules when the recycle time is not long
enough, an NOE can be produce as consequence of chemical exchange between the
amide protons and the water molecules, artificially decreasing the measured NOEs
(Kay et al., 1989).

An overview of the type of protein motions at different NMR time scales is given in
Figure 13, where T1, T2 and NOE relaxation NMR experiments are used to study

dynamics between pico-seconds to nano-seconds.
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Figure 13: Time scales investigated with NMR. Several molecular processes can be
study by NMR at different time scales. In particular T1, T2 and NOE relaxation are used

to study dynamics on the picoseconds to nanoseconds.

2.3.5 Paramagnetic relaxation enhancement (PRE)

Paramagnetic NMR is a powerful tool used to investigate multiple dynamics processes
occurring in macromolecules. Particularly PRE, rises from magnetic dipolar interactions

between the nuclear spin and the unpaired electrons of a paramagnetic spin label, and

43



as a result there is an increase in the nuclear relaxation rates. The PRE effect is very
large in comparison to NOE, the last one has a short-range effect between proton spins
(<6 A), while the PRE effect has a large-range due to the large magnetic moment of the
unpaired electron, allowing the detection of distances up to 35 A (Clore & lwahara,
2009). Hence, PRE has become the preferred method to obtain long-rage distance
information that can be used for structure calculation. To use of PREs with non-metal
binding proteins, the attachment of a paramagnetic center (e.g MTSL, IPSL) to a specific,

solvent exposed site is necessary.
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Figure 14: Schematics of PREs. In (A) is represented the spectrum without spin-label
(diamagnetic spectrum). When a spin-label is attached to a specific residue, the
neighbor residues ‘feel’ the effect of the unpaired electron causing a faster relaxation
and therefore their intensities are reduced in the paramagnetic spectrum (B). The PRE

signature can be obtained by the intensity ratio between lpara and laia (C).

In biomolecular NMR, distances between the paramagnetic center and the nucleus can
be determined from the increased in transversal relaxation rates due to the unpaired
electron (additional R»®=paramagnetic rate enhances). First, we have that the

transverse relaxation rates (intrinsic and spin contribution) can be related to the
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intensity ratio of the oxidized and reduced resonances (Figure 14), lox and lreq
respectively (Battiste & Wagner, 2000):

Lox _ Rzexp(_stpt)
Ired a RZ + stp

Where R; is the intrinsic relaxation rate, R2* is the spin contribution relaxation rate
and t is the total evolution time. R, can be estimated from the reduced spectrum and
together with the intensity ratios, it is possible to fit R2°P. Finally R2°F, can be converted
into distances (for the effect of paramagnetic spins on nuclear magnetic

relaxation)using the following equation described in (Battiste & Wagner, 2000):

6 k Art 4 37,
ré = T —
RP\ ¢ 1+ wirs?

2
Where 7/ is the correlation time for this electron-nuclear interaction, r is the distance

between the electron and nuclear spins, wh is the Larmor frequency of the proton
nuclear spin and K is a constant 1.23 x 1032 cm® s depending on the gyromagnetic
ratio (of protons) and electronic g factor.

For calculating distances 7. is assumed to be equal to the global correlation time of the
protein. Owing the distance dependence of the PRE as r®, this distance r between the
electron and nuclear spin can be used as distance restrain during structure calculation
of proteins, having that the nuclei closer in space to the paramagnetic center will relax
faster (loss more intensity in the oxidized state) than those farther apart. Additional to
structure calculation PREs can be used for detecting transient contacts between
domains in biomolecules, to detect encounter-like contacts in protein/protein and
protein/nucleic acid, given their high sensitivity detecting lower populated states

(Clore & lwahara, 2009).

2.4 Isothermal titration calorimetry (ITC)

ITCis a physical technique that is broadly used to quantify thermodynamic parameters
of interactions in solution. Isothermal titration calorimeters measure the heat change

that occurs when two molecules interact. In biological systems, interactions of
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macromolecules are at the core of their functionality and these interactions are
described by their kinetic and thermodynamic properties. The thermodynamics of
association can be characterized by the stoichiometry of the interaction (N), the free
energy of binding(AG), entropy (AS), enthalpy (AH), heat capacity binding (AC) and by
the association constant (Kai). ITC measures the binding equilibrium directly from
determining the heat exchange involved during the association of a ligand with its
binding partner. Directly from a single experiment the following values are determined:
the K3, N and AH. While AG and AS are calculated from the association constant. And
the dependence on the temperature of AH can be determined by doing a series of
titrations at varying temperatures, determines the AC. The relation between the Gibbs
energy (free energy) and entropy can be determined with the equation:
AG=-RTIn(Ka)= AH - TAS

Where T is the absolute temperature in kelvin and R is the gas constant.

During the titrations of the ligand to its binding partner, heat is released or absorbed
depending on the redistribution of non-covalent bonds as the interacting molecules go
from free to bound. Using ITC those heat changes are determined by the measure of
the differential power applied to the cell heaters necessary to maintain a zero
temperature difference with the reference cell while the binding partners are
combined. A schematic representation of the basic components of the ITC system is
shown in Figure 15, where the sample is in the sample cell and ligand in the syringe,
the reference cell normally contains water. The experimental binding isotherm is
characterized by the ¢ value (unitless constant), given by the product of K;, N (number
of ligand binding sites on the binding partner) and the concentration of the
macromolecule in the sample cell M:

c= Ka[M]N
¢ should be between 1 and 1000, preferable between 10 and 500 in order to obtain

optimal data.
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Figure 15: ITC schematics. The ligand is placed in the syringe to be titrated to its binding
partner located in the Sample cell. The reference cell has watter or buffer and allows
the measurement of the temperature difference with the sample cell at each titration
point. (From (“MicroCal Auto-ITC200 user manual (English),” n.d.)

2.5 Small angle X-ray scattering (SAXS)

SAXS offers physical information and structural analysis for particles of 1-100 nm, while
for bigger molecules it provides information about the average size of the particles and
their shapes in solution. The samples in a SAXS experiment are exposed to X-rays of a
certain wavelength that scatter elastically in a small angle between 0 and 5 degrees to
produce spatially averaged intensity distribution (Boldon, Laliberte, & Liu, 2015). The
intensity can be expressed as function of the scattering vector g resulting from a

photon of A wavelength that scatters off the sample at an angle 26:

_ 4msin(0)
B A
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The atoms inside the sample will scatter the incident X-rays in all directions, this gives
a background radiation that is nearly constant at small angles. The particles (cluster of
atoms) in the sample will generate additional scattering (excess scattering) due to the
fact that the particles are in the size-range of the x-ray wavelength and are made of
different materials with different densities (contrast). Then, measuring the angle-
dependent distribution of the scattered radiation gives the possibility of study the
average particle structure and shape (Schnablegger & Singh, 2011). In the case of a
macromolecule in solution, its intensity distribution is obtained by subtracting the
profile of the buffer from the total profile.

The SAXS profile has three regions that contain different information. (Figure 16).

I
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Figure 16: SAXS profile regions. In the double logarithmic plot an initial slope of 0, -1
or -2 indicates globular, cylindrical or lamellar shape, respectively. (Adapted from
(Boldon et al., 2015))

First, the Guinier region, where the radius of gyration can be obtained. The radius of
gyration is largely affected by aggregation, improper subtraction of the buffer and
polydispersity. Second, the Fourier region, from where the pair distribution function

p(r) can be determined:
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1 (o]
p(r) = o f qP(q) sin(qr) dq
0

Where P(r) is the particle form factor. p(r) concerns to the electron distribution
averaged over a radius r. The p(r) curves are used to obtain the averaged particle
shape.

Third, the Porord region serves to determine the Porod invariant that gives surface
information and provides useful information like the Porod volume and molecular
weight for compact particles at high g values. The Kratky plot (g%/(g) vs q) is a useful
tool especially for determining if the protein is unfolded or if disordered conformations

are present in the sample (Boldon et al., 2015).
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Scope of the thesis

Numerous cellular functions involve multi-domain proteins where their domains are
connected by flexible linkers of different lengths. In particular, RNA interactions with
these multi-domain proteins play essential roles in gene regulation and are involved in
each step of RNA metabolism. RNA binding proteins (RBPs) are mostly composed of
multiple domains: RNA binding domains (RBDs) or RNA recognition motifs (RRMs). It is
widely studied and usually known the structure and how a single RRM domain
recognizes its RNA/DNA or protein binding partners. However, the way multiple
domains interact with each other and/or the substrate by modulating their structure
and dynamics is not well understood. Typically, these interactions are weak and
required to be regulated very specifically since they are involved in numerous
machineries that mediate key cellular functions. The regulation of these weak
interactions are mostly done cooperatively between the domains and in some cases
the conformational flexibility of disordered linker regions can further modulate the

multi-domain interactions with their substrates.

The multi-domain protein U2AF is essential during spliceosome assembly and it is
composed of a large subunit U2AF65 and a small subunit U2AF35. The RRM1-RRM2
domains of U2AF65 are in charge of the recognition of the polypyrimidine tract (Py-
tract) at the 3’-SS, while U2AF35 interacts with the AG dinucleotide at the intron
terminal. The Py-tract can vary in length and strength (i.e. different binding affinities).
The regulatory mechanisms by which U2AF is able to specifically recognize such diverse

sequences still remain unclear.

The first aim of this thesis is to study the conformational space sampled by the RRM1-
RRM2 multi-domain in the free form in solution and thus understand the interplay

between the domains connected by a flexible linker.
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An important goal of this work is to unveil the role of the flexible linker between the
two domains as a modulator of the RRM1-RRM2 conformation and during RNA binding

of different strength Py-tracts.

A further investigation was performed in order to understand the function (if any) of
U2AF35 during Py-tract recognition. A study was carried out on the conformational
changes and dynamics of U2AF65 in the presence of U2AF35 UHM domain (U2AF

homology motif) before and during RNA recognition.

Finally, using NMR, a methodical study was performed regarding the effect of different

FRET fluorophores on the integrity of the U2AF protein.

During the course of this work, we apply an integrated approach combining different
solution methods used in structural biology, e.g. NMR, SAXS, and FRET. Solution
methods in structural biology are the most suitable to study the interdependence of

structure and dynamics of biomolecular systems.
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CHAPTER 3:
Materials and Methods
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3.1 Materials

3.1.1 Constructs

RRM12 (U2AF65) 148-342 construct cloned in pETM11 vector (6His, TEV

cleavage site)

nxRRM12 (U2AF65) 140-342 construct cloned in pETM11 vector (6His, TEV

cleavage site)

GS-linker constructs | Residues between 233-254 were replaced totally or partially

by (GGS)n sequence, cloned in pETM11 vector

URRM12 (U2AF65) 88-342 construct cloned in pETM11 vector (6His, TEV

cleavage site)

UHM (U2AF35) 39-152 (C67S, C102S1) construct cloned in pET9d-NHis

vector (6His )

*All the constructs and plasmid were provided by the Sattler group and the PEPF
(Protein Expression and Purification) facility. The GS-linker constructs were purchased

from Eurofins Genomics and further cloned into the pETM11 vector.

3.1.2 Solutions and Media

LB medium (Lysogeny | 10g/L Tryptone, 5g/L Yeast Extract, 5g/L NaCl
broth)

BN labelled M9 | 100 ml M9 salt solution (10X), 10ml trace elements (100X),
Medium (1 liter) 20ml 20% glucose, 1mM MgSQa4, 0.3 mM CaCl, , 50 mg/ml

kanamycin, 1 mM thiamin, 1 mM biotin

N, 13C labelled M9 | 100 ml M9 salt solution (10X), 10ml trace elements (100X),
medium(1 liter) 2 g BC-glucose, 1ml 1M MgSQ4, 0.3 mM CaCl, , 50 mg/ml
antibiotics (accordingly to plasmids/cells), 1 mM thiamin, 1

mM biotin
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75.2 g/L NaxHPO4:2H,0, 30g/L KH2PO4, 5 g/L NaCl, 5 g/L
BSNH4CI

M9 salt  solution
(10X)

Trace elements
(100X)

3.1.3 Buffers

Lysis

5 g EDTA, 0.83 g/L FeCl3-6H,0, 84 mg/ L ZnCl;, 13mg/L
CuCly-2H,0, 10 mg/L CoCly-6H20, 10 mg/L H3BOs, 1.6 mg/L
MnCl-6H,0

50 mM Tris (pH 7.5), 500 mM NaCl, 10 mM imidazole, 5 mM

R- Mercaptoethanol

Wash buffer

50 mM Tris (pH7.5), 1 M NaCl, 10 mM imidazole, 5 mM R-

Mercaptoethanol

Elution buffer

50 mM Tris (pH 7.5), 200 mM NaCl, 300 mM, 300 mM

imidazole, 5 mM - Mercaptoethanol

Exchange buffer

50 mM Tris (pH 7.5), 50 mM NaCl,5 mM - Mercaptoethanol

AX-A buffer 0 M salt 50 tris pH 7.5 5 mM 8- mercaptoethanol
AX-B buffer 1 M salt 50 tris pH 7.5 5 mM R- mercaptoethanol
NMR buffer 20 mM phosphate (pH 6.5), 50 mM NaCl, 1 mM DTT
ITC buffer 20 mM phosphate (pH 6.5), 50 mM NaCl, 3 mM R-
mercaptoethanol
3.2 Methods

3.2.1 Protein Expression and Purification

The U2AF65 RRM1-RRM2, URRM1-RRM2, and all the single point mutations plasmids

were transformed into BL21 (DE3) E-coli cells and U2AF35-UHM into BL21(DE3) pLysS

cells and grown overnight on kanamycin (50 pug/ml) agar plates. The cells grew initially

in an overnight preculture at 37°C, inoculated with colonies from the fresh agar plate,
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in 100 ml LB medium with 50 pug/ml kanamycin. The next day, the cells were spun down
and resuspended in one liter of the final growing medium (LB or M9) starting with an
ODeoo of ~0.1. The cells were grown at 37°C until an ODeoo of 0.6-0.8 and then induced
with 500 uM IPTG (Isopropyl-B-D-thiogalactopyranosid) and then the protein was
expressed at 20°C overnight. Next day, cells were harvested by centrifuging for 25 min
at ~5000 rpm. After harvesting, the pellet was washed with 1X PBS (Phosphate-
buffered saline) and centrifuged for 15 min (in case of not immediate purification, the

pellet was stored at -20°C).

For protein purification the pellet was resuspended in ~30 ml lysis buffer, 200 ul of 40
mM AEBSF protease inhibitor, 50 ul of 1 mg/ml DNAse and a pinch of Lysozyme were
added. To lyse the cells, the cell suspension was sonicated on ice with three cycles of
4 min at 52% amplitude (Bandelin Sonaplus sonicator) and 2 min on ice in between
cycles. The lysate was centrifuged for 50 min at ~16000 rpm; in the meanwhile the
IMAC column for His-tag purification was prepared, using 3ml of Ni-NTA beads per liter
of culture. The column was washed with water and equilibrated with lysis buffer. After
centrifugation the supernatant was filtered through a 0.45 um filter and passed
through the IMAC column 2 to 3 times, the column was washed 4 times with 30 ml of
wash buffer and afterwards the protein was eluted with 15 ml of the elution buffer
and collected in a falcon tube. For the TEV tag (Tobacco-Etch-Virus protease) cleavage,
the eluted protein plus 1ml of 1 mg/ml TEV protease was dialyzed against one liter of
exchange buffer, in order to remove imidazole and to achieve an efficient TEV cleavage.
The next day, the cleaved protein was passed again through the with exchange buffer
equilibrated IMAC column and the protein was collected without tags, which stick to

the column.

To obtain pure protein, Size Exclusion Chromatography (SEC), using a Superdex75
Highload 16/60 GE Healthcare column, was performed. The column was equilibrated

with NMR buffer at a flow rate of 1 ml/min, the protein was concentrated to 5 ml and
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then loaded on the SEC column. Afterwards the protein was collected from the peak
fractions. The pureness and yield of the desired protein was checked by SDS-PAGE.
Finally the protein was concentrated to 1-2ml using Amicon Ultra centrifugal filter with

MWCO 10 KDa and snap frozen in liquid nitrogen and stored at -80°C.

For the purification of the U2AF heterodimer (HD), both proteins U2AF35 and U2AF65
were purified in IMAC column separately. In the case of the purification of the UHM-
U2AF35 protein it was required to proceed with inclusion bodies purification, where
after the harvesting and sonication it was necessary to use 8 M urea in the buffers and
to resuspend the pellet to proceed with the rest of the steps until the dialysis to
exchange buffer to remove the urea slowly. In this case the construct has no TEV

cleavage site, so it was not necessary to add TEV protease.

For the formation of the U2AF heterodimer (HD), both proteins U2AF35 and U2AF65
being both in the exchange buffer (50 mM NaCl) were incubated together for aprox. 1
h, after that the HD was loaded in an anion exchange column Resource Q GE
Healthcare, then the protein was eluted with a linear gradient of NaCl from 0 to 500
mM Nacl (AX-A and AX-B buffers) using a flow rate of 2 ml/min until final volume of
30 ml. The peak fractions were collected and analyzed on SDS-PAGE gel, then they
were concentrated and loaded on the SEC column and again the peak fractions were
analyzed on SDS-PAGE. Finally the protein was concentrated and left at 4°C until its
use, the HD could not be frozen since it presented degradation after thawing. However
both proteins (U2AF35 and U2AF65) could be frozen separately until the preparation

of the HD was necessary.

3.2.2 NMR titrations

The NMR experiments were performed using AV500 MHz Cryo, AV600 MHz Cryo,
AV800 MHz Cryo or AV900 MHz Cryo Bruker NMR spectrometers and TopSpin

software. The samples contained ~300 uM protein concentration and adding RNA step
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by step increasing its concentration until achieve saturation (i.e no chemical shift or
intensity changes, for U2AF65:RNA usually 1:1.2-2 ratio). The titration points were
followed by recording 'H,'°>N-HSQCs (Heteronuclear single quantum correlation)

experiments at 298 K.

3.2.3 NMR dynamic experiments

The experiments recorded to study dynamics on the RRM1-RRM2 U2AF65 protein
were °N-T1 (T1 relaxation, to study spin-lattice relaxation), using 12 to 14 relaxation
time delays between 0.0216 and 1.6632 s including two duplicates.>N-T1p (T1p
relaxation, to study spin-lattice relaxation in the rotating frame), using 12 relaxation
time point delays between 0.005 s to 0.14 s with at least two duplicates. **N-T2 (T2
relaxation, to study spin-spin relaxation), using 12 relaxation time point delays
between 0.01208 and 0.19328 s (values of the different delays for T1, T2, Tlp and
pulses are shown in the appendix). *°N-HetNOE (Heteronuclear NOE, to study flexibility)
and Relaxation Dispersion (CPMG) experiments (to study excited states). All the
samples used contained between 300 uM to 1 mM of protein. The data processing and
analysis were done using NMRPipe and CCPNMR-Analysis software (Delaglio et al.,
1995; Vranken et al., 2005)

3.2.4 Paramagnetic Relaxation Enhancement, PRE experiments

The PRE experiments were performed using a spin-label which is a stabilized nitroxyl
radical (with a free electron) called IPSL (3-[2-iodoacetamido]-PROXYL), which was
covalently attached to a single cysteine mutant in the protein. The single point
mutations were obtained following the protocol from QuikChange Il Site-Directed
Mutagenesis Kit from Agilent, here are the mutations used: RRM1-RRM2_318C, RRM1-
RRM2_155C, RRM1-RRM2_155C _318C, nxRRM1-RRM2_318C, nXxRRM1-
RRM2_155C, nxRRM1-RRM2_254G_318C, RRM12_GSlinker_318C.
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After the protein purification the labelling procedure was performed: First of all a
strong reduction of the cysteines was done with 10 mM DTT for several hours or
overnight at 4°C. The next day a thoroughly buffer exchange to the labelling buffer
(1 M Tris buffer pH 8.0 plus 50 mM NaCl) was done using desalting column or SEC
column. Then for the reaction the IPSL was added with a 6 to 10 times excess to the
protein. The reaction was performed in the dark, overnight at 4°C. The next day the
labeled-protein was washed extensively with NMR buffer using Amicon Ultra
centrifugal filter with MWCO 10 KDa in order to remove the excess of IPSL avoiding

solvent PRE effects and to completely exchange the buffer to the NMR buffer.

The final samples contained between 200 to 300 uM of protein. First an *H,’>N-HSQC
of the oxidized protein (oxidized spin label attached to the protein) was recorded with
an inter-scan delay D1 of 5 s, then in order to reduce the spin label (its unpaired
electron) 2-3 mM ascorbic acid was added from a stock of 100 mM. Finally, an *H,*>N-
HSQC of the reduced protein (reduced spin label) was recorded with the same

parameters as the HSQC of the oxidized sample.

The evaluation of the PRE effect was done by taking the ratio between the oxidized

spectra and the reduced spectra of every residue.

3.2.5 Forster Resonance Energy Transfer, FRET

The single molecule FRET experiments were done in collaboration with the group of
Don Lamb from LMU, in particular with the doctoral student Lena Voithenberg. In
order to do the experiments it is necessary to attach two fluorophores (donor and
acceptor) to the protein, in our case the fluorophores (dyes) were attached covalently
via the maleimide group of the fluorophore to the thiol group of a cysteine in the
protein (sulfhydryl-maleimide coupling). The two artificial cysteines were designed to
be located in each of the two domains, one in RRM1 and the other one in RRM2,

optimizing the positions such that in the free form their distance is minimal (i.e high
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FRET efficiency) and in the RNA-bound form it is maximal (i.e low FRET efficiency). We
used the following pairs of cysteine mutants in the RRM12 and URRM12 constructs:
L187C_A318C, L187C_G322C, L187C_G326C.

We used a variety of fluorophores in the green and red wavelengths bought from

AttoTec and Life Technologies called Atto532, Alexa647, Atto647N, Cy5.

The general protein labelling procedure was done as follow: The double-cysteine and
single-cysteine mutants protein were strongly reduced adding 10 mM DTT overnight,
then it was buffer exchanged to tris buffer pH 7-7.5, then an excess of 10 to 20 times
of the dye was added and incubated in the dark for 2 hours, finally the protein was

extensively washed to remove the excess of free dye.

The solution-based single-pair FRET measurements (spFRET) were done on a confocal
microscope with multiparameter fluorescence detection (Kudryavtsev et al., 2012).
The free protein was measured at concentrations range of 20-50 pM in potassium
phosphate (pH 6.5) buffer containing 50 mM NaCl. the RNA bound form of the protein

was measured by adding 5 uM of the respective RNA.

3.2.6 Isothermal Titration Calorimetry, ITC titrations

To perform the ITC experiments, the protein was dialyzed overnight against the ITC
buffer and the RNA was dissolve in the same batch of buffer as well to avoid buffer
mismatch effects. The protein has to be of high purity to obtain reliable data. The cell
and syringe should be thoroughly washed and carefully filled as described in the
manual of the machine, special care has to be taken while washing the cell. Usually an
incubation with 20% detergent at 60°C for 30 min followed by extensive wash steps
with water (around 10 times, preferable autoclaved water) and with the ITC buffer
(took from the dialysis) were performed before starting the measurement. The cell
cleaning is extremely important since any impurity can give very ugly peaks and/or

totally unexpected results. The ITC cell was filled with 200 pl (using 300 ul to ensure
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complete filling without bubbles) of 20 to 30 uM protein, the reference cell was filled
with water and the syringe was filled using 60 pl of 200 to 300 uM of RNA (ligand). The
main consideration to define the concentration or the concentration range to be used
to obtain good data is the so-called C-value which predicts the shape or sigmoidicity of
the curve and it is defined as: C = K-Mot.n, where K is the association constant, Mot is
the total macromolecule concentration in the cell, and n is the stoichiometry
parameter. The optimal values for C are between 5 and 500 (“MicroCal Auto-ITC200
user manual (English),” n.d.). So, for the experiments showed here the concentrations

in the cell were taken such that the C-value was within this range to obtain good data.

The experiments were run at 25°C and the experimental set-up was set as follow:
Starting with the first injection of 0.4 ul and 0.8 s of duration, and then followed by 20
injections of 2 pl and 4 s of duration. All the injections had 180 s of spacing and a filter
period of 5 s, the reference power was set to 6 pcal/sec, the initial delay to 300 s and

stirring speed of 750 rpm.

The titrations were done using a Malvern MicroCal iTC200 device and the Origin

software included for analysis.

A novel use for the ITC raw data is to study kinetics, which can be done using the KinITC
package (Burnouf et al., 2012) from the AFFINImeter software. This was done in the
web-based application using the previous acquired ITC data, however the fitting was
not accurately enough to do an analysis of the kinetics of the RNA binding to the

proteins studied.

3.2.7 Small Angle Scattering, SAXS

All the SAXS experiments were performed by triplicate, ranging concentrations
between 10 mg/ml to 2.5 mg/ml, the volume required per measurement was 70 pl in
NMR buffer containing 50 mM NaCl to keep good contrast level. If the salt

concentration is high the contrast is low. To reduce beam damage it is recommendable
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to add some additives like glycerine (max. 5%) , thioethanol, TCEP, or DTT, the last one
was included in the buffer that contains 1 mM DTT. The exact same buffer is measured
twice for referencing which then requires a total volume of 150 ul. The higher protein
concentration the better the signal, however the measurement at different protein
concentrations is necessary to observe if the protein presents aggregation during the
measurements which would make the data not suitable for accurate analysis since in

SAXS the average dispersion of the particles present in solution are analysed.

The samples should be of high purity and as well characterized as possible, including

SDS-PAGE, gel filtration, SLS, DLS or NMR spectra.

The SAXS experiments were performed in a Rigaku BioSAXS-1000 machine with a
collimation using a 2D Kratky system which doesn’t require a desmearing process for

data analysis.

The analysis of the SAXS data was done using the software Primus.

3.2.8 Static Light Scattering, SLS

The SLS technique measures the intensity of the light scattered to obtain the average
molecular weight of a biomolecule, the experiment was done to confirm the size and
the complex formation of protein and RNA. Specifically the protein concentration was
300 uM at the injection, however it becomes diluted while it goes through the column,
the SLS detector is attached to the size exclusion column (SEC) S75, calibration was

done with BSA and it was run at a flow rate of 1 ml/min.

3.2.9 Surface Plasmon Resonance, SPR/BlIAcore

Two different approaches were used to study RNA-protein interactions, first by
immobilizing protein to the surface of the chip and second by immobilizing the RNA
instead. To perform the SPR experiments a NTA (carboxymethylated dextran pre-

immobilized with nitrilotriacetic acid) sensor chip was used as well as an SA
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(carboxymethylated dextran pre-immobilized with streptavidin) sensor chip both from
GE-Healthcare, the first one was used to immobilize the histidine-tagged protein to the
surface. In this case, it was necessary to use an additional procedure for amine
coupling following the protocol from Kimple et.al. in 2010 (Kimple, Muller, Siderovski,
& Willard, 2010) aiming for high immobilization levels of the protein. The experiment
was run at 25°Cin a Biacore 3000 GE-Healthcare machine. The SA sensor chip was used
to attach covalently a biotinylated RNA (Biotin-5 PEG-U4A8U4) to the surface, and in
this case the RNA was immobilized to a level such the initial RU (response units) were
around 100 RU following the wizard provided by the manufacturer for SA sensor chips.
The biotinylated RNA and the protein were dissolved in the running buffer (10 mM
HEPES pH 7.5, 1 mM DTT, 0.02% NP40, 200 mM NaCl) and the experiment was run at
10°C in a Biacore X-100 GE-Healthcare machine. In all cases, the reference cell was
selected such that the ligand flew first through the reference cell and was the flow cell

immediately afterwards through the immobilization cell.
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CHAPTER 4:

U2AF65 RRM1,2 free is an ensemble of
structures in solution
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4.1 Evidence of additional non-compact states of RRM1,2

During previous studies in the Sattler lab, it was shown that the tandem RRM1-RRM2
domains in solution adopt a closed conformation or inactive conformation in the free
form, and adopt an open conformation upon RNA binding (Mackereth et al., 2011).
Additional to this previous NMR studies of RRM1-RRM2 in solution, available SAXS
data of the free RRM1-RRM2 suggested that the two domains adopt not only compact
conformations, i.e. when the two domains are in proximity in space (closed and open
conformations), but that the two domains can adopt more extended or detached
conformations. Those extended conformations could be observed from the plot of the
pair distance distribution function (Figure 17) that is the average over the entire
conformations present in solution. In Figure 17 the black curve corresponds to the
RRM1-RRM2 free and the red to the RNA-bound RRM1-RRM2. The RNA bound form
(red curve), represents a globular compact conformation of the protein in this case the
open state. In contrast, the additional shoulder at larger Dmax in the SAXS curve of the
free protein (black curve) represents non compact states in addition to the compact

open and closed states.

Given this new evidence of extended conformations of the system, it was obvious to
believe that RRM1-RRM2 apoprotein is a highly dynamic system that coexists as
multiple conformations in solution, and consequently to study further the greater
conformational space of the tandem domains we worked in collaboration with the
group of Martin Blackledge at IBS, Grenoble, France, in particular with his student Jie-

rong Huang.
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Figure 17: Pair distribution function of the SAXS data for the RRM1-RRM2 free in
solution (black) and for the U9 RNA-bound RRM1-RRM2 (red)

4.2 Generating the pool

Jie-rong Huang from the Blackledge group started the work by generating a pool of
structures for the so-called detached conformation using the statistical coil-model
based software flexible-meccano (Ozenne et al.,, 2012). A randomized linker (i.e.
random-coil linker) was built between the end of the C-terminal of RRM1 and N-
terminal of RRM2. The RRM1 and RRM2 domains were built by the same software
keeping fixed its dihedral angles, i.e. using the known structures of the domains. The
tail at the RRM2 C-terminal was also constructed from the statistical coil model as the
linker. In total this pool of the detached conformations was composed of 10000

structures.
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Next, for generating the pools of the closed and open conformations the XPLOR-NIH
software was used, taking as starting structure the NMR-solved structures of each of
both conformations (PDB 2YHO and 2YH1 for the closed and open conformations
respectively). The calculations were done starting at 3500 K for a 20 ps dynamics run
and then cooling down to 300 K by 50 K decrements of 0.5 ps dynamics runs for
equilibration. To maintain the covalent geometry, only the standard potentials were
used without additional experimental restrains during the simulated annealing. For the
open and closed states the calculations were repeated 5000 times each to ensure that

the conformational space of the linker was well sampled.

4.3 Selecting the ensemble for the apoprotein

From the three pools generated earlier (detached conformations and predefined open
and closed states) an ASTEROIDS selection described previously by Blackledge group
(Nodet et al., 2009; Salmon et al., 2010) was performed from the pool of detached
conformations containing the randomized linker. For this selection experimental NMR
data (PREs and RDCs) and particularly SAXS data were included. The SAXS data were
sensitive to detect the detached conformations and so these data were key during the
ensemble selection. Explicit inclusion of the closed and open states (Figure 18B, C) in
the prior distribution gives the result that one quarter of conformers adopted these
conformations (mainly the closed state). In contrast, while sampling of the pool with
only ‘detached’ conformers (Figure 18A) gave as a result a population redistribution
that over-samples these closed and open states. The selected ensembles also revealed
a small contribution from the open state, although just around 1% were sampled in
this state, it was consistently detected. The open and closed conformations appeared
within a continuous ensemble envelope (Figure 19) although in very different

conformations.
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For the optimization of the size of the ensemble different sizes ranging from 10 to 300
structures were used for the selection using ASTEROIDS. 10% of experimental data
randomly selected were not used for the selection in order to use it for cross-validation.
For the error calculation of the ensemble size, the procedure was repeated 100 times
and the X? between experimental data and back-calculated for 90% of data used as
restrains (active) and the X? between experimental data and back-calculated for the
10% left out data (passive) converged when the size of the ensemble is around 200
structures or conformers, the more detailed procedure for the determination of the

ensemble can be found in Huang et al., 2014.
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Figure 18: Representative structures of the ensembles, RRM1 is shown in purple,
RRM_2 in orange and linker and C-terminus in gray. (A) Representative structures of the
detached ensemble, (B) Representative structures of the open ensemble, (C)

Representative structures of the closed ensemble.
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Figure 19: Position of the closed and open states with respect the ensemble. In yellow
is RRM1 fixed and in purple are the open and closed relative positions of RRM2 with
respect to the ensemble of all RRM2 structures that were selected from the pool of

detached conformations (gray)

4.4 Error description and crossvalidation

The ensembles were selected based on the agreement with the experimental data
(Figure 20 A-C), for the ¥? calculation and crossvalidation two types of calculation were
done, selecting from the detached pool alone or from a combination of open, closed
and detached pools. As mentioned before, 10% of all data were left out from the
analysis and these were used as “passive” reporters on the predictive nature of

ASTEROIDS method. This operation was well suitable to predict independent PREs and
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RDCs, however for the SAXS data removing randomly 10% of the data points from a
single curve doesn’t provide a completely independent R-free measurement, this is
due to the low resolution of SAXS data. Moreover, the number of structures necessary
to reproduce all independent data was completely dominated by the NMR data in
comparison to SAXS data. Hence, this analysis was used to optimize the size of each of
the ensembles (Figure 20 D, E), as a result an optimal ensemble size of 200 structures

best reproduced experimental data. The resulting x*> was approximately one (Table 1).

PRE+RDC+SAXS PRE+RDC+SAXS8

(1184) No selection (1184)

Pool? DET,CL,OP DET CL,OP op CL DET

X2 b 1502 1577 23321 28130 30341 13376
X/NS 127 133 1970 238 256 11.3
DET(%)¢ 75.0 100 0 0 0 100
CL(%)e 243 0 18.3 0 100 0
oP(%)f 0.7 0 81.7 100 0 0

Table 1: ° Three different pool used in the selection: detached (DET), open (OP), and
closed (CL). ° x* = Y (param . — param,,,)* /o* is summed over all the
experimental data points. © Value in b divided by the number of measured points.
dPercentage of structures derived from the pool detached (DET) in the final selection.
€Percentage of structures derived from pool closed (CL) in the final selection.
fpercentage of conformers derived from pool open (OP) in the final selection.

9Reproduction of the experimental data by the three pools (no selection was done).
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Figure 20: Crossvalidation. Comparison between fitted data (blue) and experimental
data (red). (A) PRE data (intensity ratio between paramagnetic and diamagnetic states
(IPara/idia) - with the spin labels located at (stars) 155, 164, 171, 209, 273, 287 and 318,
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(B) RDC data and (C) SAXS data. (D) Reduce x? for the active and (E) passive data sets

as function of the ensemble size.

4.5 Analysis of the ensemble

After the accurate ensemble selection of the 200 structures that comprises a statistical
description of the conformational space sampled by RRM1-RRM2 free in solution, a
further analysis of this ASTEROIDS ensemble was done, including free-energy
landscape mapping which was fully data-driven (no force field used during this
procedure) to select representative ensembles within the distribution of conformers.
This analysis provided a description of the conformational space sampled by the
system and estimates uncertainties and confidence levels associated with the free-
energy description. Application of the free-energy mapping onto the RRM1-RRM2
tandem domains revealed an equilibrium containing highly populated states where
RRM1 and RRM2 are in closed proximity, i.e the closed and open states previously
observed. Additionally, both conformations remained within a continuous ensemble
envelope (Figure 19) that might suggest a pathway of states for interchange between

open and closed without provoking large-scale jumps.

Finally, from the ensemble description, the proximity of RRM1 and RRM2 domains in
the region resembling the closed state appears to be of electrostatic origin. This was
observed after the analysis of conformational properties of the system (Figure 21),
where a negatively charged patch of RRM1 (Figure 21 orientation IlI) which included
D206 and E207 (Figure 22), established the main source of electrostatic domain-
domain contacts. Additionally, hydrophobic patches in RRM1 (Figure 21 orientations |
and lll) were found to very infrequently interact with RRM2. To understand in more
detail the interaction of electrostatic origin between RRM1 and RMR2, a surface study
(Figure 22) was done, and it showed that the RRM2 interfaces that are closest to

D206/E207 have a predominantly positive charge distribution (e.g. K286, K328, R334),
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this finding might explain the bias towards an ensemble with compact conformers and

suggested that this ensemble has an electrostatic origin.

Figure 21: 3D density maps (5% population contour) of RRM2 distribution with
respect to RRM1 fixed in the center. The RRM1 surface is colored according to surface
charge, positive-blue and negative-red, RRM2 domain in closed conformation is shown

in orange and RRM2 domain in open conformation is shown in magnolia. Hydrophobic
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surfaces are shown in yellow. (A) Prior sampling pool of the detached conformations,
(B) Selection based on ASTEROIDS using NMR and SAXS experimental data from
detached conformations, and (C) selections based on ASTEROIDS using NMR and SAXS
experimental data from a combination of the closed, open and detached conformations.

Figure 22: Origin of the recognized encounter complex is electrostatic. (A,B)
Redistribution of RRM2 sampling (green surface distribution) covers acidic patch of
RRM1 (surface in Figure 6). (C) Green surface shows RRM2 domains from detached
selection (Figure 3A and Figure 6B, whose com values are less than 28 A from RRM1
(colored surface) com (orientation as in (B)). (D) Alternative orientation of (C). (E)
Charge distribution of the face of RRM1 in most frequent contact with RRM2, showing
position of acidic patch. (F) Electrostatic distribution on RRM2 surfaces shown in C, D.
Most basic region coincides with positions in closest contact with the acidic patch on
RRM1 (E).
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4.6 Confirmation of ensemble prediction using PREs

To verify whether or not this ensemble prediction was correct, we performed PRE
experiments on RRM1-RRM2 at different salt concentration, using as buffer MES / Bis-
tris pH 6.5, since the use of phosphate buffer introduce salt itself. The protein
concentration was exactly the same in each sample as well as the DTT concentration
and the buffer concentration, the labeling of the protein with the IPSL spin label was
done as described previously in the methods section (see section 3.2.4). Regarding the
'H,%>N-HSQCs recorded for both, the paramagnetic and diamagnetic states of the spin
label attached to RRM1-RRM2, the parameters were kept exactly the same for each of
the samples at different salt concentrations, just the pulse calibration and water
suppression were adjusted before running each experiment, the inter-scan delay (D1)

was set to 3 s.

The reduction of signature PRE effect in the regions of the RRM1-RRM2 interdomain
interface upon increasing salt concentration (Figure 23) is consistent with an
encounter-like system that is destabilized upon the increase of ionic force between the
RRM1-RRM2 domains that are in compact conformations within the ensemble. So, this
experimental result verified the prediction from the ensemble that the encounter-like

RRM1-RRM2 interdomain contacts are driven by electrostatic interactions.
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Figure 23: PRE measurements for spin-labeled A318C RRM1-RRM2 at different salt
concentrations NaCl (red — OmM, orange — 50mM, green — 150mM, blue — 200mM).
Negligible salt-dependent effect is seen on RRM2 (containing spin label), while there is

clear abrogation of the broadening in RRM1 as a function of salt.

4.7 RRM1,2 ensemble in solution, not just closed conformation

Using the ASTEROIDS approach to select ensembles from different pools of conformers,
the U2AF65 tandem domain RRM1-RRM2 that contain a disordered linker showed
large scale conformational dynamics, that include not only the closed (inactive
conformation) or open (active, RNA-bound conformation) states that were previously
believed to be in equilibrium in solution (Mackereth et al., 2011), but it was found that
there is a large population of non-compact or detached conformations (Figure 24). This
is a relevant finding since dynamics of multidomain proteins are of key importance in
many signaling processes, molecular recognition and specifically in the case of U2AF65.
The dynamic interplay between RRM1 and RRM2 serves on their main function during
the 3’ splice site recognition by identifying the corresponding Py-tract sequences
present in human pre-mRNA introns. So, the fact that RRM1-RRM2 exist as an
ensemble of closed, open but also detached conformations, help us to understand how

dynamic this system is which can be the key for U2AF65 to be so versatile in recognizing
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a multitude of different Py-tract sequences present during the pre-mRNA processing

in eukaryotes.

Center of mass on RRM1

C RRM2 ensemble
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interactions
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Figure 24: Summary of the ensemble selection of RRM1-RRM2 and conclusion. (A)
Pool of detached conformations, where RRM1 (gray) is fixed in the center of mass and
the distribution of positions of RRM2 (blue dots) in respect to RRM1 (fixed position). (B)
Selected ensemble using the experimental NMR and SAXS data. (C) Surface
representation of the RRM2 distribution (green) in respect to RRM1 (colored)
evidencing the interactions of electrostatic origin. RRM2 in the closed conformation is
shown in orange and RRM_2 in the open conformation is shown in magnolia. (D) Blobs
representation of RRM1-RRM2 free in solution, where the closed and open states but

also a great deal of detached conformations coexist.
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CHAPTER 5:

Linker between RRM1 and RRM2 has an
autoinhibitory role for RNA binding
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5.1 Linker between RRM1 and RRM2 interacts with RRM2

In the previous study of the ensemble calculation, pools of structures of RRM1-RRM2
were generated using the computational method flexible-meccano (Ozenne et al.,
2012) to produce randomized linkers (random-coil linker) for each structure. However,
there were large conformational differences between the RNA-bound RRM1-RRM?2
solution structure solved by NMR (Mackereth et al., 2011) and a previous published
RNA-bound RRM1-RRM2 X-ray structure (Sickmier et al., 2006) (Figure 25), in which

the linker was removed in order to obtain crystals.

Figure 25: RNA-bound RRM1-RRM2 structures. On the left is presented the X-Ray
structure of RRM1-RRM2 bound to R(P*UP*UP*UP*UP*UP*UP*U) RNA (Sickmier et al.,
2006) and on the right is presented the solution structure solved by NMR of the RRM1-
RRM2 bound to U9 Py-tract RNA (Mackereth et al., 2011).
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Figure 26: RRM1, RRM2 vs RRM12. (A) Overlapped spectra of the single domains RRM 1

(pink), RRM2 (yellow) and RRM1-RRM2 (black), zoomed in are some of the residues
83



belonging either to the RRM1 or the RRMZ2 domain in the three constructs. (B) Chemical
shift perturbations plot of the tandem domain RRM1-RRM2 vs. the single domains
RRM1 and RRM2.

Subsequently, given the difference between the solution and crystal structure, and the
fact that the pools generated in chapter 4 used randomized linker, it was necessary to
further establish if the linker had effects on or interacts with the tandem domains

RRM1-RRM2 and or with the RNA in the bound form.

First evidence about the role of the linker could be drawn from PRE experiments,
where certain linker residues, particularly residue V254, showed large PRE effect in
each of the mutants. Even more striking are chemical shift perturbations when
comparing the *H,>N-HSQC spectrum of the single RRM1 and RRM2 domains versus
the spectra of the tandem domain RRM1-RRM2 (Figure 26). It was evident that mainly
residues in RRM2 within the tandem RRM1-RRM2 showed significant shifts in
comparison to the single RRM2 domain (Figure 26B). These results indicated that the
linker is interacting at least partially with the RRM2 domain. The next question was to
find out which region of the linker is interacting with RRM2 and which effect this
interaction has on RNA binding. To do this, we designed a linker containing a GGS

sequence (GS-linker). The results are presented in the next section.

5.1.1 The C-terminal of the RRM1-RRM2 linker is involved in the
interaction with RRM2

We endeavored to study the linker interactions with the domains, its dynamics and
possible function. For this purpose we designed different GS-linker RRM1-RRM2
constructs (Figure 27), which means that the complete linker or either the N- or C-
terminal half of it were replaced by a (gly-gly-ser)n sequence, these kind of sequences
are known to have random coil behavior and lack of complicating ionic interactions
(Walsh, Meier, Ishima, & Gronenborn, 2010). Therefore the GS-linker removes all

possible interactions which the WT-Linker and the RRM domains have.
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Figure 27: Representation of GS-linker RRM1-RRM2 constructs. In green are
represented the parts of the linker between RRM1 and RRM_2 that were replaced by the
gly-gly-ser sequence. The full sequence replaced with the GS repetition is:
QPLPGMSENPSVYVPGVVST. The sequence replaced in the first half of the linker is:
QPLPGMSENP, and the sequence replaced in the second half of the linker is:
SVYVPGVVST. One more GS construct was designed to have half of the length of the
wild type linker.

IHI5N-HSQC spectra for all the constructs were recorded, re-assigned and analyzed.
The chemical shift differences of the tandem domains containing the different GS
linker constructs in respect to the tandem domain with the wild type linker (WT-
RRM1,2) showed that the C-terminal part of the linker is the region that interacts with

RRM2 (Figure 28 B). These differences in chemical shift clustered around the central -
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sheets of RRM2, suggesting that the linker interacts with these B-strands. Replacing
only the C-terminal part of the linker with the GGS motif has the same effect on the
RRM2 as the full GS-linker mutant. Hence, it must be the C-terminal part of the linker,
which interacts with the RRM2. Additional much weaker chemical shift perturbations
were observed in RRM1 due to weak interactions with the N-terminal part of the linker
(Figure 28 C). Again this is confirmed by the mutant, where only the N-terminal part is
replaced by GGS, which shows the same changes in chemical shifts in RRM1 compared

to the WT as the full GS linker mutant.
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Figure 28: Chemical shift perturbations of the GS-linker constructs. (A) CSP of the full
GS-linker construct vs the wild type linker RRM1-RRM2. (B) CSP of the 1/2WT-1/2GS-
linker construct vs the wild type linker RRM1-RRM2. (C) CSP of the 1/2GS-1/2WT-linker
vs the wild type linker RRM1-RRM2. On the left are shown blobs representations of the
GS-linker constructs. On the right the corresponding chemical shift perturbations are
mapped onto the RRM1-RRM2 structure in a red color gradient, such that the more
intense red-colored residues are the ones with the largest CSP.

87



1 FullGSlinker
wid  1/2GSlinker

®N (ppm)

0.15

0.12

0.09

0.06

CSP (ppm)

0.03

Figure 29: Chemical shift perturbation of different length GS-linker. Here are
presented the chemical shift differences between the full GS-linker and the half-length
GS-linker RRM1-RRM_2 . On the right the chemical shift perturbations are mapped onto
the RRM1-RRM_2 structure in red color such that the red color represents CSP values of

0.1 ppm or higher.

88



To study if the length of the linker had any effect on RRM1-RRM2 we compared the
full GS-linker construct versus the half-length GS-linker (Figure 29) and the chemical
shift differences were neglectable, implying that the length of the GS-linker does not

have any effect on the domains.

5.2 Effects of the linker/domains interactions on RNA binding

CSP RRM1,2 - U9 RNA
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Figure 30: U9-bound RRM1-RRM2 vs. GS-linker chemical shift differences. (A) Plot of
the chemical shift perturbations of the RRM1-RRM2 vs the U9-bound RRM1-RRM_2. (B)
Plot of the chemical shift perturbations of the RRM1-RRM?2 vs GS-linker RRM1-RRM2.
On the structure are mapped the CSP of (B) where the blue gradient represents the
residues with larger (darker blue) CSP values and lower CSP values (lighter blue). It is
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also shown the RNA (maroon) binding interface of the RRM2 domain. The spheres
represent the residues with a CSP larger than 0.2 ppm upon RNA binding.

Besides small interactions with the C-terminal and other minor encounter-like regions
in RRM2, as mentioned before the linker residues seem to interact mainly around the
central B-sheets of RRM2, which is also the key region for RNA binding. When
comparing the region in RRM2 that is implicated in the interactions with the linker
versus the regions of the wild type RRM1-RRM2 involved in RNA binding (Figure 30), it
appeared that the region in RRM2 interacting with the linker corresponds to the RRM2
regions involved in RNA binding. Also, the regions in RRM1 weakly interacting with the

linker are also involved in RNA binding.

This becomes even more evident when looking at the superimposed spectra of the GS-
linker RRM1-RRM2 construct with the wild type and with the single domains which
(Figure 31) show that residues of RRM2 within the GS-linker construct shift towards
the RRM2 peak positions in the single domain. On the other hand, the peaks of RRM1
within the GS-linker construct remain almost unaffected in the same position as they
are in the wild type construct. When mapping those shifts on the RRM1-RRM2
structure it can be seen that they overlap with the RNA interface. This result was
surprising and allowed us to speculate about a possible task of the linker as inhibitor

during RNA binding.

90



1 WT-RRM12 l
104 RRM1, RRM2 1
| D o L191 . 1226

o] 128 g °
06 . | - @

3 ﬁ D :
nzH; ' a J130 7 L261 @)) (0

VS

RRMZ) <+— —

GS-linker RRM1,2

RNA binding site

Figure 31: WT-RRM1-RRM2 vs GS-linker vs single domains. Upper panel: Overlapped
spectra of the WT-RRM1-RRM2 (black), GS-linker RRM1-RRM2 (green) and single
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domains RRM1 and RRM_2 (red). Lower panel: Structure with the mapped chemical shift
perturbations of WT vs GS-linker constructs, and blobs representations of the different

constructs.

This new findings of a strong interaction between RRM2 and the C-terminal part of the
linker motivated us to look into the sequence conservation of linker residues. The high
conservation throughout several species, especially in the C-terminal part of the linker,
and the high content of hydrophobic residues show the biological importance of the

found interactions between RRM2 and the C-terminal part of the linker (Figure 32).

Linker
sRRM1 | RRM2 S

—{32)> CBL,)

222 229 233 244 254 259 269
H.sapiens QSLKIRRPHDYQPLPGMSENPS - - - - - - - - - VYVPGVVSTVVPDSAHKLF IGGLPNY
D.melanogaster QSLK IRRPHDYQPMPG I TDTPAIK- - - - - PAVVSSGVISTVVPDSPHKIFIGGLPNY
S.pombe VFLKFQRIQNY IVPQITPE-VSQ-------- KRSDDYAKNDVLDSKDKIY ISNLPLN
Celegans QQLKVRRPRDYQPSQNTFDMNS - - - - - - - - - - - - RMPVSTIVVDSANKIF IGGLPNY
M.musculus QSLKIRRPHDYQPLPGMSENPS - - - - - - - - - VYVPGVVSTVVPDSAHKLF IGGLPNY
B.taurus QSLKIRRPHDYQPLPGMSENPS - - - - - - - - - VYVPGVVSTVVPDSAHKLF IGGLPNY
Rnorvegicus QSLKIRRPHDYQPLPGMSENPS - - - - - - - - - VYVPGVVSTVVPDSAHKLF IGGLPNY
X.laevis QSLKIRRPHDYQPLPGMSENPS - - - - - - - - - VYVPGVVSTVVPDSAHKLF IGGLPNY
X.tropicalis QSLKIRRPHDYQPLPGMSENPS - - - - - - - - - VYVPGVVSTVVPDSAHKLF IGGLPNY
D.rerio QSLKIRRPHDYQPLPGMSENPS - - - - - - - - - VYVPGVVSTVVPDS IHKLF IGGLPNY
Athaliana VPVKVRRP TDYNPSLAATLGPSQPNPNLNLGAVGLSSGSTGGLEGPDRIFVGGLPYY
O.sativa APVKVRRP TDYNPSLAAALGPSQPNPNLNLAAVGLTPGSAGGLEGPDRIFVGGLPYY

Figure 32: Sequence Alignment. Alignment of the linker among different species

showing its high degree of sequence conservation.

Thus, we decided to study which is the effect of the linker during binding of two
different RNAs, representing a strong (U9-RNA) and a weak Py-tract (U4A8U4-RNA).
For this purpose, we did NMR titrations with all of the GS-linker constructs (Figure 33)
and we observed differences not only on the binding patterns among the constructs

but also differences in the magnitude of the shifts.

When focusing the analysis in two constructs: WT-linker and GS-linker constructs
(Figure 34) it was easier to evaluate the effects on RNA binding (e.g. on residues in

RRM1: G154, 1191, F202, 1226, Linker: V254, and RRM2: L261, G264, V291, Y307, S336)
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since there are clear differences in the titrations patterns (Figure 43), especially on the

RRM2 domain. This result then, showed that the linker interactions have an effect on

RNA binding.
191lle (RRM1) 261Leu (RRM2)
WT_linker U9 U4AgU4 U9 U4A8U4
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Figure 33: NMR titrations of different GS-linker constructs. Shown are the peaks of
residues 1191 and L261 from NMR titrations with U9 and U4A8U4 of (A) the wild type
RRM1-RRM2, (B) 1/2GS-1/2WT-linker RRM1-RRM2, (C) 1/2WT-1/2GS-linker RRM1-
RRM_2, (D) 1/2GS-linker RRM1-RRM2. In blue are the peaks of the reference point, i.e.
of the free protein, in red are the peaks of 1:0.5 protein:RNA ratio and in green are the

peaks corresponding to the 1:1 protein:RNA ratio.
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Figure 34: NMR titrations of the WT vs GS-linker constructs. Differences between a
RRM1 residue 1191, and a RRM_2 residue L261 during the titrations with U9 RNA and
U4A8U4 RNA on the wild type RRM1,2 and the GS-linker RRM1,2.

5.3 Linker provides proofreading against weak Py-tracts

After the results of the NMR titrations, to further understand what the regulatory role
of the linker would be, ITC titrations were measured with the GS-Linker-RRM1,2
constructs (Error! Reference source not found.). The titrations were done with both,
he strong Py-tract U9 and the weak Py-tract U4A8UA4. In both cases there were small
differences respect to the published values of the wild type RRM1-RRM2 (Mackereth
et al,, 2011: Kp RRM1,2 + U9:1.32 uM, Kp RRM1,2 + U4A8U4:16.4 uM ). Then we did
extensively titrations series using the WT-RRM1-RRM2 and the GS-linker RRM1-RRM2
constructs, with both RNAs (Figure 36). Surprisingly the Kp difference between the wild
type and the GS-linker constructs when binding the strong Py-tract U9 was very slight
(1.28 uM for the WT-RRM1,2, and 1.58 uM for the GS-linker construct), however the
Ko when binding the weak Py-tract was significantly different with approximately 2 to

3 times higher affinity of the GS-linker construct versus the wild type RRM1-RRM2
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(11.72 uM for the WT-RRM1,2, and 3.35 uM for the GS-linker). While the Kp values for
the extended constructs nxRRM1,2 and nx_eGSlinker were 0.22 uM and 0.26 uM for
U9 respectively, and 2.58 uM and 1.26 uM for U4A8U4 respectively. This finding set
the core of the suggested regulatory role of the linker, since it can act as an
autoinhibitor for RNA binding but even more unusual function, it can serve as proof-

reading against weak Py-tracts.
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Figure 35: ITC titrations of the GS-linker constructs. ITC titrations with the strong Py-
tract U9 RNA and the weaker Py-tract U4A8U4 RNA at 295 K. Upper panel: GS-linker
RRM1,2, middle panel: 1/2WT-1/2GS-linker RRM 1,2, lower panel: 1/2GS-linker RRM1,2.
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Figure 36: Bar Plot ITC titrations. In green are plotted the dissociation constant (Kd)
for the GS-linker construct from ITC titrations with U9 (left) and U4A8U4 (right), in gray
the Kd values of the wild type RRM 1,2 with the same RNAs are plotted.

In order to verify that the results on the different affinities when RRM1-RRM2 is bound
to different RNAs are not due to dimerization, (e.g. binding of two protein molecules
to one RNA molecule) we performed SAXS experiments (Figure 37). This results
demonstrated given the radius of gyration of the scattered particles that there is no
dimerization upon RNA binding. It was confirmed, as it was shown previously by
Mackereth et. al. that RRM1-RRM2 when bound to a strong Py-tract U9 RNA adopts a
compact conformation in comparison to the free form (Figure 37 blue curves), and this
result was also observed for the GS-linker construct (Figure 37 green curves) although
in this case it seems that the RNA is bound in a slightly more extended conformation.

However, in the case when RRM1-RRM2 is bound to a weaker Py-tract U4A8U4 RNA,
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the SAXS data showed that it exists as a more extended conformation or several
extended conformations are present and that it might be a more dynamic complex
even in the bound form. This result with the weak Py-tract appeared to be true also

for the GS-linker construct, which shows similar SAXS curves compared to the wt-linker

(Figure 37 red and orange curves).

m WT-linker
= GS-linker
P = WT-linker+U4A8U4
- Py = GS-linker+U4A8U4
;’"‘5‘ = WT-linker+U9
. = GS-linker+U9

Figure 37: SAXS data of the WT and GS-linker RRM1,2. Pair distance distribution plot
of the free WT-RRM 1,2 (dark blue), GS-linker RRM1,2 (light blue), WT-RRM1,2 + U9

(dark green), GS-linker RRM1,2 + U9 (light green), WT-RRM 1,2 + U4A8U4 (orange) and
GS-linker RRM 1,2 + U4A8U4 (red).

Because of the difference in affinity when the wild type linker RRM1-RRM2 vs. the GS-
linker are bound to the weak Py-tract U4A8U4, we decided to investigate if there were

kinetic differences between both constructs during binding RNA (Figure 38). This was
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investigated using the SPR technique using a Biacore X-100 machine. Although there
were differences in the kinetic parameters, some of the values obtain for the
association/dissociation rates were outside the range of the machine, meaning that
the binding events are faster than the detection time. However, one can speculate
from the values obtained (Figure 38), that the wild type linker construct has a faster
association/dissociation rates in comparison with the GS-linker construct and this
would go in agreement with the affinity for the weak Py-tract being higher for the GS-

linker construct and lower affinity for the wild type linker construct.
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Figure 38: Biacore studies. Sensogram of the biotinylated U4A8U4 (biotin-5-PEG-
U4A8U4) when binding (A) nxRRM1,2 construct and (B) the nxRRM1,2- eGS-linker

construct. Kinetic constants are indicated on top of the sensogram.

5.4 Cooperative effect of the linker and domains for RNA
recognition

From the latest findings it became interesting then to try to refine the previous
structure of RRM1-RRM2 in order to show the interactions of the linker. This has been
done in collaboration by a colleague in the lab Hyun-Seo Kang, who did an NOE-based
refinement of the RRM1-RRM2 structure (Figure 39) finding for example multiple NOEs
between the V254 at the C-terminal of the linker with A287 in RRM2. The structure
shows that the C-terminal end of the linker packs against the central B-strands of RRM2,

as it was suggest by the CSP pattern of the GS and WT linker RRM1,2 constructs.
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Additionally from the hetNOE experiments one could notice that the residues at the C-

terminal of the linker showed less flexibility (Figure 39).

Recently a crystal structure of RRM1-RRM2 bound to poli-U RNA (Agrawal et al., 2016)
was published where Agrawal et al. showed that an extension in the N-terminal of
RRM1-RRM2 is also involved in RNA recognition, plus some residues in the linker are
shown to be in contact with the RNA. This finding motivated us to look into this N-
terminal extended construct (hxRRM1-RRM2) by NMR as well. The chemical shift
perturbations of nxRRM1-RRM2 versus the shorter one RRM1-RRM2 (Figure 40),
presented an interesting pattern suggesting that the N-terminal extension might be
interacting with a middle region inside the RRM1 domain and with the N-terminal part
of the linker. The hetNOE of the URRM1-RRM2 construct also showed that, as well as
the C-terminal part of the linker, the N-terminal part displayed reduced flexibility. To
confirm if the N-terminal part of the linker is also interacting with the RRM1 domain,
another GS-linker construct was designed on the extended nxRRM1-RRM2 (including
two extra residues G253 and G254).
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Figure 39: hetNOE and refined structure. Plot of the heteronuclear NOE values (upper
panal) of U2AF65 RRM 1,2 and structure (lower panel)of the NOE-based refinement of
the RRM1,2 structure (by Hyun-Seo Kang). The C-terminal of the linker presents higher
hetNOE values in agreement with the structure showing some sections of the C-
terminal of the linker (maroon) in contact with RRM2 (yellow).

The chemical shift perturbations of this GS-linker nxRRM1-RRM2 vs. the nxRRM1-
RRM2 with WT linker (Figure 41) showed how both domains are affected by the linker,
especially the N-terminal extension of RRM1 affected the N-terminus of the linker.
While as shown before RRM2 is affected by the C-terminus of the linker. The largest
chemical shifts are still within the RRM2 domain. Even more interesting is that in all of
these regions is at least one residue involved in RNA binding, affirming the theory of a

regulatory role of the linker in RNA recognition and possibly RNA proofreading.
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Figure 40: Interactions of the RRM1 N-terminal extension. (A) Chemical shift
perturbations of the RRM1,2 vs the nxRRM 1,2 construct, in pink the residues of the N-
terminal of the linker interacting with the N-terminal of RRM1 are highlighted. In guava
color a region within RRM1 domain affected by its N-terminal extension is highlighted.
(B) hetNOE values of the URRM1,2 construct that includes the N-terminal extension of
RRM1. In pink the N-terminal and C-terminal regions of the linker show more rigidness

in comparison with the rest of the flexible linker.

These results are remarkable in the sense that they imply that in the free form there
is a network between the linker and the two RNA binding domains that might serve to
select the appropriate Py-tracts, and furthermore, there is a different conformational
rearranging including the linker upon binding of RNAs of different affinity (weak and
strong Py-tracts), as it is shown by SAXS data (Figure 42). The SAXS data shows that the
extended construct nxRRM1,2 adopts extended conformations when bound to the
weak Py-tract U4A8U4, in comparison to the more compact conformation when it is
bound to the strong Py-tract U9, this is in agreement with the SAXS data of the RRM1,2
construct (Figure 37). These results might indicate that the protein complex with the
weak Py-tract is a dynamic system or even that there is more than just one

conformation involved, i.e. might be an ensemble as well as in the free form although
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probably with less conformations present, this was evident from a slight shoulder at

the tale of the SAXS pair distribution function of nxRRM1,2 bound to U4A8U4 (Figure
42).
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Figure 41: nxRRM1-RRM2 versus eGS-linker. Chemical shift perturbations of the wild
type nxRRM 1,2 vs the eGS-linker nxRRM 1,2 showed that different regions in both RRM 1
and RRM2 domains are interacting with the linker, the largest shifts occurred in the
RRM2 domain. The largest chemical shift differences are plot on the structure of the
bound form (PDB 5EV1), the bigger red spheres represent the residues with CSP>0.188,
the smaller pink spheres represent the residues with 0.033<CSP<0.188.
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Figure 42: SAXS data of the nxRRM1,2 bound to U9 and U4A8UA4. (A) Pair distance
distribution function of different concentrations of the nxRRM1,2 construct bound to
U9. (B) Pair distance distribution function of different concentrations of the nxRRM 1,2
construct bound to U4A8U4. (C) Comparison between the pair distance distribution
function of the nxRRM 1,2 construct bound to U9 versus bound to U4A8UA4.

To make evident the fine-tuning role of the linker during RNA binding of different
strengths, there were chosen several residues (Figure 43) in both domains showing the
different binding patterns of the wild type RRM1,2 and the GS-linker RRM1,2 .

Particular differences are observed for the linker residue V254 in the two different

protein constructs when titrating with the two different RNAs.
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Figure 43: Different patterns on RNA binding. Above are presented different RRM1
residues during titrations of the wild type RRM1,2 and the GS-linker RRM 1,2 constructs
with U9 and U4A8U4. Below are shown titrations of residues belonging to the linker
and RRM2 domain on the wild type RRM1,2 and the GS-linker RRM 1,2 constructs with
U9 and U4A8UA4.

An specific difference can be seen in the case of the binding of U9 vs U4A8U4 to the
wild type RRM1,2, in the case of the strong Py-tract it was only possible to observe the
shift of the first titration point but after adding more U9 RNA there was line broadening
of the peak beyond detection, on the other hand when the wild type was titrated with
the weak Py-tract it was possible to follow each of the peaks until the final site. In the
case of the titrations with the GS-linker construct, the linker residue V254 (which is
right after the (GGS)n mutation) can be followed in both cases, when bound to U9 and
U4A8U4 with slightly different patterns. Based on these results for the V254 residue
which interacts with RRM2, and given the recent X-tal structure of the RNA-bound
form(Agrawal et al., 2016), it is likely that V254 is interacting with the RNA, as well as
residues in the N-terminal and C-terminal of the linker, and this interactions are
different for the different Py-tracts (different strength Py-tracts). This supports the

premise that the linker between RRM1 and RRM2 can act as proof-reading of different
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strength Py-tracts. Similar results on the titrations were observed for the residues

G154 and 1226 in RRM1, these residues are in regions that interact with the linker

(Figure 41).
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Figure 44: PREs WT-RRM1,2_254G and GS-linker RRM1,2. The PREs were measured
using the IPSL spin label attached to the position C318. Represented in orange and blue
are the PRE values (lox/Ireq) of the V254G RRM1,2 and the GS linker RRM 1,2 respectively.

Additional PRE experiments with the spin label at C318 were done to compare the
effect on interdomain contacts due to the linker contacts with RRM2 (Figure 44). It is
presented the comparison of the PRE between the GS-linker construct and the
RRM1,2_V254G mutant, where the residue V254 was one of the key residues in the
linker that folds onto the RRM2 domain. From this comparison it is observed that when
mutated the V254 residue to a glycine it disrupt the linker interactions with RRM2,
showing more distant interdomain contacts (separation of the domains), even more
than the initial GS-linker mutation of the linker (232-252) (Figure 44 pink highlight).

This result was also observed for the nxRRM1,2 construct (Figure 45), in this case it
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was possible to observe the effect of the V254G mutation directly on the linker region
(Figure 45 blue highlight), in the N-terminal extension of RRM1 and in the interdomain
region (Figure 45 pink highlight). It was shown an increment on the PRE effect in the
linker region (particularly in the C-terminal), when the mutation V254G is present,
showing that probably the linker becomes more flexible in that region and so it can go
closer to the spin label located at C318. The N-terminal of RRM1 showed significant
PRE effect in similar magnitude as in the N-terminal of the linker, this goes in
agreement with the results showing that the N-terminal of RRM1 bends in contact with
the N-terminal of the linker (Figure 40). And finally an important result (Figure 45
second pink highlight) showed that the two domains are getting more separated upon

the disruption of the linker-RRM2 interactions.
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Figure 45: PREs nxRRM12 vs nxRRM12_254G. Comparison of the PRE values (lox/Ired)
with the spin label at the C318 position in: the nxRRM1,2 construct (blue) and the
nxRRM1,2 with the V254G mutation (orange).

107



PRE experiments on the RNA-bound to both Py-tracts were recorded when the spin
label was attached to the position C155, however these data was noisy and

appropriate interpretations could not be properly given.

5.5 Chemical Exchange on the free and RNA-bound states

Preliminary relaxation dispersion studies were performed on the tandem domain
RRM1,2 and nxRRM1,2 to study the chemical exchange going on due to the presence

of intermediate states.

Initially, we looked into the line width (exchange broadening) differences between
residues on the single domains RRM1 and RRM2 versus the line width (due to exchange
broadening) of residues in the tandem domain RRM1,2 (Figure 46). The comparison
between several residues, showed that some of them present little or no difference in
line shape when they belong to either single domains or the tandem domain. However,
several other residues presented small and large differences in line width (intensity
changes), this finding indicates that there are excited states or intermediate states

present in the tandem domain RRM1,2 .
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Figure 46: Line width differences between single domains vs tandem RRM1,2
domains. Overlapped spectrum of the single domains RRM1 (blue) and RRM2 (green)
and the tandem RRM 1,2 (pink) domains. On the side there are the projections showing
the line width of residues in RRM1 or RRM2 when in the single domains versus when

belonging to the tandem domain.

An intensity distribution versus residue number of the single domains and the tandem
domain is presented in Figure 47, there are shown residues in the surface
representation that display larger line width in both, closed and open conformations.
Despite some of the residues are in the interface between the domains, not all the
residues with decreased intensity correspond to the closed conformation interface,

which is in agreement with the ensemble description (chapter 4).

These data were the initial incentive to study the chemical exchange in the system

using relaxation dispersion experiments.
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Figure 47: Intensity distribution single domains vs tandem domain. (A) Intensities
distribution on the tandem RRM12 domains (blue) and the single RRM1 and RRM_2 (red).
(B) Free RRM1,2. In red are colored the residues with decreased intensity (up to 40%
decrease) and gray are unassigned residues. K286 and A287 are on the interface in this
close conformation. (C) Bound RRM12. In red are colored the residues with decreased
intensity and gray are unassigned residues. L279 and T280 are on the interface of this

open conformation.

One important factor to study before performing the relaxation dispersion
experiments was to check if there were concentration dependent effects on that can
cause chemical exchange. For this we calculated the correlation time at different
concentrations (Figure 48), and it was observed that the correlation time increased
with concentration. This finding might suggest that there is nonspecific partial
aggregation of RRM1,2 and this can lead to chemical exchange, however there were
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no chemical shifts between the spectrum at different concentrations. Hence, the
following relaxation dispersion experiments were recorded using concentrations

between 300 uM to 500 uM maximum.
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Figure 48: T. at different concentrations. In orange are presented the T. values for 1
mM concentration of RRM1,2 protein, in gray the T. for 640 uM concentration and in

blue the Tcvalues for 300 uM protein concentration.

The relaxation dispersion experiments were done by my colleague Sam Asami. Initially
the experiments were done in the RNA-free U2AF65 RRM1,2 at different temperatures
(298 K, 288 K, 278 K) and different fields (800 MHz, 500 MHz) (Figure 49). The results
of the free RRM1,2 showed dispersion of different residues all over both domains and
linker at different temperatures, these differences are expected given the different
energy landscape at different temperatures, however there wasn’t a clear pattern or
region with strong chemical exchange that could provide explanation regarding the

previous calculated ensemble or the linker interaction with RRM2.
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Then we decided to measure relaxation dispersion on the compact U9-RNA-bound
U2AF65 in our attempt of having a system with reduced dispersion i.e. that presents
clearer regions undergoing chemical exchange given that this is a more rigid system. A
thorough titration of the RNA into the protein was done in order to have completely
saturated protein, i.e. RNA was added until no changes in intensities of any residue
were observed. However, the results of the relaxation dispersion experiments (Figure
50) showed a much larger chemical exchange all over the two domains and the linker.
This result was surprising since the RNA-bound U2AF65 was expected to have less
dispersion than the free form of the protein. On the other hand, it has been studied
(Schneider et al., 2015) for disordered proteins that it is necessary to add up to more
than ten times the ligand concentration in order to fully saturate the excited states as
well. This result for RNA-bound RRM1,2 suggests that the excited states or
intermediate states of the bound form were not saturated at the ligand concentrations

at which the ground state was fully saturated.
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Figure 49: Chemical exchange on the free RRM1,2. (by Sam Asami)Residues showing
different chemical exchange with Rex values varying according to the color code, (A) at
298 K, (B) 288 K and (C) at 278 K. (D) Relaxation curves (Rex Vs Vepmg) at 298 K of several
residues at two different fields, red 500 MHz and green 800 MH:z. Highlighted are
residues that don’t present chemical exchange, i.e. flat lines.
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Figure 50: Chemical exchange on the RNA-bound U2AF65. (by Sam Asami) nxRRM1,2
bound to U9 RNA, the spheres represent the residues undergoing chemical exchange in
the bound state. The ground state was fully saturated with RNA. The observation of
exchange all over the protein might indicate not saturation of the invisible (excited)

states.
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CHAPTER 6:

Role of the U2AF35 subunit within the U2AF
heterodimer
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6.1 FRET studies confirm dynamic nature of RRM1,2

In collaboration with the group of Don Lamb particularly with Lena Voithenberg in LMU,
SpFRET (Single pair Foster resonance energy transfer) experiments were performed on
U2AF to further investigate the role of conformational dynamics in the free and bound
form(Voithenberg et al., 2016). For these experiments two cysteine mutations were
done in the protein, one in RRM1 and other in RRM2 of U2AF65. The mutations were
designed such that they are in close proximity when RRM1,2 adopts a closed
conformation and the mutations are in maximal distance when the tandem domains
adopt an open conformation (Figure 51A). Donor and acceptor fluorophores were

stochastically attached to these cysteine mutations.

The spFRET efficiency histograms were calculated for the free RRM1,2, U9-bound and
U4A8U4-bound RRM1,2 (Figure 51B, C). The free form of RRM1,2 was found to
populate a high FRET state (Figure 51B, gray) with a mean FRET efficiency of around
0.78. From the analysis of the lifetime information of the donor fluorophore it was
determined that this FRET efficiency comes from an average value obtained from a
highly dynamic population of molecules (Figure 51C, left) where the intensity-
determined FRET efficiency was plot versus donor lifetime showing that all molecules

deviate from the static FRET line.

When RRM1,2 is bound to U9, the equilibrium between the open and closed
conformation shifted substantially such that the complex spends ~90% of the time in
the open conformation (the population lies on the static FRET line) (Figure 51C, middle),
which resulted in a shift of the apparent FRET efficiency to an average value of ~0.5
(Figure 51B, red). Finally when RRM1,2 is bound to the weaker Py-tract U4A8U4, the
apparent FRET efficiency is ~0.63 (Figure 51B, blue) and the population slightly

deviates from the static FRET line (Figure 51C, right).
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Figure 51: Conformation and dynamics of RRM1,2 in solution. (A) Closed (left) and
open, RNA-bound (right) structure of U2AF65(RRM1,2), labeling sites shown as stars.
(B) spFRET efficiency distribution histogram of RRM1,2-Atto532-Alexa647 in the
absence of RNA (gray), in the presence of U9 (red), or in the presence of U4A8U4-RNA
(blue). (C) Histogram of spFRET efficiency as a function of donor lifetime. Populations
of static molecules are described by the polynomial static FRET line (black line), while
molecules undergoing conformational dynamics on the timescale of us-ms deviate
from this line (dynamic FRET curve: red line). Representations of the open and closed
conformations of the molecules are displayed schematically as a simple interpretation

of the histograms.
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6.2 Role of U2AF35 during Py-tract recognition by U2AF65

It was shown by Yoshida et al. (H. Yoshida et al., 2015) that the UHM domain of
U2AF35 is not directly involved in RNA recognition but instead the two zinc fingers of
U2AF35 contact the AG-dinucleotide at the 3’ splicing site. Here we investigate the role
of the UHM domain of U2AF35 during the Py-tract recognition by the ULM-RRM1,2
(URRM1,2) of U2AF65. Thus, we investigated the minimal U2AF heterodimer
(URRM1,2/U2AF35(UHM)) when binding different Py-tracts sequences (Figure 52B).
Remarkably, even in the free form, the presence of UHM(U2AF35) shifts the
population of RRM1,2 towards an open conformation, which means that in the
minimal heterodimer U2AF35 UHM domain enhances the open state of U2AF65
RRM1,2 domains in comparison to the open state of RRM1,2 alone (Figure 52A, B, gray,
C). When the minimal heterodimer was bound to the strong Py-tract U9 RNA, there
was a shift to the open conformation similar to the shift in FRET efficiency of the
RRM1,2 alone (Figure 52A,B, red). However, the most interesting result comes when
the minimal heterodimer is bound to a weaker Py-tract U4A8U4, since it was observed
a shift of the FRET efficiency to the same value as for the strong Py-tract (Figure 52A,B
blue). This means that the presence of UHM(U2AF35) has a large effect in shifting
RRM1,2 towards the open state when the weak Py-tract is bound. In all the cases:
bound to strong or weak Py-tract or free, the minimal heterodimer
(URRM1,2/U2AF35(UHM)) is more likely to be found towards more open state when
compared with the RRM1,2. Additionally, contributions of further RNA sequences
containing the AG-dinucleotide were studied (Figure 52A, B, right) and the differences
between the minimal heterodimer and RRM1,2 were similar to those when studied

the U9 or U4A8U4 RNA sequences.

To find out more about the molecular mechanisms possibly involved in the interactions
between the two U2AF subunits, PRE experiments were recorded (by Katia Zanier) in

the URRM1,2/U2AF35(UHM) heterodimer (Figure 53) when the spin label was
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attached to the UHM domain, the region in URRM1,2 affected by this spin label,
corresponds to its regions in proximity to the U2AF35(UHM) (Figure 53, pink highlight).
This regions corresponds to the ULM motive which is required for the binding to
UHM(U2AF35) and additional there is an interface with RRM1, which means that the
UHM of U2AF35 is also in contact with RRM1 of U2AF65, and this interface mediates
the population shift to the open state of RRM1,2.
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Figure 52: spFRET experiments of RRM1,2 and URRM1,2/U2AF35(UHM). Comparison
between the conformations of the dual-labeled = RRM1,2, and
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URRM1,2/U2AF35(UHM).(A) Schematic representation of the minimal RRM1,2. spFRET
efficiency histograms of RRM1,2 in the free form (gray) or in the presence of U9 (red),
U4A8U4 (blue), U13ACAGG (pink), and U4A8U4ACAGG (cyan). (B) Schematic
representation of URRM1,2/U2AF35(UHM) and spFRET efficiency histograms of the
heterodimer bound to the same RNA sequences as in (A). The dashed black lines serve
as guides to the eye to show the open and closed conformations. (C) Schematic
representation of how the presence of the U2AF35 shifts the RRM1,2 equilibrium

towards more open conformation.

A model is proposed to explain the ongoing dynamics of U2AF during RNA binding
(Figure 54). Gathering the previous results RRM1,2 free in solution are an assemble of

compact and non-compact states.

The encounter-like interdomain contacts are driven by linker-RRM2 interactions and
electrostatic contacts between the two domains. When binding a strong Py-tract (U9
RNA) RRM1,2 adopts a preferentially open conformation (Figure 54A), however when
binding a weak Py-tract (U4A8U4) there is more dynamics going on in the bound state,
presenting an equilibrium between closer states (when bound to just one of the
domains) and open state (when the RNA is bound to both domains) (Figure 54B, Figure
51C right).
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Figure 53: PRE experiment on the U2AF heterodimer. lyaro/ldia values versus residue
number of the minimal U2AF heterodimer when the spin label is attached to the
UHM(U2AF35) at the position 145. Presented is the plot for the URRM1,2(U2AF65) PRE
values, showing the residues nearby (pink highlight)) to the attachment site in U2AF35.

When the UHM (U2AF35) is present to form the minimal U2AF heterodimer
(URRM1,2(U2AF65)/UHM(U2AF35)), there is a pre-existing conformations towards the
open state, such that when the weak Py-tract is bound the RRM1,2 domains adopt the
full open conformation in the similar way as for the strong Py-tract (Figure 52B, Figure
54C). Given that, we can say that the small subunit U2AF35 plays an important role
during the binding of weak Py-tracts and might lead to an explanation of how U2AF is
capable of recognizing so many different Py-tract sequences present in the 3’ splice

site of the eukaryotes pre-mRNA.
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Figure 54: Schematic model on the role of U2AF35 during RNA binding. (A) RRM1,2
binds a strong Py-tract (U9) adopting a full open conformation, while when (B) binding
a weak Py-tract (U4A8U4) there is a dynamic equilibrium in the bound state between
an open state and a partially closed one. (C) in the presence of the UHM(U2AF35),
URRM1,2(U2AF65) is shifted towards a more open (active) conformation and when
binding a weak Py-tract the bound form goes to full open conformation in similar way

as for the strong Py-tract.

6.3 Somatic mutations do not affect the structure or RNA binding
of the U2AF heterodimer

We investigated the somatic mutations involved in myelodysplastic syndromes (MDS).
These mutations were presented by Yoshida et al. (K. Yoshida et al., 2011) which
belong to U2AF65: L187V and M144l and are thought to interfere with the U2AF
heterodimer formation. First of all to investigate if there were structural differences
we compared the NMR *H,*>N-HSQC spectrum of the wild type heterodimer versus the
heterodimers containing the M144]l or L187V mutations, i.e. URRM1,2-

M1441/U2AF35(UHM) and URRM1,2-L187V/U2AF35(UHM) (Figure 55). Apart from
122



local chemical shift differences in the spectrum (Figure 55, left), one can conclude that

the heterodimer is formed even on the presence of the mutations.

To study the effect of the MDS mutations on RNA binding we did ITC titrations on the

wild type and mutated heterodimers with both, weak and strong Py-tracts (Figure 56).

The Kp values are almost the same for the wild type and mutated heterodimers in the
case when is bound to the U13ACAGG strong Py-tract (Figure 56A) and also in the case
of the U4A8BU4ACAGG weak Py-tract (Figure 56B), additionally the signature plots of
the different RNA titrations show that the binding is carried out with the similar
thermodynamic characteristics as for the binding to the wild type heterodimer (Figure
56, bar plots). Given these results we can say that the presented mutations don’t

interfere with RNA binding of the U2AF heterodimer.
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and URRM1,2 harboring the somatic point mutations M144]
URRM1,2/U2AF35(UHM) (black) versus (A) URRM1,2-M1441/U2AF35(UHM) (red), and
(B) URRM1,2-L187V/U2AF35(UHM) (green). Notable chemical shift changes in U2AF65
observed for the heterodimers harboring the mutations are indicated as blue spheres
on the RNA-bound structure (PDB 5EV1).

124

6.5

[wdd] Ng, ‘o

Figure 55: NMR study on the U2AF heterodimer when containing the MDS somatic
mutations. 'H,’>N-HSQC spectrum of U2AF heterodimers formed with U2AF35(UHM)
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Figure 56: Effects of the MDS mutation on RNA binding. Influence of the M144I and
L187V mutations on the RNA binding of URRM1,2/U2AF35(UHM). Binding affinity
curve of (A) U13ACAGG when bound to (Left) URRM1,2/U2AF35(UHM) Kp: 124 nM,
(Middle) URRM1,2-M1441/U2AF35(UHM) Kp: 209 nM, and (Right) URRMI,2-
L187V/U2AF35(UHM) Kp: 186 nM. (B) U4ASU4ACAGG when bound to (Left)
URRM1,2/U2AF35(UHM) Kp: 1.96 uM, (Middle) URRM1,2-M1441/U2AF35(UHM) Kp:
2.23 uM, and (Right) URRM1,2-L187V/U2AF35(UHM) Kp: 1.97 uM. The binding
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affinities were determined by isothermal titration calorimetry and below each curve is

presented its corresponding thermodynamic values plot (signature plot).

6.4 Effect of the dye-labelling position on RRM1,2 integrity

We did a rigorous study of the effect of the FRET dyes used during our studies on the
protein they are attached to. Primary we analyzed the effect of the dyes at different
labeling position within the RRM1,2 U2AF65 protein (Figure 57). The dye Atto647N was
attached to three different positions: the 318 residue which is on the surface of the a-
helix 2 in RRM2 (Figure 57A, left), the 322 which is at the end of a-helix 2 (Figure 57A,
middle) and is a more flexible location, and finally at the position 316 which is in a loop
(Figure 57A, right) and so is a flexible position. From the comparison of the H,*°N-
HSQC spectrum and peak intensity plots of the protein with and without the dye
attached (Figure 57B, C) we can observe that attaching the fluorophore at position 318
affects a large number of residues in a stronger manner. In most of the cases the peaks
lost up to a 90% of its intensity upon the attachment of Atto647N. For the other two
positions there was loss of intensity in less extreme manner, however in the case of
the dye attached to 322 position still several residues show reduction of intensity
between 50-90%. Finally, in the case when the dye is attached to the 316 residue, the
intensity signals are comparable to the ones of the spectra of the unlabeled protein,

only with few residues exhibiting line-broadening (intensity loss).

The later results means that in the case of fluorophores, in this particular case the
Atto647N, is of fundamental importance to determine a correct position for its
conjugation. For some studies, for instance in the case of EPR or PRE studies is
necessary to make the spin label as rigid as possible (Mackereth et al., 2011; Simon,
Madl, Mackereth, Nilges, & Sattler, 2010). However, in the case of FRET using bigger
fluorescent molecules it was shown here that the attachment to a secondary structure
motive that is relatively rigid affects significantly the integrity of the protein provoking

partial unfolding of the region involved. Thus we found that an optimal position for
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attachment was in a more flexible location at the position 316 which is located in the

loop L5, further away from the helix a2.

102
104
106
108
110
12
14 €
16 &
ns~

o
1200
122
124
126
128
130
95 9.0 85 8.0 70 95 9.0 85 8.0 70 8.5 8.0 75
C w2 1H/ppm w2 lH/ppm w2 H/ppm
=
<
— | 318C m No Dye = Atto647N 322C m No Dye = Atto647N m No Dye = Atto647N
24
Z
C
c
R TR | bl A o it bl e b o
S %Eﬁ@ﬁ%éé‘EE‘EEEEE%E§§§§E§§§§E§E‘E%Eé%i%ESQQ%EEE§§E§§§§E§E§§§§E5§E£§§§E§§§m5§£”
Residue Residue Residue

Figure 57: Labeling of the acceptor fluorophore Atto647N to different positions of
U2AF65 RRM1,2. (A) Structural representations of RRM1,2 with the Atto647N
fluorophore placed at positions C318 (left), C322 (middle), and C326 (right). Red
spheres indicate the residues with loss of up to 90% of peak height upon fluorophore
labeling and the pink spheres represent the residues with a loss between 90-50%. (B)
1H,°*N-HSQC spectra of unlabeled RRM1,2 (black) compared to RRM1,2 fluorescently
labeled with Atto647N (green) on the positions C318 (left), C322 (middle), and C326
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(right). (C) Intensity vs. residue plots of the labeled and unlabeled U2AF65 in the
respective positions (318, 322, and 326).

The study of the Atto647N was of particular interest since during the FRET studies
using this acceptor fluorophore an artifact at very high FRET efficiency was observed,
which was absent when using other acceptor fluorophores such Alexa647 or Cy5
(Figure 58). When FRET experiments were performed with Atto647N in both cases, in
the free RRM1,2 protein (Figure 58B, left) or when RNA was bound (Figure 58B, right),
a population was found to have very high FRET efficiency that does not correspond to
a genuine system. The accessible volume for the donor and acceptor fluorophores are

also shown for the free form (closed conformation) and the RNA-bound form (open

conformation) (Figure 58A).
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Figure 58: FRET artifacts caused by the acceptor fluorophore. SpFRET experiments on
the U2AF65 RRM1,2-C187-C318. (A) Schematic representations and accessible volume
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calculations of the fluorophores attached to positions C187 and C318 of RRM1,2 in its
closed state in the absence of RNA (left) and in the presence of RNA, open state (right).
(B) FRET efficiency histograms of RRM1,2 labeled with Atto532 and the acceptor
fluorophores Atto647N (green), Alexa647 (red), and Cy5 (blue) in the absence (left) and
presence (right) of U9 RNA.

6.5 Fluorophore hydrophobicity affects protein integrity

To further investigate the impact of different dyes on the integrity of the protein we
performed NMR experiments when different dyes are attached, Atto532, Atto647N,
Alexab647 and Cy5 (Figure 59). In this case we selected the position 316 as it was shown
previously to be an optimal position within the protein. Overall the spectrum and the
intensity plots when attached any of the dyes have most of the signals and the peak
intensities were not extremely reduced when comparing with the spectra of the
unlabeled protein. Nevertheless, one can observe that the spectra of Alexa647 and
Atto532 labeled protein (Figure 59A, C) have less number of amide signals affected by
the conjugation of these dyes in comparison to the Cy5 dye (Figure 59D) whose spectra
shows doubling of some peaks reflecting weak interactions with the surface of the
protein. The spectra of the Atto647N-labeled RRM1,2 shows larger line-broadening
than the rest of the dyes. The Atto647N acceptor fluorophore is highly hydrophobic,

which likely explains its strong effects onto the protein conformation.
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Figure 59: Effect of different fluorophores at position C326 on the conformation of
U2AF65 RRM1,2. 'H,’>N-HSQC spectra and intensity vs residue plots of unlabeled
RRM1,2 (black) compared to (A) RRM1,2-C326 fluorescently labeled with Atto532
(green), (B) Atto647N (red), (C) Alexa647 (magenta), or (D) Cy5 (pink). Next to each
spectrum are the structural formulas of the respective dyes and the structural
representations of RRM1,2, where the red spheres indicate the residues with loss of

more than 60% of peak height upon fluorophore labeling.
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6.6 Fluorophore effect on RNA binding

To evaluate the effect of the fluorophores on RNA-binding, we labeled the protein with
acceptor fluorophores at the two positions, 187C in RRM1 and 326C in RRM2. First
with Alexa647 only and then with Atto647N (Figure 61). The spectrum of the double-
labeled protein presents most of the peaks for both of the dyes (Figure 61C, up). Yet
when titrating RRM1,2 with a strong affinity RNA U9 Py-tract, the RRM1,2 spectra
labeled with Alexa647 show chemical shift changes and line-broadening for NMR

signas of residues involved in RNA binding, which is expected during the titration.
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Figure 60: U9 titrations of 187C_326C_RRM1,2 with and without dyes attached. (A)
No dye attached. (B) Atto532 attached. (C) Alexa647 attached. (D) Atto647N attached.

However, during the titrations of the Atto647N-labeled protein most of the NMR

signals are shifted and/or line-broadened beyond detection (Figure 61C, down). A
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comparison with the RNA titrations of the protein without dye attached is presented

in (Figure 60).

SpFRET experiments were performed using the same labeling positions (187 and 326)
on RRM1,2 with the acceptor dyes Alexa647 and Atto647N and using Atto532 as donor.
In the free RRM1,2, the FRET efficiency histogram with Atto647N shows a high FRET
peak (Figure 61B), but to less extend as observed previously for position C318 (Figure
58). Changing the position of the fluorophore from C318 to C326, with a larger distance
to the a-helical region in the RRM2 domain, slightly reduces the amplitude of the
artificial high FRET peak from the inactive population compared to the active fraction
of the molecules. However, there is still a minor (although reduced) population of
inactive molecules present, as indicated by the FRET artifact. This is in agreement with
the stronger reducution of peak intensities in H,®>°N HSQC NMR spectra, when
attaching Atto647N in position C318 compared to position C326, which was described
previously. Alexa647 does not show this high FRET artifact when attachted to position
C326.

The FRET efficiency histograms of the RNA-bound RRM1,2 using Alexa647 and
Atto647N were surprisingly similar (Figure 61B, middle and down) despite the artifact
produced by Atto647N. This artificial high FRET peak observed when Atto647N is
attached to the C326 position is reduced in comparison to the observed peak in the

bound form when Atto647N is attached to the 318C position (Figure 58).

132



Frequency norm. /%

Frequency norm. /%

Frequency norm. / %

= Atto532—-Alexa647
== Atto532—-Atto647
unbound

0.2 04 0.6 0.8 1

FRET efficiency
C187-C326-Alexab47
+U9

o ™0 pM
=0.5 pM
= M
o ™2 uM
=5 puM

o

C187-C326-Atto647N

8 1

02 04 06 0.
FRET efficiency

C187-C326-Alexacd7 *
unbound °*

. ' a
Vot oW
W e -~ Ll
R B '
S AT R
o e .
Ty
T g, e
Vet e '
o
' Ao e WY,
Paep 0,0
. oy :
L & o0
“
[ LA 1]

C187-C326-Alexa647

+U9 s
1:0 .
1:03 . )
A ' f{I 08
1.2 T R
w e 1t P

102 C187-C326-Atto647N *

104
106
108
110
12
114
116
18
120
122
124
126
128
130

102
104
106
108
110
112
114
116
118
120
122
124
126
128
130

unbound

95 90 85 80 75 70 65

C187-C326-Atto647N -
+U9
1:0
1:0.3
‘ .
112 AR M 1
L »
0 I} N e .
PP
A
' I'f "':.u
.

95 90 85 80 75 70 65

102
104
106
108
110
12
114
16
1ns
120
122
124
126
128
130

102
104
106
108

12
114
116
18
120
122
124
126
128
130

Figure 61: Effect of fluorophores on RNA binding. (A) Accessible volume calculations
of the fluorophores on positions C187 and C326 of RRM1,2 in the closed state in the
absence of RNA (left) and in the presence of RNA (right). (B) FRET efficiency histograms
of RRM 1,2 labeled with Atto532 and Atto647N (red) or Alexa647 (magenta) in its free
form (upper panel). SpFRET efficiency histograms of RRM1,2 labeled with Atto532 and
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Alexa647 (middle panel) or Atto532 and Atto647N (lower panel) upon addition of RNA
at concentration of 0 uM black, 0.5 uM gray, 1 uM dark blue, 2 uM light blue, 5 uM
orange. (C) Upper panels: 1H,">N-HSQC spectra of unlabeled RRM1,2 (black) and
RRM1,2 labeled on positions C187 and C326 with Alexa647 (magenta) or with
Atto647N (red). Lower panels: 1H,15N HSQC spectra of RRM1,2 fluorescently labeled
with Alexa647 (left) or Atto647N (right) during titration series with U9-RNA (black to
red).
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Discussion

135



Dynamics of multi-domain proteins play essential roles during the regulation of
numerous biological processes. Particularly, during the spliceosome assembly and
during mRNA splicing. RNAs and multi-domain proteins cooperate extensively to
perform specific functions, which include the correct recognition and coupling of the
different splicing sites. Here a study of the conformation and dynamics of the splicing
factor U2AF and its RNA recognition was performed combining solution state methods

in structural biology.

In the past years it has been widely studied ensembles and conformations adopted by
intrinsically disordered proteins (IDPs) in solution (Fisher & Stultz, 2011; Jensen et al.,
2009). However, less is known about domains that are connected by flexible linkers
and containing flexible regions. Here was revealed that in absence of RNA, the RRM1-
RRM2 tandem domains of U2AF65 exist as an ensemble of conformations sampling a
larger conformational space than initially thought. This was shown in this study by an
ensemble approach. First of all, to guarantee the unbiased sampling available to the
system, a randomized linker between RRM1 and RRM2 was used, with this a pool of
structures was generated such that largely covers the RRM1-RRM2 conformational
space. From this pool, a selection of ensembles was performed using the ASTEROIDS
algorithm (Nodet et al., 2009; Salmon et al., 2010), in which conformers that are in
agreement with the NMR and SAXS experimental data were selected. The selected
ensemble of the tandem domains includes the ‘closed’ and ‘open’ conformations that
were previously studied, however a large fraction of the ensemble is comprised by
detached (extended) conformations. A prediction of the ensemble established that the
proximity of the domains in the region of the ‘closed’ conformation is of electrostatic
origin, since charge complementary patches were identify at the interface. To verify
this prediction, PREs at different salt concentrations were measured. The PRE (/ox/ Ired)
values at the inter-domain interface decreased as the salt concentration increased, this

implies that the transient contacts between the domains were weakened due to high
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salt. This results support the suggested electrostatic counter-like interactions between
the two domains. Additionally, the ensemble also confirmed the existence of a
significant population in the open state, which is the conformation of the domains
when bound to RNA. This result support the role of conformational selection
mechanism during RNA recognition that has been proposed before (Jenkins, Agrawal,
Gupta, Green, & Clara L. Kielkopf, 2013; Mackereth et al., 2011). These new results on
the RRM1,2 domains in solution allow us to understand the interplay between the two
domains, and this underline the basis for the recognition of diverse pre-mRNA intron
sequences, which is the intriguing role of U2AF65. In order to understand the
mechanisms during RNA recognition it would be important to study the energetic

landscape changes of U2AF65 in presence of Py-tracts of different strengths.

During the pool generation and subsequent ensemble selection the liker between the
two domains was randomized assuming that no contacts between the domains and
the linker were present. However, a more attentive examination of the linker was
required, given the different configuration of the NMR structure of the RNA-bound
RRM1-RRM2 (Mackereth et al., 2011) versus a previously solved X-tal structure
(Sickmier et al., 2006) where the linker was deleted. For this purpose several GS-linker
constructs ((GGS)n random coil sequence) were designed, where 20 residues of the
wild type linker were replaced completely or partially in the different constructs. By
calculating chemical shift perturbations between the spectra of the different GS-linker
constructs versus the wild-type RRM1-RRM2, it was revealed that the linker interacts
with the two RRM domains. These contacts were observed between the C-terminus of
RRM2 and the C-terminal part of the linker; the N-terminus of RRM1 (including the
extended N-terminal of RRM1, presented in the X-tal structure from Agrawal et al.,
2016) and the N-terminal part of the linker, and particularly large chemical shifts were
observed between the C-terminal region of the linker and the B2 strand of RRM2.

These contacts were confirmed by the NOE-based refinement of the free nxRRM1-
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RRM2 structure (by Hyun-Seo Kang). These linker/domain interactions might drag the
domains closer and thus promote the encounter-like contacts by allowing the charged

patches to encounter.

Suspiciously, the large interaction of the linker with RRM2 overlaps with regions
involved in RNA binding, particularly with the RNPs in the central B-strands of RRM2.
For this reason, a study of the role of the linker in RNA binding was performed in order

to establish if the linker has an auto-inhibitory function during RNA recognition.

The NMR and ITC titrations of the different GS-linker and wild-type constructs with the
strong and weak Py-tracts (U9 and U4A8U4 respectively) showed that the linker
competes with RNA binding, particularly with the weak affinity Py-tract. This results
were supported by in vitro iCLIP data (not shown) with natural pre-mRNA sequences.
Hence, we believe that the linker has an auto-inhibitory function which leads to a fine
tuning modulation of RNA binding by U2AF65, providing a proof-reading mechanism
to discriminate against weak Py-tracts. When contrasting the interactions of the linker
with the N-terminus and C-terminus of RRM1,2, the RRM2 RNPs plus additional
encounter-like interactions with the domains (Figure 41), in comparison with the RNA-
titrations of nxRRM1-RRM2 and the recent X-tal structure of the RNA-bound RRM1-
RRM2 (Agrawal et al., 2016) one can observe that each of those regions are involved
in RNA binding. Moreover, SAXS, hetNOE data of the RNA-bound U2AF65 and NMR
titrations series of the GS-linker construct vs. the wild type with the different Py-tracts,
suggest that linker residues (e.g. V254) as well as other residues in the domains (Figure
43) interact in different way with the weak and strong Py-tracts. Additional FRET
studies on U2AF65 showed that in the presence of the strong Py-tract the protein-RNA
complexis rigid, while it displays internal motion when it is bound to the weak Py-tract.
This goes in agreement with the larger radius of gyration observed in SAXS for the
complex when bound to the weak Py-tract versus bound to the strong Py-tract. The

previous observations showed how a flexible linker can assist the autoregulation of a
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multi-domain protein. Additional indications from other systems in the Sattler lab (e.g
RBMs, TIA-1. Not published) allow to speculate that the linker in several multi-domain
proteins, particularly RNA-binding proteins, have additional roles for conformation and

RNA-binding modulation.

While the presence of U2AF65 is sufficient for splicing in vitro of introns containing
strong Py-tracts, U2AF35 is needed for splicing in vivo of weak Py-tracts (Guth,
Martinez, Gaur, & Valcarcel, 1999; Pacheco, Coelho, Desterro, Mollet, & Carmo-
Fonseca, 2006). Recently it was revealed that the two zinc finger domains of U2AF35
directly contact the AG-dinucleotide at the 3’-end of the intron (H. Yoshida et al., 2015).
The next goal of this thesis was to study the role of the U2AF35 UHM domain during
Py-tract binding of U2AF65. Combining FRET and NMR studies, it was revealed that the
small subunit U2AF35(UHM) allosterically strengthens the U2AF65(URRM1,2) binding
of weak Py-tracts. In the free form, U2AF35(UHM) induces a population shift towards
the open conformation of U2AF65(URRM1,2). This result was supported by NMR data
that show an interaction interface between the RRM1 domain of U2AF65 and the UHM
domain of U2AF35. This population shift towards the open state induced by the UHM
domain of U2AF35, greatly enhances the U2AF65 binding of weak Py-tracts. Hence,
this study gives a novel role for the UHM domain of U2AF35 during the 3’-SS
recognition, which in combination with the AG-dinucleotide recognition by the zinc
finger domains improves the fidelity of this splice site by the U2AF heterodimer. Since
the open state of RRM1-RRM2 within the U2AF heterodimer is significantly populated
already in absence of RNA, this gives support for the conformational selection
mechanism of RNA-binding proposed previously (Mackereth et al., 2011). Moreover,
here it was shown that the recognition of Py-tracts of different strength yields to
different dynamic behavior in the protein-RNA complex, and this might be correlated

to different splicing efficiencies (Mackereth et al., 2011).
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Previous studies have shown that somatic mutations in pre-mRNA splicing factors are
present in most of the patients with myelodysplastic syndrome (MDS) (Haferlach et al.,
2014). These mutations are more common in U2AF35. However, the confirmed
mutation L187V and the unconfirmed mutation M144l in U2AF65 (K. Yoshida et al.,
2011) were suggested to indirectly contribute to MDS progression by disrupting the
interaction between the two U2AF subunits (Agrawal et al., 2016). Here it was proved
that these MDS mutations in U2AF65 neither affect the formation of the U2AF
heterodimer, nor the RNA binding of different Py-tracts. The overlap of NMR spectra
of the wild type heterodimer U2AF65(URRM1,2)/ U2AF35(UHM), versus the ones
containing the mutations, showed minimal differences in the conformation of the
heterodimer. Even though the L187V and M144| mutations in U2AF65 are located in a
solvent exposed region and at the N-terminus of RRM1 respectively, they do not affect
the interaction with U2Af35 during the heterodimer formation. The ITC titrations of
the mutated heterodimers with weak and strong Py-tracts showed minimal differences
in the binding affinities as well as in the thermodynamic signatures in comparison to
the wild type. Therefore, these MDS mutations might be involved in a different

interaction of U2AF65 with another factor involved in spliceosome assembly.

In fluorescence spectroscopy, particularly in spFRET organic fluorophores with
optimized photophysical properties are commonly used (e.g. Atto532, Atto647N,
Alexab47). In this thesis a thorough study of the effects of commonly used
fluorophores on the integrity of the U2AF65 protein is presented. Using NMR, it was
revealed that the attachment of fluorophores to the surface of a rigid secondary
element (e.g. a-helices) affects the integrity of the protein, particularly with the
attachment of the acceptor fluorophore Atto647N. Unlike spin-labels commonly used
in NMR, large and hydrophobic fluorophores should be rather located in flexible
regions as loops. Additionally, a comparison among several donor and acceptor

fluorophores was done, giving as a result that less hydrophobic and less aromatic
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fluorophores (e.g Alexa647, Atto532) are better preserving the integrity of the protein
in contrast to highly aromatic ones (e.g Atto647N) even when located in a flexible loop.
This study allows to explain the observation of additional subpopulations at high FRET
efficiency when the acceptor fluorophore Atto647N is used. Subsequently, the RNA-
binding to the protein when dyes are attached to two positions simultaneously (in
RRM1 and in RRM2), is severely affected when the acceptor Atto647N is attached.
Therefore, the specific characteristics of each fluorophore and the position of the
conjugation site should be taken into account when performing FRET experiments,
both in vitro and in vivo. Not only the optimal photophysical properties should be the
parameter to decide which dyes to use, but their effect on the specific biomolecular

system should be considered.

The solution techniques used throughout this thesis have several advantages in
comparison to static or solid state methods. In particular, NMR is the only technique
that allows to investigate the function and dynamics of biomolecular systems at atomic
level. However, there are size limitations on the system to be studied as well as the

low sensitivity of NMR in comparison to other techniques.

Combining SAXS measurements with atomic-resolution methods is a powerful way to
validate the conformation of the protein (protein/ligand) in solution. It does not
required large quantities of sample, however it is very sensitive to aggregation. SAXS
provides an average shape of all the particles present, thus is very important to have a

sample as homogenous as possible.

FRET is a powerful tool to study conformation and dynamics of biomolecular systems
at different time scales. In particular, single molecule FRET offers the advantage that
individual molecules can be investigated. The amount of sample required is in the

order of picomolar. The fluorophores used in FRET are usually expensive and
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depending on their physicochemical properties can affect the protein and/or its

biomolecular interactions.
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Protein Sequences

RRM1-RRM2 U2AF65

(M) ARRLYVGNIPFGITEEAMMDEFNAQMRLGGLTQAPGNPVLAVQINQDKNFAFLEFRSVD
ETTOQAMAFDGIIFQGQSLKIRRPHDYQPLPGMSENPSVYVPGVVSTVVPDSAHKLEFIGGL
PNYLNDDQVKELLTSFGPLKAFNLVKDSATGLSKGYAFCEYVDINVTDQATIAGLNGMQLG
DKKLLVQRASVGAKNA

nXxRRM1-RRM2 U2AF65

(M) VGSOMTRQARRLYVGNIPFGITEEAMMDFEFNAQMRLGGLTQAPGNPVLAVQINQDKNFA
FLEFRSVDETTQAMAFDGITIFQGQSLKIRRPHDYQPLPGMSENPSVYVPGVVSTVVPDSA
HKLFIGGLPNYLNDDQVKELLTSFGPLKAFNLVKDSATGLSKGYAFCEYVDINVTDQATIA
GLNGMQLGDKKLLVQRASVGAKNA

GS-linker-RRM1,2 U2AF65

(M) ARRLYVGNIPFGITEEAMMDFFNAQMRLGGLTQ
APGNPVLAVQINQDKNFAFLEFRSVDETTQAMAFDGIIFQGOSLKIRRPHDYGSGGSGGS
GGSGGSGGSGGSVVPDSAHKLFIGGLPNYLNDDQVKELLTSFGPLKAFNLVKDSATGLSK
GYAFCEYVDINVTDQATIAGLNGMQLGDKKLLVQRASVGAKNA

nx-eGSlinker-RRM1,2 U2AF65

(M) VGSOMTRQARRLYVGNIPFGITEEAMMDFEENAQ
MRLGGLTQAPGNPVLAVQINQDKNFAFLEFRSVDETTQAMAFDGIIFQGQOSLKIRRPHDY
GSGGSGGSGGSGGSGGSGGSGGPDSAHKLEFIGGLPNYLNDDQVKELLTSEFGPLKAFNLVK
DSATGLSKGYAFCEYVDINVTDQATIAGLNGMQOLGDKKLLVQRASVGAKNA

UHM-U2AF35_C675_C102S

(M) DKPTFSQTIALLNIYRNPONSSQSADGLRSAVSDVEMQEHYDEFFEEVFTEMEEKYGEV
EEMNVSDNLGDHLVGNVYVKFRREEDAEKAVIDLNNRWENGOQPTHAELSPVTDEFRE

ULM-RRM1-RRM2 U2AF65

(M) VRKYWDVPPPGFEHITPMQYKAMQAAGQIPATALLPTMTPDGLAVTPTPVPVVGSQMTR
QARRLYVGNIPFGITEEAMMDEFNAQMRLGGLTQAPGNPVLAVQINQDKNFAFLEFRSVD
ETTOAMAFDGIIFQGQOSLKIRRPHDYQPLPGMSENPSVYVPGVVSTVVPDSAHKLEFIGGL
PNYLNDDQVKELLTSFGPLKAFNLVKDSATGLSKGYAFCEYVDINVTDQATIAGLNGMQLG
DKKLLVQRASVGAKNA
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GS-linker genes

The GS-linker genes were bought from Eurofins Genomics, Germany.
Restriction sites: Ncol, Notl

>RRM12 GS-linker (GSGGSGGSGGSGGSGGSGGS)

CcatgGCCCGGCGCCTCTACGTGGGCAACATCCCCTTTGGCATCACTGAGGAGGCCATGATGG

ATTTCTTCAACGCCCAGATGCGCCTGGGGGGGCTGACCCAGGCCCCTGGCAACCCAGTGTTG

GCTGTGCAGATTAACCAGGACAAGAATTTTGCCTTTTTGGAGTTCCGCTCAGTGGACGAGaCT
ACCCAGGCTATGGCCTTTGATGGCATCATCTTCCAGGGCCAGTCACTAAAGATCCGCAGGCCT

CACGACTACggt agt gga gec tec ggt gga tea gec ggc toe gga gec agtggt gec teg gec gea
.GTGGTCCCCGACTCTGCCCACAAGCTGTTCATCGGGGGCTTACCCAACTACCTGAACGATG
ACCAGGTCAAAGAGCTGCTGACATCCTTTGGGCCCCTCAAGGCCTTCAACCTGGTCAAGGAC

AGTGCCACGGGGCTCTCCAAGGGCTACGCCTTCTGTGAGTACGTGGACATCAACGTCACGGA

TCAGGCCATTGCGGGGCTGAACGGCATGCAGCTGGGGGATAAGAAGCTGCTGGTCCAGAGG
GCGAGTGTGGGAGCCAAGAATGCCtgageggecegce

>RRM1,2 (1/2wt-1/2GS)-linker (QPLPGMSENP-SGGSGGSGGS)

CcatgGCCCGGCGCCTCTACGTGGGCAACATCCCCTTTGGCATCACTGAGGAGGCCATGATGG
ATTTCTTCAACGCCCAGATGCGCCTGGGGGGGCTGACCCAGGCCCCTGGCAACCCAGTGTTG
GCTGTGCAGATTAACCAGGACAAGAATTTTGCCTTTTTGGAGTTCCGCTCAGTGGACGAGaCT
ACCCAGGCTATGGCCTTTGATGGCATCATCTTCCAGGGCCAGTCACTAAAGATCCGCAGGCCT
CACGACTACcagccgcttcctggcatgtcagagaacccc_
.GTGGTCCCCGACTCTGCCCACAAGCTGTTCATCGGGGGCTTACCCAACTACCTGAACGATG
ACCAGGTCAAAGAGCTGCTGACATCCTTTGGGCCCCTCAAGGCCTTCAACCTGGTCAAGGAC
AGTGCCACGGGGCTCTCCAAGGGCTACGCCTTCTGTGAGTACGTGGACATCAACGTCACGGA
TCAGGCCATTGCGGGGCTGAACGGCATGCAGCTGGGGGATAAGAAGCTGCTGGTCCAGAGG
GCGAGTGTGGGAGCCAAGAATGCCtgageggccgc

>RRM1,2 (1/2GS-1/2WT)-linker (GSGGSGGSGG-SVYVPGVVST)

CcatgGCCCGGCGCCTCTACGTGGGCAACATCCCCTTTGGCATCACTGAGGAGGCCATGATGG
ATTTCTTCAACGCCCAGATGCGCCTGGGGGGGCTGACCCAGGCCCCTGGCAACCCAGTGTTG
GCTGTGCAGATTAACCAGGACAAGAATTTTGCCTTTTTGGAGTTCCGCTCAGTGGACGAGaCT
ACCCAGGCTATGGCCTTTGATGGCATCATCTTCCAGGGCCAGTCACTAAAGATCCGCAGGCCT

CACGACTACEEENINGEEN eI Eac e e et A s

BBCtccgtctatgtgcctggggttgtatecact GTGGTCCCCGACTCTGCCCACAAGCTGTTCATCGGGGG
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CTTACCCAACTACCTGAACGATGACCAGGTCAAAGAGCTGCTGACATCCTTTGGGCCCCTCAA
GGCCTTCAACCTGGTCAAGGACAGTGCCACGGGGCTCTCCAAGGGCTACGCCTTCTGTGAGT
ACGTGGACATCAACGTCACGGATCAGGCCATTGCGGGGCTGAACGGCATGCAGCTGGGGGA
TAAGAAGCTGCTGGTCCAGAGGGCGAGTGTGGGAGCCAAGAATGCCtgageggecgc

>RRM1,2 1/2GS-linker (GSGGSGGSGG)

CcatgGCCCGGCGCCTCTACGTGGGCAACATCCCCTTTGGCATCACTGAGGAGGCCATGATGG
ATTTCTTCAACGCCCAGATGCGCCTGGGGGGGCTGACCCAGGCCCCTGGCAACCCAGTGTTG
GCTGTGCAGATTAACCAGGACAAGAATTTTGCCTTTTTGGAGTTCCGCTCAGTGGACGAGaCT
ACCCAGGCTATGGCCTTTGATGGCATCATCTTCCAGGGCCAGTCACTAAAGATCCGCAGGCCT
CACGACTACggt agt gga gec tec ggt gga tea gec gec
GTGGTCCCCGACTCTGCCCACAAGCTGTTCATCGGGGGCTTACCCAACTACCTGAACGATGAC
CAGGTCAAAGAGCTGCTGACATCCTTTGGGCCCCTCAAGGCCTTCAACCTGGTCAAGGACAG
TGCCACGGGGCTCTCCAAGGGCTACGCCTTCTGTGAGTACGTGGACATCAACGTCACGGATCA
GGCCATTGCGGGGCTGAACGGCATGCAGCTGGGGGATAAGAAGCTGCTGGTCCAGAGGGCG
AGTGTGGGAGCCAAGAATGCCtgagcggcecgc
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U2AF65-RRM12 Ty, T2, T1p relaxation parameters

Experimental parameters for data collected at different protein concentrations. The
T1, T2 and T1rho pulse sequences for the 300uM and 1mM samples are the same.
While the T1, T2 and T1rho pulse sequences for the 640uM have bipolar gradients in
the t1 evolution time.

300uM, 800MHz 640uM, 800MHz, 1mM, 500MHz
bipolar gradients.
T1 T2 Tip T1 T2 Tip T1 T2 Tlp
0.0216 | 0.0120 | 0.00 | 0.0216 | 0.0120 | 0.00 | 0.1188 | 0.0120 | 0.00
0.0216 8 5 0.0216 8 5 0.1188 8 5
0.0864 | 0.0120 | 0.00 | 0.0864 | 0.0120 | 0.00 | 0.3456 | 0.0120 | 0.00
0.162 8 5 0.162 8 5 0.432 8 5
0.2484 | 0.0241 | 0.01 | 0.162 | 0.0241 | 0.01 | 0.5148 | 0.0241 | 0.01
T1,T2_ | 0.3456 6 5 0.2484 6 5 0.6696 6 5
Vclist(s) | 0.432 | 0.0362 | 0.02 | 0.3456 | 0.0362 | 0.02 | 0.8856 | 0.0362 | 0.02
, 0.5148 4 5 0.432 4 5 1.3392 4 5
0.6696 | 0.0483 | 0.04 | 0.432 | 0.0483 | 0.04 | 1.6632 | 0.0483 | 0.04
Tlp_ | 0.8856 2 0.04 | 0.5148 2 0.04 2 0.04
Vdlist(s | 1.3392 | 0.0724 | 0.05 | 0.6696 | 0.0724 | 0.05 0.0724 | 0.05
) 1.6632 8 5 0.8856 8 5 8 5
0.0966 | 0.06 | 1.3392 | 0.0966 | 0.06 0.0966 | 0.08
4 5 1.6632 4 5 4 0.11
0.0966 | 0.08 0.0966 | 0.08 0.0966 | 0.14
4 0.11 4 0.11 4
0.1208 | 0.11 0.1208 | 0.11 0.1208
0.1449 | 0.14 0.1449 | 0.14 0.1449
6 6 6
0.1691 0.1691 0.1691
2 2 2
0.1932 0.1932 0.1932
8 8 8
TD1 12 12 12 14 12 12 9 12 10
TD2 256 256 256 128 256 150 256 256 256
TD3 1024 1024 | 1024 | 1024 2048 | 1024 | 1024 1024 | 1024
Pl@pll | 11.01u | 11.01us | 10.4 | 10.94u | 10.94us | 10.9 | 8.7us | 9.65us | 8.7u
s@- @-12.3 | us@ s@- @-12.5 | 4us | @-8dB | @-8dB S
12.3 -12.3| 125 @- @-
12.5 8dB
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PS@pl3 | 36.2us | 36.2us | 36.2 | 37.2us | 34.57us | 35.5 42us 42us 42us
@- @- us@ @- @-23.5 | us @- @- @-
23.71 23.71 |-23.7| 235 @- 18dB 18dB | 18dB
23.5
D1 1.5s 1.5s 1.5s 1.5s 1.5s 1.5s 1.5s 1.5s 1.5s
2KHz 2KHz 2KHz
125u , ,125
Spin s 125u us
lock @ S @-
- @- 8.53
12.9 12.9 dB
dB 3dB
(sho
uld
be -
12.6
dB)
CPMG 144.8us 148.44 167.6us
@- us@ @-
17.7dB -17.5dB 12dB
Should
be
137.96
us
Spl0 | 22.32d | 22.32d | 22.3 | 22.23d | 23.4dB | 22.2 | 28.16d | 28.16d | 29.2
dB(wg | B@1m | B@1ms | 2dB | B@1m @ 5dB | B@1m | B@1ms | 1dB
power) s @1 s 1ms @1 s @1
ms ms ms
Sp11dB | 24.05d | 24.05d | 24.0 | 24.79d | 22.43d | 24.7 | 29.21d | 29.21d | 28.1
(fb B@1lm | B@1ms | 5dB | B@1m | B@1ms | 9dB | B@1m | B@1ms | 6dB
power) s @1 s @1 s @1
ms ms ms
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Abbreviations

1D, 2D, 3D
AEBSF
BME
DMSO
EDTA
FRET
HEPES
HSQC
IPTG
Ko

kDa

LB
MWCO
Ni2+
oD
pre-mRNA
Rg
RMSD
SAXS
TEV
UHM
ULM

One-, Two-, Three-Dimensional

4- Benzenesulfonyl fluoride hydrochloride
B-mercaptoethanol

Dimethyl sulfoxide
Ethylenediaminetetraacetic acid

Forster resonance energy transfer
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Heteronuclear single quantum coherence spectroscopy
Isopropyl B-D-1-thiogalactopyranoside
Equilibrium Dissociation Constant

Kilo Dalton

Lysogeny Broth Medium

Molecular weight cut-off

Nickle

Optical Density at 600nm Wavelength
precursor messenger RNA

Radius of gyration

Root mean square deviation

Small angle X-ray scattering

Tobacco Etch Virus

U2AF homology motifs

UHM-ligand motif
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